Frontiers in Heat _ .
and Mass Transfer & Tech Science Press

DOI: 10.32604/fhmt.2024.053695

ARTICLE Check for

updates

Study on Temperature Distribution and Smoke Spreading Behavior of
Different Fire Source Locations in the Underwater W-Shaped Island-Crossing
Tunnel

Zhisheng Xu', Juan Wang', Zihan Yu' and Jiaming Zhao™

'School of Civil Engineering, Central South University, Changsha, 410075, China
*CABR Fire Safety Science & Technology Co., Ltd., Beijing, 100013, China
*Corresponding Author: Jiaming Zhao. Email: zhaojiaming93@126.com

Received: 08 May 2024  Accepted: 08 July 2024  Published: 30 August 2024

ABSTRACT

Called island-crossing tunnels, some specific underwater tunneling projects face constraints imposed by geological
and water conditions, necessitating their passage through artificial or natural islands. The longitudinal of the tunnel
follows a W-shaped distribution. The congestion situation does not allow for immediate longitudinal smoke exhaust
at the early stage of the fire, and the natural spread of smoke is complicated. An exhaustive investigation was carried
out to analyze the smoke behaviors during a fire incident, employing the fire dynamics software FDS, considering
five slopes and four fire locations. The simulation results reveal that the layer of high-temperature smoke becomes
thicker as one gets closer to the fire source. The thermal pressure difference significantly impacts the temperature
distribution within the tunnel and the distance of smoke spread. The value of the thermal pressure difference is
significantly affected by changes in slope. It reaches a maximum of 157 Pa at a 5% slope, while it is only 41 Pa at
a 1% slope when the fire occurs at the V-point. Fire hazards vary across locations within the W-shaped tunnel,
necessitating separate consideration of the V-point and inverted V-point fire characteristics. The mass flow rate
in small and large slope tunnels shows different decay rates due to variations in the main forces acting on the
movement. Hence, two equations have been developed to predict the smoke mass flow rate, indicating a nonlinear
relationship with the tunnel slope and the distance from the fire source. The tunnel slope inversely affects the smoke
mass flow rate at the same location. The results can be utilized as a reference for conducting evacuation operations
and aiding rescues during a W-shaped tunnel fire.
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Nomenclature

c Specific heat capacity of air, kJ/(kg-K)

D Characteristic length, m

f External force, m/s?

g Gravitational acceleration, m/s

h Distance in z-direction at x from the source of the fire, m
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h. Heat transfer coefficient of concrete, kW/m?
hy Component enthalpy, J/kg
H Tunnel height, m
AH, The heat of combustion of propane, kl/kg
i Tunnel slope, %
- Length of model, m
l, Length of full-scale, m
L Distance from every two grade-change points in the horizontal direction, m
m; The mass flow rate of the fuel, kg/s
m; The mass flow rate, kg/s
m* Dimensionless mass flow rate
p Environment pressure, Pa
AP The thermal pressure difference, Pa
q" Heat release rate per unit volume, kW/m?*
0 Heat release rate, kW
o Dimensionless heat release rate
0, Dimensionless heat release rate of the model

0, Dimensionless heat release rate of full-scale

t Simulation time, s

T Ambient temperature, K

T, The average gas temperature at the fire site, K
T, Smoke average temperature, K

u Gas velocity vector, m/s

w The perimeter of the tunnel cross-section, m
X Distance from the fire source, m

Greek Symbols

I Gas density, kg/m’

Poo Air density, kg/m’

T Viscous vector, N

X Combustion efficiency

1 Introduction

To address the rising traffic volume resulting from increased socialization, the number and
complexity of tunnels have witnessed a notable increase compared to previous counterparts. Fire is a
significant hazard in tunnels due to its confined structure, which facilitates the rapid spread of toxic and
harmful substances in the smoke, making it a leading cause of casualties [1-4]. Consequently, critical
velocity [5,6], back-layering length [7,8], top temperature distribution [9—11], and other related factors
have been extensively studied by scholars worldwide. Various parameters, including temperature
distribution of the ceiling, smoke spread distance, and smoke plume front spread time for a specific
temperature, could be used to describe the spread of smoke. Compared to straight tunnels, sloped
tunnels introduce additional complexity, as their presence of a slope creates stack effect that resembles
longitudinal ventilation [12], affecting the smoke movement within the tunnel. Furthermore, variable
fire locations in tunnels [13,14] affect the temperature distribution upstream and downstream and the
distance of smoke spread. Studying the W-shaped island-crossing tunnel’s temperature field and the
behavior of smoke spreading under different fire source locations is essential.



