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Abstract: Tunnel fires often lead to vehicles being trapped inside, causing the “blocking
effect”. In this work, fire plume behavior and the maximum ceiling temperature rise in a
curved tunnel with blocked vehicles under longitudinal ventilation conditions are studied
numerically. The results show that, in curved tunnels, the fire plume in the quasi-stable
state exhibits dynamic deflections between the concave and convex walls of the tunnel,
so the location of high-temperature zones varies accordingly. The flow field structure in
the near field of the blockage and the fire source is complex but can be decoupled into
four characteristic sub-structures, i.e., the free shear layer, recirculation I above the vehicle
blockage, recirculation II behind the downstream of the blockage, and recirculation III at
the top of the tunnel. Recirculation I and II pull the fire plume upstream, while free shear
layer and recirculation III pull the flame downstream. The final plume deflection direction
depends on the relative strengths of these two pulling forces. As the longitudinal air velocity
increases, the plume deflection direction changes from downstream to upstream of the fire
source, forming the “downstream tilt—touch the ceiling above the fire source—upstream
tilt” mode, resulting in the maximum ceiling temperature rise fluctuating in a decreasing-
increasing-decreasing trend. Moreover, the higher the blocking ratio, the lower the critical
air velocity required to induce the transition of the plume deflection directions, e.g., a
critical wind speed of 3 m/s for a blockage ratio of 0.46 and a critical wind speed of 1 m/s
for a blockage ratio of 0.62. Finally, a semi-empirical equation of the maximum ceiling
temperature rise in curved tunnels, considering both longitudinal wind and the vehicle
blocking ratio, is proposed and validated. This work highlights the multi-dimensional
and non-stable plume behavior pattern in a complex tunnel fire scenario, thus providing a
deeper understanding to improve the classical tunnel fire dynamic system.

Keywords: maximum temperature rise; blocking rate; fire plume behavior; curved tunnel

1. Introduction

Highway tunnels are vital for easing urban congestion and reducing travel distances [1-3].
Fire poses a significant safety risk in tunnels due to their semi-closed design, allowing high
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temperatures and toxic smoke to accumulate and potentially cause casualties [4-6]. Structural
integrity is also at risk from exposure to flames and hot smoke, with the potential for dam-
age or collapse if the smoke’s high-temperature load exceeds the tunnel ceiling’s bearing
capacity [7-12]. Such incidents lead to extensive maintenance, traffic disruptions, and eco-
nomic losses. Notable examples include the Mont Blanc Tunnel fire, which caused severe
damage to the tunnel ceiling and a three-year traffic disruption, and the 2019 Maoliling
Tunnel fire in Zhejiang Province, resulting in significant structural damage, a week-long
traffic disruption, and a direct economic loss of 5 million RMB. Therefore, ensuring proper
fire protection to limit the maximum temperature at the tunnel ceiling during a fire is a
critical focus of tunnel fire research.

During the 1950s and 1980s, scholars extensively researched fire plume modeling,
proposing an ideal plume mass flow rate model using axisymmetric and high-cap mod-
els [13-15], conducted theoretical analysis and developed a prediction model for ceiling
temperature rise under natural ventilation conditions, applying the ceiling jet theory and
energy conservation principles. Notably, this model is specific to scenarios where the fire
plume impacts an infinite roof ceiling without wind, excluding confined spaces like tunnels.
Kurioka et al. [16] conducted scale modeling and full-scale experiments, introducing a ceiling
maximum temperature rise prediction model for straight tunnels, as shown in Equation (1).
This model considers the dimensionless heat release rate, Froude number, and the impact
of longitudinal air velocities within tunnels.
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where AT 4y is the maximum temperature rise in the tunnel ceiling in K, Fr is the Froude
number, and Q* is the dimensionless heat release rate of the fire source, with their expres-
sions given as follows:
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where u is the longitudinal velocity of the tunnel in m/s, g is the acceleration of gravity
inm/s?, Hyyr is the effective tunnel height (the vertical distance from the fire source surface
to the tunnel ceiling) in m, Q is the heat release rate of the fire source in kW, py is the density
of the air in kg/m3, ¢, is the constant-pressure heat capacity of the air in kJ/kg-k, and Ty is
the atmosphere temperature in K.

However, Li et al. [17] discovered that Kurioka’s model [16] shows significant inaccura-
cies in predicting the maximum temperature increase at the tunnel ceiling during fires with
low longitudinal air velocities. They introduced a dimensionless parameter, 1/, to assess
the impact of longitudinal air velocity on this temperature rise. Their findings suggest that
for 1’ < 0.19, the tunnel ceiling’s maximum temperature rise is primarily influenced by the
heat release rate, following a power law with an exponent of 2/3. Conversely, for u’ > 0.19,
the temperature rise decreases linearly with increasing longitudinal ventilation speed and
increases linearly with the heat release rate. By using u’ = 0.19 as the boundary, they
developed a segmented predictive model for the maximum temperature rise in a straight
tunnel ceiling, as shown in Equation (4).
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where 7 is the radius of the fire source in m, w* is the plume characteristic speed in m/s,
and Q. is the fire source convective heat release rate, typically 70% of the total heat release
rate of the fire source, kW.

