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Abstract: Almost all recently built subway stations are equipped with Platform Screen Doors (PSDs)
due to the numerous proven benefits of these systems. In addition, PSDs are now being introduced
in existing subway stations, but their operation in conjunction with previously designed ventilation
systems in case of emergency should be deeply studied. In this context, the objective of this study is to
assess the efficiency of the planned emergency strategy (coupled operation, ventilation systems—PSDs
system) in the case of trains on fire stopped at the platform of a subway station retrofitted with
PSDs. The approach is based on Computational Fluid Dynamics (CFD) full-scale simulations to
predict the airflow, temperature, and pollutant (carbon monoxide—CO and carbon dioxide—CO;)
concentrations caused by the fire. The results show the evident contribution of PSDs in stopping the
dispersion of hot and polluted air in the subway station during the entire simulation time (20 min
from the arrival of the train on fire). Consequently, the investigated emergency strategy (exhausting
air both through the “over track system” and the “under platform system”, simultaneously with
the opening of the PSDs on the side with the train on fire) assures the safe evacuation of passengers
as soon as they have left the subway train. The results indicate that access to the platform is not
perturbed by high temperatures or dangerous concentrations of CO and CO,.

Keywords: Computational Fluid Dynamics (CFD) modeling; subway fire; emergency ventilation;
Platform Screen Doors (PSDs)

1. Introduction

In the current context of larger urban areas, which are overwhelmed by traffic and
pollution, subway networks (often with underground sections) are relevant solutions for
urban transport and pollution reduction. Consequently, it is not surprising that in recent
years there has been an accelerated development of global subway systems in all major
cities, with almost 2000 km of subway networks built between 2015 and 2017, in addition
to the almost 12,000 km already existing [1]. This expansion of subway systems has led to
an impressive number of passengers, currently reaching a worldwide average of almost
170,000,000 people/day [1].

On the other hand, this high passenger density within subway networks generates
serious issues concerning safety. As a result, in recent years there has been a growing world-
wide interest in the implementation of various protection systems in subway networks.

Such a system consists of Platform Screen Doors (PSDs), used in metro stations to
separate the platform from the train tracks. It is worth mentioning that the global trend is to
adopt this technology in most of the stations to be built. Statistics confirm that almost 90%
of all subway stations built between 2008 and 2018 are equipped with PSDs that prevent
people from accessing subway lines when the train is not in the station [2]. It is obvious that
PSDs offer numerous benefits. The most important advantage is that PSDs are a physical
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barrier that prevent people or objects from reaching the subway tracks. Accordingly,
installation of PSDs at metro stations has drastically reduced the number of suicides (by
76% in Japanese subways [3], by 89% in South Korean subways systems [4], and by almost
91% in Shanghai city metro [5]). Another benefit of installing PSDs is the lowering of
the noise level in subway stations. Soeta and Shimokura [6] performed measurements at
24 underground and above-ground subway stations in Japan, the conclusion being that
PSDs reduce the noise level by about 8 dB, making the noise more diffuse and blocking
its low frequency components. On the other hand, due to the environment separation
between the platform and the subway tunnels provided by PSDs, it is theoretically possible
to maintain the thermal comfort in metro stations using less energy. Nevertheless, Hu
and Lee [7] studied the energy consumption for a subway station with PSDs, concluding
that installing these systems significantly reduces the air flow required to ensure thermal
comfort conditions in the station, but at the same time this increases the air flow required to
dissipate the heat generated by trains, which means that the annual energy balance of the
metro station remains approximately the same. It was found, however, that reduction in the
metro station’s energy consumption could be achieved by installing PSDs with integrated
adjustable vents that can be opened to facilitate the exchange of air between the tunnels and
the platforms [8]. This solution could reduce the ventilation energy consumption in metro
stations by 19-57%, depending on climatic conditions [9]. The analyses also focused on
air quality in subway stations equipped with PSDs [10-13]. The measurements completed
before and after the installation of PSDs in different metro stations showed that, in most
cases, the concentrations of different pollutants were considerably reduced in stations with
PSDs. The explanation for this lies in the fact that PSDs prevent the transfer of a significant
amount of pollutants from tunnels to stations [11].

