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Abstract. Model-scale experimental tests and numerical simulations were conducted
to investigate the characteristics of the smoke overflow at the lateral carriage doors
and the smoke temperature below the tunnel ceiling of a carriage fire in a longitudi-
nally ventilated tunnel. Results indicates that the smoke overflows from the carriage
into the tunnel through the lateral doors downstream of the fire source under the
impact of longitudinal ventilation. Depending on the fire location, the amount of the
overflow smoke exhibited either an inverted V-shaped variation or a monotonical
increase with the door position. Multiple peaks in the smoke temperature below the
tunnel ceiling is attributed to the uneven distribution of the overflow smoke. A
dimensional analysis revealed a quantifiable relationship between the heat flow of the
overflow smoke and the peak temperatures below the tunnel ceiling. Consequently,
an empirical model was developed to predict the maximum smoke temperature below
the tunnel ceiling under different heat release rates and longitudinal ventilation veloc-
ities. These findings are excepted to enhance the understanding of carriage fires and
provide a theoretical guidance for future ventilation and safety designs in subway sys-
tems.

Keywords: Carriage fire, Subway tunnel, Longitudinal ventilation, Lateral doors, Smoke overflow,
Temperature distribution

1. Introduction

The subway system, rapidly developing and playing a crucial role in urban public
transportation, has emerged as a solution to escalating congestion issues. Tunnels
and carriages are integral components of the subway system, characterized by
their narrow and confined structural features. In situations where a fire breaks out
in a train carriage, a rapid increase in temperature and substantial smoke produc-
tion occur, posing a significant threat to passenger safety. Statistically, toxic and
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high-temperature smoke accounts for approximately 85% of fatalities in building
fires [1]. Therefore, studying the smoke propagation characteristics of a train car-
riage fire in a subway tunnel is of practical importance.

Over the recent years, numerous scholars have conducted extensive research
into the tunnel fires, focusing primarily on the smoke movement characteristics
and the control methods [2-10]. In contrast, the research on the train carriage
fires commenced later, predominantly targeting the fire development under natural
ventilation. Lonermark et al. [11] conducted a series of experiments using a 1:3
scale model of a train carriage to study the variations in the heat release rate
(HRR), temperature field, and thermal radiation. They derived the evolution laws
for control parameters during the initial stages of fire development. Shi et al. [12]
further utilized a cone calorimeter system to evaluate the combustion behaviors in
a full-scale carriage fire during the first three minutes of burning. Ng et al. [13]
experimentally analyzed the flame color through the oxygen concentration method
in a 1:15 scale model carriage with movable lateral openings under limited ventila-
tion. Peng et al. [14-16] conducted reduced-scale tests to investigate flame patterns
and smoke temperature in train carriage fires under various fire locations and
opening conditions, and the similarities and differences between the carriage fires
and the tunnel fires were compared.

In the scenarios where a train catches fire and stops in a tunnel using the longi-
tudinal evacuation platform for safe evacuation, the lateral carriage doors compli-
cates the smoke propagation in the tunnel due to the overflow behavior. Previous
studies on this specific fire scenario have primarily focused on the smoke tempera-
ture characteristics in the tunnel space. Meng et al. [17] performed a series of
model-scale experiments to analyze the smoke temperature distribution below the
tunnel ceiling considering various platform-tunnel combination doors in the sub-
way stations. Ren et al. [18] employed full-scale numerical simulations to study
the smoke flow characteristics in the tunnel during a scenario with two simultane-
ous fires at the bottom of a carriage. Tang et al. [19] experimentally investigated
the maximum smoke temperature below the tunnel ceiling in a carriage fire with a
single lateral opening under the influence of ceiling smoke extraction. Zhang et al.
[20] conducted model-scale experiments to assess the maximum smoke tempera-
ture below the tunnel ceiling during the blocking effect of a train carriage fire.
Similarly, Shi et al. [21] analyzed the fire development process in a long- large tun-
nel with longitudinal ventilation through full-scale experiments, focusing mainly
on the smoke temperature below the tunnel ceiling in various downstream zones,
which was found to still adhere to the law of exponential decay.

However, the relationship between the overflow smoke at the lateral carriage
doors and the smoke temperature distribution below the tunnel ceiling remains
unclear. Cong et al. [22] introduced a hypothesis of an equivalent virtual fire
source, conceptualizing the carriage fire as an intermediate scenario between tun-
nel and compartment fires. Utilizing the full-scale numerical simulations, the
impact of smoke overflow behavior on smoke propagation in naturally ventilated
tunnels was demonstrated. Yet, when the mechanical ventilation is operational,
the overflow smoke aligns with the ventilation direction, resulting in significant
fluctuations in the smoke propagation process. Therefore, this study further inves-
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tigates the characteristics of smoke overflow at the lateral carriage doors and the
smoke temperature beneath the tunnel ceiling in a longitudinally ventilated tunnel
during a carriage fire. The research results are expected to be beneficial for the
ventilation, evacuation, and rescue of the subway systems.