The study mentioned the fire source being at ground level, but in real fire scenarios,
the fire source can have a specific height, which may cause tunnel blockages [18-21]. These
blockages can significantly affect the fire plume characteristics at the tunnel ceiling, resulting
in a change in the maximum temperature rise. To investigate this, Chen et al. [19] conducted
a small-scale tunnel fire experiment and found that the maximum temperature rise of the
ceiling gradually increased with the height of the fire source. Li et al. [20] introduced a fire
source blockage rate factor and adjusted Kurioka’s model to predict the ceiling’s maximum
temperature rise, while Zhong et al. [21] investigated the coupling effect of longitudinal air
velocity and fire source height on the fire plume behavior and ceiling temperature rise in
tunnels. They found that as the longitudinal air velocity increased, the fire plume gradually
deflected downstream, leading to a significant reduction in the maximum temperature rise
of the ceiling. Building on Li’s model, a segmented prediction model was developed to
forecast the tunnel ceiling’s maximum temperature rise, accounting for longitudinal air
velocity and fire source height variations.

Although the studies mentioned above were conducted in an ideal fire scenario with
no vehicles near the fire source, in reality, tunnel fires often trap moving vehicles within the
tunnel. The presence of vehicles upstream of the fire source can significantly alter the flow
field structure inside the tunnel, causing the fire dynamics to differ from that of a tunnel
without obstructive vehicles. Previous experiments have shown that blocked vehicles can
cause the fire plume to draw in air asymmetrically from both sides, creating a complex
and disordered flow field structure. This leads to an unstable temperature distribution
of smoke in tunnel fires and an increased risk of fire [22]. Compared to the unobstructed
situation, the maximum temperature rise of the tunnel ceiling increases by 300% [23].
Currently, many scholars focus on various aspects of building fire prevention, structural
fire resistance, and smoke control when researching the key characteristic parameters that
reflect the smoke transport characteristics in straight tunnels. They consider different
blocking factors such as vehicle the blocking ratio, distance between the vehicle blocking
object and the fire source, length of the vehicle blocking, distance between the vehicle
blocking object and the tunnel sidewalls, and height of the vehicle blocking object from
the tunnel floor. These parameters include the temperature distribution and maximum
temperature rise of the ceiling jet [23-26], the length of the smoke backflow layer [27-29],
and the critical velocity [30]. To facilitate prompt information about these characteristic
parameters and effectively respond to emergencies, researchers have quantified the effects
of various blocking factors. They have also developed and validated a series of universal
prediction models for the maximum temperature of the smoke flow under the tunnel ceiling,
longitudinal temperature decay under the tunnel ceiling, length of the smoke backflow
layer, and critical velocity.

It should be noted that the above studies have been conducted on straight tunnels.
However, road tunnels are often characterized by curved structures due to the type of inter-
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section, site conditions, and other factors [31,32]. Examples include high-curvature ramps
in bifurcated tunnels (such as the Nanterre-La Défense Tunnel in France), intersections of
tunnel complexes connected with underground structures (like the Blanka Tunnel Complex
in the Czech Republic), and spiral sections for overcoming the height difference between
the two ends of the tunnel (e.g., Tiezhaizi 1# Tunnel and Ganhaizi Tunnel in China). In a
curved tunnel with obstructed vehicles, a fire can initiate complex smoke movement influ-
enced by ventilation speed, centrifugal force, buoyancy, and blockage effects. Therefore,
the behavioral patterns and temperature distribution of the fire plume differ from those in
straight tunnels. However, less attention has been paid to the motion characteristics of the
curved tunnel fire plume and the maximum temperature rise of the tunnel vault under the
blockage effect and the coupling of longitudinal ventilation.

In this paper, a three-dimensional mathematical model of a curved tunnel fire with
blocked vehicles is constructed using the fire dynamics method and Fluent 2019R2. The
model analyzes the flow field structure of the fire within the curved tunnel under the
combined influence of longitudinal ventilation conditions and the effect of vehicle blocking.
The study clarifies the transverse and longitudinal movement behavioral characteristics
of the fire plume in the curved tunnel and establishes the variation law of the maximum
temperature rise at the tunnel ceiling. Based on this, a semi-empirical equation of the maxi-
mum temperature rise at the curved tunnel ceiling that considers both longitudinal wind
and the vehicle blockage ratio is proposed, which could well reflect the trend and guide
engineering applications. The research findings can offer scientific theoretical guidance for
the installation of fire-fighting equipment, such as smoke detectors and fire extinguishing
nozzles, in longitudinally ventilated curved tunnels with blocked vehicles.

2. Mathematical Modeling
2.1. Control Equation

The development process of fire is a complex phenomenon that involves fluid dynam-
ics, heat transfer, and combustion. It is governed by the laws of physics and chemistry, as
well as fundamental control equations, including mass, momentum, energy, and component
conservation equations, along with the ideal gas equation of state [33].

When a fire occurs in a tunnel, the high temperature from combustion reduces the
gas density near the combustion point, causing turbulent air flow in the tunnel, regardless
of whether it is ventilated or not. The k-¢ model based on Reynolds averaging is widely
used in engineering [34] due to its good balance between calculation accuracy and volume,
except for swirling flow. The RNG k- model improves the k-e equations by establishing a
relation for the variation of model constant C.3 with the Richardson number. It can consider
the effects of swirling flow and curved walls on the turbulent structure, making it suitable
for simulating fire scenarios in curved tunnels [31]. Therefore, the RNG k-¢ model with
buoyancy correction is selected to account for the turbulence effect in this paper.