FHMT, 2024, vol.22, no.4 1131

In recent years, the spread of inclined tunnel fire smoke has been the subject of research by
numerous scholars. By using numerical simulations, Kong et al. [15] analyzed the length over which
smoke back-layering occurred for three longitudinal distances of fire locations in single-slope tunnels.
A dimensionless smoke back-layering length prediction equation concerning tunnel slope was derived.
A study was conducted by Ji et al. [16] using the large eddy simulation software FDS to examine
the impact of ambient pressure, ranging from 50 to100 kPa, and slope, which includes 5%, 7%, 10%,
12%, and 15% on the pattern of smoke and temperature distribution in an inclined tunnel. As the
ambient pressure decreases, the results showed a decrease in the smoke mass flow rate and an increase
in temperature. Shafee et al. [1 7] studied inclined tunnel fires at three vehicle blockage rates. The results
revealed that in the blocked case, the tunnel ceiling temperature increased by up to 300% compared to
the unblocked case.

Zhang et al. [18] focused on CO concentration and smoke spread under a single sloped tunnel
from five aspects. The study concluded a negative correlation between the CO concentration and the
inclination angle. In contrast, a positive correlation is observed between the inclination angle, the
smoke layer’s thickness, and the smoke emission rate. However, a limitation of the study is that the
experiment involved a limited selection of slope angles. A prediction formula for back-layering distance
under natural ventilation conditions, suitable for slopes up to 8%, was proposed by Zhang et al. [19]
based on the results of dimensionless analysis and data simulation. This was achieved by establishing
a numerical model covering slopes ranging from 0% to 8%. Li et al. [20] conducted a set of small-scale
simulations and experimental models, altering the longitudinal ventilation velocity and the slope. The
results showed an increase in the critical velocity as the slope increased. Moreover, the critical air
velocity was minimally influenced by the fire power and ventilation velocity.

The previous studies discussed in the background primarily focused on single-slope tunnels.
However, other studies have investigated tunnel fires involving more complex slope configurations
under compound slopes.

Jiang et al. [21] investigated the competition effect of V-slope through numerical simulation
and theoretical analysis. The equation of the mass flow rate with slope and heat release rate was
derived after analyzing smoke movement, temperature, and mass flow rate of the tunnel entrance.
The effect of the stack effect on smoke movement within small cross-section mine tunnels was studied
by Fan et al. [22]. The results indicated that the diffusion of smoke was accelerated by the stack effect,
leading to reduced downstream pressure. Additionally, augmenting the separation between the fire
source and the inclined point, along with increasing the magnitude of the downstream slope, could
decrease the smoke back-layering length.

Previous research had predominantly concentrated on a singular slope or V-shaped composite
slopes tunnel, neglecting an in-depth analysis of smoke behaviors in underwater W-shaped island-
crossing tunnels. Therefore, there is an immediate need for dedicated investigations in this area. This
research aims to examine the distribution pattern of temperature within the tunnel ceiling and smoke
spreading behavior of four typical fire source locations under the change of tunnel slopes by full-scale
numerical simulations. A quantitative analysis correlating the tunnel slope, the distance from the fire
source, and the mass flow rate is then carried out.

2 Numerical Simulation

2.1 Model Design
Numerical simulations of fire-induced environments have extensively utilized the fire dynamics
software FDS, which has been repeatedly validated for its effectiveness through numerous studies
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[23-25]. FDS describes the turbulent movement by using the large eddy simulation (LES), and the
controlling equations are the mass conservation equation, momentum conservation equation, and
energy conservation equation [26], which are as follows:

Mass conservation equation

ap
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where p is gas density (kg/m?*), u is gas velocity vector (m/s), ¢ is the simulation time (s), p is environment
pressure (Pa), f is the external force (m/s?), 7 is viscous vector (N), /, is component enthalpy (J/kg),
q" 1s the heat release rate per unit volume (kW/m’).

This paper is based on an underwater tunnel located in Guangzhou, China, and Fig. | shows
its longitudinal profile. The tunnel dimensions are 2000 m in length, 13.9 m in width, and 6.5 m in
height, with the central longitudinal design following a W-shaped distribution, as depicted in Fig. 2.
As depicted in Fig. 3, the fire source is positioned at the longitudinal center axis, with the downstream
of the fire source aligned with driving direction.

