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Abstract

Shallow-buried urban road tunnels with shafts (URTS) have reduced traffic congestion in large cities. During fire scenarios, the back-
flows occur at those shafts far away from the fire source inhibiting smoke exhaust, but its rules have been unknown. A 400 m
(length) x 12 m (width) x 5.5 m (height) physical model with 67 shafts over the ceiling is established using fire dynamic simulator soft-
ware. The simulations are carried out after validation by both a small-scale experiment and a full-scale experiment. A total of 16 cases
with 4 heat release rates (HRRs) and 4 spacing of fire source from the nearest unit shaft #1-1 (sgys), are designed. Results indicate that
the smoke spreading length is nearly independent of HRR but increases with sp.,;. Ceiling smoke temperatures follow the power expo-
nential laws, and the attenuation coefficients decrease with the increase of HRR and s¢5;. The farther away from the fire, the more likely
the occurrence of shaft backflow. A good power exponential rule of the shaft negative mass flow rate is fitted out, and values of decay
coefficient b, range from 0.56 to 1.0. Based on dimensional analysis, a power exponential rule of the shaft dimensionless net mass flow
rate is fitted for the exhaust shafts and a linear rule for the backflow shafts. The shaft neutral plane heights range from 1.4 m to 3.6 m for
the exhaust shafts and 3.2 m to 5.4 m for the backflow shafts. Also, a linear rule is fitted. This study establishes the smoke backflow

theory in URTS during fire scenarios and contributes to the tunnel fire protection engineering.
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1 Introduction

Urbanization stimulates the wide utilization of under-
ground space for fast transportation, especially in large
cities around the world. As one type of urban underground
expressways, shallow-buried urban road tunnels with
shafts (URTS) have been built and operated, which have
successfully reduced the traffic congestion. Examples are
the tunnel clusters of the Expressway Inner Ring Line in
Nanjing, China (e.g., Xi’an Gate Tunnel, Tongji Gate Tun-
nel, Mofan Road Tunnel) (Tong et al., 2014), Beidi Road
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Tunnel in Shanghai, China (Guo et al., 2020), and Chiba
section of the Outer Ring Road in Tokyo, Japan
(Tanaka et al., 2021). Central green belts are often situated
along the median of two-way streets, positioned directly
above the junction points between the tunnel’s two unidi-
rectional holes. This positioning allows for the construction
of vertical shaft groups over the tunnel ceilings, with their
top openings situated in the green belts. These shafts are
designed to take advantage of thermal buoyancy (hot vehi-
cle emissions during normal operation or hot smoke in fire
scenarios) to achieve natural ventilation. It has great
advantages of construction cost reduction with low tunnel
height, and energy saving without ventilators. Nowadays,
tunnel fire safety has already become one of the key issues
for any tunnel project, and smoke control is a key issue for
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Nomenclature

cp air specific heat capacity, kJ/kg-K
D diameter of the burning area, m
D* characteristic fire diameter, m
G mass flow rate, kg/s

G* dimensionless mass flow rate

g gravity acceleration, 9.8 m/s”

H height, m

H, neutral plane height of shaft, m
k opening area ratio of shafts, %
L length dimension

/ length, m

M mass dimension

Greek

p density, kg/m’

i dimensionless parameter
Subscripts

a ambient

max  maximum

neg negative

n number of all shafts

1, number of all unit shafts per shaft

0 heat release rate of fire source, kW

o* dimensionless heat release rate of fire source

S* dimensionless spacing of fire from the nearest
shaft

s spacing, m

Stousl spacing of fire source from the nearest shaft, m

sh shaft

T temperature, K

T temperature dimension

t time dimension

tu tunnel

w width, m

X distance away from the fire source, m

ox nominal size of a mesh cell, m

the use of natural shafts in case of a fire (Li & Ingason,
2018).

The development of buoyancy-driven flow in a tunnel
can be described in four stages, and a final one- dimen-
sional smoke spreading under the ceiling is the main stage.
Tanaka et al. (2021) clarified that the smoke spread length
was decided by a balance between the inertia and buoyancy
of the hot smoke flow and the inertia of the fresh cold air
flow induced by the fire. Zhu et al. (2025) deduced a simple
mode to estimate the maximum propagation length for a
tunnel with mechanically ventilated shafts. Currently, the
ceiling temperature distribution has often been utilized to
evaluate smoke spreading in the longitudinal direction of
tunnels, mostly those without top openings (Cheng et al.,
2022; Gao et al., 2021; Gong et al., 2016; Hu et al., 2005,
2010; Liu et al., 2023; Qiu et al., 2021; Shi et al., 2021;
Yang et al., 2020; Zhong et al., 2016). Regardless of T-
shaped tunnel and curved tunnel groups (Cheng et al.,
2022), or sloped tunnel (Yang et al., 2020), or tunnel with
longitudinal ventilation (Gong et al., 2016; Hu et al., 2005,
2010; Shi et al., 2021), a rule of exponential decay has
always been fitted. Especially, Hu et al. (2005, 2010) devel-
oped a predictive model based on the results of full-scale
experiments, and found a power of exponential decay
under different longitudinal ventilation speeds. Gong
et al. (2016) established a heat balance equation consider-
ing the thermal radiation, air entrainment, and heat con-
vection, and derived a dual power-law exponential
attenuation equation. Regarding URTS, the ceiling tem-
perature distributions have their own special rules due to
the presence of multiple shafts. Rarely, in a series of full-

scale firing experiments on two real URTS (Yan et al.,,
2009; Zhang et al., 2024; Zhou et al., 2025), the powers
of the exponential function were consistently drawn even
under different ambient temperatures, fire-shaft distances,
and whether the shaft axial fan was in operation. Addition-
ally, the determination of decay coefficients was signifi-
cantly affected by these factors.

Smoke flow modes in tunnel fires can be highly complex.
Under certain conditions, smoke propagation may be hin-
dered and transformed into another pattern, resulting in
backflow. Currently, most studies have focused on the
smoke backflow in longitude under the tunnel ceiling
(Ding et al., 2024; Fan et al., 2017; Ying et al., 2025;
Zhang et al., 2021; Zhao et al., 2024). For example, Fan
et al. (2017) investigated a mine laneway fire and revealed
that increasing the vertical height of an inclined laneway
decreases the backflow length and that a non-dimensional
Richardson number Ri (ratio of the vertical buoyancy
force causing the stack effect to the horizontal inertia force
generated by the fire source) can distinguish the existence
of backflow. Ying et al. (2025) investigated an under-
ground interconnected tunnel and found that a higher heat
release rate (HRR) results in a larger backflow; they also
developed a predictive model for smoke back layering for
an individually ventilated branch tunnel. Zhu et al.
(2025) revealed that an increase in either length or angle
of an inclined laneway would contribute to the decrease
in backflow length in a horizontal laneway, which would
lead to more smoke flowing into the inclined laneway.
Regarding the tunnel shaft, phenomena such as plug-
holing and boundary-layer separation have often been
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associated with a single shaft with a large cross-sectional
area, which have gained considerable attention (Cong
et al., 2017, 2020; Ji et al., 2012, 2013b; Mao & Yang,
2016; Tanaka et al., 2015). Ji et al. (2012) proposed a mod-
ified number Ri’ to determine the flow field inside the shaft,
with a critical value of 1.4 for plug-holing occurrence. In
practice (Yan et al., 2009; Zhang et al., 2024; Zhou et al.,
2025), neither plug-holing nor boundary-layer separation
was observed due to each shaft being divided into several
small unit shafts, but the evident smoke backflows
occurred at the bottom of those shafts, farther away from
the fire source. It destroyed the structure of the upper
smoke layer and hindered the smoke discharge out of the
shafts. Also, Zhang et al. (2024) calculated the number
Ri’ for different shafts and found it to be too large for those
farther shafts due to the small horizontal inertia forces
arriving at it. Nowadays, the issue of shaft backflow has
not been paid much attention. Rarely, Yao et al. (2019)
noticed the second pair of shafts’ downdraught (backflow),
where the smoke front stabilized at its bottom, and
explained that the buoyancy force could be too low to
overcome the kinetic pressure of the airflow flowing into
this shaft.