The combustion process of a real tunnel fire is complex and involves multiple compo-
nents and primitive reactions, making it difficult to describe quantitatively with a single
chemical reaction equation. However, for practical engineering purposes, the focus is
on the average reaction rate, final thermal effect, and resulting changes in temperature,
components, and flow field distribution. To simulate the fire source, this paper uses the
PDF non-premixed combustion module in Fluent 2019R2, a fluid dynamics software, based
on the mixing fraction model and fast response assumption. The P-1 model, which is
more suitable and robust for combustion systems with complex geometries, is utilized for
the radiation model [35]. The turbulent convection model, coupled wall, and Fourier’s
law-based heat conduction equation are adopted to solve the heat transfer in the fluid,
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fluid-solid interface, and solid body, respectively. The SIMPLE algorithm is employed to
solve the coupled velocity and pressure fields.

2.2. Model Description and Boundary Conditions

The simulated curved tunnel is 200 m long, with a cross-section size of 13.2 m (width) x 6.6 m
(height) and a radius of 400 m. The fire source, sized 2m X 2 m X 2 m and having a steady-
state heat release rate of 5 MW, similar to that of a car or minibus, is located on the centerline
of the tunnel, 100 m from the entrance. To study the effect of blocking vehicles on smoke
spread from a fire in the curved tunnel, the blocking vehicle was placed 5 m upstream of
the fire source. A schematic diagram of the fire scenario in the curved tunnel with blocking
vehicles is shown in Figure 1.

100 m 5m

5

Convex walls

Blockage

Figure 1. Schematic diagram of a fire scenario in a curved tunnel with blocked vehicles.

Considering the realistic vehicle size, and referring to the existing literature on vehicle
blockage size settings [36], this paper simplifies the blockage vehicle size uniformly to
10 m (length) x 2.2 m (width), and its cross-sectional area varies by adjusting the height
from 0 to 5.4 m. Figure 2 illustrates the tunnel cross-section for different heights of the
blocking vehicle. The blocking ratio ¢ is defined as the ratio of the vehicle’s cross-sectional
area to that of the tunnel, ranging from 0 to 0.62 in this paper. Additionally, the impact of
longitudinal ventilation velocity, ranging from 1 to 4 m/s, on the flow of fire smoke and
the temperature distribution in the fire scenario is also considered. The specific conditions
studied in this paper are summarized in Table 1.

132m 13.2m
- 4.0 m 1.7m
H=6.6 m 1.7 H=6.6 m
27m |‘_r’|n e
(a) (b)
¢ 13.2m N ) 132m R
VS -~
1.7m
54m
1.7m
4.8 m H H
H=6.6 m T H=6.6m

(©) (d)

Figure 2. Blocked vehicle dimensions for each blocking ratio: (a) ¢ = 0.31; (b) ¢ = 0.46; (c) ¢ = 0.55;
(d) ¢ =0.62.
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In the calculation, the tunnel inlet has a Dirichlet boundary condition with a given
air velocity, while the tunnel outlet has a Neumann boundary condition with free outflow.
The tunnel wall and road surface have a no-penetration-non-slip boundary with a surface
roughness height of 0.025 m [6]. The wall’s thermal conductivity is 1.28 W/(m-K), referring
to concrete with a density of 2500 kg/m? and a thickness of 1 m. The specific heat capacity
is 980 J/ (kg-K). The top surface of the fire source is set as a mass flow rate boundary, with
propane as the fuel. The mass flow rate is calculated by dividing the design heat release
rate by the effective heat of combustion.

Table 1. Fire conditions.

NO. Blocking Ratio ¢ Longitudinal Ventilation Velocity # (m/s)
1-5 0 1.0,2.0,25,3.0,4.0

6-10 0.31 1.0,2.0,25,3.0,4.0

11-15 0.46 1.0,2.0,25,3.0,4.0

16-20 0.55 1.0,2.0,25,3.0,4.0

21-25 0.62 1.0,2.0,25,3.0,4.0

2.3. Grid and Time Step Sensitivity Analysis

Optimizing the grid size and time step is crucial for achieving accurate results and
maximizing computational efficiency. Previous studies [37-41] suggest that the grid size
should be within the range of 0.0625D* to 0.25D* (where D* represents the characteristic
fire diameter, calculated as shown in Equation (6).

0 2/5
b= (POCPTO\@) )

For a 5 MW fire, the reasonable grid size ranges from 0.125 m to 0.5 m, according to
Equation (6). To validate grid sensitivity, four grid sizes (0.2 m, 0.25 m, 0.3 m, and 0.4 m)
are selected. The computational domain is dissected using a hexahedral mesh. To ensure
computational accuracy and efficiency, local refinement is implemented in the near field of
the fire source (from 20 m upstream to 40 m downstream of the fire source). Additionally,
the mesh size in the far field of the fire source is twice that of the near field [42], as shown
in Figure 3. The four meshing schemes are presented in Table 2.