2404m
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96m 510m 510m 287m I 425m 481m 95m
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Figure 1: Actual tunnel longitudinal profile

Figure 2: Schematic of W-shaped tunnel simulation model
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Figure 3: Upstream and downstream diagrams of fire sources

According to previous studies [27-29], the highest temperature in a tunnel is not directly below
the tunnel ceiling; instead, there is a certain distance between the highest temperature and the tunnel
ceiling. Fig. 4 shows the vertical temperature distribution 20 m downstream. It can be observed that,
across three different slopes, the temperature reaches its maximum at 0.5 m below the tunnel ceiling.
Therefore, in this study, the thermocouple for the ceiling temperature is placed at a height of 6 m, as
depicted in Fig. 5.

—— Slope 1%
—— Slope 3%
—— Slope 5%

Vertical height from the ground/m

0 20 40 60 80 100 120 140 160 180 200

Temperature/"C

Figure 4: Vertical temperature distribution

As shown in Fig. 5, to obtain the time taken for the smoke to settle to a height of 2 m, temperature
measurement points are arranged at 2 m intervals at a height of 2 m from the ground. Slices are
established longitudinally from the origin of the coordinates to capture the temperature distribution
cloud map of the tunnel’s longitudinal section.
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Figure 5: Schematic layout of W-tunnel measurement points: (a) longitudinal section; (b) cross-section

Following a fire incident in the tunnel, traffic flow may become congested, impeding downstream
personnel from promptly driving away from the scene. In such scenarios, the activation of the
longitudinal smoke exhaust fan might disturb smoke stratification, potentially endangering the safety
of individuals and vehicles evacuating downstream of the fire. Hence, the smoke exhaust fan is not
activated immediately at the onset of the fire. Instead, the smoke is allowed to disperse naturally,
allowing personnel evacuation to proceed before initiating longitudinal fan. Consequently, this study
focuses on studying the natural spread of smoke. Both entrances of the tunnel are naturally open,
designated as the “open” sides, while the ambient temperature is kept at 20°C. The tunnel lacks
longitudinal ventilation and operates with natural makeup air. The tunnel walls and floor are
constructed with concrete, which exhibits the following properties: an electrical conductivity of 1.8
W/(m-K), a density of 2280 kg/m*, and a specific heat capacity of 1.04 KJ/(kg-K).

2.2 Simulated Conditions

According to the Code for Design of Urban Road Engineering [30], the maximum allowable
longitudinal slope for highway tunnels should not surpass 3%. However, this limit can be slightly
adjusted, provided it does not exceed 5%. Therefore, a total of five groups of slopes are set in the
simulation, which are 1%, 2%, 3%, 4%, and 5%, and the absolute value of the slope is the same for the
whole tunnel. L is the distance between adjacent variable slope points of the tunnel, and the tunnel
maintains a symmetrical structure by taking L, = L, = L; = L, = 500 m. The location of the specific
fire source is illustrated in Fig. 6, respectively:

1. midpoint of L,—referred to as the Downhill;

2. junction L, and L,-referred to as V-point;

3. midpoint of L,—referred to as the Uphill;

4. junction of L, and L,—referred to as Inverted V-point.
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Figure 6: Schematic diagram of fire source location

Table 1 presents the simulation working conditions, comprising 20 groups. The primary variables
considered are the tunnel slope and the fire source location, which adopts the t* growth model, and the
heat release rate is set as 20 MW. The fire source dimensions are 6 m x 2m x 1 m in length x width x
height. The model accommodates a maximum of 3.4 million meshes for a tunnel slope of 5%. The fuel
utilized is propane, with a combustion calorific value of 1.31 x 10* kJ/kg and a smoke production rate
0f 0.01. The total simulation duration is 1200 s (20 min). At 800 s into the combustion, the data results
indicate that the temperature and other parameters within the tunnel have stabilized. The average value
between 800 and 1200 s is selected for the study, representing the average value during a quasi-steady
state.

Table 1: A summary of the simulation scheme

Serial number  Slope (%) Fire source locations

1-5 1,2,3,4,5 Downhill

6-10 V-point

11-15 Uphill

16-20 Inverted V-point

2.3 Sensitivity Study on the Grid System

As per the FDS calculation guidelines, the grid size directly impacts the accuracy and reliability
of the simulation results.