Mass flow rate of the shaft is often used to quantify the
exhaust ability. In fire scenarios, it is necessary to balance
the buoyancy and inertial force of the smoke to achieve
effective smoke exhaust. Chow and Gao (2011) focused
on the competition between buoyancy and inertial forces,
and identified the negative pressure zone near vents as a
region where pressure-driven flow (inertial) interacts with
buoyancy. Guo et al. (2021) estimated the total mass flow
rate exhausted from the shaft (both smoke and entrained
air) and revealed that the shaft height has a limited contri-
bution to the mass flow rate of the incoming smoke
exhausted, but a larger shaft cross-sectional area has a
favorable performance in exhausting the smoke. Wang
et al. (2023) confirmed that the total mass flow rates
decrease with the increase of the length-width ratio of
the ceiling vent and that the smoke mass flow rate
exhausted by the shaft gradually increases with HRR.
Liang et al. (2025) found that the unpowered ventilation
caps could improve smoke exhaust efficiency, doubling
the mass flow rate, which increases with higher lateral wind
speeds.

The neutral plane is characterized by a critical height to
distinguish inflow and outflow, where the static pressure
difference is zero. The essence of the fire plume is the orifice
flow caused by the pressure difference between the inside
and outside of the compartment. The higher the opening
above the neutral plane, the stronger the thermal buoy-
ancy. The neutral plane height (NPH) is a good index to
assess the openings’ exhaust ability inside a confined space.
Researchers have investigated the distributions of the neu-
tral plane in various fire scenarios, such as high-rise build-
ings (Li et al., 2014; Yang et al., 2013) and sloping tunnels
(Chow et al., 2016; Gao et al., 2022; Shao et al., 2024).
Yang et al. (2013) revealed that both the mass inflow rate

and the neutral plane location increase as the shaft opening
area, shaft height, and expelling gas temperature increase.
Li et al. (2014) investigated a 12-storey stairwell with three
vents and used the temperature and velocity profiles at the
middle opening to determine the location of the neutral
plane, which was mainly affected by the middle opening
height but weakly by the HRR. Chow et al. (2016) found
that the neutral plane of the low tunnel entrance faded
away when the longitudinal slope was greater than 9°.
Gao et al. (2022) found that NPH at the low entrance of
the tunnel increased gradually as the slope increased.
Shao et al. (2024) found that the nearer the fire source loca-
tion is to the low entrance and the greater the slope, the
higher the neutral plane position at the high entrance of
the tunnel will be.

Methods used in the study of deterministic law of fire
science are commonly experimental and numerical calcula-
tions. Fire experiments are often hard to conduct due to
high cost, structural destructiveness, and human safety,
but the data generated are more valuable and credible.
Full-scale experiments on tunnel fires have been rarely car-
ried out, especially on URTS (Cheng et al., 2022; Guo
et al., 2020; Qiu et al., 2021; Shi et al., 2021; Yan et al.,
2009; Yang et al., 2020; Zhang et al., 2024; Zhou et al.,
2025). Numerical simulation has been widely used to grasp
the smoke flow characteristics, due to good repeatability,
time saving, and lower investment cost. Fire dynamic sim-
ulator (FDS) is a three-dimensional numerical simulation
tool developed by the National Institute of Standards
and Technology, Gaithersburg, USA. Current simulations
have shown that large eddy simulation (LES) technology in
adopting FDS is much reliable in modeling the spread of
tunnel fire smoke (Chow et al., 2016; Cong et al., 2017,
2020; Ding et al., 2024; Fan et al., 2017; Gao et al., 2021,
2022; Guo et al., 2021; Hu et al., 2005; Ji et al., 2012,
2013a; Mao & Yang, 2016; Shao et al., 2024; Wang
et al., 2023; Yao et al., 2019; Zhang et al., 2021).

From previous researches on fire accidents, the follow-
ing conclusions can be drawn: (1) URTS feature multiple
one-sided shafts with non-uniform spacing, and the smoke
spreading under the ceiling is largely influenced by the shaft
arrangements and HRRs, but the rules remain unclear; (2)
backflows at the shaft bottoms are undesirable because
they inhibit smoke discharge, and its characteristics have
been rarely addressed; (3) NPHs have been investigated
on only one narrow high space, such as a high-rise building
or a sloping tunnel. As for multiple shafts in one URTS,
understanding its distributions can quantify the global
shaft smoke flows, but they also remain unknown.

In this study, a tunnel model with a dimension of 400 m
(length) x 12 m (width) x 5.5 m (height) is established, and
multiple shafts are arranged over the ceiling with each unit
shaft at 3.0 m (length) x 3.0 m (width) X 6.5 m (height). A
1/16 small-scale firing experiment was carried out to
observe the exhaust and backflow phenomena. LES are
conducted under different HRRs and fire-shaft spacing.
Smoke fronts and ceiling smoke temperature attenuation
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are determined. Velocities of smoke exhaust or backflow of
all unit shafts are obtained and compared, and the mass
flow rates are fitted out based on dimensional analysis.
The NPHs of all unit shafts are determined, and their rela-
tionships with the corresponding mass flow rate are estab-
lished. This study enriches a theory in the field of URTS
firing and contributes to the fire safety regulations of
URTS.

2 URTS sizes and a real fire accident

All shafts of each hole must be constructed along one
side of the wall so that their tops are located within the
green belt, and their widths are perpendicular to the length
of the belt. Every shaft has a limited height due to the tun-
nel’s shallow-buried depth and a limited width constrained
by the narrow green belt. Consequently, the shaft length is
the only flexible structural parameter. There is a note that
every shaft is evenly separated by several beams to solidify
the tunnel structure, which has a fixed size of 0.8 m in
thickness with its bottom paralleling to the shaft bottom
opening. Table 1 lists the dimensions of six URTS in Nan-
jing, China. It is known that all holes are nearly identical in
width (about 12.0 m) and height (about 6.0 m), but some
differ in length (1136-1720 m). All shafts are in the range
of 1.1 to 11.0 m in height (mostly around 5.0 m), and 2.6
to 3.0 m in width, but differ largely in length, ranging from
6.2 to 22.4 m. The solid beams separate each shaft evenly
into 2 to 7 unit shafts with each having a fixed length of
around 3.0 m. The spacing between two adjacent shafts dif-
fers largely among tunnels or even in one tunnel. Espe-
cially, when the tunnel crosses under a street intersection
or a water body, there is no space to build a green belt
on the streets, then a long shaft spacing is created (e.g.,
in Xi’an Gate Tunnel at 240 m). The number of shafts
was 10 to 24 for all six URTS.