Refine mesh

Fire source

Vehicular blockage

Figure 3. Schematic diagram of gird.

Table 2. Grid independence test cases.

Grid No. Coarse Grid Cell Size (m) Refine Grid Cell Size (m) Total Grid Number

1 0.5 0.25 510,818

2 0.3 0.15 2,198,974
3 0.25 0.125 3,582,249
4 0.2 0.1 5,303,592

Figure 4 shows the longitudinal temperature distributions at 0.01 m below the ceiling
in the downstream of the tunnel fire source within 0-10 m for a fire scenario with a curve
radius of R =400 m, heat release rate of Q = 5 MW, longitudinal air velocity of u =1m/s, and
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blockage ratio of ¢ = 0.31, under the four grid schemes. It is observed that the temperature
distributions under grid schemes 3 and 4 are the most similar. Using the mesh scheme
of 0.2 + 0.1 m (scheme 4) as the benchmark, the maximum relative errors of the temperatures
for grid schemes 1, 2, and 3 are 4.06%, 2.90%, and 0.34%, respectively.

900 | —8—0.5+0.25
0.3+0.15
0.25+0.125

“-H0.240.1

850 |-

800 [

750 |-

T(K)

700 |-
650 [

600 [ .

550 1 1 1 1 1 1

Y (m)

Figure 4. Longitudinal distribution of tunnel ceiling temperature under different grid cell sizes.

For the time step sensitivity study, time steps of 0.5s, 2's, 3 s, and 4 s are used.
Figure 5 shows the longitudinal temperature distribution at 0.01 m below the tunnel ceiling
for a fire scenario with a curve radius R = 400 m, fire source heat release rate Q =5 MW, and
longitudinal air velocity u = 1.0 m/s, calculated under the four time step scenarios. The
longitudinal temperature distribution pattern is found to be similar in all four scenarios.
Using the 0.5 s time step size scenario (Scenario 1) as a benchmark, the maximum errors
of the temperature for the 2 s, 3 s, and 4 s time step scenarios are 0.04%, 10.48%, and

10.56%, respectively.
' —=—05s
700 Te §5
= vty
600 :{“‘ T
r ¥
y ¥
- £ %
) LW
) ‘..
TN
400 | v\,:;\_\
W ;f.\_ v
300 - e T
0 10 20 30 40 50 60
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Figure 5. Longitudinal distribution of tunnel ceiling temperature under different time steps.

In summary, a grid of 0.125 m and a time step of 2 s are sufficient to capture the
temperature changes of the current fire scenario. Therefore, this scheme is adopted as the
basis for mesh splitting and time step setting for other working conditions in this paper.

The maximum temperature of the tunnel ceiling surface is chosen as the monitoring
parameter for the calculation. The smoke flow is considered to reach a quasi-steady state
when its fluctuation is less than 6% [6]. For the fire scenario with a curve radius R = 400 m,
heat release rate of the fire source Q = 5 MW, longitudinal air velocity u = 1.0 m/s, and
blocking ratio ¢ = 0, the variation of the maximum temperature with time at 30 m down-
stream of the fire source and 0.01 m under the ceiling is statistically presented in Figure 6.
It is observed that the temperature fluctuation decreases after the fire has been burning
for 300 s, with a fluctuation of less than 6.5%. Therefore, the maximum temperatures at
the tunnel ceiling presented in the rest of this paper are all averaged over the time period
from 360 s to 420 s.



Fire 2025, 8,9

8 of 20

The computational cases mentioned in the paper were carried out on a high-performance
computing center, where the servers used for the calculations had dual 8573 processors, which
could provide 64 physical cores (number of threads *3) for simultaneous computation, as
well as 256 G of computing memory and 4 TB of storage space, with a base frequency
of 2.3 GHz. Calculating a single case typically takes 7-10 h.

800

o0l B g N Renover
N
600 “

T(K)

L]

L]
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500 - o
L]
400 |2

d
300 p

L L L L L L L L L

0 100 200 300 400 500 600 700 800 900 1000
t(s)

Figure 6. Variation of maximum temperature with time at 30 m downstream of the fire source
and 0.01 m below the ceiling.

2.4. Validation of Numerical Models

The use of Fluent 2019R2 to simulate tunnel fire scenarios proves convenient and
effective. Furthermore, it can compensate for the deficiencies of physical experiments
in data density and richness. The accuracy of CFD simulation has been confirmed by
experimental studies [43—45]. In this paper, curved tunnel fires with vehicle blockage are
explored, for which no experimental data are available in the existing literature. Therefore,
experimental data related to straight tunnel fires with vehicle blockage are adopted to
validate the numerical simulation method. Meng conducted a series of fire tests in a scaled
model straight tunnel of 72 m x 1.5 m x 1.3 m (L x W x H) with vehicle blockage to
investigate the temperature distribution of the tunnel ceiling for various heat release rates
from the fire source, longitudinal air velocities, blocking ratios, and distances of the blockage
from the fire source. A three-dimensional numerical model with a geometrical structure
consistent with the laboratory tunnel model in the literature is built. The experimental
results of the temperature distribution in the longitudinal centerline of the tunnel ceiling
with a fire source power of 66.4 kW, a blocking ratio of 0.51, and a longitudinal air velocity
of 0.48 m/s are selected to verify the numerical method, and the comparison between
the simulation results and the experimental data of the literature is presented in Figure 7.
The close agreement between the numerical simulations in this paper and the literature
data, with maximum errors below 5%, indicates the suitability of the numerical method for
simulating tunnel fires with vehicle blockage.

