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Abstract

In the present work, a semi-transverse ventilation system in a long tunnel with a length of 4.9 km, as a complex case study, is numer-
ically studied by performing a set of three-dimensional steady incompressible computational fluid dynamics (CFD) simulations. The ven-
tilation system consisted of a ceiling duct connected to two axial fans at the ending portals, and a series of jet fans in the main tunnel for
supporting airflow in the desired direction. To focus on what can and cannot be achieved in commissioning tests, the ventilation system’s
performance in various scenarios is numerically evaluated with two different tunnel states; empty tunnel and complete traffic congestion
with 1176 stationary vehicles — which is almost impossible to evaluate during a commissioning test. By considering two hypothetical loca-
tions for the extraction zone from the main tunnel (in a distance of 450 and 1000 m from one portal), it is shown that the required number
of jet fans in a traffic condition drops from 57 for the first extraction location to 43 (25% decrease) when the ventilation system extracts
from the second zone. We show that if only the close axial fan to the extraction zone is activated, the required number of jet fans reduces
by 56% and 72% for the first and second extraction locations, respectively. This finding can provide a cheaper and easier controlling
scenario for emergency ventilation.

Keywords: CFD; Semi-transverse ventilation; Tunnel; Ceiling duct; Traffic

1 Introduction

Nowadays, tunnels play a vital role in reducing traffic
and facilitating transportation. There are several long tun-
nels in many countries that connect cities or different
areas. As human safety is a considerably important issue
in tunnels, and numerous tunnel fire incidents have
occurred, the importance of an appropriate and accept-
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able ventilation system is undeniable. Many studies have
been done in this regard, and it has been proved that
computational simulation is a powerful and significantly
cost-effective method for evaluating ventilation systems
in tunnels. Some numerical studies investigated natural
ventilation in tunnels (Fan et al., 2018; Rafiei, 2015;
Wang et al.,, 2019; Zhong et al., 2016; Zhou et al.,
2019), but this type of ventilation is not convenient in
long tunnels. On the other hand, mechanical ventilation
systems including longitudinal ones which are appropriate
for unidirectional, short, or medium-length tunnels (Betta
et al., 2009; Cascetta et al., 2016; Chow et al., 2010; Du
et al., 2015; Fang et al., 2019; Lee & Ryou, 2006;
Lopez Gonzédlez et al., 2014; Vega et al, 2008),
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semi-transversal in which either supply or exhaust duct
should be installed along the tunnel (Ballesteros-
Tajadura et al., 2006; Lin et al., 2014, 2016; Zhang
et al.,, 2014), and full-transversal having both supply
and exhaust ducts along the tunnel (Du et al., 2016;
Levy et al., 1999; Sturm et al., 2012) can be efficient for
smoke exhaust in a case of a fire emergency (National
Fire Protection Association [NFPA], USA, 2020a).

According to the literature, changing the number of
active fans during the ventilation process profoundly
affects ventilation quality. For example, Myrvang and
Khawaja (2018) have performed a special investigation to
find a more accurate correlation between air velocity and
the number of stages of ventilation system in tunnel venti-
lation by numerical and experimental models. They acti-
vated a different number of fans and showed that a linear
increase of the air velocity would not occur by enhancing
the number of ventilation stages because of an exponential
trend of pressure losses. In another study, Stroppa (2004)
simulated tunnel ventilation with a one-dimensional time-
dependent numerical model to reduce computational costs.
They studied different fan stages to achieve the CO and
contamination concentration under normal conditions,
and reduced smoke spreading was evaluated under fire con-
ditions. Stroppa (2004) compared their simulation results
with experimental site measurements and confirmed that
simulation is an appropriate and cost-effective method for
understanding the main effects. Colella et al. (2010) per-
formed a multi-scale simulation on the ventilation system
in two unidirectional, two-lane, and partly underwater tun-
nels, having a complex semi-transverse ventilation system
supported by some jet fans at Dartford, UK. They evalu-
ated various combinations of jet fans and found that an
acceptable condition can be generated in one of the tunnels
while some of the jet fans are turned off. However, in the
other tunnel, more jet fans were necessary for appropriate
ventilation. The effect of changing the operation mode of
jet fans on the waiting time for a steady state of airflow
has been investigated by Krol and Krol (2018). They used
ANSYS Fluent for modelling and considered the effect of
height on dropping static pressure, the ambient weather
condition, and the wind influence on the airflow relaxation
time.

The challenges in the ventilation of long tunnels can be
worsened when heavy traffic occurs in the tunnel. The
occurrence of the traffic can be due to an incident in the
tunnel, or a situation that happened downstream outside
of the tunnel. Not only in a fire emergency case but also
in traffic without a fire incident, the ventilation system
should be able to maintain safety in the tunnel. For
instance, vehicular emissions should be removed by ventila-
tion facilities to preserve acceptable air quality in the tun-
nel. During bumper-to-bumper traffic, the tunnel
temperature should be controlled to prevent high tempera-
tures downstream. Moreover, when a fire occurs, the venti-
lation system must secure a safe zone for passenger
evacuation, regardless of traffic conditions.

Undeniably, studying the function of ventilation systems
under different traffic conditions is an essential issue on
which several studies have been carried out (Cascetta
et al., 2019; Eftekharian et al., 2015; Musto et al., 2020).
For example, Tao et al. (2016) investigated CO, dispersion
in a short tunnel under traffic congestion numerically. They
studied three different traffic conditions under different car
speeds of 0, 10, and 40 km/h with tunnel fan-off/on condi-
tions in a three-dimensional model. The results showed
that in stationary traffic and without mechanical ventila-
tion, CO, level is unsafe in the downstream region. In con-
trast, at a traffic speed of 40 km/h, the elimination of
contamination is acceptable. However, at the speed of
10 km/h, CO, concentration was high in the downstream
and tunnel exit region. In another work, a correlation
between different traffic jam conditions and pressure loss
in the tunnel has been established by Musto et al. (2020)
to estimate the required thrust for jet fans for tunnel venti-
lation. They modelled different traffic jam conditions and
air velocities and derived an equation to calculate pressure
loss as a function of the traffic and average air velocity.