A shaft spacing, s (m), is defined as the distance between
two adjacent shafts. Assuming the shafts are evenly spaced,
it can be determined according to Eq. (1):

[

— — [ X ny,
ni

(1)

where /, is the tunnel length, m; /g, is the unit shaft length,
m; n; is the number of all shafts; n, is the number of all unit

S =

Table 1
Sizes of six URTS in Nanjing, China.
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shafts per shaft. A shaft opening area ratio k (%) is defined
as the area ratio of all shafts’ top openings to the tunnel’s
horizontal projection. It can be calculated based on Eq. (2):

; (2)

where wy, 1s the tunnel width, m; wg, is the unit shaft width,
m. In real scenarios, values of k are in the range of 2.78% to
3.86%, as seen in Table 1. As an example of one URTS
having a size of 800 m (length) x 12 m (width) with uniform
shaft spacing, also each unit shaft having a size of 3.0 m
(length) x 3.0 m (width), relationships among parameters
of ny, m, s, and k are determined respectively based on
Egs. (1) and (2). The results are given in Fig. 1. Values of
s change in a large range of 40 to 260 m, and decrease with
the increase of n, or n;, but the decreasing tendencies are
basically identical in spite of n;. Values of k& change in
the range of 0.5% to 10% and increase with the increase
of n, or ny. The larger the n;, the more rapid the increase
in k. The smaller the n,, the less the differences in & among
ni.

A real fire accident occurred on February 27, 2023, in
the westbound of Xi’an Gate Tunnel in Nanjing, China,
and the entire process was captured on video. As shown
in Fig. 2, the westbound consists of three lanes. The shafts
were installed over the ceiling along the left side wall, with
some spacing between them. A minibus caught fire in the
right lane, very close to one of the shafts. Just after igni-
tion, the smoke was minimal, and visibility was good, as
depicted in Fig. 2(a). However, 600 s after ignition, the
flames intensified, causing severe traffic congestion. A large
amount of smoke spread and reached the bottom of the
nearest shaft, but the visibility was still good due to the
smoke accumulation just under the ceiling, as seen in
Fig. 2(b). Overall, the one-sided shafts play an important
role in fire smoke exhaust.

kﬁlOOX lShXWSthl X ny
ltuxwtu

3 Small-scale model experiments
3.1 Experimental design
In fire scenarios, the relationship between a scaled model

and a prototype is mostly described by Froude’s scaling
law. On this basis, the following equations are obtained:

Tunnel Hole (L x W x H)  Shaft Opening area ratio, k (%)
(m X'm X m) Size (L X Wx H) (m x m X m) Number Spacing (m) Beam number/shaft
Mofan Road 1136 x 12.5 x 5.7 8.8 x 3.0 x (1.1-4.5) 15 41-177 1 2.78
Xi’an Gate 1720 x 12.0 x 6.0 12.8 x 2.6 x (4.9-7.8) 24 24-240 3 3.86
Tongji Gate 1340 x 10.5 x 6.0 12.8 x 2.6 x (6.0-7.6) 14 23-116 3 3.31
Shuixi Gate 1280 x 11.5 x 6.0 (6.2-22.4) x 3.0 x (4.2-11.0) 10 10-275 1-6 293
Qingliang Gate 1655 x 11.5 x 6.0 (13.6-20.4) x 3.0 x (1.8-4.8) 14 26-233 3-5 3.06
Wutang 1590 x 11.8 x 6.0 9.9 x 3.0 x (4.1-9.2) 21 40-120 2 3.32
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where Q is the fire HRR, kW; T is the temperature, K; 7 is
the time, s; y is the size scale ratio of the model to the pro-
totype. The subscripts m and p represent the model and the
prototype, respectively. The results of the experiment using
a scale-model tunnel fire can correspond to those of a full-
scale tunnel fire. A pool fire’s HRR Q is proposed as fol-
lows (Babrauskas, 1983):

0 =xm' (1 — e ™) 4;AH., (6)

where x is the combustion efficiency, %; n7’ is the maximum
mass loss rate, g/(s-m?); kf is the empirical constant, m™";
D is the diameter of the burning area, m; A is the horizon-

tal burning area, m*; AH, is the combustion heat, MJ/g. In
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this study, methanol was used as the fire source, which
burns with a flame that is hardly visible, indicating that
very little soot is produced. For methanol (Karlsson &
Quintiere, 2000), x closes to unity, m’ is 17.0 g/(s-m?),
AH, is 0.02 MJ/g for a large pool (pool diameter
>0.2 m), and kf is independent of the pool diameter. Fur-
thermore, Anghel et al. (2017) advised the kf3 to be 100 m ™
for methanol.

Based on the real tunnel size, a 1/16 small-scale model
tunnel was built. It has a size of 23 m (length) x 0.75 m
(width) x 0.36 m (height), and includes 2 firing segments
and 7 non-firing segments, each having a length of 2.5 m.
The firing segments are made of 304 stainless steel, and
each of them has a tempered glass window on the front side
wall for observation. The non-firing segments are made of
10-mm-thick fireproof board, except for the fireproof-
acrylic front side wall used for observation. A total of three
nonfiring segments are arranged on the left side of the fir-
ing segments, and four are on the right. A total of two
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2. Scenarios of a real fire accident in Xi’an Gate Tunnel on February 27, 2023. (a) r = 0 s, and (b) 7 = 600 s.

Fig.

(b)
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fireproof-acrylic shafts are installed uniformly over the ceil-
ing along the back side wall of each nonfiring segment, and
each shaft has a size of 0.8 m (length) x 0.2 m (width) x 0.
3 m (height). Three equally spaced grooves are excavated
along the inner wall of the shaft in the longitudinal direc-
tion. Three vertical partition plates can be respectively
inserted into these grooves, thereby dividing the shaft into
four unit shafts. A horizontal partition plate is used to
cover the bottom of any one of the unit shafts, making
the number of unit shafts participating in smoke exhaust
adjustable. Additionally, the spacing between two adjacent
shafts is adjustable. The scenes of the small-scale model
tunnel are depicted in Fig. 3.

In this study, after some shaft top openings were sealed
with horizontal partition plates, each shaft was left with
only 3 unit shafts, and the spacing of the fire source away
from the nearest unit shaft (s, ) was finally 7.7 m (equiv-
alent to 122 m in the prototype). A 304 stainless steel rect-
angular pan was centrally placed on the firing-segment
ground with methanol used as the fire source. The mass
loss rates were measured in real time with burning areas
by a WT-B electric balance (accuracy of 0.01 g). A rate
of 15.18 g/(ssm?) was obtained for a burning area of
0.08 m (width) x 0.14 m (length). Based on Eq. (6), a fire

(a)

power of 3.64 kW was determined, which corresponds to
a fire power of 5 MW in the prototype according to the
scaling law. Smoke cakes were added above the pan to
increase the amount of smoke in the fire. A series of TT-
K-30-SLE (K type) thermocouple trees were placed in lon-
gitude within 7.7 m from the fire source, and the ceiling
temperatures were recorded by a data-acquisition instru-
ment with three channel modules. The ambient air temper-
ature was 18.0 °C. An EP532-200 laser sheet (with a
1.2 MW output power) was placed at the tunnel’s left
entrance to facilitate visualization. A camera was used to
record the smoke spreading phenomena.

