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Abstract

The aim of this study was to design a fire ventilation system with impulse jet fans for an underground car park. With respect to the
number of parameters affecting the spread of smoke that need to be considered, there is a good chance of miscalculations if only
conventional plain calculations are used in the design process. To avoid mistakes, visualize the fluid flow, and to compare the design
variants it is practical to use computational fluid dynamics (CFD). In this study, CFD simulations were used to compare alternative
designs of a fire ventilation system. In one alternative the exhaust shafts were located in both parts of the car park and the jet fans
were directed to the corresponding shafts. The air exchange rate was 10-times per hour. In another alternative both exhaust shafts
were located on one side opposite to the main air supply, and the air exchange rate was 15-times per hour. The results showed
preference of the second alternative, when the smoke was completely exhausted and the visibility improved substantially, whereas in

the first alternative the car park was not sufficiently ventilated even 600 seconds after the fire had been put out. The results emphasize

that proper location of elements of the ventilation system is crucial to attain high efficiency of fire ventilation.
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1 Introduction
For modern buildings the installation of a mechanical ven-
tilation system is essential to provide the required level of
air quality and thermal comfort at favourable energy con-
sumption throughout the whole year [1-3]. Besides the cre-
ation of an excellent indoor environment, an important task
of mechanical ventilation is to ensure fire safety [4]. For big
underground car parks typical, e.g., for large commercial
buildings, fire ventilation with jet fans to move the polluted
air to the main ventilation shafts has become popular and
is being increasingly preferred over traditional ducted sys-
tems [5, 6]. This system can be used both as day to day ven-
tilation to remove airborne pollutants and as fire ventilation.
The task of day to day ventilation is to remove the air pol-
luted by combustion products originating from cars to pre-
vent health damage to people. The fire ventilation exhausts
the excessive heat and combustion products originating from
the fire and simultaneously supplies fresh air to the car park
to increase the safety of evacuated people and of the firemen.
Regardless of the design standard used, it is important to
verify correctness of the proposed solution by CFD [7, 8].

The CFD simulations present a tool to analyse systems
involving heat and mass transfer in a thorough and
sophisticated manner by computer models, and to provide a
view of the flow fields which would be otherwise difficult to
visualize. The Fire Dynamics Simulator (FDS) has become
a popular CFD tool to describe the evolution of fire by
solving a large eddy simulation form of the Navier—Stokes
equations [9, 10]. The FDS is often combined with a specific
software to create the input geometry such as PyroSim,
and to read the FDS output files and produce animations
such as Smokeview [6, 11, 12]. As Enright et al. [6] point
out, although FDS is not specifically "validated" for jet vent
air flows, CFD models in general are better predictors than
empirical models.

The aim of this study was to design and evaluate a
fire ventilation system with jet fans in an underground
car park. The main task of the ventilation system was to
remove burning polyurethane which generated high heat
release and toxic fumes. Two alternative designs were
tested, differing in the location of the jet fans and exhaust
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shafts, and in the air exchange rate. The FDS and associ-
ate computer programs were used to account for the com-
plex geometry of the car park including walls, columns,
beams, cars, and the jet fans.

2 Combustion products originating from fire

The combustion products originating from fire belong to
the most serious pollutants that can occur in underground
car parks. The knowledge obtained by studying the conse-
quences of fire on human beings implies that combustion
products can be even more dangerous to human health than
the other fire related phenomena. The combustion products
originating from fire diminish the oxygen content in the air,
supress the ability of humans to think clearly, diminish vis-
ibility and orientation ability of evacuated people, and cre-
ate preconditions for panic [13]. Besides, they directly affect
human health in two different ways — as smoke and as toxic
gasses. As the most dangerous combustion product is con-
sidered carbon monoxide, whose lower threshold for poi-
soning is the concentration of only 0.01 to 0.02 % vol. At the
concentration above 1 % vol. humans lose consciousness
and death occurs within three minutes. Poisoning by carbon
monoxide presents a frequent cause of death in fires.

3 Design and simulation models of the fire ventilation
system

Fire ventilation is not intended to provide fresh air in the
car park, but it limits the smoke density and air tempera-
ture during a specified time interval to allow evacuation
of people from the car park to a safe place. It is technically
possible to combine fire, day to day and emergency venti-
lation into one system, keeping in mind that such a system
has to fulfil the requirements imposed on all the individual
ventilation types [14]. This is possible to accomplish with
a jet fan ventilation system, which can be designed and
operated as unidirectional or reversible. In case of fire, the
ventilation system is switched up to a higher level. All fans
used to exhaust hot gasses in a car park have to be tested
and certified as defined in EN 12101-3 [15]. However, no
standard to design fire safety systems that involve jet fans
currently exists in Slovakia, and the design process usu-
ally follows the British Standard BS 7346-7:2013 [16].

3.1 Design of the ventilation system

The potential heat and combustion products generated in
the underground car park of a commercial building were
exhausted by an underpressure ventilation system with
jet fans. The pressure difference between the exhaust and

the supply was 20 %. The fresh ventilation air was sup-
plied through an access ramp and five grilles. Two alter-
native designs were proposed. In the first alternative (Al)
the space of the car park was divided into two imagi-
nary parts, and the exhaust shafts were located in both
of them. The jet fans were directed to the corresponding
shafts as shown in Fig. 1. The air change rate was 10-times
per hour. In the second alternative (A2) the exhaust shafts
were located on the side opposite to the main air supply
(access ramp), as shown in Fig. 2. The air exchange rate
was 15-times per hour. Escape routes for the evacuated
people are indicated in Figs. 1 and 2 by the red arrows.

