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Abstract: The present study examines the prevailing conditions in a railway tunnel after a train fire
accident and the ability of the ventilation system to create the proper conditions for a safe passenger
evacuation. The examined scenario included an event of a 20-MW diesel pool fire on a suburban
train, immobilized in the middle of a 1.5-Km long, linear shaped rectangular tunnel ventilated by
a longitudinal jet fan system, and the people’s movement during the evacuation was effectuated
along walking platforms. More specifically, three scenarios with different fan activation times and
different evacuation processes were examined. A Large Eddy simulation model (LES) was used for
the simulation of the air flow in the railway tunnel. The evaluation of the ventilation system criteria
considered the achievement of the air critical velocity inside the railway tunnel, and for the people’s
safe evacuation, the Fractional Effective Dose (FED) value was examined. It was found that the most
important action in a tunnel fire is the time, after the start of a fire, the ventilation system is activated.

Keywords: railway tunnel fire; FDS; tunnel ventilation; tenability analysis; numerical simulation

1. Introduction

Tunnels are complex infrastructures, usually of semicircular or rectangular cross-
sections, constructed to establish connections between different sections of a road or railroad
network. The growing reports of indoor fire accidents with high population mobility, such
as tunnels, have created the need to consider the prevailing conditions in such cases as well
as the best evacuation plan to ensure human life [1].

The consequences after a tunnel fire can be much more serious than an outdoor fire
because of high smoke concentrations and confined movement space [2,3]. Accidents
involving fire and hazardous material displacement can be studied for different urban
scales and settings. Although the fire poses a threat near its vicinity, toxic substances can
travel along the flow of the air [4]. After a fire accident, high temperatures and toxic fumes
are produced, which have harmful consequences for passengers who are trapped inside
the tunnel. In 2003, an arson fire in the subway tunnel in Daegu, South Korea resulted in
198 deaths. In 2017, the Jinji Road Tunnel Fire in Shanxi, China, 2017, caused 31 deaths [5].
A wrong evacuation plan can lead people in to the fire or smoke direction, with a negative
effect on their health due to the presence of toxic gases, heat, and radiation [6,7].

To minimize human exposure to smoke during a tunnel evacuation, various types of
ventilation systems are used to remove the smoke from the tunnel or to keep the smoke
in the tunnel above the head [8,9]. These can be either mechanical or natural ventilation
systems [10]. Forced ventilation systems use fans to extract or push smoke out of the
tunnel. Natural ventilation with vertical wells in the roof of the tunnel take advantage of
the buoyancy of hot smoke, which escapes through the shafts due to the stack effect and
piston effect due to the movement of vehicles or trains inside the tunnel. This approach
generally does not require mechanical fans, resulting in space-saving at the higher level of
the tunnel, and it is suitable for overground [11].
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One of the key criteria for the passenger’s safety after a fire accident is the number
of toxic products of combustion that the individual inhales during the event and the
evacuation process. This is calculated using the FED (Fractional Effective Doses) index.
The FED index was first introduced by Purser [12] and has since been adopted by various
organizations, such as the NFPA [13]. The basic idea is that a person who inhales a certain
dose of toxic products for a period of time is considered unconscious or dead. To assess
how a person’s life is threatened, FED is the main factor considered [1], alongside the
thermal exposure and the low visibility due to smoke (hence the difficulty of accessing
emergency exits).

Evacuation in underground public transport systems can be complicated and the out-
come of an evacuation scenario depends on many different parameters. These parameters
can be the people’s walking speed, the visibility, the design of the train and tunnel, or the
physical condition of the people [14].