There are two different approaches regarding emergency
ventilation in tunnels. In one, back-layering (movement of
smoke upstream of the fire against the normal direction of
ventilation airflow) is tried to be prevented by applying a
critical air velocity in relatively short or mid-range tunnels.
This approach provides a safe region upstream of the fire
for passenger evacuation and rescue team access. However,
in longer tunnels in which pushing the smoke downward
may cause the regions far from the incident point to
become dangerous due to the accumulation of smoke, the
fire products should be extracted as close as possible to
the fire — this approach is called single point (zone) extrac-
tion by NFPA, USA (2020a). In transverse or semi-
transverse ventilation systems, confinement of the smoke
between open dampers (extraction zone) is necessary to
reduce the number of tunnel users exposed to fire products.
This is achieved by blowing low-velocity air from both
sides of the fire through the function of additional jet fans
or supply air fans. In this case, it is recommended that sim-
ilar airflow velocities from both sides of the fire are main-
tained in the tunnel to prevent smoke propagation while
maintaining smoke stratification even in the relatively short
length of the tunnel (nominally, the length between the
dampers being opened for smoke extraction) (Almbauer
et al., 2004; World Road Association [PIARC], 2011). This
might impose operational and control challenges on the
ventilation system. Although the requirements for temper-
ature sensors, closed-circuit TV, and human operators for
fire detection, damper actuators (remotely controlled dam-
pers), jet fans which can be operated in both directions, and
flow meters cause the ventilation system and its controlling
scenarios to be very complicated, this ventilation method
was proven to be applicable in different tunnels (Yuan
et al., 2016).

Sturm et al. (2017) studied different methods of fire ven-
tilation and requirements for sensors and technologies,
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where they found that in many tunnel fires ‘low velocity’
philosophy (in contrast with the critical velocity approach)
is an appropriate method for preventing propagation of
smoke and self-saving. In a mixed computational and
experimental study, Zhong et al. (2017) observed that small
longitudinal velocity could not prevent back-layering dur-
ing tunnel fires, and large longitudinal velocity (about 1.5
times back-layering critical velocity) causes bifurcation
flow, in which the ventilation air divides into two streams
and flows alongside the walls. Thus, finding an appropriate
velocity to prevent smoke propagation is necessary. Liu
et al. (2019) evaluated the elimination of smoke during a
fire occurrence in a tunnel. They used tunnel ventilation
fans (TVFs), jet fans, and ceiling ducts to exhaust produced
smoke as soon as possible and reduce smoke propagation.
They studied various cases with different locations for fire.
Their results showed that semi-transverse ventilation com-
prising jet fans, TVFs, and downstream ceiling extraction is
the best ventilation during tunnel fire.

In addition to the mentioned function of ventilation sys-
tems in the extraction of smoke and other hazardous mate-
rials from the tunnel, their role in controlling air
temperature is also critical. High-temperature air may lead
to malfunctioning of the instruments including sensors,
actuators, and cabling system installed in the tunnel. This
is particularly important for the future design of tunnels
where the presence of, for example, vehicles with hydrogen
fuel cells may increase in the fleet. The characteristics of a
fire incident of these types of vehicles might be different
from those of fossil fuel-burning vehicles in terms of heat
release rate, temperature rise, and smoke production (the
smoke from other materials than fuel including tyres, seats,
etc. is still a common concern) (Gu et al., 2020; Shibani
et al., 2022a, 2022b).

Internationally recognized codes and standards related
to the function of tunnels, such as those issued by
NFPA, USA (2020a, 2020b) and PIARC (2011), generally
recommend performing a commissioning test after when
the design of the emergency ventilation system is approved
by one-dimensional (1D) engineering analyses and three-
dimensional (3D) computational fluid dynamics (CFD)
evaluations. These commissioning tests are usually carried
out in a no-fire situation which is called a cold-test (or ulti-
mately cold air with smoke, cold-smoke). The academic lit-
erature suffers from the lack of a thorough study on
different aspects of a commissioning test which might not
or cannot be similar to a real emergency and even the sim-
ulations performed in the previous stages of the design.
Here, we show the limitations that the outcomes of com-
missioning tests of a tunnel can have by comparing the
results of simulations, some of which (such as traffic jam
conditions) are not achievable even in a real-world cold-
test. Through these, some important issues related to the
function of a tunnel ventilation system are also revealed.
It should be noted that the results presented here might
be different from those that can be achieved in an incident
with fire, as the related effects including temperature rise

due to the release of heat and therefore air density changes,
chimney effect, smoke propagation, etc. are not considered.
Dimensional analysis can be a good tool for extending the
results of a particular case to other similar ones. As most of
these non-dimensional parameters (apart from general ones
such as Reynolds number and friction factor (Eftekharian
et al., 2015)) are provided for the case of fire which is not
considered in the cold-test simulations of the current work,
the readers are encouraged to see the related references (Hu
et al., 2013; Savalanpour et al., 2021).

In the present work, a series of cold-tests are numeri-
cally investigated in a 4900 m tunnel equipped with a
semi-transverse ventilation system. In these tests, the per-
formance of the ventilation system in an emergency sce-
nario happening at a close distance to the inlet portal of
the tunnel is studied. The ventilation system is to suck
out the cold air from the extraction zone around a hypo-
thetical incident by exploiting the portal exhaust fans and
a number of jet fans in the main tunnel for balancing the
air velocity reaching the zone from both sides. Two situa-
tions including the empty tunnel and full traffic congestion
(which is almost unachievable in a real cold-test) are simu-
lated to emphasize the aspects which might be ignored in a
commissioning test. Furthermore, air leakage through
some parts of the ventilation system (drop ceiling and
closed dampers) are considered in the simulations. To the
best of our knowledge, a numerical study with these details,
investigating the effects of traffic on the ventilation system,
has not been reported in the literature. The results will
hopefully lead to a better decision-making process for con-
trolling scenarios of an emergency situation.