On the other hand, the PSDs in the stations certainly have an impact on ventilation
in the case of emergency. Chen et al. [14] investigated the smoke control system for a
typical subway station of the Taipei Rapid Transit System without/with PSDs. Their results
showed that, in the case of the configuration with PSDs, smoke evacuation is achieved in
a shorter time by the two tunnel ventilation systems. Hu et al. [15] numerically studied
(Computational Fluid Dynamics—CFD modeling) the most effective way to assure the
exhaust of smoke in the event of a train on fire, stopped beside the platform of a subway
station provided with PSDs. Their conclusion was that the best ventilation strategy is
ensured by activating the exhaust system from the tunnel ceiling and the exhaust system
from the platform. Another ventilation approach was proposed by Meng et al. [16] in
the case of a train fire at subway station with PSDs, based on CFD simulations: the
station air supply system, platform exhaust system, and the over track exhaust system
are on, while the platform air supply system and under platform exhaust system are off.
In addition, Roh et al. [17] showed, also via CFD studies, that when using PSDs and
ventilation systems, the time available for evacuation increased by almost 6 min compared
to the scenario without PSDs (for the modeled subway station). Li and Zhu [18] performed
CFD simulations for an island-type subway station, equipped with PSDs, in the event of a
fire on the platform. They concluded that opening the PSDs on both sides of the platform
improved the efficiency of mechanical smoke exhaust and therefore the time to maintain
safe evacuation conditions for people increased. The effect of PSDs on smoke evacuation
from a subway station was also studied by Wang et al. [19], by performing twenty-four CFD
simulations for different PSD switch modes. The results showed that the closing/opening
of the PSDs is deeply related to the position of the fire and the ventilation systems available
in the station. The impact of PSDs on the evacuation of smoke and pollutants was also
studied by Jung et al. [20] for a subway station with three underground levels, using
CFD modeling. The results of the simulations performed for eight emergency situations
indicated that the optimal smoke control (including opened/closed PSDs) depends on each
fire scenario considered.

Consequently, based on the studies mentioned above, it is not possible to generalize
the solutions considered effective in terms of increasing the safety of passengers on subway
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networks, from one configuration to another. In order to implement adequate systems, as
well as their correct use (e.g., coupling ventilation systems/PSDs) depending on the situa-
tion, it is necessary to carry out in-depth studies, specific to each analyzed configuration. In
this context, as it is planned that the stations of the Bucharest subway network be retrofitted
with PSDs, the purpose of this work is to numerically investigate (CFD modeling) the
efficiency in case of fire of the existing emergency ventilation systems for a typical metro
station in Bucharest, in conjunction with the implementation of the new PSDs.

The configuration taken into consideration is based on a two-underground-level
subway station equipped with PSDs. The entire description of this configuration, as
well as the hypotheses of the emergency situation, are given below, followed by details
concerning the CFD model development and the presentation of results in terms of air flow,
temperature, and CO and CO; concentrations in the computational domain, focusing on
regions of particular interest (e.g., near the PSDs, station platform).

2. Materials and Methods
2.1. Subway Station Configuration

The geometry considered is fully based on the design plans of a typical metro station
in Bucharest. The metro station has two underground levels with three interior stairways
and an elevator. The dimensions of the station (at the level of the platform) are about 200 m
long, 16 m wide, and 4 m high. The station is island type, with the platform built in the
middle and a subway line on each side of it (Figure 1).

Figure 1. Subway station taken into account in the simulations.

The platform of the station is considered to be retrofitted with full-height PSDs on
each side toward the subway line, as seen in Figure 2.

close PSDs

open PSDs

Figure 2. PSDs system considered to be installed on the platform of the station.

2.2. Emergency Scenario

The emergency scenario is as follows: a subway train caught fire between two stations,
but it manages to reach the station to evacuate the passengers. The fire is supposed to be
caused by mechanical or electrical failures [14,21], close to the middle of its length (6 cars,
total length 120 m), which leads to the initiation of a fire under its chassis [22,23]. On the
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other hand, in order to simulate the situation corresponding to one of the most dangerous
scenarios regarding the spreading of smoke in the subway station (worst case scenario), the
fire was placed by defining a zone specially for this (2 m long and 1 m width), on the lower
side of the train towards the platform, in the middle of its length (60 m from the train start
and 60 m from the train end). This position was also chosen so that it is between two doors
of the PSD system (see Figure 3).

. Fire outbreak
Subway train

Figure 3. Location of the fire source.