2. Research Methods
2.1. Scaling Law

When employing the scale modelling for studying, it is crucial to establish the sim-
ilarity between different scales. Because the thermal plume in a building fire is pre-
dominantly driven by the buoyancy, the Froude scaling emerges as the most
appropriate law in the fire research [23-25]. Table 1 presents several proportional
relationships commonly used in the Froude scaling.

In this study, the 1:3 scaling ratio was selected for the experimental tests and
numerical simulations. Referring the full-scale experiments conducted by Shi et al.
[12] that the stable HRR is 1.84 MW, with a peak of 2.14 MW. Therefore, the
HRR in the carriage ranges from 35.4 kW to 123.9 kW was selected, correspond-
ing to 0.55-1.93 MW in full scale. In addition, four longitudinal ventilation veloc-
ity in the tunnel of 0.6-1.5 m/s was considered, corresponding to 1.04-2.6 m/s in
full scale.

2.2. Experimental Tests

As depicted in Figure 1, a model-scale subway fire test bench, replicating the
Hefei Metro in China, was constructed and comprised of a tunnel and train. The
horseshoe-shaped tunnel, measuring 30 m in length and 1.6 m in width, features
an arc ceiling 0.6 m high, made of stainless steel. The vertical sidewalls below the
arc ceiling are constructed from 10 mm thick fireproof board and 8 mm thick fire-
proof glass. The simplified train is composed of two carriages and made of 10 mm
thick fireproof board. The upper rectangular space measures 13.2 m in length,
0.9 m in width, and 0.7 m in height, sitting on the ground via a 0.4 m high brack-
ets. To simulate actual lateral open doors, eight evenly spaced openings, each
measuring 0.4 m in width and 0.6 m in height, were created on one side of the
carriage.

The fire source, a square propane burner with 0.25 m sides, was positioned at
the center of the carriage floor, maintaining an effective height of 0.65 m from the
burner surface to the carriage ceiling. The HRR can be calculated by multiplying
the mass flow rate with the heat of combustion (44.1 kJ/kg) of the fuel gas. A 3 m
long rectified segment seamlessly connected the frequency converter fan to the
model tunnel. Four anemometers, positioned upwind of the carriage, measured
the longitudinal ventilation rate in the tunnel. Smoke temperature was monitored
using two sets of horizontal K-type thermocouples placed 1.5 cm below the tunnel
and carriage ceilings along the longitudinal centerline. To capture the data in the
quasi-steady state of fire development, each test time was maintained for 1000 s
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Table 1
Proportional Relation Commonly Used in Froude Scaling

Parameter Proportional relation
Mass flow rate (kg/s) mp[my = (LF/LM)3
Heat flow (kW) Or/Ow = (Lr/Ly)*?
Velocity (m/s) Ve Vi = (LF/LM)]/2
Temperature (K) Tr /Ty =1

Time (s) tr/ty = (Li/Ly)"

M model-scale F full-scale L length

Tunnel Carriage

0.7m

1L0m

0.4m

0.9 m

L6m

(a) Photo of test bench (b) Cross-sectional dimensions
Anemometer
— Vi Thermocouple
—_— '-1/ -------
o — =4
= &= Tunnel

= T
Crosswing <= /,

Train carriage

(c) Arrangement of test bench T

Figure 1. Schematic diagram of experimental bench.

and the average results during the final 30 s used for analysis. The detailed experi-
mental conditions are provided in Table 2.

2.3. Numerical Simulation

Numerical simulation is an effective tool for obtaining the parameters difficult to
measure in experiments. It can also reveal flow details not visible in experimental
settings, thereby facilitating a clearer understanding of the fire development pro-
cess. In this study, the Fire Dynamic Simulator (FDS, version 6.6.0), a widely-
used software specifically designed for modeling smoke and heat transport from
fires [26], was employed to analyze the smoke overflow characteristics at the lat-
eral carriage doors.