Tunnels are designed with elevated platforms to assist a safe passenger evacuation
in case of a fire accident. The reduced height difference between the level of the train and
the platform, compared to the evacuation of a train directly to the rail area, is a method
of increasing the safety of the population. The difficulty of evacuating a train to the rails,
especially for people with mobility difficulties, has been analyzed in the METRO project of
Ingason et al. [15]

The purpose of a tunnel ventilation system, besides for maintaining air quality, is to
keep the longest part of a tunnel free of smoke for as long as possible. In the case of a fire
accident inside a tunnel, passengers are exposed to smoke, even though the ventilation
system exists. In such a situation, the activation of the ventilation system must be delayed
slightly or operated at a slower speed so as not to disturb the natural stratification of
the air and smoke layers [16,17]. This state will be maintained if the air velocity does not
exceed the critical velocity [18]. The critical velocity is defined as the minimum longitudinal
ventilation velocity to avoid the phenomenon of smoke reversal or backlayering in case
of fire [19]. Depending on the air velocity, hot smoke and cold air are mixed, and thus the
smoke is dispersed downstream of the fire throughout the tunnel [20]. Hot smoke also
moves against the flow of air, upstream of the fire front, and as it cools it descends to the
ground. This phenomenon is called smoke backlayering. The amount of smoke that will be
inverted upstream of the fire front and the downstream distance of where it will remain
depends on the ventilation conditions [19,21].

Hu et al. [22] suggested that smoke stops spreading when the horizontal inertia forces
caused by the buoyancy of hot smoke are equal to the inertia forces of the ventilation
air. Based on a series of small-scale experiments that studied the correlation between
critical velocity and heat release rate (HRR—Heat Release Rate), for different geometries
of fire sources, conducted by Oka and Atkinson [23] and Li et al. [24], they found that the
dimensionless critical velocity is proportional to the dimensionless HRR1/3 in the case of
low and medium HRR and is independent in the case of large HRR. Riess and Bettelini [25]
found that the stack effect should be considered in the design of the ventilation of sloped
tunnels with angles of inclination of more than 1–2%. Wu and Bakar [26] observed that,
with the same fuel and longitudinal ventilation speed, the length of the inverted smoke
layer gradually increases as the tunnel cross-section increases when the tunnel cross-section
reaches a certain value.

Lee and Ryou [27] investigated the critical velocities for various tunnel aspect ratios
in a series of small-scale experiments, and they found that the critical velocity increases
with the aspect ratio. The study of a fire accident with vehicles blocking the tunnel
showed [28,29] that, as the distance from the blockage upstream of the source fire accident
increases, the length of the inverted smoke layer and the critical velocity initially decreases
until it reaches a certain value that is equal to the value that these two sizes would have
without the presence of an obstacle. Tanaka et al. [30] conducted a series of small-scale
experiments to study the characteristics of a fire’s, smoke considering the escalation of
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heat conduction through the tunnel walls and presented some equations for estimating the
critical velocity and length of the inverted smoke layer.

According to NFPA [13], the critical velocity is “the minimum steady-state velocity of
the ventilation airflow towards the fire, in a tunnel or corridor, required to prevent smoke
reversal in the fire area.” In this study, three different scenarios (A, B, and C), regarding
the jet fan activation time, were examined. The jet fans were activated simultaneously
at t = +180 s, +300 s, and +480 s, after the fire ignition, respectively. Then, the calculated
volume fractions of toxic gases from the numerical simulation were used to calculate
the FED value of the passengers evacuating the train. Three different scenarios for the
passengers’ evacuation were examined, with evacuation initiation times being t = +60 s,
+120 s, and +300 s after the fire ignition.

Section 2 describes the numerical model, the dimensions and boundary conditions
of the simulation model geometry, the grid formulation, and the grid independence test.
Section 3 describes the validation method used to validate the numerical simulation results
using empirical equations that resulted from experiments. The tenability analysis takes
place in Section 4, where the mean and max FED values are compared for each scenario.

The literature, in its majority, studies the evacuation times, choke points during the
evacuation of subway systems and the comfort of passengers evacuating tunnels via walk-
ing platforms, or how the critical velocity is affected by different conditions [14,24,29,31,32].
The present study focused on the correlation between the two actions taken in a tunnel
fire accident: ventilation system activation and evacuation process initialization. These
two actions play a great role in the exposure of the population to harmful gases and hot
temperatures. The results show that the most important action is the activation of the
ventilation system as soon as possible from the ignition of the fire. When this is not possible,
according to the results, the best strategy is to wait for the people to evacuate the tunnel
and then activate the ventilation system to prevent passengers from inhaling smoke due to
the entertainment of the smoke layer in the tunnel ceiling.