o Meng's experimental data 2017
Simulated data o

400

T(K)

350

Figure 7. Comparison of CFD simulation and experimental results.
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3. Results and Discussions
3.1. Flow Field Structure in Tunnel Fires

Figure 8 displays the flow field structure in a curved tunnel with a radius of 400 m, fea-
turing a longitudinal air velocity of 2.0 m/s and a blocking ratio of 0.31. As the longitudinal
airflow encounters the vehicle blockage, it accelerates due to the reduced cross-sectional
area of the tunnel, in line with the continuity principle. This reduction also compresses the
flow lines, leading to airflow separation at the blockage’s start (point S) and the formation
of recirculation I above the blockage. Further along, as the airflow moves past the vehicle
obstruction, the tunnel’s cross-sectional area suddenly increases and its geometry expands
sharply, causing the airflow to separate again at the blockage’s end (point E). Above this,
a high-velocity free shear layer develops, while slower air downstream of the blockage
generates recirculation II influenced by the shear layer. The free shear layer passes through
the fire source and forms recirculation III at the tunnel ceiling. Vortices in recirculation
I and II suck up the rising flame plume, exerting a pulling force upstream on the flame
plume and deflecting it upstream. In recirculation III, the vortices exert a pulling force
downstream on the flame plume, deflecting it downstream. Additionally, the inertia of free
shear flow also causes the flame plume to deflect downstream.

«/mest ([ NN .

05 15 25 35 45 55 65 75 85 95

Recirculation IIT

— :
T e ——— TG A 778
— Resipeiilafion ]~ ——> N\ o~
i " = %
—

Figure 8. Flow structure of a curved tunnel with longitudinal air velocity u = 2.0 m/s, blocking ratio
¢ =0.31, R =400 m.

Figure 9 illustrates the flow field structure in a curved tunnel with a longitudinal air
velocity of 2.0 m/s and various blocking ratios (0.31, 0.46, 0.55, 0.62). As the blocking
ratio increases, the ventilation cross-section at the blockage decreases, and the physical
compression causes the range of recirculation I at the top of the blockage to gradually
decrease, while the range of recirculation II downstream of the blockage gradually expands.
The speed of the free shear flow above the obstruction gradually increases, but most of the
air in in this region is adsorbed by the recirculation II and becomes a significant component
of it, ultimately weakening the inertial force of the longitudinal wind on the fire plume
in the downstream direction. Meanwhile, the position of the recirculation III gradually
migrates upstream of the fire source and its range becomes smaller, thereby weakening the
downstream pulling force on the fire plume.

Figure 10 displays the flow field structure in a curved tunnel with a blocking ratio
of 0.46 and varying longitudinal air velocities (1 m/s,2m/s,2.5m/s,3 m/s, 4 m/s). The
diagram shows that as the longitudinal air velocity increases, the velocity in the free shear
layer area also increases. Concurrently, the extent of recirculation I expands, recirculation II
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behind the blockage slightly enlarges, and the flow becomes more turbulent. Additionally,
the size of recirculation III significantly reduces until it eventually disappears.

w/mes [N N

0.5 1.5 25 35 45 55 65 75 85 95
p=0.46

Z (m)

o N b o
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Z(m)
< o S N
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100

90 95 5
Y (m) Y (m)
Figure 9. Flow field structure of curved tunnel for u = 2.0 m/s with different blocking ratios (0.31,

0.46, 0.55, 0.62).
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Figure 10. Flow field structure of a curved tunnel with different longitudinal air velocities at ¢ = 0.46.

In summary, the flow structure near vehicle obstructions and the fire source in curved
tunnel fires (Figure 8) is complex. It includes a free shear layer, a recirculation zone
above the vehicle blockage (I), a recirculation zone downstream of the blockage (II), and a
recirculation zone at the top of the tunnel (IIT). The size of these three recirculation zones
depends on the blocking ratio and longitudinal air velocity.

3.2. Characterization of Smoke Movement in Tunnel Fires
3.2.1. Impact of Curved Structures on Fire Plume Flow Behavior

The motion behavior of fire smoke is a key factor affecting the temperature distribution
in the tunnel. This section primarily explores the influence of curved structures on the
behavior of fire plume flow.

In a straight tunnel with u = 1 m/s, Figure 11 shows the temperature contour on
the central axis plane of the tunnel (Figure 11a), the monitoring plane 0.01 m below the
ceiling (Figure 11b), and the cross-section 2 m downstream of the fire source (Figure 11c)
when the fire smoke reaches a quasi-steady state. The fire plume is visibly pushed down-
stream by its buoyancy and the wind force (Figure 11a). At the same time, under the
influence of the longitudinal air flow, the smoke in the outer layer of the plume detaches
from the main plume in the form of counter-rotating vortices. The resulting transverse drag
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influence, upon reaching a certain intensity, leads to the lateral separation of the plume.
The main body of the plume divides into two sub-streams, forming a bifurcated plume
pattern (Figure 11c) [41]. Once the two sub-streams impact the tunnel ceiling, two impact
points will be generated, forming two symmetrical high-temperature zones (Figure 11b).

rx TR [T

350 425 500 575 650 725 800 875 950 10251100

N A

30 90 100 110 120 =
Y (m) £
N
(b)
10 =
g [ .
s s -
030 90 100 110 120 T30 3 5
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Figure 11. Temperature contours in a straight tunnel: (a) the central axis plane of the tunnel; (b) the
monitoring plane 0.01 m below the ceiling; (c) the cross-section 2 m downstream of the fire source.

