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Abstract. In the fire safety design of buildings, it is common practice to consider a smoke
and heat exhaust ventilation system. The choice is made between either natural ventilation
or a mechanical ventilation system. In case of a fire, the main requirement for building
designers is to save users. For the safety of users during a fire, low temperatures, high
oxygen concentration and good visibility for a certain period must be ensured.

Three different cases of ventilation in case of fire were analyzed in this study: mechanical
ventilation (CASEI) and natural ventilation (CASE2- wall hatches and CASE3- roof
hatches). The results of an experimental study were used to validate a numerical model
(CASEO- no ventilation system) using FDS software. The action of the fire in a room with
an area of 18(m2) has been studied.

Indoor temperatures, oxygen concentration and visibility are determined and used to
establish the performance of different ventilation system. The three parameters play an
important role in assessing the environmental conditions necessary to save users.

The study shows that natural or mechanical ventilation in case of fire considerably
improves the evacuation conditions, saving users' lives. Both types of ventilation ensure
good performance in the situation of a correct dimensioning and designs.
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1. Introduction

Design of buildings for fire action has become a common concern. Designing
buildings for fire action involves identifying the best solutions that allow saving users,
ensuring firefighters' intervention, preventing the collapse of buildings, limiting the
spread of fire, limiting the damage of a fire [1].

Globally, the number of victims resulting from the action of the fire exceeds any
other risk to which a building is subjected during its lifetime [2]. Most victims of a fire
occur because of intoxication with smoke, hot gases, and pollutants [3].

The main parameter used to define the action of a fire is the indoor temperature.
The concentration of oxygen, the concentration of toxic gases and the visibility are also
important.
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Modeling the action of fires on constructions can be done by simple mathematical
models, zonal models, or complex field models [4]. Mathematical models are the most
used due to the low computational resources required. As the computational technique
develops, the use of complex field models in fire modeling becomes relevant. Field
models allow to simulate the action of fires close to reality but require high computing
resources.

Ventilation is a method of protecting the space in case of fire. The purpose of
ventilation is to maintain optimal conditions for the survival of users for a certain period
(low temperatures, high oxygen concentration, low harmful gases concentration and
good visibility).

Ventilation in case of fire can be mechanical ventilation or natural ventilation.
Natural ventilation involves the automatic and manual opening of the windows/hatches
from the burned space to evacuate the defective air. Mechanical ventilation involves the
use of an electric fan to extract foul air.

In this study, three cases have been simulated with different smoke and hot air
ventilation system. Predictions of temperature, visibility and oxygen concentration are
presented. The fire dynamics simulator (FDS) code, based on the concept of large eddy
simulation, is adopted in the present simulation for good the fire modeling performance
[5] [6]. No ventilation in room is used as a benchmark.

2. Materials and Methods

The test results are designated as reference for calculation models validation [7].

A real-scale experimental stand bas been used in the present research. The fire
action was simulated with the help of a burner that uses LPG gas as a fuel.

The interior temperatures were recorded during the experiment.

The main components of the experimental stand are the construction, the
combustion plant of the fuel, the installation of the exhaust air, the slit that provides the
fresh air supply and the temperature sensor.

2.1. Experimental device

The experimental stand is a realistic room with an area of 18 (m?) (Fig. 1). The
interior dimensions are 3 (m) x 6 (m) ground surface, with a ceiling height of 2.7 (m).

The test room consists in four exterior walls made of mineral wool panels which
have a thickness of 0.10 (m).

In the exterior walls there was provided a door (0.9 (m) x 2.1 (m)), a window with
an incombustible metal frame (0.6 (m) x 1.2 (m)), air outlet (0.25 (m) x 0.25 (m)) and an
air inlet (0.4 (m) x 0.1 (m)).
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Fig. 1. Image of the experimental stand.

The experimental stand was made of incombustible materials that provide a fire
resistance of /80 (min) for walls, floor, and roof and 90 (min) for the door.

2.2. Burner

LPG gas was used as a fuel to simulate the fire. Gas was used because the
combustion is controlled, unlike if solid or liquid fuels were used.

The installation consists of a burner, a metal supply line, and a fuel tank (Fig. 2).
The combustion installation had two burners with a cumulative area of 0.25 (m) x 0.6
(m). The gas supply was made from a 60 (I) tank mounted outside the experimental

stand. With the help of a gas pressure regulator and a service tap, the flue gas flow was
adjusted.
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Fig. 2. Experimental stand sketch.
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Near the burner was provided the air inlet slot. This slot provides the fresh air
charged with the oxygen needed to burn.

At the bottom of the stand there is an LPG detector. It has the role of detecting
the unburned gas and is provided for the safety of the experiment. At the top of the stand
was provided a carbon monoxide detector for the situation in which the combustion
would not be complete.