2. Numerical Model

The Fire Dynamics Simulation (FDS) is a code developed by the NIST in cooperation
with the VIT research center of Finland. The code numerically solves the Navier-Stokes
equations and finds application in low velocity thermally driven flows, smoke production,
and mass and heat transfer. The FDS code is a low Mach number Large Eddy Simula-
tion solver (the Mach number is under 0.3). To define the turbulent characteristics, the
Smagorinsky model is applied.

The governing equations for mass and momentum conservation are:

∂ρ

∂t
+∇·ρ→u =

.
m′′′b (1)

∂

∂t
(ρ
→
u ) +∇·ρ→u→u +∇·→p = ρg +

→
fb +∇·τij (2)

where ρ is the density, g is the gravity acceleration, u is the velocity, p is the pressure, t is
the time, and τij = µ

(
2Sij − 2

3 δij(∇u)
)

is the stress tensor, where µ is the dynamic viscosity
of the fluid, Sij is the strain tensor, and δij is the Kronecker delta.

The coefficient of turbulent consistency in Smagorinsky’s analysis is defined as:

µLES = ρ(Cs∆)
(

2Sij : Sij −
2
3
(∇u)2

) 1
2

(3)

where ∆ = (δxδyδz)
1
3 is the dimension of the spatial filter proportional to the dimension

of the grid.
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The energy conservation equation is written as:

∂

∂t
(ρhs) +∇ρhsu =

Dp
Dt

+ q′′′ − .
q′′′b −∇q′′ + ε (4)

where hs is the sensible enthalpy,
.
q′′′b is the energy transferred to particles during evapora-

tion (change of phase), and q′′ are the radiative and conductive heat fluxes.
The equation for species conservation is written as:

∂

∂
(ρYa) +∇·ρYa

→
u = ∇ρDa∇Ya +

.
m′′′a +

.
m′′′b (5)

where
.

m′′′b = ∑
a

.
m′′′b,a is the species production rate as particles or droplets.

The time step used is variable and adjusted by the FDS code. During the calculation,
the time step is adjusted so that the CFL (Courant, Friedrichs, Lewy) condition is satisfied.
The default value of the size of the time step is [31]:

DT =
5(δxδyδz)1/3√

gH
(6)

where δx, δy, and δz are the dimensions of the smallest mesh cell, H is the height of the
computational domain, and g is the acceleration of gravity.

2.1. Model Details

The studied tunnel is made of rectangular cross-sections with dimensions typical for a
double railway tunnel (y = 11 m, z = 7 m), and its length is 1.5 Km.

In all cases, the center of the fire source was located in the middle section of the tunnel,
as shown in Figure 1 at (x = 795.5 m, y = 2.25 m, z = 4 m), and the intensity was 20 MW,
which corresponds to a traction engine fire. The fire’s surface was 1 m2 and it was located
on the train’s roof. The surface of the fire was modeled as a burner type and was inserted
into the model as an open vent. The fire growth followed a typical at2 rule, where the
growth rate a was 0.1876 kW/s2 and achieved nominal HRR within 327 s. C12H23 was
used as the fuel, which is the standard composition of diesel, with a yield of combustion
products of 0.1 for CO and 0.09 for soot. Combustion efficiency is defined as the amount
produced per gram of fuel diffused along with the flow, compared to the diffusion of fire
into the environment.
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Figure 1. Side view of the simulation tunnel, tunnel dimensions, jet fans, train, and fire source location.

The jet fans used in the simulations are 3 m long with a surface area of 1 m2. Four
pairs of them were placed every 300 m at the height of 5 m and 1 m off the side walls

According to McGrattan et al. [32], the non-dimensional expression D*/δx was used
to assess mesh resolution, where δx is the nominal size grid (in m), and the characteristic
length of D* is expressed as follows

D* =

( .
Q

CpT∞ρ∞
√

g

)2/5

(7)
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where Q is the fire heat release rate (HRR) (W), ρ∞ is the ambient density (kg/m3), Cp is the
specific heat capacity (J/kgK), T∞ is the ambient temperature (K), and g is the gravitational
acceleration constant (m/s2). In the NUREG-1824 Directive published by the United States
Nuclear Energy Regulatory Commission (USNRC) and the Electricity Research Institute
(EPRI), it defines that D* values should be in a range between 4–16 for an optimal analysis
in FDS Code [33]. Unlike the number of cells, the grid resolution does not depend on the
volume of the building, so the corresponding standard has the advantage of universal
application regardless of the size of the building.