Concerning the maximum thermal power of the fire heat release rate (HRR), most
studies dealing with fires in metro stations use values between 5 and 10 MW. For example,
values of 5 MW were proposed by Jung et al. [20] and Xi et al. [24]; maximum HRR values of
7.5 MW were used in the CFD studies [25-28], and values of up to 10 MW in other numerical
analyses [14,16,29]. Consequently, a maximum HRR value of 10 MW was considered in this
study to verify under most unfavorable conditions the operation of the ventilation system
of the subway station provided with PSDs. Furthermore, the fire growth considered in the
simulations is based on a “t2 fire model” HRR curve (Figure 4). As a result, the maximum
HRR and pollutant emissions increased in the first 10 min of the simulations as in the case
of a real fire [30].

12

HRR (MW)

0 5 10 15 20

Time (min)

Figure 4. HRR vs. time.

This approach, based on “ultra-fast” fire development (according to data in Figure 4),
is common in fire safety studies, as well as in other tunnel fire simulations [28,31,32].

In addition, simulations performed using Fire Dynamics Simulator (FDS) 6.7.4 soft-
ware (developed by NIST—National Institute of Standards and Technology, United States
Department of Commerce, Gaithersburg, MD, USA) allowed determination of the CO
and CO; emissions for the fire. The material considered in the FDS model is polymethyl
methacrylate (PMMA), commonly known as “acrylic glass”. It is worthwhile mentioning
that this material is found in large quantities in the composition of different elements of
subway trains [33,34]. CO and CO; emissions obtained from the combustion model in FDS
are shown in Figure 5.
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Figure 5. Fire pollutant emissions. (a) CO, (b) CO5.

2.3. Ventilation Systems and Emergency Strategy

The ventilation system of the subway station includes an “over track system”, which can
be used for both supply and exhaust (standard operating mode: air flow rate 200,000 m> /h;
emergency operating mode: air flow rate 400,000 m3/h).

This system consists of two air ducts, placed on either side of the island-type platform,
above the train tracks. The air ducts are provided with 80 round grilles (30 cm diameter),
40 on each side of the platform (Figure 6).

Circular diffusers

Circular diffusers Rails | -

Figure 6. Over track ventilation system in the subway station.

The station is also provided with an “under platform exhaust (UPE) system” of
maximum 20,000 m3/h air flow rate (Figure 7).

UPE devices

Rails

Figure 7. UPE system in the subway station.

On the other hand, the ventilation system for the subway network near to the consid-
ered station includes an “end-of-station fan plant” placed in the tunnel, very close to the
station (Figure 8). This system can operate for both supply and exhaust in normal conditions
(air flow rate 200,000 m3/h) or emergency conditions (air flow rate 400,000 m>/h).
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end-of-station  Circular diffusers (exhaust: 400,000 m3/h)

fan plant: off Fire outbreak Subway
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Figure 8. Ventilation emergency operating mode in the subway station.

The normal operation of these ventilation systems assumes that, in summer, the fresh
air is supplied in the station through the “over track system” and exhausted by the “end-of-
station fan plant” and UPE system. In the winter, the main air flow direction is reversed in
order to use the heat released from the tunnel to heat the station (the air is supplied by the
“end-of-station fan plant” and evacuated by the “over track system” of the station, while
the UPE system keeps exhausting the air).

On the other hand, in the case of a train on fire arriving at the station, the proposed
emergency strategy for the station with PSDs is the following:
the ventilation of the station (“over track system”) is exhausting air (400,000 m3/h);
the UPE system is exhausting air (20,000 m?/h);
the PSDs system on the platform side with the train on fire is open;
the PSDs system on the other side of the platform is closed.

This approach is supposed to prevent the spread of smoke and pollutants from the
tunnel toward the platform of the station, and it should be generally employed in the
stations retrofitted with PSDs in the Bucharest metro.

Consequently, the CFD model developed in this work is entirely based on the emer-
gency strategy described above, as the objective of this study is to assess if it is possible to
safely evacuate passengers under these conditions. The construction of the CFD model is
given below.