3.2 Smoke spreading phenomena

Figure 4 presents the scenes of flame and smoke spread-
ing in the model-scale experiment. The geometry of a tur-
bulent diffusion flame is dominated by the turbulent
mixing between the gascous fuel and the entrained air
(Jiao et al., 2025). Especially, in naturally ventilated tun-
nels, the flame height is dominated by HRR (He et al.,
2021; Yuan et al., 2024). As seen in Fig. 4(a), the flame rose
up directly but didn’t hit the ceiling. In the buried section
before the smoke arrived at the nearest shaft #1, as seen

Fig. 3. Scenes of the small-scale model tunnel. (a) The whole tunnel, (b) two firing segments, and (c) a thermocouple tree inside the tunnel.
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(a)

(b)

(©)

(d)

(&

(b

Fig. 4. Smoke spreading under HRR = 3.64 kW and s;.,5; = 7.7 m in the small-scale experiment. (a) Fire source in burning, (b) before arriving at shaft #1,
(c) at the bottom of shaft #1, (d) inside and outside shaft #1, (e) at the bottom of shaft #2, (f) inside and outside shaft #2, (g) at the bottom of shaft #3,

and (h) inside and outside shaft #3.

in Fig. 4(b), an evident stratification existed between layers
of the upper and the lower sections where an upper hot
smoke spreads towards the entrance, but a reversal flow
existed at the tunnel bottom. As seen in Fig. 4(c) and (d),
shaft #1 played an important role in exhausting, and the
turbulences occurred extensively at the shaft bottom and
inside the shaft; also, there were nearly no plug-holing or
boundary separation. As seen in Fig. 4(e) and (f), shaft

#2 is far away from the fire source, and only unit shafts
#2-1 and #2-2 had an exhaust phenomenon, but unit shaft
#2-3 had a backflow phenomenon. As seen in Fig. 4(g) and
(h), the smoke front could not arrive at shaft #3 (farther
away from the fire source), and no smoke was found at
the shaft bottom and inside the shaft. Furthermore, the
measured maximum ceiling temperature rises are depicted
in Fig. 5, where the distance is converted to the prototype
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Fig. 5. Comparisons of the maximum ceiling temperatures between the
experiments and FDS simulation.

length. It is known that the temperature rises decayed
rapidly away from the fire source, reaching up to 60 °C
at about 13 m, and tended to be ambient at about 120 m.

A schematic view of global smoke flow behaviors during
firing scenarios is depicted in Fig. 6. A large amount of hot
smoke is released from the fire source, spreads under the
ceiling, and is possible to exhaust out of the nearest shaft
driven by a strong thermal buoyancy. As the smoke travels,
thermal buoyancy is weakened due to the heat loss. How-
ever, due to the oxygen consumption by combustion, a neg-
ative pressure effect is created around the fire source. So,
the airflows tend to be induced towards the fire source,
which comes from the tunnel openings, including the two
entrances and the shaft top openings. Once the smoke ther-
mal buoyancy is less than the inertial force of the induced
airflow, the smoke will be suppressed and even flow in the
opposite direction. The complex reversal flows would occur
simultaneously in the driving zone and inside the shafts.
Also, backflow behaviors may differ among shafts, which
are dependent on some factors, such as HRR, shaft size,
and shaft spacing.

4 Numerical methods

Complementary computational fluid dynamic (CFD)
simulations are carried out by adopting FDS version
4.0.7. An approximate form of Navier-Stokes equations
appropriate for low Mach number applications is used.
To handle subgrid-scale convective motion, LES technique
is adopted, and the smallest eddies are filtered out of the
governing equations.

4.1 Model settings

A physical model at 400 m (length) x 12 m (width) x 5.
5 m (height) is established in FDS. Several one-sided shafts
are built over the ceiling with each having a fixed size of
3.0 m (width) x 6.0 m (height). Two beams separate each
shaft into three even unit shafts in longitude, and each unit
shaft has a length of 3.0 m. The spacing is adjustable
between shaft #1 and the tunnel’s left entrance but fixed
to be 41.0 m between any two adjacent shafts. During fir-
ing, extensive heat and mass transfer would exist between
the inside and outside sections. A 320.0 m (length) x 5.0
m (width) X 7.6 m (height) virtual domain is extended over
the shaft top openings with its bottom being parallel to the
shaft top openings. A 10.0 m (length) x 14.0 m (width) x 8.
6 m (height) virtual domain is extended, which is adjacent
to the tunnel’s right entrance with its bottom on the
ground. The physical model established in FDS and its
schematic views are depicted in Fig. 7. FDS (McGrattan
et al., 2014) provides a vent with SURF_ID= “MIRROR”
that is of no-flux and free-slip. With the mirror acting, an
entire face of the computational domain is spanned, essen-
tially doubling the size of the domain as a plane of symme-
try. From the point view of enough computational domain
and fewer CPU resources, the tunnel left entrance is set to
be a mirror vent.

A square pool fire is placed at the center line of the tun-
nel on the ground, and its left side is just parallel to the tun-
nel’s left entrance. A steady HRR per unit area
(HRRPUA) is adopted to be 1250 kW/m? The tunnel’s
right entrance is set to be an open boundary, including
all surfaces of two extended virtual domains adjacent to

Shaft #1 \L \L l/ Shai‘t#zl l l Shaft #r-1 Shaft#n\l/ l l/

bP) | 11 |-
(€4

Smoke J //

< Induced air flow
Fire <

5>
<

Fig. 6. Schematic view of the smoke spreading and the induced airflows in URTS firing.
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the outside. The ground, ceiling, and all walls are specified
as “CONCRETE” with a thickness of 0.5 m. The surface
heat transfer coefficient is set to 15.59 W/(m*-K). An ambi-
ent temperature of 20 °C with an ambient pressure of 101
325 Pa is adopted, and the simulation time is set to be
600 s.

Monitoring points of temperature are arranged under
the ceiling in the driving zone at an interval of 0.5 m in
longitude. Monitoring points of velocity are arranged
inside each unit shaft. Every three of them are, respec-
tively, at z = 0, 1.0, 2.0, 3.0, 4.0, 5.0, and 6.0 m at an
interval of 0.7 m in width. Every seven of them are
respectively at x 0.7, 1.4, and 2.1 m at an interval

Shatft

: - Sgust

i (60 m/80 m/100 m/120 m)
Fire source
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of 1.0 m in height. Slices of both temperature and veloc-
ity are arranged on the plane of y = 1.5 m, that is 1.5 m
away from the tunnel front sidewall. FDS (McGrattan
et al., 2014) provides “MASS FLOW” to output the
net integrated mass flux through the given planar area,
oriented in the positive z direction. Also, “MASS
FLOW+” or “MASS FLOW-" yields the integral of
the flow in the positive or negative direction only. In this
study, mass flow rates are measured on the tunnel right
entrance and all shaft top openings, and three properties
of “positive,” “negative,” and “both” are adopted on all
of them to obtain the inflows and outflows. The moni-
toring point arrangements are shown in Fig. 7.
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Fig. 7. Schematic views of the physical model and monitoring points in simulations. (a) Physical model established in FDS, (b) front view, and (c) top

view.
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4.2 Grid sensitivities