The grid independence test was conducted for three different meshes: coarse mesh
with a mesh size of 0.75 m, medium mesh with a mesh size of 0.5 m, and fine mesh with
a mesh resolution of 0.25 m. The number of cells for each type of mesh was 269,865,
924,000, and 4,254,149, respectively. As shown in Figure 2, the fine and medium meshes
were compared. The grid errors using two computational grids were calculated using the
following equation [34]

GCI =
f2 − f1

1− rp (8)

where f2 is the numerical solution that results from the medium computational grid, and the
corresponding from the finer is f1, r is the refinement factor between the two computational
grids, and p is the accuracy of the algorithm, which is 3 for the present study.

Appl. Sci. 2022, 12, x FOR PEER REVIEW 5 of 19 
 

where Q is the fire heat release rate (HRR) (W), 𝜌  is the ambient density (kg/m3), 𝐶  is 
the specific heat capacity (J/kgK), 𝑇  is the ambient temperature (K), and 𝑔 is the gravi-
tational acceleration constant (m/s2). In the NUREG-1824 Directive published by the 
United States Nuclear Energy Regulatory Commission (USNRC) and the Electricity Re-
search Institute (EPRI), it defines that 𝐷∗ values should be in a range between 4–16 for an 
optimal analysis in FDS Code [33]. Unlike the number of cells, the grid resolution does 
not depend on the volume of the building, so the corresponding standard has the ad-
vantage of universal application regardless of the size of the building. 

The grid independence test was conducted for three different meshes: coarse mesh 
with a mesh size of 0.75 m, medium mesh with a mesh size of 0.5 m, and fine mesh with 
a mesh resolution of 0.25 m. The number of cells for each type of mesh was 269,865, 
924,000, and 4,254,149, respectively. As shown in Figure 2, the fine and medium meshes 
were compared. The grid errors using two computational grids were calculated using the 
following equation [34] 𝐺𝐶𝐼 =  𝑓 − 𝑓1 − 𝑟  (8)

where 𝑓  is the numerical solution that results from the medium computational grid, and 
the corresponding from the finer is 𝑓 , r is the refinement factor between the two compu-
tational grids, and p is the accuracy of the algorithm, which is 3 for the present study. 

  
(a) (b) 

Figure 2. (a) Comparison of the grid convergence index (GCI) for the U mean velocity and (b) mean 
carbon monoxide concentration for the medium and fine mesh in the symmetry plane of the tunnel, 
with coordinates (x = 1100 m, y = 5.5 m, and z = from 0 to 7 m) and 28 sampling points. 

The grid independence examined the U velocity and carbon monoxide concentration 
values. The values were extracted by a line, downwind of the fire source, in the symmetry 
plane of the tunnel with coordinates (x = 1100 m, y = 5.5 m, and z = from 0 to 7 m) with 28 
sampling points. 

Figure 2. (a) Comparison of the grid convergence index (GCI) for the U mean velocity and (b) mean
carbon monoxide concentration for the medium and fine mesh in the symmetry plane of the tunnel,
with coordinates (x = 1100 m, y = 5.5 m, and z = from 0 to 7 m) and 28 sampling points.