2.4. CFD Model

The CFD model is developed using Ansys Fluent 15.0 software package (provided
by Ansys, Canonsburg, PA, USA). Theoretical and practical considerations regarding CFD
modeling can be consulted in [35]. The main elements of the developed CFD model in this
paper are presented as follows.

e  Geometry: based on the design plans, the three-dimensional (3D) geometry of the
station was built, respecting all the details related to the interior construction elements
(e.g., resistance pillars, interior stairs, railings, elevator, etc.), as shown in Figure 9. It
should be noted that the defined geometry represents a 1:1 full scale model.

e  Computational domain discretization: finite volumes—unstructured mesh, based on
tetrahedral elements. The mesh was refined in the following regions (using local sizing
discretization functions): near the circular diffusers of the station ventilation system
(Figure 10), area close to the air exhaust devices of the UPE system, area adjacent to
the fire outbreak, and nearby the subway rails.
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Figure 9. Subway station geometry in the numerical model.

(]
Circular diffusers [—» ,

Figure 10. Refined mesh near the circular diffusers of the station ventilation system.

It is worth mentioning that thorough studies were performed in order to obtain the

grid independent solutions, considering three meshes with 10 million, 14 million, and
18 million elements (obtained using different settings for local mesh controls, e.g., “growth
rate” [36]: 1.20 for 10 million mesh, 1.18 for 14 million mesh, and 1.14 for 18 million mesh).
These three meshes were analyzed by comparing air velocity in a cross section through
the fire outbreak (Figure 11). The results show that the velocity field for the coarser mesh
is totally different (with much higher air velocities) from those for the other two (refined)
meshes, while the differences between 14 million mesh and 18 million mesh are minimal.
Consequently, the discretization with 14 million elements (exact number: 14,164,713 cells)
was employed to perform the study.

Turbulence modeling: “standard k—¢ two-equation model” [37], with values for the
model constants according to Launder and Spalding [37]. This approach was suc-
cessfully used in analogous numerical studies [31,38—40]. In addition, Peng et al. [41],
in a review article covering over 50 CFD numerical studies, concluded that the k-¢
turbulence model is the most widely used for air flow modeling in subway networks
(stations and tunnels). Moreover, the need for computational resources is reduced
for the standard k—¢ two-equation model compared to other turbulence models with
two or more additional equations. This is even more important in the case of our
configuration, with a very large computational domain and unsteady simulations.

Near wall treatment of the flow: “standard wall functions” [37], as the aim of this
study is not to predict in detail the air flow in the boundary layers. In addition, the
choice of a more complex model (which would better capture the influences of the
walls on the air flow) would have required a denser discretization, which would also
have led to higher Central Processing Unit (CPU) usage [42]. On the other hand, the
approach based on “standard wall functions” requires specific conditions concerning
the discretization near the solid borders, related to the distance between the near-wall
cell centroid and the wall. The acceptable distance for the valid use of “standard
wall functions” in the case of wall-bounded turbulent flows is judged by means of y*,
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which represents a non-dimensional distance, defined in the same manner as the local
Reynolds number:

U
+ _ Yty
=7 M

y

where U.—friction velocity at the nearest wal, y—distance to the nearest wall, and v—
local kinematic viscosity of the fluid. The recommended y* values for “standard wall
functions” are 30 < y* < 300, with mention that values close to 30 are considered much
more appropriate [43]. The average y* values for the solid borders of the computational
domain in our study are as follows: walls of the metro station, y* = 33.23; subway train
walls, y* = 36.52. As a result, it can be concluded that the discretization requirements were
respected for a proper use of the “standard wall functions”.

10 million mesh

Retea de discretizare cu
14 milioane elemente

Retea de discretizare cu
18 milioane elemente

Figure 11. Air velocity fields (m/s) for the three considered meshes.

e  Modeling of monoxide carbon (CO) and carbon dioxide (CO;) dispersion: transport
and diffusion of the CO and CO; based on solving two conservation equations of the
CO and CO; mass fraction, considering a mixture of air-CO-CO; in the computational
domain, with the following assumptions—the mixture and its three species are treated
as ideal gas; mass transfer and heat transfer in the mixture are supposed negligible; no
chemical reaction between the three gases; mixture density—ideal gas law; mixture
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specific heat capacity—mixing law; mixture thermal conductivity and viscosity—
kinetic theory. Moreover, CO and CO, diffusion coefficients in air have constant
values as follows: 2.0 x 107> m?/s (CO) and 1.6 x 107> m?/s (CO,). The general form
of the conservation equations is as follows (tensor notation):