2.3. Measurement of temperature

The only parameter recorded was the indoor air temperature in point S1. One
sensor was placed at the centerline of the ceiling (Fig. 2).

A thermocouple type K sensor was used. Data recording was done with an
ALMEMO?710 data acquisition plant. This type of sensor is recommended for positive
temperatures lower than /000 (°C). The measurement error is 0.1 (°C).

The duration of the experiment has been 760 (s)- the tests has been stopped when
a 90 (°C) temperature was reached in the room. The evolution of indoor temperatures
throughout the event was recorded. The data recording step was set at 5 (s).

For safety, a sensor for detecting unburned LPG was mounted on the bottom of the
camera and a sensor for detecting carbon monoxide was mounted on the top of the camera.

3. Modelling and calibration

There are three type of methods for modelling the reaction to fire of buildings:
simplified mathematical models [8], zonal models who divide the burnt space into two
zones characterized by an average temperature [9], computational fluid dynamics (CFD)
models that allow the simulation of the fire closer to the reality [4].

Full-scale complementary computational fluid dynamic (CFD) simulations are
carried out with fire dynamics simulator FDS. An approximate form of Navier—Stokes
equations appropriate for low Mach number applications is used [10]. To handle sub-
grid scale convective motion, Large Eddy Simulation (LES) technique is adopted [11].

The numerical model assumes knowledge as input data of the geometrical
characteristics of the room, the material characteristics, the way in which the combustion
1s modeled, the size of the discretization network.

3.1. Geometric model and mesh

The dimensions of the room were determined by direct measurement (Fig. 3).
The room has the interior dimensions of 6x3x2.7 (m?). The wall thickness is 0.10 (m).
The burner (0.25x0.6 (m?)), air outlet (0.25x0.25 (m?)) and air inlet (0.4x0.1 (m?)) are
placed in the same position as in the experiment. The dimensions were determined by
direct measurements.
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Reasonable extension of the computational domain has been proved to be
necessary to acquire accurate results. Therefore, some additional computational regions
are added near the wall (0.5m).

Fig. 3. Graphical representation of the model.

Details such as the existence of the door, windows, various interior objects such
as the water supply pipe, sprinklers, wires of temperature sensors, joints between the
panels were not reproduced.

The grid size is an important factor to be considered. To establish the mesh,
several different mesh sizes ranging from 0.025 (m) to 0.25 (m) are chosen for
comparison. Two criteria were considered to determine the optimal mesh: computation
time and standard deviation. Fig. 4 shows temperature distribution in point S1 of the
three simulation with three different dimensions of the discretization network.

temperature (°C)
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Fig. 4. Temperature evolution chart at different mesh, point S1.
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The computer could not operate the calculation for network dimensions less than
0.05 (m), for 0.05 (m) a single run lasted about /20 (h). A grid size of 0.1 (m) was chosen
and it offers results very close to reality, with an error of only 2.7 (°C).

Table 1.
Calculation time and standard mean deviation at different values of mesh dimensions

Grid Dimension Calculation time OFErr
(m X m X m) (h) (°C)
025mx0.25mx0.25m 0.5h 21.0
0.20m x 0.20 m x 0.20 m 1h 19.8
0.15mx0,15mx0,I5m 2h 12.8
0.10mx0.10mx0.10 m 7h 2.1

0.05m x 0.05 mx 0.05m 120h 4.8

3.2. Material characteristics of the walls

The materials from which the walls and floors are made are important for the
calculation. The main material characteristics important for numerical analysis are: (a)
the density (p=120 (kg/m’)), (b) the thermal conductivity (Aeqv (W/m.K)-determined),
(c) the lower calorific value (gi=0 (MJ/kg)) and (d) the thermal capacity (cp=0.840
(kJ/kg.K)).

All characteristics were taken from the product sheet except the thermal
conductivity. It was necessary to determine an equivalent thermal conductivity
considering the differences between the real situation and the one in the model (the
window and the door are not found in the calculation model) as well as the need to
correct the value in the data sheet with the losses through the thermal bridges (intensified
heat losses through the joints of the panels, in the area of the door and window, the joint
between the walls and floors).

Several calculations were iterated at different values of thermal conductivity. The
value of the thermal conductivity that showed the minimum average deviation ( 0k (°C))
was chosen.
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Fig. 5. o (°C) for different values of Aeqv (W/m.K)
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The equivalent thermal conductivity of the walls and floors has been set at degv = 0.061(°C)
With OErr =].5 (UC).

3.3. Burner modeling

The correct modeling of the fire source is necessary because this influences the
obtained results [12].

A fire source is placed at 0.3(m) from the outer wall. Its heat release rate is
determined by the fire source area and heat release rate per unit area.