The grid independence examined the U velocity and carbon monoxide concentration
values. The values were extracted by a line, downwind of the fire source, in the symmetry
plane of the tunnel with coordinates (x = 1100 m, y = 5.5 m, and z = from 0 to 7 m) with
28 sampling points.
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The results did not show great deviation, so a combination of the fine and medium
mesh was used as the final mesh for the examination of the three main scenarios. The fine
mesh was used for the field around the fire, while, for the rest of the tunnel, the medium
mesh was used. For the sake of convenience, a mesh size of 0.25 m was used in the area
around the fire (50 m downstream and 50 m upstream), while, for the rest of the tunnel, a
mesh size of 0.5 m was used, as shown in Figure 3. The total number of cells was 1,355,200.
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Figure 3. Grid meshes and fire source. The medium grid of 0.5 m was used for the majority of the
tunnel, while the fine mesh of 0.25 was used near the field of the fire.

The mean value of errors of the U velocity for the coarse and medium meshes was
approximately 14%, for the medium and fine mesh it was 5%, and for the medium and
final mesh used it was 4%. For the CO concentrations, the mean error values for the coarse
and medium mesh was 16%, for the medium and fine mesh was 8%, and for the medium
and final mesh was 6% The mesh resolution, which was proposed in the UNSRC and EPRI
directive, was used in many other tunnel fire simulations such as [35–37].

The work for the numerical simulation was conducted in the National HPC facility—
ARIS, with computational time granted from the National Infrastructures for Research and
Technology S.A. (GRNET S.A.). For each scenario, 22 cores and 56 GB of memory were
used, and the typical time taken to complete each computation was 24 h.

2.2. Validation of Methodology

Kurioka et al. [38] performed experiments using three different tunnel scales, 1:10,
1:2, and a full scale, with rectangular and horseshoe cross-sections. The fire sources used
were of square cross section. The aspect ratio of the tunnel cross-section dimensions, HRR,
and forced longitudinal ventilation velocity was variable. From the experimental data of
the 1/10 scale model, empirical formulas were exported to calculate the flame inclination,
the flame height, the maximum temperature of the smoke layer, and its position. The
effect of tunnel cross-section dimensions was incorporated into these models. The ratio
H3/2/b1/2, where H is the height of the tunnel model and b is the width, was found to be
representative for the investigation of fire phenomena in tunnels. It was also confirmed
that these empirical formulas were sufficiently applicable to predict phenomena occurring
during a fire accident, close to the square fire source field, by comparing the results of
experiments in 1:2 and full-scale tunnels. Hu et al. [39] studied, experimentally and
computationally, the maximum temperature on the tunnel roof. They first compared the
FDS results with the experimental measurements, and then, with the values, they calculated
with the model of Kurioka, Oka, Satoh, and Sugawa [38]. The temperature predicted by the
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FDS was found to converge quite well with both the experimental measurements and the
results of the empirical model.

The Li et al. [40] study provided a theoretical analysis of the maximum temperature in
the tunnel’s roof, based on the axon-symmetric fire plume theory, taking into account the
heat release rate, the longitudinal ventilation velocity, and the geometry of the tunnel. They
conducted scale tests to investigate the maximum temperature on the tunnel roof in case of
fire. Li and Ingason [41] analyzed the effects of different ventilation systems, ventilation
speeds, heat release rates, tunnel geometries, and fire sources on the maximum temperature
under the tunnel roof for large fires. They used data from many model-scale tests and large-
scale tunnel fire experiments around the world. They proposed some empirical formulas
for the maximum temperature on the tunnel’s roof nearby the fire source for low and high
ventilation speeds. Rosignuolo et al. [42] merged the empirical relationships from the two
studies above and defined a formula that exhibited non-linear regression and calculated
temperature values as a function of distance from the fire source. They also distinguished
between small and large fires because, in the event of a very large fire, the flame reaches
the roof, so that the maximum temperature corresponds to the temperature of the flame,
and it is difficult to estimate the mass flow rate. If a portion of the flame volume containing
the combustion zone reaches the roof of the tunnel, the maximum temperature on the roof
is reaching a constant value. Therefore, the maximum roof gas temperature is limited to a
maximum of 1350 ◦C. The formula that calculates the temperature as a function of distance
from the fire source is expressed as follows:

∆T(x)
∆Tmax

= 0.55 exp
(
−0.143

χ− χν

H

)
+0.45 exp

(
−0.024

χ− χν

H

)
(9)

where χ is the distance from the fire source, H is the height of the tunnel, and χν is the
virtual origin, which is calculated as

χν =

{
L f − 10H, L f > 10H

0, L f ≤ 10H
(10)

where L f is the flame length (m). The maximum temperature of the gas depends on its
maximum value on the roof (∆Tmax), which in turn was calculated by defining two different
areas, depending on the dimensionless ventilation speed V′:

∆Tmax=


17.5

.
Q

2/3

H5/3
e f

, V′ ≤ 0.19
.