As shown in Figure 2, the dimensions and materials of the FDS model are con-
sistent with those of the model-scale experimental bench. The tunnel ends were
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Table 2
Summary of Experimental Scenarios

Test No HRR (kW) Ventilation rate (m/s) Fire location*
1-4 35.4 0.6,09,1.2,1.5 d=0m
5-8 53.1 0.6,09,1.2,1.5 d=0m
9-12 70.8 0.6,09, 1.2, 1.5 d=0m
13-16 88.5 0.6,09,1.2,1.5 d=0m
17-20 106.2 0.6,09, 1.2, 1.5 d=0m

*d is the distance from the fire source to the middle of carriage

Tunnel

Open
surface

Vent
| surface

Figure 2. Schematic diagram of numerical model.

designated as “Supply” and “Open” surfaces, respectively. Devices for measuring
flow and layer zoning were installed at each carriage door to record the mass flow
rate, layer height, and average layer temperature. Due to the simplification of car-
riage model in this study, additional consideration was given to the influence of
the fire source location on the smoke overflow behavior in order to obtain univer-
sal conclusions. Moreover, in accordance with the principle of minimizing the
number of evacuation personnel along the ventilation direction [27], six fire loca-
tions spaced 0 to 5 m along the longitudinal centerline of the downstream half of
the carriage with an HRR of 123.9 kW and a longitudinal ventilation rate of
1.2 m/s were considered.

Grid size is a crucial factor for the accuracy of numerical simulation. Huang
et al. [28] found that when the mesh size equals to 0.1 times the characteristic
diameter of the fire source, i.e.0x = 0.1D*, a good agreement between simulation
and experiment can be achieved. The characteristic diameter of the fire source is
defined as:

where Q is the HRR of the fire source, kW; p, is the ambient density, kg/m?>; cp is
the specific heat of air at constant pressure, kJ/(kg-K); Tj is the ambient tempera-
ture, K; and g is the gravity acceleration, m/s’.

The characteristic diameter of the fire source can be determined ranging 0.253—
0.417 m according to Table 2. Consequently, a mesh size of 0.03 m was selected
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Figure 3. Comparison of the smoke temperature below the carriage
ceiling between simulations and experiments.

for the numerical simulations. To validate the accuracy of the numerical model, a
comparison of the smoke temperatures below the carriage ceiling from both simu-
lations and experiments was conducted, particularly when the fire source is located
at the center of the carriage. As depicted in Figure 3. a negative abscissa signifies
the upwind direction, and the opposite for a positive sign. The similarity in com-
parison results further substantiates the reliability and accuracy of the simulation
outcomes.

3. Results and Discussion
3.1. Smoke Overflow Characteristics at the Lateral Carriage Doors

When a fire occurs in the carriage, the lateral doors serve as the only safe exit for
passengers to evacuate. Therefore, analyzing the overflow characteristics of the
smoke at the lateral doors is of significant importance for assessing the fire haz-
ards. For the convenience of representation, the scenario same with experiments is
labeled as “Scenario A”, and the scenario involving the variations in the fire loca-
tion is labeled as “Scenario B”. Figure 4 depicts the mass flow rates of the over-
flow gas at the lateral carriage doors, which can be categorized into two zones
based on the door position. In the zone upwind of the fire source, the mass flow
rates at different doors are relatively constant and slightly above zero, suggesting
this zone functions as an intake area for wind flow. Conversely, in the zone down-
stream of the fire source, the mass flow rate of the overflow gas consistently rises
in the direction of the wind. In addition, both the increased HRR or longitudinal
ventilation rate contribute to a rise in the mass flow rate, indicating that the
downstream doors serves not only as an exhaust zone for the hot smoke but also
the cold air.
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Figure 4. Mass flow rates of the overflow gas.
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Figure 5. Average layer temperature rises of the overflow smoke.

Figure 5 presents the average temperature rises of the overflow smoke at the
lateral carriage doors. The temperature of the overflow smoke displays an inverted
V-shaped pattern with the door position, with the peak occurring at the first door
downstream of the fire source. The longitudinal ventilation significantly reduces
the temperature of the overflow smoke upstream of the fire source. However, the
influence of longitudinal ventilation and HRR on the temperature of the overflow
smoke is minor in the zone downstream of the fire source.

Figure 6 presents the layer heights of the overflow smoke at the lateral carriage
doors. It can be observed that the smoke layer height initially increases and then
decreases along the ventilation direction, and the apex position depends on the
ventilation velocity and basically appears at the adjacent door of the fire source.
Additionally, the smoke layer height is basically independent of the HRR except
for the condition where the HRR is 354 kW and the longitudinal ventilation
velocity is 1.2 m/s because of the poor smoke stratification. For a fixed HRR, an
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Figure 6. Layer heights of the overflow smoke at the lateral carriage
doors.

increase in longitudinal ventilation velocity intensifies the disturbance to the
smoke stratification, resulting in a reduction in the smoke layer height.