Intensive heat and mass transfer would occur around
the fire source, and the flows inside the shafts are required
to be known in detail. Then, a multi-mesh system is estab-
lished, which includes 1 firing domain with a size of 16 m
(length) x 12 m (width) x 5.5 m (height), covering the fire
source, 67 shaft domains (one shaft, one domain), 2 vir-
tual extended domains, and 1 non-firing domain in the
driving zone. Adjacent domains are just beside each other.
Grid sizes of the firing domain and all shaft domains are
the same, and half of the other domain. The smaller the
HRR, the finer the grid, but the longer the CPU operating
time. As an example of 5 MW fire source, four mesh sizes
of the firing domain are tested, which are 0.2, 0.3, 0.4, and
0.5 m/grid, respectively. Parallel simulations are carried out
on an Intel Xeon E5-2696 version 3, 2.30 GHz processor,
which has 36 cores and 72 threads. With the decrease of
mesh size, the temperatures tend to converge, but the
CPU operating times increase rapidly. Finally, the 0.2 m/-
grid is adopted on domains of all shafts and the fire source,
and the 0.4 m/grid on the other domains.

4.3 Verifications of FDS modelling

In terms of the rationality of the mirror vent, a full-size
physical model is established, which has a length of 800 m
with two open entrances but without a mirror vent. In the
case of HRR = 20 MW and s, = 60 m, simulations are
carried out on models of both the full-size and the half-size
with a mirror vent (Fig. 7). The results are compared for
temperatures and CO concentrations in longitude under
the ceiling and the net mass flow rates of unit shafts,
respectively. It is found that little difference exists between
them, as illustrated in Fig. 8. Therefore, the “mirror”
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hypothesis is rational and has no impact on the smoke
spreading in the whole tunnel.

A full-scale firing experiment (Yan et al., 2009) is
selected for verifying the FDS modelling. It was conducted
in the eastbound of Xi’an Gate Tunnel in 2007, and a 1.8 m
(length) x 1.8 m (width) diesel oil pan (about S MW HRR)
was placed on the ground in the middle of the longest 240-
m buried section (120 m away from the nearest shaft). A
longitudinal ambient wind was steady at about 1.0 m/s,
and the ambient temperature was 6 °C. A FDS simulation
is carried out with a 5 MW fire source 120 m away from the
nearest shaft. The maximum ceiling temperature rises of
the full-scale experiment in the downstream, the small-
scale experiment, and the simulation are depicted in
Fig. 5. It is known that all temperature rises decay away
from the fire source, exhibiting a favorable trend. When
comparing the simulation and the small-scale experiment,
the temperature rises are quite close to each other, espe-
cially within a range of 65 m, but the simulation has larger
rises once beyond 65 m. The discrepancy can be attributed
to the heat lost out of the uninsulated tunnel walls and
ground in the small-scale experiment, and the farther away
from the fire source, the more the heat loss. So, the devia-
tion increases with the distance from the fire source but
remains within 5.4 °C at 100 m. When comparing the sim-
ulation and the full-scale experiment, the simulation has
smaller rises beyond 45 m. This discrepancy originates
from the presence of ambient wind in the full-scale experi-
ment, causing the hot smoke to spread farther and accumu-
late under the ceiling at greater distances. The deviation
increases with distance from the fire source but remains
within 16.4 °C at 120 m. Furthermore, the smoke front
was observed to arrive at the 210 m downstream in the
full-scale experiment (Yan et al., 2009), the 10.1 m (equiv-
alent to 161 m in the prototype) in the small-scale experi-
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Fig. 8. Comparisons of simulated results between an 800-m-long model (without mirror vent) and a 400-m-long model (with mirror vent). (a)
Temperature and CO concentration, and (b) net mass flow rate of the unit shaft.
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ment, and the 170 m in the simulation. Three of them get
close to each other. Differences come from two facts: the
blurred smoke front and the ambient wind forcing the
smoke to spread longer in the full-scale experiment. Over-
all, the simulation is verified by both the full-scale experi-
ment and the small-scale experiment.

4.4 Modelling cases

When ambient wind or vehicle blockage is not consid-
ered, the fire source located at the midpoint of the longest
buried section (where the adjacent shafts have the greatest
distance) poses the greatest danger, because the smoke has
to travel the longest distance to reach the first shaft (unit
shaft #1-1) for exhaust. In this study, values of sp,q are
set at 60, 80, 100, and 120 m based on the tunnel’s real size
(Table 1). Meanwhile, all other shaft spacing remains con-
stant at 41 m. For the established 400-m-long tunnel, the
total number of shafts required is then determined to be
7,7, 6, and 6, respectively. Consequently, the shaft opening
area ratios (k) nearly reach the same values of 3.93% and
3.37% in all cases, based on Eq. (2).

On-site investigations on URTS found that the family’s
five-seated cars accounted for more than 90%, and the
others are vans and buses (Tong et al., 2014). In the field
of traditional fuel vehicles, Permanent International Asso-
ciation of Road Congresses (World Road Association,
1999) recommends the design fires for road tunnels that a
car fire is in the range of 2.5 to 8 MW, Ingason (1995) gives
a van fire at approximately 15 MW and a bus fire at
approximately 20 MW, and Soundararajan et al. (2025)
revealed that ULDP20G40 (200 mL ULDP + 800 mL
Diesel + 40 ppm GQD) exhibited a 6.49% lower maximum
HRR compared to raw diesel in a diesel engine. The world
is moving towards clean energy in every aspect of the auto-

_f(Gsh—nela Qa TaaHshvsshasf-ush Pa7 cpvg) = 0
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mobile. Bibin et al. (2021) investigated an 8-cell lithium-ion
battery pack to determine its thermal behavior and
revealed that cell temperature and cell voltage are critical
parameters in reducing the internal heat of a battery. In
this study, by adjusting the fire source area under the given
1250 kW/m> HRRPUA, four steady HRRs of 5, 10, 15,
and 20 MW are determined. Finally, a total of 16 cases
are designed for simulations as listed in Table 2.

5 Dimensional analysis of the shaft net mass flow rate

Parameters influencing the shaft net mass flow rate are
selected, which include HRR, spacing between the fire
source and the nearest shaft, spacing between two adjacent
shafts, shaft height, ambient air density and temperature,
gravitational acceleration, and air-specific heat capacity.
These physical parameters, symbols, and dimensions are
shown in Table 3.