Paixi(uimi’) + aixi]i’,i =S5 2
where the first left-hand side term represents the convection (o—mixture density, x;,—spatial
coordinate, u;—velocity component in i direction, my—species mass fraction, CO/COy),
the second left-hand side term stands for the diffusive term (J; ,—CO/CO; diffusion flux),
and the right-hand side term, Sy, is the source term. The term for diffusion in Equation (1)
includes both molecular diffusion and turbulent diffusion, as expressed below:

0 d om; 0 ( ——

T Jii = po—| Dy o | = = (—1ulm,
ox; Jini Pox; ( P9 ) 9x; ( ity ) ©)
where the first right-hand side term represents the molecular diffusion (D; ,,—diffusion
coefficient) and the second right-hand side term is the turbulent diffusion (u;,,,»—turbulent

mass flux of CO/CO,, u/—velocity fluctuation). The turbulent diffusion term is determined
based on Reynolds analogy through the eddy viscosity (y;) and turbulent Schmidt number
(Scr) [44]:

T, - ﬂ ami/
( uimi’) ~ Scy dx; @
The turbulent Schmidt number is given by the following expression [45]:
M
Ser = oD; ©)

where D;—turbulent mass diffusivity. The value of the turbulent Schmidt number used in
the simulations, both for CO and CO;, was 0.7, according to the literature data.

Finally, the values of the CO/CO, source term in Equation (2) are specified according
to the planned fire scenario (see Figure 5).

e Radiation modeling: “conservative discrete ordinates (DO) radiation model”. This
method is based on the finite-volume discretization to transform the radiative transfer
equations in the transport equations for radiation intensity [46]. This is performed
for a specified number of discrete solid angles within the computational domain. The
number of radiation intensity transport equations is set by the number of defined
discrete solid angles for the DO radiation model. These solid angles are obtained
by means of “control angles” that establish the angular space discretization for each
octant [47]. The number of discrete solid angles per octant used in the simulations
is minimum: two control angles both for the polar and azimuthal angles. It is worth
mentioning that this approach allows significant savings in term of CPU time, without
affecting the accuracy of the results [47].

e  Fire modeling: time-varying source terms of energy, CO, and CO;. These source terms
are set in the conservation energy equation and species (CO and CO;) conservation
equation, respectively, according to the proposed fire scenario (see Section 2.2).

e Boundary conditions: set velocity for 80 circular grilles of the subway station ventila-
tion system (the “over track system”) and 15 openings of the “under platform exhaust
(UPE) system” to reach the imposed airflow rates, according to the ventilation emer-
gency operating mode in the subway station (see Section 2.3): atmospheric pressure
for all the other openings in the computational domain (the three exits of the station
and four connecting tunnels with the neighboring stations in the metro network).
This method led to the appropriate overall balance of the mass airflow rates in the
computational domain during the simulations. Concerning the boundary conditions
for the turbulence quantities (necessary for circular diffusers and grilles of the UPE
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system), they are imposed by means of two parameters: the turbulence intensity and
the turbulence length scale. The imposed value for the turbulence intensity is 6%,
which corresponds to an average turbulent intensity, also indicated in the literature for
such situations. On the other hand, the turbulence length scale is determined based on
the hydraulic diameter of the circular diffusers/rectangular grilles of the UPE system.

e  Numerical resolution: solver—pressure based (velocity formulation: absolute); pres-
sure/velocity coupling—SIMPLE algorithm; spatial discretization (gradient)—least
squares cell based, pressure—second order, momentum, turbulent quantities, species
(CO, COy), and energy—second order upwind scheme for convection terms and sec-
ond order central difference scheme for diffusion terms, DO (radiation)—first order
upwind scheme for convection term and second order central difference scheme for
diffusion term; system resolution—Gauss-Siedel algebraic multigrid (convergence
acceleration); under relaxation factors: pressure 0.3, body forces 0.5, density 0.5, mo-
mentum 0.4, turbulent quantities 0.4; turbulent viscosity 0.5; CO 0.5; CO, 0.5; energy
0.5; discrete ordinates (radiation) 0.5; transient simulations formulation—first order
implicit (maximum iterations/time step: 15, time-step 0.5 s).