In a curved tunnel with a longitudinal air velocity of u =1 m/s and R = 400 m, once the
fire smoke reaches a quasi-steady state, Figures 12 and 13 show the temperature distribution
along the tunnel’s central axis, 2 m downstream from the fire source, and 0.01 m beneath
the tunnel ceiling. Similar to a straight tunnel, the fire plume is deflected downstream by
its buoyancy and wind forces (Figure 12), exhibiting bifurcation as it rises (Figure 13a—c).
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Figure 12. Temperature contour of the longitudinal central axis plane in a curved tunnel.

However, in contrast to straight tunnels, fire smoke in curved tunnels is not only
affected by its own buoyancy and longitudinal wind but also by the centrifugal force
resulting from the tunnel’s curvature. This gives rise to dynamic deflection of the fire plume
between the concave wall and the convex wall of the tunnel, modifying the location where
it impacts the ceiling and generating diverse high-temperature zones. For instance, at 343 s
after the fire, the two sub-streams are symmetrically distributed (Figure 13a), forming high-
temperature zones on each side of the central axis on the tunnel ceiling (Figure 13d); at 393 s
after the fire, the fire plume is deflected towards the convex wall (Figure 13b), creating
a high-temperature zone nearby (Figure 13e); at 417 s after the fire, the fire plume shifts
towards the concave wall (Figure 13c), forming a high-temperature zone there (Figure 13f).
Once the fire smoke reached the quasi-steady state, temperature contours were recorded
every second for two minutes, revealing that the plume deflected towards the concave
wall 27% of the time, towards the convex wall 25% of the time, and remained at the median
axis 49% of the time.

In summary, unlike the conventional fire scenarios in linear tunnels, where the maxi-
mum temperature in the vault is always located in the middle of the tunnel or symmetrically
distributed along the centerline of the tunnel [41], the centrifugal force of the curved struc-
ture makes the location of the high-temperature zone in the vault constantly change, even
in the quasi-steady state phase. This makes the maximum temperature rise in the vault of
the curved tunnel more difficult to predict.
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Figure 13. Temperature contour of the cross-section 2 m downstream of the fire source and the
monitoring surface 0.01 m below the ceiling in a curved tunnel: (a) 2 m downstream from the fire
source at 343 s; (b) 2 m downstream from the fire source at 393 s; (c¢) 2 m downstream from the fire
source at 417 s; (d) 0.01 m beneath the tunnel ceiling at 343 s; (e) 0.01 m beneath the tunnel ceiling
at 393 s; (f) 0.01 m beneath the tunnel ceiling at 417 s.

3.2.2. Effects of the Coupling Between Curved Structures and Blockages on Fire Plume
Flow Behavior

This section focuses on the longitudinal and lateral movement characteristics of tunnel
fire plumes affected by the interaction of blockages and curved structures. Figure 14 shows
the temperature distribution cloud of the monitoring surface at 0.01 m below the tunnel
vault surface in a curved tunnel with longitudinal wind speed # =1 m/s and R = 400 m,
built-in vehicle obstruction, and obstruction ratios ¢ of 0.31, 0.46, 0.55, and 0.62, respectively.
It can be seen that when the fire smoke reaches the quasi-stable state, under the combined
effect of the blockage effect and centrifugal force of the curved structure, the dynamic
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deflection of the fire plume will also occur between the concave wall and the convex wall of
the tunnel, thus changing the position of the fire plume impacting the tunnel vault, so that
the position of the high-temperature zone on the tunnel vault surface constantly changes.
Figure 15 shows the temperature distribution contour curve at 0.01 m below the tunnel
vault, 2 m downstream of the fire source, corresponding to the blockage ratio of 0.46 for
a curved tunnel with longitudinal wind speed # = 1 m/s and R = 400 m. It can be seen
that the temperature zone on the surface of the tunnel vault constantly changes after a fire
has occurred in the 3.5 m tunnel. It can be seen that the maximum temperature rise of the
tunnel vault 2 m downstream of the fire source is shifted toward the concave wall at 383 s
after the fire; the maximum temperature rise of the tunnel vault 2 m downstream of the fire
source is almost located on the center axis of the tunnel vault at 402 s after the fire; and the
maximum temperature rise of the tunnel vault 2 m downstream of the fire source is shifted
toward the convex wall at 410 s after the fire.
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Figure 14. Temperature distribution on the arch surface of a curved tunnel with different blockage
ratios for longitudinal wind speed 1 = 1.0 m/s: (a) ¢ = 0.31; (b) ¢ = 0.46; (c) ¢ = 0.55; (d) ¢ = 0.62.
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Figure 15. Temperature contours of the tunnel roof above the fire source under the obstruction

ratio ¢ = 0.46 and longitudinal wind speed u = 1.0 m/s.