2 Numerical methods
2.1 Model description

Taloon tunnels are a triplet parallel tunnel system (2
one-way main tunnels and one service tunnel in between)
with a length of 4900 m located in Tehran-North freeway,
Iran. A three-dimensional computational model for one of
the main tunnels (Tehran to North) was considered for this
study. The cross-section of the tunnel is divided by a drop
ceiling structure to provide a ceiling duct for the semi-
transverse ventilation system (see Fig. 1). The effective
cross-section (below the ceiling duct) is 62.1 m* with a max-
imum height of 5.7 m and maximum width of 11.9 m which
provides a two-lane pass-way (3.65 m each) for the vehicles.
Tehran portal elevation from the sea level is roughly
2244 m with a 2% negative slope in Tehran to the North
direction. By ignoring the negligible curvatures in the hor-
izontal plane of the tunnel, it is modelled as a straight tun-
nel without considering the longitudinal slope (we are
performing cold air tests). In addition, for simplification,
the lateral 1.5% slope of the road was also ignored. Two
computational boxes at two ending portals with dimen-
sions of approximately 50 m x 50 m x 30 m were added
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Fig. 1. Tunnel cross section (Unit: m).

to the computational domain (Fig. 2(a)) to accurately
impose the boundary conditions at the tunnel portals.

2.1.1 Ceiling duct

A drop ceiling with a thickness of 11 cm was mod-
elled throughout the tunnel (Fig. 2(b)). This structure
causes the ceiling duct cross-section above the dropped
ceiling to be 11.9 m?. The leakage through this ceiling
was modelled using a porous medium approach that
allows airflow leakage based on the pressure difference
on both sides. The volume flow rate passed through

per unit length of the drop ceiling (%) is approximated
by the following empirical equation (according to the
data provided by the designer):

q =6x107*/Ap, (1)

where Ap is the pressure difference between the tunnel and
the ceiling duct. This effect is added to the simulations by
considering the 11 ¢cm zone of the drop ceiling as porous
media. By considering a homogenous porous medium, a
source term given by the following equation is added to
the momentum equation (Ansys Fluent, 2015):

— (M L epuu
S = (oc u; + 2Cp|u|u,>7 (2)

where u, p, and u; are the dynamic viscosity, density, and
velocity components, respectively. For the porous medium,
o is the permeability, and C is the inertial resistance factor.
In a simple form of momentum equation, the source term
and pressure drop can be related as

Ap = —SAn, (3)

Fig. 2. (a) Computational box (colored in yellow) attached to the ending portals of the tunnel for applying boundary conditions, and (b) a close view of
the tunnel and the drop ceiling, colored in dark red.(For interpretation of the references to colour in this figure legend, the reader is referred to the web

version of this article.)
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where An is the thickness of the region. Combining Egs.
(1)-(3) together leads to the values of 1=0 m 2 and

C =5.2x10° m™! for the drop ceiling.

2.1.2 Ceiling duct dampers

Ceiling dampers are the sites for exchanging air between
the main tunnel and the ceiling duct. In the studied tunnel
of this work, 45 dampers (numbered from Tehran toward
the North portal) with a 6.2 m* (3.1 m x 2.0 m) cross-
section were installed. While the first one is 275 m away
from the inlet portal there is a 100 m distance between
two adjacent dampers (consistent with PIARC recommen-
dations (PIARC, 2011)). Moreover, like the dropped ceil-
ing, the possibility of leakage from dampers should be
considered when they are in closed mode. The leakage of

a closed damper per unit area (%) is given by (provided
by the tunnel designer)

q" =3 x107\/Ap. (4)

The same porous media approach as that of ceiling duct
is employed for the closed dampers by applying of i =0
mZand C=22x10°m™".

In semi-transverse ventilation systems, it is recom-
mended that 1-3 damper(s) in the vicinity of the incident
should be opened to extract contaminated air from the
region. Here, three consecutive dampers in the region are
opened, to reduce the chance of plug-holding in a real
emergency, while the rest of the dampers in the tunnel
are closed. To incorporate the head loss due to the interac-
tion of airflow with the structure of open dampers, a con-
stant minor loss coefficient of k£ = 2 is applied for the open
dampers.

2.1.3 Jet fans

Generally, standard jet fans for tunnel ventilation have a
simple cylindrical structure with three main parts: motor
and fan blades in the middle part and silencers on both
sides. The jet fans used in the Taloon tunnel have a
71 cm inner diameter, producing 700 N thrust in standard
condition. The airflow with an average speed of 38 m/s
exits jet fans. The jet fans were installed 2.6 m above the
left walkway in consecutive order by the respective distance
of 80 m, as depicted in Fig. 1. The first jet fan was installed
at a distance of 90 m from the inlet; consequently, 60 jet
fans are distributed along the tunnel to enable us to simu-
late various scenarios.

In the simulations, jet fans were considered as a cylin-
der of a length of 2.41 m (two side parts of 78.5 cm and
the middle section of 84 ¢cm) with an inner diameter of
71 cm and thickness of 7.5 cm. The motor and propeller
were not included in the modelling, but instead, a con-
stant velocity zone of 38 m/s was applied in the
middle cylinder of the jet fan in the desired direction
to model the induced air velocity by the function of
the jet fan.

2.1.4 Axial fans

In the preliminary design stage, two large axial fans with
a nominal flow rate of 137.7 m%/s at 2500 Pa static pressure
were suggested for the semi-transverse ventilation scenario
to be installed at each tunnel portal connected to the ceiling
duct. The characteristic curve shown in Fig. 3 was used in
the simulations by applying appropriate fan boundary con-
ditions to find the operational points of the fan in different
scenarios based on the pressure change across them.