3. Results and Discussion

The results of the unsteady simulations are presented minute by minute for the first
5 min after the fire broke out, as these are the most important minutes for the emergency
evacuation of passengers from the subway station [48]. The results of the simulations
after 10, 15, and 20 min are also presented to assess the effect of emergency ventilation
and PSDs on the evacuation of hot air and pollutants and to have an overview of the
emergency situation at the station throughout the simulation. The results are given in
term of longitudinal and cross sections, as well as 3D images that predict the air flow,
temperature, CO, and CO, concentrations in the area near the ventilation devices, the fire
outbreak, and the PSDs.

The temperature fields obtained during the simulations are presented in Figure 12
(minutes 1-4) and Figure 13 (minutes 5-20) for a cross section through the area of the fire
outbreak, on the left side of it (direction of propagation for hot air and pollutants).

It can be seen that the area of the subway train with the fire outbreak is missing because
the temperature in this region is higher than the maximum temperature scale used to more
clearly represent the temperature fields in these figures. The maximum temperatures in
the fire outbreak region have values between 900 and 1100 °C, in accordance with the
temperature levels determined experimentally in [49] for fires with similar HRR values
to those in this study. On the other hand, it is worth mentioning the important effect of
the PSDs on limiting the propagation of hot air into the subway station. It can be clearly
seen that if PSDs did not exist, a large amount of hot air would reach the platform area and
prevent the safe evacuation of passengers.

The CO concentrations are given in Figure 14 (minutes 1-4) and Figure 15 (minutes 5-20)
in the same cross section through the fire outbreak (with maximum values of 6450 ppm).

It can be noted that the CO accumulates in the space between the subway train and
the PSDs. Consequently, these results show once again the impact of PSDs in blocking the
entrance of polluted air into the station.

The CO; concentrations in the same region are shown in Figure 16 (minutes 1-4) and
Figure 17 (minutes 5-20).

It can be observed that, in the first minutes, CO; accumulates under the subway
(maximum concentration: 77,000 ppm) as the density of this gas is higher than air density.
Furthermore, the impact of PSDs to limit the penetration of pollutants into the station
is even more obvious in this case, as the PSD system stops the spread of CO, at the
entire system height. Finally, CO, is driven by the upward movement of air towards the
ventilation devices above the train, following the same distribution pattern as CO.
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Figure 12. Temperature contours (°C)—cross section through the fire outbreak (minutes 1-4).
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Figure 13. Temperature contours (°C)—cross section through the fire outbreak (minutes 5-20).
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Figure 14. CO contours (ppm)—cross section through the fire outbreak (minutes 1-4).
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Figure 15. CO contours (ppm)—cross section through the fire outbreak (minutes 5-20).



Appl. Sci. 2022,12, 8296 15 of 29

96090 100075 104060 10M045 112030 116015 120080

Subway train

section

Fire outbreak

Figure 16. CO, contours (ppm)—cross section through the fire outbreak (minutes 1-4).
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Figure 17. CO, contours (ppm)—cross section through the fire outbreak (minutes 5-20).

Moreover, Figures 18-23 present the temperature, CO concentration, and CO, concen-
tration through the door of the PSD system to the left of the fire outbreak; this is the place
with the highest chance that the polluted hot air will enter the station.
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Figure 18. Temperature contours (°C)—cross section through the door of the PSD system near the
fire outbreak (minutes 1-4).
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Figure 19. Temperature contours (°C)—cross section through the door of the PSD system near the

fire outbreak (minutes 5-20).
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Figure 20. CO contours (ppm)—cross section through the door of the PSD system near the fire
outbreak (minutes 1-4).
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Figure 21. CO contours (ppm)—cross section through the door of the PSD system near the fire
outbreak (minutes 5-20).
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Figure 22. CO; contours (ppm)—cross section through the door of the PSD system near the fire

outbreak (minutes 1-4).
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Figure 23. CO, contours (ppm)—cross section through the door of the PSD system near the fire
outbreak (minutes 5-20).

As can be seen, the frame of the PSD system (at the top of the door to the ceiling) has a
role as important as the part between the two consecutive doors. It represents a physical
barrier that blocks the access of smoke generated by fire to the platform.
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On the other hand, it is worth mentioning that the buoyancy effect of the smoke
generated by the fire is well represented by the results from this section, located at 2 m from
the fire outbreak. In addition, although no UPE device is in this section, the contribution of
the UPE system to limiting the spread of smoke toward the platform can be clearly noticed.