Based on the examination of prior simulation outcomes, it has been noted that when the grid
size is set within the range of D*/16 to D*/4 (where D* represents the characteristic diameter of the fire
source), the simulation results exhibit a favorable agreement with the experimental data [26]. The value
of D* could be determined by using Eq. (4), which is expressed as follows:

D= (—Q )2/5 )
PC T /8

where Q is the heat release rate (kW), p,, is the air density, assumed to be 1.29 kg/m’, ¢, is the specific
heat capacity of air at constant pressure, assumed to be 1.02 kJ/(kg-K), T is the ambient temperature,
assumed to be 293 K, g is the acceleration due to gravity, assumed to be 9.81 m/s?.

As per Eq. (4), the effective interval of the grid size could be calculated as 0.8 to 3.2 m. After
careful consideration, the grid sizes selected for the grid independence analysis ranged from 0.35 to
0.5 m at 0.05 m intervals, in addition to 0.6 and 0.75 m. Fig. 7 is the vertical temperature distribution
at 30 m downstream from the fire source for various grid sizes. As observed in Fig. 7, the temperature
profiles exhibit a gradual convergence as the grid size is decreased. Notably, the temperature profiles at
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a grid size of 0.45 m closely resemble those at 0.4 and 0.35 m, indicating a significant overlap. Taking
into consideration that smaller grid sizes result in a higher overall number of grids, which in turn
increases the time and resources required for computation, a grid size of 0.45m x 0.45m x 0.45 m
has been selected. This decision was made to strike a balance between obtaining detailed results and
saving computational time.
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Figure 7: Vertical temperature distribution at 30 m from the fire source with different grid sizes

To validate the numerical simulation’s accuracy, a small-scale physical model with a scale of 1:30
was established based on the Froude scaling law. The specific device is depicted in Fig. 8. The total
length of the model is 10.83 m, with a cross-section size of 0.64 m by 0.21 m. The fire source was
positioned at the center of the tunnel. Propane was used as the fuel, and the power of the fire source was
controlled by a gas mass flow controller. According to Froude similarity theory [31], the relationship
between heat release rate of fire and scale (IIT’T) is described as follows:

Qm B Zm 5/2
0, (7) ©)

where m stands for model and p stands for full-scale. For the validation experiment, full-scale fire
source powers of 10 and 20 MW were selected. The corresponding model fire source powers of 1.01
and 4.06 kW were determined through calculations based on Eq. (5).

The heat release rate of the fire source, which is the product of the combustion efficiency, the
heat of combustion of the fuel, and the mass flow rate of the combustion, can be calculated using
Eq. (6) [32].

Qm = XAHnmf (6)

where Q,, is the heat release rate (kW); x is the combustion efficiency; AH, is the heat of combustion
of the fuel (kJ/kg); m, is the mass flow rate of the fuel (kg/s). During the experiment, propane was
assumed to be fully combusted, and the heat of combustion of propane was taken as 1.59 kJ/kg. The
mass flow rates were calculated to be 0.635 and 2.55 kg/s, respectively, according to Eq. (6).
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Figure 8: Small-scale tunnel apparatus

The boundary conditions in the numerical simulation are maintained identical to those of the test,
and a mesh size of 0.45 m x 0.45 m x 0.45 m is employed consistently in the simulation. In Fig. 9, the
comparison of the ceiling temperature between the test and the numerical simulation is presented. It
can be observed that the trend of the test and simulation data is consistent, and the error falls within an
acceptable range. The findings depicted in Fig. 9 affirm the reliability of the numerical simulation. The
lower temperature observed in the test compared to the simulation may be attributed to the influence
of ambient wind.
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Figure 9: Comparison of small-scale experiment and simulation