Consequently, the mass flow rate of the shaft can be
expressed as

(7)

M, L, t, and T are selected as the basic dimensions; Hg,,
pPar, & and T, are selected as the basic parameters; the
dimensionless equations for the other five parameters can
be expressed as follows:

Ty :HZILgﬁl pQ' Tg] Gihnet = L (Lt72)ﬁl (ML73)7.1 (T)EI Gsh-neu
o= e T30 = L0 (L) (ML) ()0,

73 = H3 g pis T = L7 (L) (ML) (T) P51,

mty = H% gl pi Tosg = L (L) (ML) (T) 5y,

ns=H5ghpisTé e, =L (Lt %) (ML )" (T)%c,,

Table 2
Cases used for FDS simulation.
Case Shaft Fire source
Number Spacing (m) Unit shaft number Opening ratio k (%) Area (m?)? HRR (MW)?* Stus1 (M)
1-4 7 41 3 3.93 4.0/8.0/12.0/16.0 5/10/15/20 60
5-8 7 41 3 3.93 4.0/8.0/12.0/16.0 5/10/15/20 80
9-12 6 41 3 3.37 4.0/8.0/12.0/16.0 5/10/15/20 100
13-16 6 41 3 3.37 4.0/8.0/12.0/16.0 5/10/15/20 120
% An entire face is spanned, doubling the size of the domain by adopting a “mirror” vent.
Table 3
Physical parameters influencing Gp,_pet-
No. Physical parameter Symbol Dimension No. Physical parameter Symbol Dimension
1 Heat release rate 0 ML?t™? 6 Ambient air density Pa ML™?
2 Spacing between fire and nearest shaft Stousl L 7 Ambient air temperature T, T
3 Spacing between two adjacent shafts Ssh L 8 Gravitational acceleration g Lt~
4 Shaft height Hyp, L 9 Air-specific heat capacity cp L1
5 Net mass flow rate of shaft Gihonet Mt™!
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the physical quantities can be solved by the following con-

where o, f8, 7, and ¢ are variable coeflicients. The indexes of
f
servation principle:

Gohnet O Stasl Ssh Spla =0
S v 1 =

5 1 L3 Y Hg "Hg, "Hy
Hfhgzﬂa Hfhgzﬂu sh sh’ Hsng

o =-=5/2, p,=-1/2, y, =—-1, & =0, = Gish-ren :f< : lQ 7st.:1>
a = —7/2, By=—3/2, 3= —1, & =0, RV S (11)
o =—1, f3=0,73=0, & =0, (9) Gshnet. — £ Ossh
=1 Bi=0, 9, =0, & =0 = Ee =TI
oy = —1, :B4 =U, 4y =Y, ¢4 =V, th.%’zl)a thgzllué‘pTuSl\—u\l
as=—1, fs=—1, y5=0, & =1. « o'
5 ﬂS ’ /5 ’ 5 = Gsh-net :f(F)7
The dimensionless equations can be simplified as follows: X ‘
q p where Q*=——2¢—, S*="el and Gy e = s
T = —(Z’h"lm , IlszhgipucpTa A thgzpu
H?hgfpa
=%, 6 Results and discussions
H2 ¢2p,
‘ (10) . .
Ty = *;;711;17 6.1 Smoke spreading under the ceiling
4T Hao In all simulations, the flames rise up directly and hit the
s = Z_:g ceiling when the HRRs are 15 and 20 MW, but do not

) o o when the HRRs are 5 and 10 MW. As an example of case
According to the relevant criteria of similarity theory, 8, Fig. 9 gives views of the flame and the smoke at different

Eq. (7) can be replaced by the following equation: times provided by FDS simulations. It is known that the
#1 #2
e
Fire
(a)
#1 #2
oL ‘\Smoku front
Fire
(b)

Smoke front

“Fire

Smoke front
#2 /

(d)

Fig. 9. Smoke views at different times in case 8 (sgys; = 80 m, Q =20 MW). (a) 1 = 50 s, (b) # = 100 s, (c) # = 300 s, and (d) 7 = 500 s.
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Fig. 10. Smoke spreading lengths after 400 s under stable state in all cases.

smoke accumulates beneath the ceiling, driven by buoy-
ancy, and then moves towards the right entrance. Shaft
#1 always plays an important role in exhausting after the
smoke arrives at it. A steady state nearly remains after
400 s, and the smoke front basically stays under the bottom
of shaft #2, which has a weak exhausting ability. Based on
the smoke views, the steady smoke fronts in all cases are
determined and depicted in Fig. 10. It is known that the
lengths of the smoke fronts increase evidently with the
spacing of sps1; they also increase with HRRs, but the ten-
dencies slow down. The smoke fronts are 130 m away from
the fire sources under the 60 m spacing s¢.,s;, 140 m under
the 80 m spacing, 160 m under the 100 m spacing, and
180 m under the 120 m spacing, and they are all about
under the bottom of shaft #2.

Regarding ceiling smoke temperature, Fig. 11 shows its
contours in the range of 0 to 200 m away from the fire
source at ¢+ = 500 s under steady state in case 8
(Srus1 = 80 m, HRR = 20 MW). It can be observed that
in the driving zone within a range of 130 m from the fire
source, the temperature of the upper space is higher, indi-
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Fig. 12. Dimensionless smoke ceiling temperatures away from the fire
source and their fitting curves.

cating the presence of the smoke layer. The temperature
of the lower space is lower, indicating the air layer. The
stratification between the smoke and the air is clear
(Luan et al., 2025). Furthermore, shaft #1 is filled with
hot smoke. Beyond 130 m from the fire source, the temper-
atures both in the driving zone and inside shafts #2 and #3
return to ambient levels. This indicates that the hot smoke
has not reached these areas. These observations are consis-
tent with the smoke distributions shown in Fig. 8.

Taking the maximum ceiling temperature above the fire
source as the reference temperature T, (K), the ceiling
temperature 7', (K) at the distance x from the fire source,
then the dimensionless spreading distances x/H,, and the
dimensionless ceiling smoke temperatures (7, — T,)/
(Tmax — Ta.) are determined. These scatters are plotted in
Fig. 12 under all cases. After observing them, the relation-
ships are determined to be a kind of exponential decay
function for any one case or all cases combined, as seen
in Eq. (12):

Temperature (C) IS TR 1 [ TN

20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170 180 190 200

O Fire 40 80

120 160 200

x (m)

Fig. 11. Ceiling temperature contours in the range of 0 to 200 m in longitude at = 500 s in case 8.
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Table 4
Fitting parameters in Eqs. (12) and (13), and the correlation coefficients R*.
Case No. Eq. (12) Eq. (13)

aj by R? a» b, e R?

1-4 1.16/1.15/1.16/1.16 0.16/0.14/0.13/0.12 >0.98 2.33 0.54 -0.39 >0.97
5-8 1.15/1.12/1.12/1.13 0.16/0.13/0.12/0.11 >0.98 2.59 0.69 —-0.45 >0.97
9-12 1.14/1.08/1.09/1.11 0.16/0.13/0.12/0.11 >0.98 2.95 0.80 -0.59 >0.98
13-16 1.14/1.08/1.07/1.08 0.15/0.12/0.11/0.10 >0.98 3.39 0.97 —-0.65 >0.97
All results 1.15 0.16 0.98 - - - >0.90

AT, T.-T,
ATmalx_Tmax_Ta

where a; is the temperature empirical coefficient, and b, is
the temperature attenuation coefficient. The larger the by,
the faster the decay. The fitted curves are depicted in
Fig. 12. Values of a;, b;, and the correlation coefficient
R? are listed in Table 4. It is known that values of a; are
in the range of 1.07 to 1.16, which are all about 1.10.
Values of b; are in the range of 0.10 to 0.16 and decrease
with the increase of sp,¢ under the same HRR when com-
parisons among cases 1, 5, 9, 13, cases 2, 6, 10, 14, cases 3,
7, 10, 14, cases 4, 8, 11, 15, or cases 5, 9, 12, 16. It can be
explained that the larger spacing sg.s contributes to less
heat loss to the outside. When comparing cases 1 to 4, 5
to 8, 9 to 12, or 13 to 16 under the same s, the larger
the HRR, the smaller the by, revealing the evident influence
of HRR on the temperature decay. All values of R? are lar-
ger than 0.98, indicating a good agreement with the expo-
nential decay expression.