2.1.5 Vehicles in the traffic

As the present work aims to shed light on the effects of
complete traffic congestion on the semi-transverse ventila-
tion system during a cold-test, stationary vehicles are mod-
elled in the tunnel. In severe traffic conditions, vehicles’
presence profoundly affects the ventilation system due to
airflow interaction with these obstacles. Here, it is sup-
posed that in the complete traffic congestion, there are 20
stationary passenger cars, two buses, and two trucks in
every 100 m of the two-lane tunnel. Consequently, there
are 1176 vehicles in the tunnel in congested traffic. In the
present work, the passenger cars are assumed to be the
car shown in Fig. 4. A simplified model of this car was used
in a previous work (Eftekharian et al., 2014), while here,
the model is modified to be more similar to real geometry,
as studied in the other works (Dastan et al.,, 2019;
Eftekharian et al., 2015). A constant width of 170 cm
was considered for the passenger cars, while the maximum
height is 141 cm, and the bottom of the car is 19 cm above
the road surface.

Additionally, for simulating buses (Volvo B12) and
trucks (18-wheeler truck), single boxes were modelled with
dimensions of 2.5 m x 12.5 m x 3.4 m (the bottom plane is
40 cm above the road surface) and 2.5 m x 16.3m x 3.7m
(the bottom plane is 60 cm above the road), respectively.
To arrange the vehicles in the tunnel, first, they are ran-
domly distributed in about 100 m of the tunnel length (with
a longitudinal distance of about 1.65 m). Then, the
achieved pattern is repeated to occupy the entire tunnel.

2400

1600

Pressure (Pa)

800

1 1 1 L 1 1
100 150 200 250
Volume flow rate (m*/s)

Fig. 3. Characteristic curve of the axial fans.
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Fig. 4. Two views of the personal car used in the simulations (Unit: m).

Figure 5 illustrates the arrangement of the vehicles in heavy
traffic.

It should be mentioned that the arrangement of vehi-
cles in the traffic might influence the function of the ven-
tilation system through the changes which can occur in
the interaction of airflow and the traffic. It was shown
that the average drag coefficient of personal cars in a pla-
toon can be smaller than that of an isolated vehicle by
roughly between 5% and 24% for a range of vehicle dis-
tance between 10 and 1 m, respectively (Kaluva et al.,
2020). This reduction in the average drag coefficient
reaches an asymptotic value in the mentioned range when
the number of vehicles in the platoon becomes larger than
6-7 cars. Therefore, here, we expect that most of the cars
in large-scale traffic have almost the same effect on the
pressure drop of the tunnel. On the other hand, larger
vehicle arrangements (buses and trucks) can have much
more dominant effects on the function of the ventilation
system. In another work on the longitudinal ventilation
of the same tunnel (Dastan et al., 2019), it was shown that
only by changing the location of larger vehicles to the
right lane (for example, by forcing these vehicles to use
only the right lane inside the tunnel), while keeping the
number of the vehicles in the tunnel unchanged, the air-
flow rate imposed by 44 jet fans increases by 20%. That
is, in the second arrangement, the momentum injected

into the domain by the function of jet fans located on
the left side of the tunnel is less likely to be dissipated
by the interaction with the large obstacles.

2.2 Grid generation

A multi-zone technique was employed to generate a
high-quality mesh. For the grid sensitivity study, a shorter
tunnel, having stationary traffic described in Section 2.1.5,
with 150 m length, was considered. Three different meshes
with 2100, 4200, and 6300 3D cells per unit length of the
tunnel were produced. The same airflow rate was applied
for this tunnel, and the velocity distribution on a pre-
defined line within the tunnel was compared for the gener-
ated meshes. Based on the results shown in Fig. 6, the
velocity magnitudes on the chosen line do not show a sig-
nificant difference between Grids 2 and 3. Therefore, the
mesh with about 4200 cells per unit length of the tunnel
was chosen.

Consequently, a mesh with about 21 million hexagonal
cells was generated for the tunnel having stationary traf-
fic. In some simulations presented in the following, an
empty tunnel was also studied. A grid consisting of about
12 million cells was generated for this case. Figure 7 illus-
trates the generated mesh for different parts of the
domain.
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Fig. 5. Internal constellation of the vehicles in the traffic. (Here, the personal cars, buses, and trucks are orange, green, and blue, respectively. The jet fans
are shown with small red cylinders on one side of the tunnel, and the dampers are in black.)(For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.).

— Grid 1 (2100 cells/m)
----- Grid 2 (4200 cells/m)
— — Grid 3 (6300 cells/m)

S
N
N
25F N
N
N

g I
< 20|
w
2
= A
on
<
g 15|
z
(@]
g I
()
>

1.0}

0.5

0 1.0 2.0 3.0

4.0 5.0 6.0 7.0

Position (m)

Fig. 6. Velocity distribution on a pre-defined line within the tunnel for three different grids.

2.3 Governing equations and boundary conditions

In the simulations, continuity, and momentum equa-
tions are solved numerically for incompressible steady air-
flow field in the domain:

au,»
au,» - oP 0 614,' auj
P~ o o [(u + M) (axj + axiﬂ + i, (6)

where p, u;, x;, P, pt, and u, are the density, components of
the velocity vector, components of location vector, pres-
sure, dynamic viscosity, and turbulence viscosity, respec-
tively. Regarding the choice of turbulence model, three
different models from the k-¢ family (standard, RNG,
and realizable) were tested for a short tunnel with only
one stationary car, and the data of the vehicle drag coeffi-
cients and tunnel pressure drop was compared. As no sig-
nificant difference (less than 8%) was observed in the
results, the less costly standard k-¢ turbulence model was
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(b)

Fig. 7. Grid generated on different parts of the domain. (a) tunnel walls and ceiling, (b) cross-section of the tunnel, where there are no vehicles (the tunnel
wall is colored differently for clarity), (c) the surface of the personal car, and (d) surface and cross-section of a jet fan.

chosen for the simulations. As the aim is to simulate the
cold-tests, the effect of fire and the released heat was not
considered in the simulations presented in this paper and
the temperature and density of the fluid are assumed to
be constant. Based on the tunnel elevation from sea level,
the atmospheric pressure in this area was approximately
77.5 kPa, which leads to the air density of 0.9 kg/m® at
300 K. Dynamic viscosity of the air was supposed to be
1.7894 x 107 Pa-s. Roughness heights of 3 mm and 1 cm
were applied for the tunnel’s wall and the road of the tun-
nel, respectively. Although it seems that these numbers are
larger than typical values, they were used to approximate
the effects of pressure losses due to small obstacles such
as firefighting boxes and lighting systems in the tunnel.
No-slip boundary condition was applied on all walls, and
zero-gauge pressure is considered on the surfaces of the
portal boxes. Fluent software (Ansys Fluent, 2015) is used
to solve the equations mentioned above.