Given the instability of the lateral movement of fire plumes in curved tunnels, in this
paper, the way to count the maximum temperature data of the vault of the curved tunnel is as
follows: after the fire smoke reaches the quasi-stable state, collect the maximum temperature
rise data of the whole vault surface of the tunnel for 2 min, and then take the time average
value as the final maximum temperature rise of the tunnel vault. Figures 16 and 17 show the
temperature maps of the longitudinal section of the curved tunnel and the maximum tem-
perature rise of the tunnel vault under each condition when the blockage ratio is 0.31~0.62
and the longitudinal wind speed is 1 m/s~4 m/s. The maximum temperature rise of the

tunnel vault under each condition is summarized in the following figures.
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Figure 16. Fire plume behavior with different blocking ratios and ventilation air velocities: (a) ¢ = 0.31;

(b) ¢ =0.46; (c) ¢ = 0.55; (d) ¢ = 0.62.
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Figure 17. Maximum temperature rise in the tunnel ceiling.

From Figures 16a and 17, and the analysis in Section 3.1, it is evident that with a
blocking ratio of ¢ = 0.31 and ventilation air velocity # < 2 m/s, the pull force from
the free shear layer and recirculation zone III on the fire plume is stronger than from
recirculation zones I and II, causing the fire plume to tilt downstream. As ventilation air
velocity increases, the stronger inertia from the free shear layer increases the tilt of the
fire plume downstream, reducing the maximum temperature rise on the tunnel ceiling.
When ventilation air velocity exceeds 2 m/s, the extent of recirculation I and II increases
and becomes more turbulent, while recirculation III significantly decreases. This change
weakens the downstream pull force on the fire plume, reducing its downstream tilt and
thus increasing the maximum temperature rise on the ceiling. However, at 4 m/s, the fire
plume’s flow becomes highly turbulent. Influenced by recirculation I and II, parts of the
plume shift upstream, but most of it remains tilted downstream. Since the tilt angle is larger
than at 3 m/s, the maximum temperature rise on the ceiling slightly decreases.

From Figures 16b and 17, along with the analysis in Section 3.1, it is clear that with
a blocking ratio of ¢ = 0.46 and ventilation air velocity u < 2 m/s, the pull force from
the free shear layer and recirculation zone III on the fire plume is stronger than from
recirculation zones I and II, causing the fire plume to tilt downstream. As the ventilation
air velocity increases, the stronger inertia from the free shear layer further tilts the fire
plume downstream, reducing the maximum temperature rise on the tunnel ceiling. When
the ventilation air velocity exceeds 2 m/s, the areas of recirculation I and II expand and
become more turbulent, while recirculation III significantly contracts. This shift reduces
the downstream pull force on the fire plume, decreasing its downstream tilt and causing
a significant rebound in the maximum temperature rise on the ceiling, especially when
the ventilation air velocity reaches 3 m/s, where the fire plume nearly touches the ceiling,
reaching a peak temperature. At 4 m/s, recirculation zone III nearly vanishes, and the pull
force from recirculation zones I and II becomes dominant, tilting the fire plume mostly
upstream, which lowers the ceiling temperature.

From Figures 16¢ and 17 and the analysis in Section 3.1, it becomes apparent that
with a blocking ratio of ¢ = 0.55 and ventilation air velocity # < 2 m/s, the pull force
from the free shear layer and recirculation zone III on the fire plume is stronger than from
recirculation zones I and II, causing the fire plume to tilt downstream. As the ventilation
air velocity increases, the stronger inertia from the free shear layer further tilts the fire
plume downstream, reducing the maximum temperature rise on the tunnel ceiling. When
the ventilation air velocity exceeds 2 m/s, the areas of recirculation I and II expand and
become more turbulent, while recirculation III significantly contracts. This shift reduces
the downstream pull on the fire plume, decreasing its downstream tilt. At air velocities
of 2.5m/s and 3 m/s, the fire plume nearly reaches the ceiling, causing a significant increase
in the maximum temperature rise. At 4 m/s, recirculation zone IIl nearly vanishes, and the
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pull force from recirculation zones I and Il becomes dominant, tilting the fire plume mostly
upstream, which lowers the ceiling temperature.

From Figures 16d and 17, along with the analysis in Section 3.1, it is clear that with
a blocking ratio of ¢ = 0.62 and a ventilation air velocity of 1 m/s, the pulling forces
from the free shear layer and recirculation zone III on the fire plume are similar to those
from recirculation zones I and II, causing the fire plume to nearly reach the ceiling. As
the ventilation air velocity increases, the pulling force from recirculation zones I and II
strengthens, while the influence of recirculation zone III diminishes, leading to a weakened
pull on the fire plume. This causes the fire plume to increasingly tilt upstream as the air
velocity increases, resulting in a larger upstream tilt angle and a corresponding decrease in
the tunnel ceiling’s temperature.