(12)

6.2 Smoke exhaust or backflow for shafts and entrances

Figure 13 presents the velocity contours and their
streamlines of the whole tunnel at 1+ = 500 s in case 8
(Srus1 = 80 m, HRR = 20 MW). It can be seen that, in
the driving zone, the smoke under the ceiling spreads lon-
gitudinally towards the right entrance in the region of the
fire source and shaft #2-1, but the reversal flows exist
widely in other areas. Among the shafts, only unit shafts
#1-1 to #3 and #2-1 exhibit exhaust behavior with veloci-
ties reaching up to 3.0 m/s, whereas the others display
reversal flows. Most of the inhaled air exhibits strong
momentum, impinging directly onto the ground. For
example, the inflow velocity reaches up to —1.5 m/s in unit
shaft #2-2. All these reversal flows occupy a large area of
the whole tunnel, showing a strong suction effect, which
is driven by the negative pressures generated around the
fire source due to combustion. It is noteworthy that for
the shafts experiencing backflow, the non-dimensional

_ SF #4 B #5 ’ l #6 #7
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Fig. 13. Velocity contours and their streamlines of the whole tunnel at z = 500 s in case 8. (a) 0-200 m away from the fire source, and (b) 200-400 m away

from the fire source.
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Fig. 14. Mass flow rates of all unit shafts and the right entrance in three directions under all cases. (a) Sg.us; = 60 m, (b) sr.ys; = 80 m, (€) Sgys) = 100 m, and

(d) Sus1 = 120 m.

number Ri’ is meaningless because the vertical buoyancy
forces are so small to be neglected. Additionally, the hori-
zontal inertia forces contributing to these reversal flows are
directed towards the fire source.

Figure 14 presents the mass flow rates of all unit shafts
and the right entrance at t = 500 s under all cases, which
are monitored, respectively, in three directions of positive,
negative, and both. As far as the positive flow rate, unit
shafts #1-1, #1-2, #1-3, and #2-1 always own it, reaching
up to 21.5 kg/s due to its proximity to the fire source, fol-
lowed by a stronger thermal buoyancy. In total, the larger
the spys1 or the farther away from the fire source, the lower
the positive rate. There is an exception that unit shaft #1-3
has some larger values than unit shafts #1-1 and #2.
Regarding the negative flow rate, all unit shafts of shafts

#2 to #7 and the right entrance own it, reaching up to
7.5 s and 9.0 kg/s, respectively. The larger the sg.s or
the farther away from the fire source, the lower the nega-
tive rate. Finally, the net mass flow rates in both directions
are exactly the rate difference between the positive and the
negative. [ts values are larger than zero for shaft #1, show-
ing an exhaust ability, and smaller than zero for other
shafts, showing an inhale ability. However, there is a note
that a bidirectional flow exists in unit shaft #2-1 under
most cases, and the net mass flow rate can be larger or
smaller than zero.

Furthermore, the net mass flow rates are summarized on
all exhaust shafts, all backflow shafts, the entrance at
t = 500 s under all cases, and their results are depicted in
Fig. 15. It is known that, in any case, the total exhaust rate
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Fig. 15. Net mass flow rates of all shafts and the right entrance at # = 500 s under all cases. (a) Cases 1-8, and (b) cases 9-16.

remains nearly identical to the total backflow rate, confirm-
ing mass conservation. The net flow rates differ in cases
that are in the range of 26.4 to 62.5 kg/s for all exhaust
shafts, 23.3 to 55.2 kg/s for all backflow shafts, and 3.8
to 8.9 kg/s at the right entrance. Under any spacing g1,

the net flow rates in the exhaust or backflow increase with
the increase of HRR, and it is because that a larger HRR
would generate a larger amount of smoke, contributing
to a larger supply of air. Under any HRR, the net flow
rates in all exhaust or backflow decrease with the increase
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Fig. 16. Mass flow rates of all unit shafts in negative under all cases and
their fitting curves.

of spacing sp,s1, and it can be explained that the increased
spacing generates a decreased opening area ratio k, then
the outside air has more difficulty in entering the tunnel.
Regarding the backflow, there is a note that, in all cases,
the net flow rate at the right entrance is evidently smaller
than that of the shafts, also nearly unaffected by the spac-
ing srus1, due to its being farthest away from the fire source.

6.3 Fitted mass flow rates of shafts

The negative mass flow rate of one unit shaft is taken as
Gsh-neg (kg/s), the maximum negative mass flow rate among
all unit shafts as Ggp.negmax, and the distance of one unit
shaft away from the fire source as x (m). For any unit shaft
under all cases, the dimensionless distance x/ s¢,; and the
dimensionless negative mass flow rate Ggpneg/ Gsh-negmax
can be determined, and the relationships are plotted in
Fig. 16. A kind of exponential decay function is estab-
lished, as seen in Eq. (13):

Gsh-neg _ azefhz(x/.s‘f_usl) + ¢, (13)

Gsh—neg,max

Table 5

Fitting parameters of all shafts in Eq. (14) and the correlation coefficients R>.
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Fig. 17. Relationships of G*g e against Q*/S* and its fitting curves
under all cases.

where both @, and ¢, are the empirical coefficients and b, is
the decay coefficient. The larger the b, the faster the decay.
The fitted curves under each case and four group cases of 1
to 4 (Spus1 = 60 m), 5 to 8 (spus1 = 80 m), 9 to 12
(Srus1 = 100 m), and 13 to 16 (spys; = 120 m) are depicted
in Fig. 16. Values of a», b, ¢», and the correlation coeffi-
cients R*> under four group cases are listed in Table 5. It
is known that values of b, are in the range of 0.54 to
0.97. All values of R* are larger than 0.98, indicating a
good agreement with the exponential decay expression.
The HRR has little influence on the Gghneg/ Gshoneg.max
under any spacing sp.s;. However, when comparing group
casesof 1to4,5t08,9to 12, and 13 to 16, the larger the sp.
us1, the larger the b,, showing a faster decay.

For all shafts under all cases, values of the O*/S* and
the dimensionless net mass flow rates G*g,.... are deter-
mined based on Eq. (11). The results are presented as scat-
ter points in Fig. 17. There is an exception for shaft #2:
unit shaft #2-1 exhibits either exhaust or backflow behav-
ior under cases, and its corresponding G*;,_,,; is calculated
separately for each behavior mode. In contrast, unit shafts
#2-2 and #3 consistently exhibit backflow, so their flow
rates are cumulatively summed. Furthermore, relationships

Parameters Exhaust shaft Backflow shaft
#1 #2-1 #2-1 #2-2 and #2-3 #3 #4 #5 #6 #7
@ 0.03 0.007 - - - - - - -
b3 0.14 0.053 - - - - - - -
3 2.48 1.09 - - - - - - -
ay - - —0.005 -0.014 -0.013 —0.008 —0.004 —-0.005 —0.004
by - - 0.016 0.037 0.052 0.034 0.021 0.013 0.006
R 0.92 0.91 0.91 0.82 0.92 0.91 0.91 0.89 0.94
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Fig. 18. Velocity contours in x-direction on the plane of y = 1.5 m inside shaft #1 at 1 = 500 s in case 8.