2.4 Validation

In order to validate the numerical methods utilized in
this study, the combined experimental and numerical
work of Cascetta et al. (2016) is used for comparison.
In their work, a ventilation system equipped with jet fans
in a tunnel with a rectangular cross-section was studied.
In the experimental investigation, a setup with a scale of
1/25 was tested. The test tunnel had a cross-section of
0.25 m x 0.50 m and a length of 4 m. One jet fan with
a diameter of 0.028 m and length of 0.156 m was installed

in the beginning part of the tunnel in a way that its outlet
section was 0.8 m away from the tunnel inlet. The jet fan
outlet velocity was 8.8 m/s. Roughness heights of 0.0004
and 0.0012 m were considered for the tunnel floor and
roof walls, respectively. As the experimental tunnel was
part of a longer one, and to incorporate the effects of
other jet fans on the flow field of this part, in the simula-
tions, the inlet velocity of 0.76 m/s and outlet gauge pres-
sure of 0.172 Pa were applied on the portals of the
modelled tunnel. By comparing their numerical data and
achieved experimental results, Cascetta et al. (2016)
showed that the reduced scale model can interpret the
phenomena that happen in the real scale geometry, and
therefore, can be a good technique for the investigation
of tunnel ventilation. Accordingly, a comparison between
the air velocities achieved by the simulations of this work
and the experimental measurements of Cascetta et al.
(2016) for the reduced model is illustrated in Fig. 8.
Our numerical approach slightly under-estimate the peak
velocity value close to the jet fan outlet (d = 0.3 m), while
over-estimates at a further distance (d = 2.0 m), both by
about 8%. However, the comparison shows an acceptable
agreement between the numerical data and that achieved
by the experiments, which can verify the validity of the
numerical methods used in the current study.

3 Results and discussions

In this study, the performance of a semi-transverse ven-
tilation system in the extraction of air from an imaginary
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Fig. 8. Comparison between the simulated air velocities of this work (solid lines) and experimental measurements of Cascetta et al. (2016) (circles) on
vertical lines at the center of the tunnel. The vertical axis is the distance of the measurement point from the floor, and the axial distance (d) from the jet fan

outlet is shown for each figure.

incident zone in a 3D long tunnel was investigated. A 1D
simulation is significantly time- and cost-effective. How-
ever, in a 1D study (or even in the analytical engineering
design), several effects should be ignored, or some simplify-
ing assumptions should be made. For example, the
arrangements of the traffic, the complicated interaction of
high-velocity flow with the large obstacles in the traffic,
and the non-uniform flow in the tunnel cross-section or
the fan inlet/outlet cannot be observed in a 1D design,
which all may have effects on the ventilation system perfor-
mance. Particularly, the details of the sucked air through
the dampers being perpendicular to the stream in the main
tunnel is a 3D flow by its nature. In a 1D assumption, the
pressure drop due to the traffic is simply achieved by mul-
tiplying the number of vehicles by the drag coefficient of a
single vehicle, although the shadow effect might be signifi-
cant in changing the effective drag coefficient of each vehi-
cle. Several other simplifications or ignorance should also
be considered in a 1D design regarding the real-world
smoke spreading from fire, smoke and air temperature in
the tunnel, flow bifurcation reaching a fire, radiation
effects, etc., which are out of the scope of the current study
(cold-tests). Therefore, we expect to have a better picture of
what occurs in a tunnel by performing a 3D simulation.
As mentioned in the introduction, it is recommended
that an equal amount of air is sucked from both sides of
the extraction zone. That is, the tunnel air velocity on both
sides of the zone should be balanced to provide a confined
smoke zone, and consequently, a safe region for evacuation
and rescue team access. This is performed by employing jet
fans in the main tunnel. To simulate this situation in our

numerical investigations, being a representative of a real-
world cold-test, it is assumed that the contaminated air
should be confined within a 300 m region and three closest
dampers to the region are opened for the extraction from
the main tunnel. Two vertical planes with a distance of
150 m from the centre of the extraction region were used
for evaluating the airflow rates reaching the region from
both sides. Apart from the simulation of a commissioning
test, the preliminary design concept of using exhaust fans at
both ends of the tunnel for extracting the contaminated air
has been challenged by evaluating the scenarios in which
the close exhaust fan to the extraction zone was only
employed. The effects of traffic congestion on the perfor-
mance of the ventilation system were studied in each
scenario.

Furthermore, two different extraction zones (relatively
close to one portal) were evaluated to determine the sys-
tem’s capability in removing the contaminated air pro-
duced in the region. In Extraction zone 1, it was
supposed that the centre of the confined region was
450 m from the Tehran portal, while in Extraction zone
2, the centre of the region was 1000 m from the inlet portal.
In all simulations, cold-tests are performed.

3.1 Extraction zone 1 (450 m from inlet)

When the air is to be extracted from a region whose cen-
tre is at 450 m from the inlet portal, dampers 2% 3% and 4%,
respectively located at 375, 475, and 575 m from the inlet,
are opened, while the rest are closed. Two different condi-
tions inside the tunnel (empty and stationary full traffic) are



162 A. Dastan et al. | Underground Space 6 (2021) 153-170

investigated for this extraction zone. At the same time, two
different ventilation scenarios were also employed by turn-
ing the farther exhaust portal fan on or off.