In summary, in a curved tunnel with a vehicle blockage upstream of the fire, the
fire plume’s tilt direction shifts from downstream to upstream as the longitudinal air
velocity increases. This results in a pattern where the plume first tilts downstream, then
rises above the fire source to touch the ceiling, and finally tilts upstream. Consequently,
the maximum temperature rise on the tunnel ceiling initially decreases, then increases,
and finally decreases again. This pattern occurs because, in curved tunnels with vehicle
blockages, the fire plume is influenced by opposing forces; recirculation zones I and II
pull the plume upstream, while the free shear layer and recirculation zone III pull it
downstream. The ultimate tilt direction of the plume depends on the relative strengths of
these opposing forces.

Additionally, the higher the blocking ratio, the lower the critical air velocity needed
for the fire plume to change its tilt from upstream to downstream. Specifically, the critical
velocities for blocking ratios of 0.46, 0.55, and 0.62 are 3 m/s, 2.5 m/s, and 1 m/s, respec-
tively. This occurs because a higher blocking ratio at a given air velocity enlarges the range
and intensifies the turbulence in recirculation II, increasing its disruptive effect on the fire
plume. Simultaneously, it reduces recirculation III, diminishing the downstream pulling
force on the fire plume, making it easier for the plume to tilt upstream.

3.3. Maximum Temperature Rise of the Tunnel Arch

Meng studied a fire scenario in a straight tunnel with blocking vehicles (blocking ratio
ranged from 0.24 to 0.72) and longitudinal wind (1 m/s to 4 m/s) and provided a prediction
formula for the maximum ceiling temperature in this fire scenario [37]. Figure 18 con-
trasts the simulated maximum temperature rise of the ceiling with the projections from
Meng's [37] equation. The simulated values are typically higher than Meng’s predictions.
This disparity occurs as Meng's formula is founded on data from a straight tunnel and it
modifies Li’s [17] formula. In curved tunnels, the fire plume osculates laterally between
the concave and convex walls due to centrifugal forces, inducing smoke accumulation and
reducing heat dissipation, which leads to higher ceiling temperatures [31].
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Figure 18. Comparison between the simulated data and Meng’s predicted data.
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Based on the numerical simulation data in this paper and Li’s formula [17], a predictive
formula for the maximum temperature rise on the ceiling of a curved tunnel is obtained
by introducing the non-dimensional velocity u* (preferably u/sqrt(gH)) and the blockage
ratio ¢, as shown in Equation (7). The comparison between the calculated and simulated
results is depicted in Figure 19, with a fit R? of 0.96.
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Figure 19. Numerical simulation and predictive model correlation.

4. Conclusions

This paper is the first to investigate the plume behavior and maximum ceiling tem-
perature rise with various blockage ratios and ventilation conditions in curved tunnel fire
scenarios, and it has established corresponding semi-empirical prediction models. This
work emphasizes the intricate and unstable behavior of plumes in complex tunnel fire
situations, thereby offering enhanced insights for the advancement of classical tunnel fire
dynamic systems. The major findings are listed below:

1. After the fire smoke in the tunnel reaches a quasi-stable state, the high-temperature
zone in the vault of a straight tunnel remains unchanged. However, for curved
tunnels, in addition to its own buoyancy and longitudinal wind inertia forces, the fire
smoke in curved tunnels is also affected by centrifugal forces induced by the curved
structure. This results in a lateral dynamic deflection of the fire plume between the
concave and convex walls of the tunnel, which changes the location of the fire plume
impacting the tunnel vault and keeps the location of the high-temperature zone on
the tunnel vault surface under dynamic change.

2. For curved tunnel fires with vehicle blockage, the flow structure in the near field of the
blockage and fire source is very complex. It contains a free shear layer, recirculation I
above the vehicle blockage, recirculation II downstream of the blockage, and recircu-
lation III at the top of the tunnel. The extents of these recirculation zones depend on
the blockage ratio and longitudinal air velocity. Higher air velocities lead to larger
recirculation zones I and II but a smaller zone III, while a higher blockage ratio results
in an expanded zone II and reduced zones I and III.

3. Inthe curved tunnel fire with vehicle blockages, the fire plume deflection direction
changes from downstream to upstream of the fire source as the longitudinal air
velocity increases, displaying a “downstream tilt—touch the ceiling above the fire
source—upstream tilt” pattern. The maximum ceiling temperature rise fluctuates in
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a decreasing-increasing-decreasing trend. A higher blockage ratio leads to a lower
critical air velocity required for the transition of the plume deflection direction. This
phenomenon results from the competing pulling forces acting on the fire plume
within the tunnel: recirculation I and II pull the plume upstream, while the free
shear layer and recirculation III pull it downstream. The ultimate plume deflection
direction depends on the relative strengths of these opposing forces. A semi-empirical
prediction model is developed to estimate the maximum temperature rise of a curved
tunnel ceiling. This model accounts for both longitudinal wind effects and vehicle
blockage ratios, showing strong agreement with numerical simulation results.

4. It should be noted that the degree of curvature of the curved tunnel, i.e., the curva-
ture radius, will also have an impact on the behavior of tunnel fire plumes and the
maximum ceiling temperature, and we will conduct a systematic and in-depth study
on this in the follow-up. In addition, given the fact that the plume temperature is
dominated by the entrainment process when rising, the theoretical prediction equa-
tion with more comprehensive physical significance will be established by solving the
entrainment intensity of the major vortex quantitatively in our future work.
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