Q
u0b1/3

f 0 H5/3
e f

, V′ > 0.19
(11)

where
.

Q is the total heat release rate (kW), He f is the effective height of the tunnel (the
height from the fire source to the ceiling) (m), u0 is the ventilation velocity, b f 0 is the radius
of the fire source (m), and V′ is defined as:

V′ =
u0

w∗
(12)

where w∗ is the characteristic velocity of the plume and is expressed by the following equation:

w∗ =

(
g

.
Q

b f 0ρ0CpT0

)1/3

(13)

where g is the gravitational acceleration, (m/s2), b f 0 is the radius of the fire source (m), ρ0 is
the density of air (kg/m3), Cp is the specific heat capacity (kJ/kgK), and T0 is the ambient
temperature (K).
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The values calculated with the empirical model were compared to the numerical results
for Scenario C, measured with thermocouples at the tunnel ceiling (z = 7 m) above and
downwind the fire source (where x = 0 is directly above the fire source). A large difference
in temperature values is shown in Figure 4. The figure shows the good agreement of the
curves at 0 m during the initial stages of the fire. From this point on, the temperature
decreases and follows a scattering trend. There is a consistent difference of around 400 ◦C
between the empirical and the actual temperature values for every location, except for
above the fire pool. This difference leads to the assumption that, since the flame length
increases up to the point that it is equal to and greater than the effective height of the tunnel
and starts crawling horizontally to the ceiling, the smoke layer surrounds the fire source.
The results indicate that there was not enough oxygen for the fire to grow further, so the fire
became ventilation controlled. Other possible reasons for these differences might be that
there are limitations to the validity of parameters such as the geometry of the tunnel and the
fire area (the FDS fire source has different dimensions than those used in the experiments).
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Additionally, for the validation of temperature, the results were compared with the
hydrocarbon (HC) fire curve and modified hydrocarbon fire curve (HCM) used for fire
resistance testing in structural designs and the RABT-ZTV train fire curve. The HC fire
curve is used when there is a risk of liquid fires, e.g., in industrial plants (chemicals),
on ships, pontoons, oil platforms, road, and railway tunnels, as well as for petrol and
diesel pool fires. The HCM fire curve is derived from the HC curve and adjusted for
French regulations. Both HC and HCM curves showed an abrupt temperature gradient in
the first minutes, and their difference is the maximum temperature of 1100 and 1300 ◦C,
respectively. The guideline for the equipment and operation of road tunnels (Richtlinie
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für die Ausstattung und den Betrieb von Straßentunneln) (RABT) defines the so-called
RABT tunnel fire. This is often used for the fire protection design of tunnel structures. The
RABT tunnel fire curve is an artificial fire curve and is intended to cover the maximum
temperatures resulting from tunnel fires [19]. The curve can be used in tunnel design and
testing. The HC and HCM fire curve equations are shown below in Equation (14) and
Equation (15), respectively.

T = 20 + 1080 ·
(

1− 0.325 · e−0.167 t − 0.675 ·e−2.5 t
)

(14)

T = 20 + 1280 ·
(

1− 0.325 · e−0.167 t − 0.675 ·e−2.5 t
)

(15)

where t is time in minutes.
The RABT-ZTV train fire curve followed a linear growth for the first 5 min, where it

reached a maximum temperature of 1200 ◦C. A comparison of the ceiling gas temperature
from the FDS output for Scenario C and the HC, HCM, and RABT-ZTV curves is shown in
Figure 5. The FDS output was in good agreement with the RABT-ZTV fire curve for the first
minutes, until the activation of the ventilation system, which happened at 480 s. Scenario C
was selected because of the delay in the activation of the jet fans, so the temperature rise
was more in accordance with the fire curves.
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the FDS output for Scenario C and the HC, HCM, and RABT ZTV standard fire curves.