3.1.1 Empty tunnel

In this section, the simulations performed in an empty
tunnel where the extraction zone centre was at 450 m dis-
tance are presented. The airflow rates at different tunnel
locations are shown on the schematic flow diagram of the
tunnel in Fig. 9(a).

According to the results, the exhaust fans at Tehran
and North portals extract 210 and 147 m>/s, respectively,
consistent with the physical configuration of the domain.
The pressure loss from the open dampers to the North
portal in the ceiling duct is significantly larger than that
from the extraction region to the Tehran portal (corre-
sponding to about 4.4 km compared to 0.5 km). This is
also the same for the air sucked through the tunnel por-
tals toward the extraction region. Only 36% of the air
entering the tunnel is from the North portal (130 m?/s),
and surprisingly, only 32 m?®/s of that reaches the extrac-

tion zone from that side. This is because the leakage
occurs through the ceiling (85 m?/s) and closed dampers
(22 m’/s) along the tunnel and drives the air from the
high-pressure region (main tunnel) to the low-pressure
zone (ceiling duct). Most of the air (41%) is passed
through the closest damper to the inlet fan (damper 2%),
while the airflows from dampers 3% and 4% are 76 and
71 m?/s, respectively. More importantly, without employ-
ing any jet fans in the tunnel, the airflow rates from two
sides of the tunnel are significantly unbalanced, and the
flow rate at a plane which is 150 m to the left of the zone
core is about 6.9 times that at the right.

On the other hand, by turning on eight jet fans on the
right side of the zone in the reverse direction (blowing
toward the Tehran portal), the airflows reaching the extrac-
tion region from both sides become balanced (only a 5%
difference), as shown in Fig. 9(b). The number of required
jet fans for balancing is found through a trial-and-error
procedure. By comparing the two parts of Fig. 9, it can
be observed that, due to the thrust applied by jet fans,
the flow rate from the North portal significantly increases
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Fig. 9. Airflow rates (numbers in parentheses) in different locations of the empty tunnel in the case of Extraction zone 1 (Unit: m?/s). Dampers 2%, 3%, and
4* are open and two exhaust portal fans are employed: (a) in unbalanced condition, and (b) in balanced condition with 8 jet fans. The airflow rates at both
sides of the zone are measured on the planes being 150 m apart from the zone centre. Here, “JF” and “d” stand for jet fan and damper, respectively.
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and causes the flow rates from each side to be nearly the
same. In addition, it can be concluded that the jet fans
do not have a significant effect on the airflow behavior in
the ceiling duct, including exhaust fan flow rates, air
through the dampers, and leakage.

3.1.2 Tunnel with stationary traffic

In this section, as presented in Section 3.1.1, both por-
tal fans are employed as the recommendation of the pre-
liminary 1D design. Dampers 2%, 3%, and 4" are opened
to suck out the air from the extraction zone located at
450 m from the inlet portal. However, here, full station-
ary traffic exists in the tunnel. A situation which might
lead to this unexpected but possible scenario is due to
either a collision upstream of a traffic jam or two sepa-
rate incidents at the beginning and the end of the tunnel.
The simulations for two cases without employing jet fans
and employing 57 jet fans to balance the flow rates at
both sides of the zone are illustrated in Fig. 10. When
no jet fan is employed, and the flow is unbalanced, the
effect of the traffic on the airflow rates at different parts
of the domain is not significant (compare Fig. 9(a) and

Fig. 10(a)). This can be because the airflow rates of
the portal fans are mainly dependent on the pressure loss
in the ceiling duct. In addition, the distance between the
extraction zone and the Tehran portal in the main tunnel
is relatively short, for which the effect of traffic is not
significantly dominant. Therefore, it was found that 57
jet fans should be turned on to balance the flow rates
reaching the extraction region (Fig. 10(b)). Surprisingly,
this means that some jet fans (JFS and JF4) at the left
side of the region should blow in the opposite direction
towards the air stream being sucked from the Tehran
portal. Another shortcoming of this scenario is that the
jet fans employed in the extraction region may cause
the stratification of the smoke, which can be beneficial
for providing a safe zone in a real-world situation, to
be destroyed (Guo et al., 2021).

The significant number of required jet fans for balancing
the airflow shows the effects of heavy traffic on the function
of the ventilation system by applying extra pressure loss in
the main tunnel due to the interaction of airflow and the
obstacles on the road. This effect cannot be captured in a
commissioning test and might be incorrectly addressed in
the controlling scenarios of emergencies.
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Fig. 10. Airflow rates (numbers in parentheses) in different locations of the tunnel with stationary traffic in the case of Extraction zone 1 (Unit: m>/s).
Dampers 2%, 3%, and 4% are open and two exhaust portal fans are employed: (a) in unbalanced condition, and (b) in balanced condition with 57 jet fans.
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The presented results show that a high fraction of the
entered flow from the North portal leaks to the ceiling,
due to induced low pressure in the ceiling duct by the axial
fan employed at the exit portal. Hence, there is an essential
doubt regarding the suggested scenario in the preliminary
design phase for turning the farther axial fan on when
the extraction zone is near the entrance. Therefore, in the
following, the effects of turning the farther exhaust fan
off on the ventilation system’s performance and the
required number of jet fans for flow balancing are
investigated.

3.1.3 Ventilation system with only one portal fan

Based on the results achieved in the previous scenarios,
a change is applied to the ventilation system, where only
the axial fan located near the extraction zone is employed.
Figure 11 shows the results of these simulations with and
without using jet fans for balancing the airflow when sta-
tionary traffic happens in the tunnel. Turning the farther
exhaust fan off, and therefore, reducing the negative pres-
sure in a significant part of the ceiling duct causes a reduced

Number of act

(a)

Space 6 (2021) 153-170

amount of air leakage through the ceiling and closed dam-
pers. The total leakage (107 m?/s) in the scenarios with two
exhaust fans (Fig. 10) is more than 3 times that of similar
scenarios with only one fan (34 m*/s). However, the airflow
rate extracted through the open dampers from the extrac-
tion zone when only the Tehran portal fan is used is about
75% of the scenario in which both portal fans are employed
because the extraction capacity is reduced by turning one
axial fan off.