3.2 Simulation model

The simulation model was created in PyroSim FDS 6.4.0
software [17], which also includes the Fire Dynamics
Simulator. The model represents a controlled fluid flow
during fire emergency. The calculation is governed by
Navier-Stokes equations suitable forheatinduced flows with
low velocity to exhaust smoke and heat from the site, using
the Dynamic Smagorinsky model [18, 19]. Smokeview 6.3.6
software [20] was used to visualise the fluid flow during
fire emergency. The mesh size was x = 0.5 m, y = 0.5 m,
and z = 0.25 m. Simplified models of beams, columns,
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cars, and jet fans were included. The grid consisted of
393 000 cells, and the simulation length was 1500 s.

3.3 Parameters of the fire

The heat and pollution source was represented by burning
polyurethane foam. Polyurethane is a material widely used
in buildings, mainly as thermal insulation. It is flammable
and on combustion it generates high heat release rates and
toxic fumes containing a number of toxic products such as,
e.g., carbon monoxide and hydrogen cyanide [21]. In our
simulations a very sooty fire that represented burning of
Polyurethane GM27 was used [22]. The soot yield was 0.1,
which resulted in a large amount of smoke. The fire had a
surface area of 9 m?, with a specific peak heat release rate of
500 kW.m? and an overall peak heat release rate of 4500 kW.
Details on the parameters of the fire are shown in Table 1.
The fire developed from 0 s until 300 s according to the
curve as shown in Fig. 3, and the mass flow rate of fuel was
specified accordingly. The fire was then fully developed for
600 s, after which it started to die away. At time 725 s the fire
was put out and the fire emergency was terminated.

4 Results and discussion

In the first alternative (A1) the exhaust shafts were located in
both parts of the car park and the jet fans were directed to the
corresponding shafts. The air exchange rate was 10-times
per hour. During the fire, the combustion products spread
throughout the whole car park. After 300 s the car park was
completely polluted by the combustion products (Fig. 4a),
and the visibility in escape routes was about 10 to 15 m
(Fig. 4b). Despite the car park being ventilated after the fire
had been put out, at time 1300 s, i.e. 575 s after the fire had
been put out, it was still full of smoke (Fig. 5a). The average

Table 1 Parameters of the fire

Polyurethane GM 27

Heat release rate 500 kW.m™
Dimensions of fire 3x3m
Location 0.5m
Parameters of fire
Carbon atoms 1
Hydrogen atoms 0.17
Oxygen atoms 0.3
Nitrogen atoms 0.08
CO yield 0.042
Soot yield 0.1
Fraction of hydrogen 0.1
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Fig. 3 Heat release rate of fire and mass loss rate of fuel
specified in the simulations

Fig. 4 Alternative Al at time 300 s a) distribution of combustion
products, b) visibility at 1.75 m above the floor level

Fig. 5 Alternative Al at time 1300 s a) distribution of combustion
products, b) visibility at 1.75 m above the floor level

visibility was only 6 m at its maximum (Fig. 5b). The results
for the alternative Al reveal deficiencies in the design of
the ventilation system. The low efficiency of fire ventilation
is caused by inappropriate location of the exhaust shafts.
Locating one of the shafts close to the access ramp caused
that the ventilation air was not distributed properly through-
out the car park, and a large part of the ventilation air was
directly exhausted to the shaft.

In the second alternative (A2) both exhaust shafts were
located on the side opposite to the main air supply (access
ramp). Such location of exhaust shafts and air supply
resulted in a massive fresh air intake, spreading through
the whole car park. In this alternative the air exchange rate
was 15-times per hour. During the fire, the car park was
flooded by combustion products (Fig. 6a), but the escape
routes remained clear enough to allow safe evacuation
of people. The visibility in the escape routes was about
25 m at time 300 s (Fig. 6b), and as the time passed it
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Fig. 6 Alternative A2 at time 300 s a) distribution of combustion
products, b) visibility at 1.75 m above the floor level

diminished only to a small extent. After the fire had been
put out, the space was massively ventilated and at time
1000 s the smoke pollution level was already very low.
Attime 1300 s, i.e. 575 s after the fire had been put out, the
car park was ventilated completely (Fig. 7).

The CFD simulations indicate that the second alterna-
tive (A2) is preferable because, unlike the first alterna-
tive (A1), it is capable of ensuring safe evacuation of peo-
ple from the car park. One of the parameters varied was
the amount of fresh air intake. This parameter affected the
speed of heat and smoke removal from the car park, but
it had only minor effect on the efficiency of the ventila-
tion system. Had the lower air exchange rate of 10-times
per hour been used in the second alternative (A2), the effi-
ciency of the fire ventilation system would still remain very
high, only the time to ventilate the car park would have
been slightly longer. On the other hand, had the higher air
exchange rate of 15-times per hour been used in the first
alternative (A1), the ventilation system would still not be
able to sufficiently ventilate the car park. This means that
location of the air supply and exhaust, and suitable posi-
tioning of the jet fans are crucial to attain high efficiency
of fire ventilation systems with jet fans.

5 Conclusion

The results have shown that the fire ventilation system
was not able to sufficiently ventilate the car park when
the exhaust shafts were located in both parts of the car
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