2.3. Evacuation and Tenability Analysis

For each scenario (A, B, and C) three different evacuation times were examined +60 s,
+120 s, and +300 s after the start of the fire. The evacuation of passengers was effectuated
along the walking platform on the side of the tunnel. The total number of passengers was
524 which corresponds to 80% capacity of an intercity train with 8 wagons, each of which
can accommodate 80 passengers. The evacuation simulation and FED index calculation
were conducted with Pathfinder, which is an interface for the FDS + EVAC code developed
by the NIST [31].

For the three evacuation scenarios, eight occupant sources were created, each one
simulating the door of a wagon. The total population number that exited the tunnel was
524 persons. This accounts for approximately 80% capacity of the train, assuming each
wagon carries 80 passengers at full capacity. The profile of the passengers was set as the
default profile provided, with a height of 1.8 m and a walking speed of 1.19 m/s. For the
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sake of convenience, only the entrance of the tunnel was marked as the exit point for the
passengers to move towards to.

3. FDS Simulation Results

Three different scenarios were examined (A, B, and C) with three different fan activa-
tion times after a fire accident, at +180 s, +300 s, and +480 s, respectively. For all the cases,
all the fans were activated at the same time. The three different scenarios for the different
jet fan activation times were set up with the Pyrosim interface provided by Thunderhead
Engineering. The extracted results were temperature, flow velocity, the volume fraction of
gases, and heat release rate (HRR) values.

As shown in Figure 6, the input fire curve is in good agreement with the numerical
results for the HRR curve.

Figures 7 and 8 show that the longer the activation of the ventilation system is delayed,
the higher the temperatures appear in the tunnel ceiling. This rapid rise in high temperature
can result in spalling, which is the detachment of structural material, such as concrete, often
happening in an explosive way. This poses a great threat for the population in the tunnel.

Moreover, a time delay in the ventilation system activation creates a greater smoke
dispersion, as shown in Figure 9, and thus a greater dispersion of the harmful combustion
products. This can affect the evacuation process due to reduced visibility and soot inhalation.

As shown in Figure 10, the temperatures at the ceiling above the fire source are in
good agreement with the RABT ZTV fire curve in the first minutes of the simulation. Then,
when the ventilation system was activated, the temperature dropped and reached a steady
value of around 450 ◦C.

Figure 11 shows that the development of ventilation flow started immediately after
the activation of the jet fans. The air flow inside the tunnel needs about 300 s, after the jet
fans achieve the nominal power, to reach the critical velocity value, but the thrust of the
jet fans, even before they reach full power, is capable of pushing the smoke downwind of
the fire source. Moreover, Scenario A showed some smoke layer entertainment, which was
due to the pressure difference at the tunnel openings, which created a draft with a velocity
around 0.5 m/s (Figure 12 at the 180 s time frame). As shown in Figure 12, the peak at
750 m (fire source) was due to the smoke layer and the presence of the train, which reduced
the area of the tunnel in this section, resulting in higher velocities. This phenomenon can
be seen in Figure 11, where, near the train location, a great volume of the flow had the
critical velocity value. As depicted in Figure 13, the mean longitudinal velocity was in the
range of 2.7 m/s and was achieved within 600 s from the jet fan activation time. Ventilation
conditions are achieved as long as the jet fans reach their nominal output volume flow, but
this does not mean the tunnel airflow velocity has reached the critical value.
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4. Temperature and FED Index

Increased air temperatures may make it difficult for the people to move. This increase
affects the train evacuation process. The critical temperature in a confined space, such as
a tunnel, is the temperature where a person’s movement and actions are impaired, and
it is defined as 60 ◦C [43]. Figure 15 shows that, for every scenario, the temperature at
the walking platform, at a height of 2 m, did not exceed 24 ◦C. In these conditions, the
evacuation can be carried out normally.

The calculation of FED with Pathfinder used the equations described in the SFPE
Handbook of Fire Protection Engineering, 5th Edition [44]. Only the concentrations of the
narcotic gases CO, CO2, and O2 were used to calculate the FED value.