As shown in Fig. 11(a), the airflow is not balanced with-
out employing jet fans, as expected. However, only 25 jet
fans in the reverse direction (compared to 57 jet fans in a
similar situation with two portal fans) can impose a bal-
anced airflow on both sides of the zone (Fig. 11(b)). Two
main explanations can justify the lower number of jet fans
for balancing. First, by comparing the unbalanced condi-
tion of using two portal fans and only one (Fig. 10(a)
and Fig. 11(a)), due to the reduced amount of leakage,
more considerable amount of air reaches the extraction
zone from the right side (43 m*/s compared to 25 m’/s).
Second, because of the lower amount of air extracted from
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Fig. 11. Airflow rates (numbers in parentheses) in different locations of the tunnel with stationary traffic in the case of Extraction zone 1 (Unit: m%/s).
Dampers 2%, 3% and 4% are open and only the Tehran portal exhaust fan is employed: (a) in unbalanced condition, and (b) in balanced condition with 25

jet fans.
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the zone, making the balance can be done in generally
lower flow rates (approximately 91 m®/s compared to
126 m*/s shown in Fig. 11(b) and Fig. 10(b), respectively).

By simulation of a short tunnel or even a cut tunnel rep-
resenting the concerned part of a long one (for example, the
distraction zone only), several effects might have been
ignored. As seen in the presented results, the leakage from
the ceiling has a significant effect on the airflow rate reach-
ing the extraction zone. In addition, as the farther fan sees
a significantly larger pressure difference due to the loss in
the long duct, it has to provide less airflow in a different
working point of its characteristic curve illustrated in
Fig. 3. All of these would not be captured if we had simu-
lated a cut short tunnel.

The results of this section suggest that when the extrac-
tion zone is close to either side of the tunnel portals, having
the closer fan in action might be beneficial in terms of
energy saving due to the reduced number of jet fans for air-
flow balancing and employing only one portal fan instead
of two. However, the question of “how close the extraction
zone to the portal should be?” remains. In the following
section, this issue is investigated by performing the simula-
tions for Extraction zone 2.

(a)

165
3.2 Extraction zone 2 (1000 m from inlet)

This section assumes that the extraction zone is located
at a distance of 1000 m from the tunnel entrance with full
stationary traffic. Hence, dampers 7#. 8% and 9% of the tun-
nels (the distances to the entrance are 875, 975, and 1075 m,
respectively) are opened, and other dampers are closed.
The balancing criterion is evaluated on two vertical planes
at the distance of 850 and 1150 m from the inlet (150 m
away from the zone centre). To investigate the semi-
ventilation system with only one portal fan in an extraction
zone closer to the centre of the tunnel than in the case of
Extraction zone 1, two different scenarios with and without
employing the farther exhaust fan are simulated.

3.2.1 Ventilation system with two portal fans

Figure 12 shows the simulation results of the ventilation
system in the tunnel with full stationary traffic with Extrac-
tion zone 2. By moving the extraction zone toward the cen-
tre of the tunnel, the values of the airflow rates of portal
fans approach each other, and their differences reduce from
about 65 m?3/s for Extraction zone 1 to about 40 m>/s for
the second zone. However, the amount of total leakage
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Fig. 12. Airflow rates (numbers in parentheses) in different locations of the tunnel with stationary traffic in the case of Extraction zone 2 (Unit: m?/s).
Dampers 7%, 8% and 9% are open, and two exhaust portal fans are employed: (a) in unbalanced condition, and (b) in balanced condition with 43 jet fans.
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seems to be independent of the extraction location and
remains at about 110 m*/s when both portal fans are uti-
lized. For balancing the airflow at the planes adjacent to
the zone (Fig. 12(b)), 43 jet fans should be turned on to
blow air from North to Tehran. This number is smaller
than that required for balancing the similar scenario for
Extraction zone 1 (57 jet fans). However, it still seems that
this is not an efficient scenario for tunnel ventilation when
the extraction zone is about 1000 m from the inlet of the
tunnel. Therefore, in the following, the semi-transverse
ventilation system with only the close portal fan to the zone
is investigated.

3.2.2 Ventilation system without the farther portal fan

Here, the idea of turning the farther portal fan off for
ventilation of the tunnel with an extraction zone at a dis-
tance of 1000 m from the inlet portal is evaluated. How-
ever, the practicality of this idea fades away for the
extraction zones very close to the centre of the long tunnel,
for which both portal fans should be employed, and the
flow balance can be maintained with either a few or no
jet fans.