3 Results and Discussion
3.1 Distribution Characteristics of Temperature Field of Ceiling

Fig. 10 displays the longitudinal temperature distribution at 40 m on each side of the fire source
in the tunnel. The temperature pattern during the fire is summarized as follows: the hot area in
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the upstream direction exhibits an almost parallel alignment with the top structure of the tunnel.
Conversely, the hot area in the downstream direction demonstrates a parallel orientation to the
horizontal plane.
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Figure 10: Temperature distribution in the longitudinal plane of the tunnel under steady state
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The observed phenomena could be primarily attributed to the influence of two forces, the
horizontal inertia force and the buoyancy force, which act on the less dense smoke during the spread
process. As shown in Fig. 10c at the V-point, when the smoke moves toward the upstream direction,
it becomes evident that the buoyancy force plays a dominant role compared to the horizontal inertia
force. Thus, driven by buoyancy, the hot area is almost parallel to the tunnel ceiling. During the spread
in the downstream direction, the smoke layer encounters hindrance from various factors, including the
horizontal momentum, buoyant force, and tunnel ceiling. Consequently, over time, the smoke layer
gradually accumulates and thickens. Furthermore, due to the influence of the airflow generated by
the stack effect in the upstream direction, the hot area eventually becomes parallel to the horizontal
plane. The closer to the fire source, the thicker the layer of hot smoke.

With the increase in slope, the distribution of high-temperature areas undergoes a gradual
transition from symmetrical to asymmetrical when the fire occurs Downhill or Uphill. However, the
high-temperature areas at locations V-point and Inverted V-point maintain a relatively symmetric
distribution. In the event of a fire outbreak at the Downhill, the thickness of the smoke layer along the
downstream direction gradually decreases with an increase in slope, ranging from 1% to 5%. As the
tunnel inclines, the flame pattern also inclines relative to the tunnel. This, coupled with the intensified
chimney effect due to the heightened slope, leads to the upward shift of the highest temperature
location towards the tunnel entrance. Similarly, the ceiling maximum temperature was shifted toward
the downstream (uphill direction) direction of the fire of Uphill. In contrast, the hot area temperature
was essentially unshifted when the fire was in the V-point and Inverted V-point.

The ceiling temperature distribution at different slopes for four typical fire source locations
is shown in Fig. I1. From the figure, it is clear that the difference in temperature distribution
under various locations is particularly small when the slope is 1%. Moreover, as the slope increases,
the augmentation of the chimney effect exerts a more substantial influence on the temperature
distribution. If a fire breaks out in the Downhill and Uphill, temperature distribution along the uphill
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direction and the downhill direction is basically consistent and symmetrical. In the case of the V-point,
where flames are positioned at the grade-change point, the length and degree of inclination of both
sides of the tunnel slope are identical, albeit in opposite directions. Consequently, the temperatures
upstream and downstream of the flame exhibit a symmetrical pattern. Similarly, in the Inverted V-
point, symmetry is also maintained for the same reasons.
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Figure 11: Temperature distribution of the ceiling at four typical fire locations: (a) slope 1%; (b) slope
3%; (c) slope 5%

It can also be noticed that the temperature decay gradient is more gradual at the V-point compared
to the Inverted V-point, as shown in Fig. 11b, c. In the scenario of a fire starting at the V-point, smoke
moves in the uphill direction on both sides. The chimney effect acts as a driving force, leading to
the parallel spread of high-temperature smoke along the tunnel ceiling, resulting in a relatively wide
distribution range. At the Inverted V-point, smoke flows downhill on both sides. However, the chimney
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effect acts as resistance in this scenario. Consequently, the smoke layer tends to align parallel to the
horizontal ground, concentrating around the source of the fire.

From the analysis above, it can be observed that the chimney effect exerts a significant impact
on the temperature field. The chimney effect refers to the influence of the difference in the density of
the gas inside and outside the building; the smoke rises along the space with a slope upward, which is
also known as the heat-pressure effect. The essence of the chimney effect is the heat-pressure difference.
Ingason et al. [33] suggested employing the tunnel average temperature method to calculate the thermal
pressure difference. The formula is shown below:

T T .
AP = (1 — Tm) P8 AL = (1 — Fm) PocgLi (7

where L is distance from every two grade-change points in the horizontal direction (m), i is tunnel
slope (%), g is gravitational acceleration (m/s?), T, is smoke average temperature (K), and 7" is ambient
temperature (K).

T,, can be calculated from Eq. (8) [34]:

h.W
T, = T exp (— : x) ®)
mc,
. . 2 0 . .
where T is the average gas temperature at the fire site, 7, = T+ - ——; h,. is the heat transfer coefticient
stp

of concrete, which is 0.025 kW/m?; m;, is the mass flow rate (kg/s); W is the perimeter of tunnel cross-
section, which is 38.8 m.