Additional analyzes were performed to verify that air flow occurs entirely from the
station to the tunnel to prevent smoke from entering the platform. Therefore, air velocity
vectors are studied in a horizontal plane through the top of the PSD system, in the center of
the station (Figure 24).

Figure 24. Air velocity vectors (m/s)—longitudinal section at the top of the PSD system (minute 20).

It can be seen that the velocity vectors are oriented everywhere from the platform
in the direction of the tunnel. In addition, air velocity vectors are analyzed in the cross
section through the door of the PSD system near the fire outbreak (the same section from
Figures 18-23)—Figure 25. The direction of air flow through the open door is clear: from
the platform towards the tunnel and further to the evacuation above the train and under
the platform.

PSD frame

Subway

train section

kS *r+ L7 . i

PSD door

Figure 25. Air velocity vectors (m/s)—cross section through the door of the PSD system near the fire
outbreak (minute 20).

Finally, in order to have a complete image of the situation in the subway station during
the considered emergency situation, 3D representations (Figures 26-28) are considered
that capture the distribution of hot air and pollutants from the fire outbreak towards
the ventilation devices. Based on the results concerning all three monitored parameters
(temperature—Figure 26; CO concentration—Figure 27; CO; concentration—Figure 28),
it can be seen that the hot and polluted air near the fire outbreak is directed to the left
due to the air flow entering the station from the connecting tunnels and not towards the
ventilation devices located above the fire outbreak. Despite this asymmetrical spread, the
efficiency of emergency ventilation remains very good, as the smoke does not reach the
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evacuation area. Moreover, air velocity vectors are presented in Figure 29, in a horizontal
plane between the subway train and the ceiling. It can be noted that there is a correlation
between the air flow in this area and the tendency of hot air and pollutants to move towards
the ventilation devices located up high, on the left-side of the fire outbreak.

Figure 26. Temperature distribution (°C)—area above the fire outbreak.
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Figure 27. CO distribution (ppm)—area above the fire outbreak.
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Circular diffusers

Figure 28. CO,; distribution (ppm)—area above the fire outbreak.
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Figure 29. Air velocity vectors (m/s)—longitudinal section between the subway train and the ceiling
(minute 20).

4. Conclusions

The major aim of this study is to check the efficiency of the designed ventilation system
for a subway station with two underground levels, retrofitted with PSDs, in the case of
a train on fire stopped at the platform. The analysis is based on full-scale unsteady CFD
simulations for the subway network considered. For this, a CFD model has been developed,
including an approach that allows the determination of CO and CO; concentrations in the
computational domain, starting from the proposed fire scenario.

The obtained results clearly show the effect of PSDs in limiting the spread of hot
and polluted air in the area of the platform, where the emergency evacuation of people
should take place in the first minutes after the train on fire is stopped at the platform.
Thorough investigations of the numerical results indicate that the planned emergency
strategy (based on exhausting air both through the “over track system” and the “under
platform system”, in conjunction with opening the PSDs on the side with the train on fire)
assures a tenable environment and, thus, the safe evacuation of passengers. It should be
noted that this occurs throughout the entire simulation time (20 min), starting with the very
first seconds. Consequently, this emergency strategy in the event of trains on fire stopped
at the platform of the stations could be recommended for other stations retrofitted with
PSDs in the Bucharest subway network.

On the other hand, the results of this study should be further investigated considering
other configurations (e.g., modified fire outbreak positions, multiple fire sources, different
fire development, another HRR maximum power) or issues (e.g., opening the PSDs on the
opposite side of the fire, starting the nearest end-of-station fan plant, problems related to
the operation of ventilation systems—delayed starts, low air flow rates, etc.).

In addition, sensitivity analysis studies for the CFD model presented in this paper
should be methodically carried out in future work to assess the influence of main un-
certainty sources in the model (e.g., distribution and mean value of diffusers/grills, air
velocity, turbulence modeling, fire hazard) on the results. Data from these investigations
will facilitate the assessment of uncertainty bands for the principal outputs of the model
(e.g., pollutant concentrations). Moreover, this will allow the evaluation of the individual
influence of certain model input data, considering the overall deviations of the numerical
results. This is very important to fully understand the simulation results and their proper
application in fire safety studies for subway stations equipped with PSDs.
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