Considering the aforementioned parameters, heat flow was proposed as a com-
prehensive metric to quantify the amount of overflow smoke. The carriage fire
investigated in this paper is characterized as a fuel-controlled (well-ventilated) fire.
Consequently, the heat flow of the overflow smoke at the lateral door can be cal-
culated using the following formula:

qs = cpmsATv (2)

where m; is the mass flow rate of the overflow smoke, kg/s; and A7, is the temper-
ature rise of the overflow smoke, K.

Due to the overflow gas comprising both cold air and hot smoke, directly calcu-
lating the heat flow of the overflow smoke using the data from Figure 4 may yield
an exaggerated result. To address this, the study adopted the hypothesis that the
local area around each carriage door can be approximated as a compartment with
a single opening [29]. This allows for the calculation of the mass flow rate of over-
flow smoke by referring to the dynamics of a compartment fire:

2
3

T, T,
CaWapa\| 207 (1 - —) (Hy — Hy)*? (3)
N

ms =
T

where C, is the flow coefficient, which can be regard as 0.6 [30]; W, is the width of
the lateral door, m; H; is the height of the lateral door, m; and H; is the smoke
layer height at the lateral door, m.

Drawing on the simulation results regarding the height and average temperature
of the smoke layer, Figure 7 compares the mass flow rates and heat flows of over-
flow smoke between calculated and simulated values. The calculations align clo-
sely with the numerical simulations, except for the end door downstream of the
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fire source. At this location, the ejection of a large amount of cold air along with
hot smoke from the carriage leads to a notable discrepancy in both the mass flow
rate and heat flow.

Figure § displays the calculated heat flows of overflow smoke at the lateral car-
riage doors. Overall, the smoke in the carriage overflows from the downstream
doors under the influence of the longitudinal ventilation, in which the amount of
the overflow smoke initially decreases and then increases at the final two doors
along the ventilation direction. Obviously, when the fire source is located down-
stream of the third to last lateral door, the amount of overflow smoke monotoni-
cally increases along the ventilation direction. With the increase in ventilation
velocity, more smoke is carried downstream, resulting in a decrease in overflow
smoke at the first downstream door and an increase at the doors further down-
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Figure 9. Longitudinal distribution of the smoke temperature below
the tunnel ceiling.

stream. However, regarding the condition where the HRR is 35.4 kW and the lon-
gitudinal ventilation velocity is 1.2 m/s, an increase in overflow smoke was noted
at the first downstream door. This increment is attributed to the upstream smoke
with poor stratification overflows from this door with the airflow.

3.2. Smoke Temperature Below the Tunnel Ceiling

The smoke temperatures measured in the experimental tests when the fire source is
located at the center of the carriage are analyzed in this section. Once the smoke
overflows from the carriage doors, it accumulates and spreads below the tunnel
ceiling. Figure 9 shows the typical longitudinal distribution of smoke temperature
below the tunnel ceiling. It is evident that due to the uneven distribution of over-
flow smoke, which primarily exits into the tunnel from the doors downstream of
the fire source, the smoke backflow in the tunnel is nearly eliminated. Addition-
ally, the phenomenon of multiple peak values in the smoke temperature can be
observed downstream of the fire source.

Table 3 summarizes the peak smoke temperatures and their locations below the
tunnel ceiling when the fire source is located at the center of the carriage. These
data are segmented into four parts based on the door location downstream of the
fire source. Since the number of peak temperatures is at most equivalent to the
number of downstream doors, a one-to-one correspondence between them can be
inferred. With a given HRR, an increase in the longitudinal ventilation rate tends
to gradually eliminate the characteristic of the multiple peak temperatures along
the ventilation direction. As inferred from Figure 8b, a monopolar temperature
characteristic is likely to emerge when the fire source is located downstream of the
third to last lateral door.

Figure 10 shows the peak smoke temperature rises below the tunnel ceiling
under different heat flows of the overflow smoke at the lateral carriage doors. It is
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Table 3
Summary of the Peak Smoke Temperature Rise and Its Position Below
the Tunnel Ceiling

ATy, Axo(K, m)

V (m/s) 354 kW 53.1 kW 70.8 kW 88.5 kW 106.2 kW
0.6 27.7, 2.6 41.9, 2.6 56.3,2.3 97.8, 2 121.6, 2

31.2,4.7 38.6, 4.7 53.1, 4.7 65.6, 4.7 73, 4.7

389,59 45.2,5.9 59.8,59 74.5, 5.6 80.1, 5.6

33.1, 7.1 43.4, 7.1 55.6, 7.1 66.8, 7.1 72.6, 6.8
0.9 - - 48.1, 2.9 60.1, 2.9 82.5,2.6