Figure 13 shows the results of simulations for the case in
which the extraction zone is 1000 m apart from the inlet
portal. By turning off the farther portal fan, the total leak-
age through the ceiling and dampers significantly reduced
(from 110 m>/s to about 41 m?/s) as in the case of Extrac-
tion zone 1 discussed in Section 3.1. However, the leakage
in this extraction location when only one portal fan is used
is slightly higher than that of Extraction zone 1 (41 m%/s
compared to 34 m%/s), because the longer length of the tun-
nel is exposed to the low pressure applied by the Tehran
portal fan in the ceiling duct, which, in turn, induces the
leakage. As expected, a significantly smaller number of
jet fans (12 jet fans compared to 43 jet fans) is required
for balancing the airflow at two sides of the zone. This is
because, as said, the leakage is lower, and also the airflow
rate at which the balancing occurs (about 75 m?/s) is lower
than that in the case of having two portal fans for the same
extraction zone (about 115 m>/s). It should be noted that
even this low flow rate in the current scenario with only
one portal fan is adequate for removing fire products from
the region in a semi-transverse ventilation system based on
the recommendation of PIARC (2011).
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Fig. 13. Airflow rates (numbers in parentheses) in different locations of the tunnel with stationary traffic in case of extraction zone 2 (Unit: m?/s). Dampers
7%, 8%, and 9% are open. Only the Tehran portal exhaust fan is employed: (a) in unbalanced condition, and (b) in balanced condition with 12 jet fans.
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Figures 14 and 15 show the velocity vectors on a vertical
plane between the two lines of the vehicles in the vicinity of
each open damper for the balanced case of Extraction zone
2, when both portal fans and only the Tehran portal fan are
employed, respectively. Comparing these figures with their
corresponding flow diagrams shown in Fig. 12(b) and
Fig. 13(b), it is observed that the airflow reaching the zone
in the main tunnel from the North side is not completely
extracted through damper 9% and therefore, at the left side
of this damper, the velocity vectors are still toward the Teh-
ran portal. On the other hand, the airflow, coming from the
Tehran portal to the extraction region, in the scenario in
which only the Tehran portal fan is on, is almost sucked
through damper 7% (see Fig. 13(b) and Fig. 15). Therefore,
the air velocity between dampers 7% and 8% is negligible.
Another interesting finding of Fig. 15 is that in this scenar-
10, due to the air leakage to the ceiling duct on the distance

between the extraction zone and the North portal, there
exists airflow in the duct from the North side toward
damper 9%. This can guarantee that the smoke extracted
through open dampers is not distributed on the unfavor-
able side of the ceiling duct even through a diffusion
mechanism. However, when both portal fans are employed
(Fig. 14), the extracted smoke should travel in both direc-
tions all along the tunnel in the ceiling duct, which might
impose additional risk to the generally safe zones of the
tunnel in the case of any failure in the ventilation system.

The results achieved in this work suggest that, in a semi-
transverse ventilation system of long tunnels, a critical dis-
tance, L., from the portals should be defined to be used in
the control philosophy of tunnel ventilation. This means
that if the extraction zone is at a shorter distance than
L, then, only the exhaust fan of the near portal should
be activated. Conversely, employing the axial fans in both

Tehran side

North side

Fig. 14. Velocity vectors on a vertical plane between two lines of vehicles around the opened dampers, in the tunnel with stationary traffic for Extraction
zone 2, while two exhaust portal fans are employed (Unit: m/s). Large vehicles are illustrated through their borderlines for clarification. The bottom

surface of the drop ceiling is shown through a horizontal line.
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Tehran side

North side

Fig. 15. Velocity vectors on a vertical plane between two lines of vehicles around the opened dampers, in the tunnel with stationary traffic for Extraction

zone 2, while only the Tehran portal exhaust fan is employed (Unit: m/s).

portals connected to the ceiling duct will be permitted if the
distance of the zone to the portals is higher than L. The
reason for the existence of such a critical length is that neg-
ative pressure in a longer length of the ceiling duct from
both sides of the extraction zone results in a significant
leakage through the ceiling, and therefore, less amount of
air can naturally reach the extraction zone due to the portal
fan suction. Therefore, employing only one portal fan leads
to less leakage, and consequently fewer jet fans are required
for the compensation. This critical length depends most
probably on the operational curve of the exhaust fans,
the cross-section areas of the tunnel and extraction duct,
the heat release rate of the fire, and traffic congestion con-
ditions. The simulations of the semi-transverse ventilation
system of the investigated tunnel with the specified opera-
tional curve illustrated in Fig. 3 for the portal fans and sta-
tionary complete traffic congestion in cold-test conditions
show that L, is at least 1 km. The extraction zones located
at a distance smaller than this critical length can be bal-

anced with a reasonable number of jet fans if only the
exhaust fan of the close portal is utilized.

4 Conclusion

In this study, the semi-transverse ventilation system con-
sisting of 45 dampers, 60 jet fans, and two portal exhaust
fans connected to a ceiling duct in a 4900 m tunnel was
numerically investigated. The goal was to simulate some
commissioning tests and address the effects that might be
either achievable or unachievable in such real-world tests.
Considering two hypothetical locations for the extraction
zone (450 and 1000 m apart from the tunnel inlet), three
dampers near the zone are opened, and the axial fans con-
nected to the ceiling duct are activated to extract air from
the main tunnel. It is essential to have a balanced airflow
at both sides of the extraction zone to provide a confined
region and facilitate evacuation. Various scenarios with
different traffic conditions (empty tunnel and tunnel with
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complete stationary traffic) were evaluated. In the commis-
sioning tests of the ventilation system, an empty tunnel is
evaluated. However, the control scenario should be also
functional in complete traffic congestion, and the simula-
tions presented here address the differences between possi-
ble real-world emergencies and the commissioning tests.
Furthermore, some general ideas regarding the controlling
scenario, including the effect of getting one or two portal
fans activated were investigated.

For balancing the airflow at both sides of an extraction
zone close to one of the tunnel portals, several jet fans
should be activated in the reverse direction to blow more
air from the longer side of the tunnel to the zone. The
results showed that the presence of stationary traffic in
the tunnel, and therefore their interaction with the airflow,
has a significant effect on the number of required jet fans
for airflow balancing (about 3-7 times depending on the
farther fan working condition). The results depicted that
the ventilation control scenarios in emergencies should be
carefully designed, in terms of employing the main portal
exhaust fans connected to the ceiling duct. Here, it was
shown that the distance between the extraction zone and
the closest exhaust fan is crucial. If the distance is less than
a critical length (which was verified to be at least 1 km for
this work), only the closest exhaust fan should be activated,
whereas, where the distance is more than this critical
length, activation of both exhaust fans would be necessary.
In the former case, turning the farther exhaust fan leads to
two major problems. First, the required number of jet fans
for making a balanced airflow increases dramatically (for
example from 25 to 57 jet fans for the Extraction zone
1). Second, a higher fraction (about 3 times) of the air mov-
ing in the main tunnel is leaked to the ceiling duct without
reaching the extraction zone.
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