Fig. 12 illustrates the variation of thermal pressure difference downstream of the flame at various
slopes when the V-point occurs in a fire. During this scenario, the downstream smoke moves in the
uphill direction, so the thermal pressure difference is powered, which is shown as a positive value.
From the figure, it can be obtained that the magnitude of the thermal pressure difference is directly
proportional to the slope, which is consistent with the previous analysis. At a slope of 5%, the thermal
pressure difference peaks at 157 Pa, whereas it registers only 41 Pa at a slope of 1%.
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Figure 12: Variation of thermal pressure difference downstream of the fire source at different slopes
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3.2 Smoke Spreading Behavior

Fig. 13 shows the time required for smoke to propagate 250 m downstream of the flame at various
fire source locations with a tunnel slope of 1%. Observations indicate as the fire source progressively
shifts from the left tunnel entrance, the time required for spreading initially decreases and then
increases. This trend suggests that the movement speed of smoke in the longitudinal direction first
increases and then decreases. This phenomenon occurs because when the fire occurs Downhill, the
downstream smoke is obstructed, slowing its spreading speed. Conversely, in case of a fire occurring
at the V-point, the downstream smoke is propelled upward along the tunnel by thermal buoyancy.
In this scenario, the thermal pressure difference serves as the driving force, resulting in faster spread
compared to the location Downhill. It is also worth noting that Vi, > Ve, possibly because when
the fire occurs at Uphill, the downstream ceiling temperature at the same distance is higher, intensifying
the positive effect caused by the thermal pressure difference. Consequently, less time is required for
spread.

Unit: m

T T T T T T T T T T T T T T 1
-100 -50 0 50 100 150 200 250

(a) Downlull

== _ —

).LS

(b) V-pont
W 335.55
{e) Uplull

(d) Inverted V-poim

Figure 13: Time taken for smoke to spread to 250 m downstream from different fire locations at 1%
slope

In addition to the spreading rate of smoke, the mass flow rate has also received attention from
scholars. Previous researcher [21] have investigated the mass flow rate in a V-slope tunnel, concluding
that when the grade-change point has a fire, the relationship between the mass flow rate at the upstream
exit and the slope and the power of the fire source is

m, = (0.56 4+ 0.11)) 0" 9)

0 . m,
PosCp Tg1/2H5/2 My = pocgl/ZHS/Z :

W-shaped tunnels are multi-slope composite tunnels with inverted V-point in addition to the V-
point. As shown in Fig. 14, the smoke mass flow rate and slope are negatively correlated when located
in inverted V-point; specifically, the greater the slope, the smaller the smoke mass flow rate at the same
distance from the fire source. This is because the greater the slope, the greater the thermal pressure
difference. At the upstream of the fire source at the inverted V-point, the slope is negative, making the
thermal pressure difference act as resistance, thus reducing the mass flow rate at the same location.
Fig. 15 demonstrates a negative correlation between the smoke mass flow rate and the distance from
the fire source. As the smoke spreads, its temperature gradually decreases, and the smoke settles while
moving, resulting in a reduced mass flow rate at greater distances from the fire source.

where O =
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m,* is defined as the dimensionless mass flow rate, m;* = ————. Fig. 16 demonstrates the
m

dimensionless mass flow rate versus the dimensionless distance from the fire source. It can be observed
that there is a significant difference between small slope tunnels (i = 1%, 2%) and large slope tunnels
(i = 3%, 4%, 5%). Specifically, the smoke mass flow rate decays more slowly at small slopes and more
rapidly at large slopes. This occurs because, at small tunnel slopes, the thermal pressure difference
is minor, and the horizontal inertia force prevails during the spread of smoke. Conversely, with a
large slope, the chimney effect is prominent, resulting in a significant thermal pressure difference. In
comparison, the thermal pressure difference predominates, leading to more variation in the mass flow
rate. Small and large slopes will be discussed separately in the subsequent analysis.
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Based on the analysis, it can be obtained:

/ X
fm) =1 (1) (10)
/ ,Ooogl/sz
where m,* = ————, both x/H and i are dimensionless numbers, so Eq. (10) can be written as
m;

/ l - X

N=f— 11
S m”) =1 ( 7 ) (11)

where x is the distance from the fire source, m.