between the G*g,.ne and the Q*/S* are determined to be
kinds of power-exponential function for the exhaust shafts,
and linear function for the backflow shafts, respectively.
Equation (14) gives the following result:

G _mths (1 —e™=(@/5))  Exhaust shafts (#1 — #2),
ST ) gy — by(Q7/ST) Backflow shafts (#2 — #7),
(14)

where parameters of as, b3, and a4 are all empirical coeffi-
cients; c¢3 is the growth coefficient; b4 is the decay coeffi-
cient. The larger the cs, the faster the growth. The larger
the absolute value of b4, the faster the decay. The fitted
curves are depicted in Fig. 17. Values of all parameters
and the correlation coefficients R> are listed in Table 5.
Regarding the exhaust shafts, values of G*g, ¢ are in the
range of 0.05 to 0.16, which increase with the increase of
0*/S*. The coefficient c¢3 is 2.48 for shaft #1 and 1.09 for
unit shaft #2-1, indicating a slower growth. Regarding
backflow shafts, values of G*g,_,e are in the range of
—0.06 to 0, which decrease with the increase of Q*/S*.
Values of b4 range from 0.006 to 0.052, and shaft #3 owns
the largest value, indicating a fastest decay, whereas shaft
#7 owns the slowest decay.

6.4 Positions of the neutral plane inside shafts

As an example of case 8, Fig. 18 depicts the velocity con-
tours in the x-direction on the plane of y = 1.5 m inside

shaft #1 at 500 s under a stable state. It is known that com-
plex flows exist inside all three unit shafts and differ among
them. The x-velocity can reach up to about 1.0 m/s in unit
shaft #1-1, —1.0 m/s in unit shaft #1-2, and 0.8 m/s in unit
shaft #1-3. In the same unit shaft, there are larger values in
the middle of all unit shafts, and smaller ones near the side-
walls. It is easily known that the flows are restricted by the
solid walls to some extent.

After averaging three x-velocities at each monitored
height of each unit shaft at 500 s, the horizontal x-
velocities in height are obtained. Observing its distributions
and determining the zero value, the NPH is determined. As
an example of shafts #1, #2, and #5 in case 8, Fig. 19 gives
these results. It is known that the x-velocities change lar-
gely in height, which is in the range of —0.35 to 0.5 m/s
in shaft #1, —0.12 to 0.12 m/s in shaft #2, and —0.03 to
0.04 m/s in shaft #5. In general, the farther the shaft is
from the fire source, the smaller the x-velocity due to the
weaker thermal buoyancy. Values of NPH have small dif-
ferences among unit shafts in one shaft but differ evidently
among shafts. They are in the range of 2.1 to 3.1 m in shaft
#1, 3.85 to 4.0 m in shaft #2, and 4.2 to 4.8 m in shaft #5.
The farther away from the fire source, the higher the NPH.

Figure 20 presents the relationships between the shaft
NPH and the shaft net mass flow rate Gg,.net (discussed
in Section 6.2) under all cases. It can be found that values
of the NPH range from 1.4 m to 5.4 m, and the exhaust
shafts own it in the range of 1.4 m to 3.6 m, whereas the
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Fig. 19. Horizontal velocities in height inside shafts and determinations of neutral plane position in case 8. (a) Shaft #1, (b) shaft #2, and (c) shaft #5.

backflow shafts own larger values in the range of 3.2 m to
5.4 m. For any sp,s, especially 60 m, a smaller HRR
results in a smaller absolute value of the Gg, e, followed
by a higher NPH. It can be easily understood that a weak
thermal buoyancy, which originates from a small fire
power, is not conducive to the shaft’s exhaust ability. Fur-
thermore, the shaft NPHs decrease with the increase of the
absolute values of the Ggj,_er- A correlation is fitted linearly
between them, as seen in Eq. (15):

Hn:aS_b5|Gsh—net|7 (15)

where as is the empirical value, m; b5 is the decrease coef-
ficient, m/(kg/s). Values of bs are around 8.0 for the
exhaust shafts, which are to be 7.34 (sp,5; = 60 m), 8.05
(Sfoust 80 m), 8.2l (styy = 100 m), and 8.42
(Stust = 120 m), respectively. The R corresponds to 0.91,

0.97, 0.98, and 0.97, showing good correlations. Values
of bs are around 4.0 for the backflow shafts, which are to
be 3.37 (Sgus1 = 60 m), 4.65 (sgys1 = 80 m), 4.82
(Srus1 = 100 m), and 4.78 (srys; = 120 m), respectively.
The R? corresponds to 0.81, 0.95, 0.97, and 0.98, showing
good correlations. Furthermore, bs increases with the
increase of sp., indicating a faster decrease of the NPH.
The reason is that the longer the smoke arrives at the first
shaft, the more the hot smoke accumulates, then the stron-
ger the shaft’s exhaust ability, leading to a lower NPH.

7 Conclusions
A tunnel with the dimension of 400 m (length) x 12 m

(width) x 5.5 m (height) is established using FDS software,
and a number of 6-7 shafts are arranged over the ceiling
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Fig. 20. Relationships between neutral plane heights and net mass flow rates under all cases. (a) spys1 = 60 m, (b) sr.us1 = 80 m, (¢) sp.ys; = 100 m, and (d)

Stusl = 120 m.

with each having a size of 9.0 m (length) x 3.0 m
(width) x 6.0 m (height). A mirror vent is adopted on the
left entrance. After being verified by both the 1/16 small-
scale experiment and one full-scale experiment, a series of
numerical simulations are carried out to investigate the
spread of fire smoke, especially the shaft backflow phe-
nomenon. Influencing factors include four HRRs of 5,
10, 15, and 20 MW and four spacings sp,s; of 60, 80,
100, and 120 m.
The conclusions drawn are the following:

(1) The smoke spreading length under the ceiling is
almost not affected by HRR, but increases with the
increase of sp,s1. A power exponential function pro-
vides a good fit for the dimensionless ceiling smoke

temperature (7, — To)/(Tmax — Ta) away from the fire
source. Values of the decay coefficient b, range from
0.10 to 0.16 and decrease only with the increase of

HRR.

(2) The dimensionless shaft negative mass flow rate
Gshoneg/ Gsh-neg.max follows a good power exponential
rule away from the fire source. The decay coefficient
b, increases only with the increase of sg.s. The
dimensionless shaft net mass flow rate G*,_,o follows
a good power exponential relationship with Q*/S* for
the exhaust shafts and a good linear relationship for

the backflow shafts.

(3) Only the shaft closest to the fire source consistently
exhibits the smoke exhaust, while others experience
varying degrees of backflow. So, it is critical to design
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each shaft with enough size, as the location of a fire
source is unpredictable. The shaft NPHs range from
1.4 to 3.6 m for the exhaust shafts and 3.2 to 5.4 m
for the backflow shafts. Furthermore, the NPHs
decrease linearly with the increase of the absolute val-
ues of the shaft net mass flow rate Gy, ;. Values of
the decrease coefficient bs are around 8.0 for the
exhaust shafts and 4.0 for the backflow shafts.

These results enhance the understanding of the global
smoke behaviors of multiple shafts in URTS, providing
valuable data for improving the shaft ventilation design
and the fire safety regulations. Future work aims to estab-
lish a dimensionless criterion to assess the shaft smoke
backflow and investigate the influence of ambient wind.
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