FED = FEDCO ·VCO2 + FEDO2 (16)
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This calculation does not include the effect of hydrogen cyanide (HCN), and the effect
of CO2 is only due to hyperventilation. Carbon dioxide does not have toxic effects at
concentrations of up to 5%, but it stimulates breathing, which increases the rate at which
the other fire products are taken up.

FEDCO = 3.317 ·10−5·CO1.036·V·t/D (17)

where CO is the concentration of carbon monoxide (ppm v/v 20 ◦C), V is the volume of air
breathed each minute (L/min), with its value being 25 L/min for an activity level of light
work (walking to escape), t is time in minutes, and D is the exposure dose (% COHb), with
its value being 30% for an activity level of light work.

Hyperventilation due to carbon dioxide can increase the rate at which fire products
are taken up. The multiplication factor is given by the equation

VCO2 = exp(0.1903·%CO2 + 2.0004)/7.1 (18)

where % CO2 is the volume fraction of CO2 (v/v). The fraction of an incapacitating dose of
low O2 hypoxia is calculated as:

FEDO2 =
t

exp [8.13− 0.54·(20.9−%O2)]
(19)

where t is time in minutes, and % O2 is the oxygen volume fraction (v/v). The measurement
location for FED quantity sampling is 90% of occupant height. For example, FED data for
an occupant with height = 1.8 m would be sampled 1.62 m above the occupant’s location.
When the occupant is not inside an FDS mesh, the FED calculation is paused until the
occupant enters another mesh [31].

FED values never reached the critical value of 1, where a person is considered in-
capacitated, but some interesting results were extracted. The maximum values of FED
are presented in Table 1 and compared in Figure 14. As shown, the longer the activation
of the ventilation system was delayed, the more the uptake of combustion products and
toxic gases increases. This is also shown in Table 2 and Figure 16, where the results for the
mean fed values for each case are presented. It is important to be mentioned that, while
maximum FED values for scenario A are about six times lower than the values for Scenario
C, the mean FED values for Scenario A are an order of magnitude lower than Scenario C.
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Table 1. Max FED index for the three different scenarios and evacuation times.

Max FED

Evacuation Start Time (s) Scenario A Scenario B Scenario C

60 2.12 × 10−4 1.98 × 10−3 5.20 × 10−3

120 1.96 × 10−4 1.96 × 10−3 6.38 × 10−3

300 1.40 × 10−4 1.93 × 10−3 6.67 × 10−3

Table 2. Mean FED index for the three different scenarios and evacuation times.

Mean FED

Evacuation Start Time (s) Scenario A Scenario B Scenario C

60 2.60 × 10−5 4.14 × 10−4 7.43 × 10−4

120 2.60 × 10−5 5.21 × 10−4 1.37 × 10−3

300 5.00 × 10−6 4.23 × 10−4 2.38 × 10−3
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5. Discussion and Conclusions

Three different scenarios with different jet fan activation times, combined with three
different evacuation scenarios, were studied. Firstly, validation of the temperature and crit-
ical velocity was conducted. The results showed a good agreement between the theoretical
and simulation values, thereby the ventilation system was capable of providing sufficient
air for smoke extraction.

The evacuation process showed that the passengers were not in danger, but important
results regarding the importance of the jet fan activation time were extracted: From the
FED values calculated for the nine cases in total, it was concluded that the most important
action in a tunnel fire is the ventilation system activation time, after the start of a fire. If the
ventilation system is delayed for any reason and the passengers have started evacuating
the train, it is safer to wait for the population to travel some distance, possibly way past
the train, and then the jet fans should be activated. If the ventilation system is activated
in time, it seems safer to delay the initialization of the evacuation until the jet fans have
reached their nominal output.

It is important to mention that there was no diversity in the population. Each simulated
person had the same characteristics with each other as the movement speed and other
factors that affect the evacuation process such as dimensions and comfort distance from
each other. This affects results since, in real-life scenarios, the population is mixed (elderly
people, people requiring assistance to move, people with baggage and families).
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