Fig. 17 illustrates the relationship between the m,* and xi/H for i = 1%, 2% (small slope) and
i = 3%, 4%, 5% (large slope). The results are as follows:

i= 10/0, 2%:

. o 2
, X1 X1
Y =872+4+948— +4(= 12
m, + Tt (H) (12)
i=3 0/0, 40/0, 5%:
. o 2
/ X1 X1
Y =1542 +1.06= +20.45( = 13
m, + I + ( H) (13)

To confirm the accuracy of Eqs. (12) and (13), the calculated and measured values are compared
and presented in Fig. 18. The predicted values show good agreement with the measured values, with
an overall error within £25%.
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The downstream smoke spread distances at five slopes for four typical fire source locations in a
W-shaped tunnel are illustrated in Fig. 19. At the Downbhill, the downstream spreading range decreases
from 370 to 44 m as the slope increases. At the slope of 1%, only the smoke crosses the change
of slope point, with a spreading distance of 120 m in the positive slope section. For the remaining
slopes, the smoke does not cross the change of slope point. At 2%~5% tunnel slope, the downstream
spreading distance is from 178 to 44 m, suggesting that the augmentation of the slope has impeded the
downstream spread of smoke, concentrating the impact of smoke on individuals primarily upstream
of the fire source.
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Figure 19: Downstream smoke spread distance at different fire locations: (a) Downhill; (b) V-point; (¢)
Uphill; (d) Inverted V-point

At the V-point, there is not a significant alteration in the downstream spread distance, with only
a slight decrease observed at a 5% slope. Fig. 20 shows the downstream smoke movement in the V-
point undergoes an uphill path of 500 m first, and by the chimney effect, the smoke can all pass
through the uphill section quickly. As the smoke progresses through the downhill path, resistance
induced by the thermal pressure difference impedes further spread. Moreover, as the slope increases,
the resistance effect of the thermal pressure difference also intensifies, resulting in a shorter final smoke
spread distance at 5% slope. When the Uphill causes a fire, the downstream spread distance is directly
proportional to the slope, and a greater amount of smoke spreads downstream. There is a tendency for
the smoke to overflow the tunnel exit, concentrating the impact of smoke on personnel downstream of
the fire source. As depicted in Fig. 19d, when the flame occurs at the Inverted V-point, the downstream
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spread distance of smoke decreases as the slope increases. Smoke traverses the slope change point at
small slopes, indicating an area conducive to smoke movement. Conversely, in the case of higher slopes,
there are only areas where smoke movement is hindered.

\;'-poim
Figure 20: Smoke spread paths when the fire source is located at V-point

Table 2 shows the upstream and downstream spreading distance during a fire located at Inverted
V-point, from which it can be seen that the upstream spreading distance is basically the same as the
downstream, and the overall symmetrical distribution. This symmetry arises from the flame being
positioned at the centrally symmetric point of the W-shaped tunnel, ensuring consistency in the
distribution of slope length and inclination both upstream and downstream.

Table 2: Upstream and downstream smoke spread distance during a fire located at Inverted V-point

Slope (%) Upstream smoke spread Downstream smoke spread
distance (m) distance (m)

1 642 646

2 532 531

3 422 418

4 339 338

5 276 277

Fig. 21 shows the velocity vector near the flame at different locations at a 5% slope. The thermal
pressure difference within the tunnel significantly influences the movement of both smoke and fresh
air. As depicted in Fig. 21b,a distinct stratification between smoke and air occurs when the V-point has
a fire. The upper layer of smoke disperses along the tunnel’s ceiling towards both sides, influenced by
the thermal pressure difference. Concurrently, negative pressure forms beneath the tunnel, facilitating
fresh air from the external environment. The distribution of velocity vectors when the fire source is
located at the inverted V-point is similar to that of the V-point fire source. Exhibiting a distinct smoke-
air stratification layer, both sides of the smoke spread downhill. When the fire source is located on a
single slope, as shown in Fig. 21a,c, most of the smoke spreads uphill, while a significant amount of
air enters the tunnel from the opposite side to supply oxygen for combustion.
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By comparing the smoke spread distance under different flame locations, one may observe that
during a fire breaks out at Uphill and Downhill, the smoke spread law is similar to that of single-
gradient tunnels, and the ability of smoke spreading to the downhill direction is relatively weak in
the case of a large slope, and the impact on the personnel is concentrated in the uphill direction.
During a fire occurs at compound variable slope section, the smoke spreading behavior differs from
that of a single slope tunnel. At the V-point, both sides of the smoke flow in the upslope direction,
while upstream smoke spreads out of the tunnel entrance and downstream spreads over 580-700
m, significantly affecting personnel evacuation. Conversely, at the Inverted V-point, the spreading
distance on both sides is reduced significantly with large slopes, resulting in less impact on personnel
compared to the V-point.