26.8, 4.7 40.7, 4.4 46.8, 4.4 49.1, 44 55.7, 4.4

25.1, 59 31.8,59 43,6.2 54.7,6.2 67.9, 6.2

30.9, 7.4 43.6, 7.4 54.1, 7.1 60.8, 6.8 70.8, 6.8
1.2 - - - - -

- - 338, 5 45.7, 4.7 58.6, 4.7

20.1, 6.5 29.8,5.9 40.5, 5.9 509, 5.9 589,59

25.2, 7.7 39.5, 7.7 S51.1,7.4 61.5, 7.4 71.9, 7.4
1.5 - - - - -

- - - - 47.3, 6.8

20.5, 8.9 27.8, 8.6 36.3, 8 479, 8 59, 8
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Figure 11. Temperature fields when Q=708 kW and V = 1.2 m/s.

evident that these data points converge and ascend with the increase in heat flow
for a specific longitudinal ventilation rate. This relationship can be expressed by
the following function:

ATP :f(q7 Vacp,Pomingef) (4)

where H,, is the effective height from the burner surface of the fire source to the
tunnel ceiling, m; and ¢ is the heat flow of the overflow smoke, kW.

In a model-scale tunnel with longitudinal ventilation, Kurioka et al. [31] estab-
lished an empirical model to predict the maximum smoke temperature below the
tunnel ceiling, which is expressed as follows:

ATwex (073 (5)
TO - Fr1/3

0?3 |F13<135,9=1.77,6=6/5 (6)

023 |F13 > 1359y =2.54,6 =0

where O* is the dimensionless heat release rate of the fire source, which is defined
as 0*=0 / (pocpTogl/ 2H:f/2); and Fr is the Froude number, defined as

Fr=V?/(gH.y).

As shown in Figure 11, assuming that the overflow smoke at each door as a
virtual fire source and the peak smoke temperature below the tunnel ceiling is
contributed by the heat flow of the overflow smoke at its corresponding door,
Equation (4) can be rearranged referring to Equation (5) as:

2/3\ P
AT, 41 (7)
T() Fl"l/3
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where o and f are the coefficients; ¢* is the dimensionless heat flow of the over-
flow smoke, defined as ¢* = q/(pocpTog‘/th-z); her is the effective height from
the neutral plane at the lateral door, usually 0.5 times the opening height for a
compartment fire with single lateral opening [32], to the tunnel ceiling, m.

The relationship between the dimensionless peak smoke temperature rise below
the tunnel ceiling and the variable of ¢**/3 /Fr!/3 is shown in Figure 12. It is obvi-
ously that all data points have a good convergence after dimensionless processing,
which can be well correlated with « = 1.7 and f# = 0.9. Consequently, Equation (7)
can be rewritten as:

AL, 4(4 (8)
TO Fl”l/3

From an engineering perspective, it is more important to quickly predict the maxi-
mum smoke temperature below the tunnel ceiling based on the existing boundary
conditions. Figure 13 presents the relationship between the dimensionless maxi-
mum smoke temperature rise below the tunnel ceiling and the variable of
(0273 /R 3)6/5 based on Equation (5). It is obviously that all data points agree
well with a linear function with a slope of 0.825, can be given by:

6/5

ATmaX Q*2/3
S = 0828 <Fr1/3 )
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4. Conclusions

In this study, both experimental and numerical methods were used to investigate
the smoke overflow characteristics at the lateral carriage doors and the smoke
temperature below the tunnel ceiling in a longitudinally ventilated tunnel during a
carriage fire. The main findings are summarized as follows:

Q)

2

(©)

Relative to the parameters such as mass flow rate, smoke layer height, and
average smoke layer temperature, the heat flow proves to be a more appropri-
ate measure for quantifying the amount of overflow smoke. Predominantly,
smoke within the carriage overflows from the lateral doors downstream of the
fire source, especially the first and last two downstream doors.

The uneven distribution of the overflow smoke at the lateral carriage doors
leads to the multiple peaks in the smoke temperature below the tunnel ceiling.
The number of these peak temperatures is at most equal to the number of
downstream carriage doors. With a given HRR, an increase in the longitudi-
nal ventilation rate tends to gradually eliminate the multiple peak tempera-
tures along the ventilation direction, until evolves into a monopolar
temperature.

By treating the overflow smoke at each door as a virtual fire source, an empir-
ical model was developed to correlate these peak temperatures with the heat
flow of the overflow smoke, based on dimensional analysis. Additionally, a
dimensionless model was proposed for predicting the maximum smoke tem-
perature below the tunnel ceiling when the fire source is located at the center
of the carriage.
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