The smoke front movement time in the spreading behavior of smoke significantly impacts
the evacuation of people. During personnel evacuation analysis, it is typically assumed that the
temperature at a height of 2 m must be maintained below 60°C to ensure that individuals are not
exposed to the radiant heat of hot fumes during the evacuation process [35]. Fig. 22 shows the spread
of the 60°C smoke front at 2 m above the fire source in the scenario of a fire starting in the V-point and
the Inverted V-point. In Fig. 22, a high degree of symmetry is evident, where the time to the moment
of danger is nearly identical for locations at the same distance on both sides when a fire occurs at each
of these two locations. In addition, when a fire occurs at the V-point, the smoke settles to a wider
range of dangerous moments; that is, the flame upstream and downstream of the farthest dangerous
moments of the distance is larger. The evacuation and rescue of personnel are significantly impacted
by this situation, as it affects their ability to exit the area safely. Therefore, the fire hazard of the V-
point and the Inverted V-point should be considered separately, and protection measures should be
developed accordingly to account for their respective characteristics.
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Figure 22: Spread of a 60°C smoke front at a distance of 2 m above the fire source: (a) V-point; (b)
Inverted V-point

In no-slope or single-slope tunnels, the tunnel midpoint is typically regarded as the most
disadvantageous location for fire sources. This occurs because the center of the tunnel is farthest
from both sides of the opening, resulting in a longer path for smoke spread, increased likelihood of
settling, and reduced visibility within the tunnel, which impacts personnel evacuation and complicates
rescue efforts. Through analysis, it becomes evident that the complexity and variability of the slope
in W-shaped tunnels significantly influence the distance of smoke spread, smoke front movement
time, and the mass flow rate of smoke due to thermal pressure differences. Consequently, the fire risk
varies across different locations within W-shaped tunnels. The fire characteristics must be separately
considered in both the V-point and the Inverted V-point. Accordingly, corresponding safety protection
measures should be implemented based on their respective characteristics.

4 Conclusions

To investigate the temperature distribution and smoke spreading behavior at four fire source
positions in the underwater W-shaped island-crossing tunnel, a full-scale idealized symmetric model
was developed. The ceiling temperature, smoke spreading distance, and mass flow rate were analyzed.
The main findings are as follows:
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1. The ceiling temperature field shows the pattern that the hot area along the uphill direction is
almost parallel to the ceiling of the tunnel, while the hot area along the downbhill direction is
parallel to the horizontal ground. The high-temperature smoke layer becomes thicker the closer
one gets to the fire source. When the fire source is in a single slope, the high-temperature region
gradually changes from symmetric distribution to asymmetric distribution with the increase
of slope. In the case of fire at the compound slope change point, the high-temperature area
maintains the symmetrical distribution.

2. The change in slope affects the magnitude of the thermal pressure difference inside the tunnel.
As the slope increases, so does the thermal pressure difference at a given location within the
tunnel. The maximum thermal differential pressure is 157 Pa at a tunnel slope of 5% when the
fire is located at the V-point.

3. In tunnels without slopes or single-slope tunnels, the tunnel midpoint is typically considered
the most disadvantageous location for fire sources. In W-shaped tunnels, fire hazards vary
across different locations, necessitating separate consideration of the fire characteristics at
the V-point and the Inverted V-point. Corresponding safety protection measures should be
developed following these characteristics.

4. The mass flow rate in small and large slope tunnels shows different decay rates due to variations
in the main forces acting on the movement. Based on the numerical simulation results, two
prediction Eqs. (12) and (13) are established for the upstream smoke mass flow rate of a W-
shaped tunnel fire at the Inverted V-point.

It is important to note that this paper focuses on an idealized symmetric model, which does not
account for situations where the slopes of the segments in a W-type tunnel are inconsistent or where
the lengths of the slopes are asymmetric. Consequently, a fire in such a tunnel may exhibit different
smoke spread patterns. It is also necessary to establish prediction models for temperature decay and
smoke spread length in symmetric and asymmetric W-shaped tunnels to provide further reference
for practical engineering. Therefore, more in-depth simulation experiments should be conducted to
explore the relevant patterns.
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