LPG gas from the cylinder was used during the experiment. Gas has the
advantage of controlled combustion over solid fuels, with clear chemical and physical
equations that are easy to model.

The total amount of gas consumed by combustion was determined by measuring
the weight of the cylinder before and after the experiment: M;=0.315 (kg).

Knowing the lower calorific value of the LPG gas, Qi(MJkg™), it was possible to
determine the total amount of heat resulting from combustion [13], according to the
equation HRR=Q;M;(M]) (1) :

HRR = Q;M;(M]) (1)

FDS allows fire modeling using HRRPUA (heat release rate per unit area). The
surface of the burner is the same as in the experiment: 0.25 x 0.60 (m?).

The amount of fuel burned is not constant during the experiment because of the
decrease of pressure in cylinder: HRRPUA=105 (kWms™), Fi=os)=1.15, Fi=760(5)=0.85.
The decrease curve was determined by repeated simulations.

4. Results and discussion

This study analyzes three possible cases of ventilation(CASEI, CASE2, CASE3)
and compares them with the situation in which the space does not have any ventilation
system in case of fire(CASEO):

CASEQ: the room does not have a mechanical or natural ventilation system in
case of fire;

CASE]I: the room has a mechanical ventilation system for extracting hot air; the
hot air extraction flow is Q,= 0.18(m’/s); the air supply for compensation is made
naturally through a slit located at the bottom of the outer wall: 0.10(m) x (0.40(m);

CASE2: the hot air is natural evacuated through a wall smoke hatches: 0.5(m) x
0.4(m); the air supply for compensation is made naturally through a slit located at the
bottom of the outer wall: 0.50(m) x 0.40(m);

CASE3: the evacuation of hot air is done natural through roof smoke hatches:
0.5(m) x 0.4(m).

The three cases take into account the recommendations of the current technical
regulations [14].

Through this study we try to analyze which ventilation system has a higher
performance.
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Three main parameters will be followed: indoor temperature, visibility and
oxygen concentration at point S1.

4.1. Temperature distribution

In the temperature evolution chart (Fig. 6) it can be observed that all three
situation smoke and hot air ventilation systems have similar performance. Indoor
temperatures drop at point S/ from almost /00(°C)-CASEO to about 60(°C)-CASEI,
CASE2, CASE3, proving that the performance of the ventilation system is high in all
three cases.

Mechanical smoke and hot air ventilation lead to better ventilation in the initial
stages of the fire (CASEI), when hot air velocities are low due to low temperatures for
CASE2 and CASE3. As the fire continues, indoor temperatures rise and air velocity
increases through the wall or roof smoke hatches (CASE2, CASE3) and natural
ventilation was done at a flow rates almost equal to mechanical ventilation.
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Fig. 6. Temperature evolution chart, point S1.

Fig. 6 shows a rapid stabilization of the temperature curve close to 60 (°C). This
is because a balance is struck between the amount of heat introduced into the room by
the burning of gas and the loss of energy through the walls and the ventilation system.

The current regulations establish a correlation between the flow of hot exhaust
air and the surface of the fan-protected space. It follows from the chart below that a
correlation between the extraction flow and the thermal load, i.e. the amount of heat
resulting from the combustion of combustible materials in the room, would be more
appropriate.

Fig. 7 shows that in all cases the hot air rises to the top of the room from where
it is evacuated to the outside through the mechanical ventilation system or through wall
or roof hatches. In the case of mechanical ventilation, a destratification of the air can be
observed and the hot air has a controlled circulation. It can be seen that cold air enters
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through the slit situated at the bottom of the outer wall. As shown in the figure,
temperatures near the fire source are much high.

I 120(°C)
T

(a) CASEO (b) CASE1

(c) CASE2 20(°C) (d) CASE3

Fig. 7 Temperature at t=760(s), y=2.1(m)

It can be seen that the temperatures at different points in the same horizontal
plane are approximately equal and decrease as the horizontal plane is closer to the floor.

The cold air introduced from outside mixes with the hot air in the room and
causes a considerable drop in indoor temperatures.

We conclude that in all three cases the ventilation affects indoor temperatures.

4.2. Visibility distribution

One of the most important parameters for evacuation in room fires is visibility.
According to fire performance-based criterion, a minimum visibility of /0 (m) at one
person’s head must be maintained for evacuating and ensure the possibility for the fire
fighters to put out the fire [15].

In the next figure (Fig. 8) the visibility decreases in the experiment (CASE])
below 2(m). In this situation, conditions for the evacuation of users can no longer be
ensured. When the ventilation systems work (CASEI, CASE2, CASE3), the visibility
increases at almost 5(m): evacuation conditions are provided even if in difficult
conditions.

On average, the three fire ventilation systems offer similar performance. In the
initial phase, mechanical ventilation offers better performance because the speed of
natural circulation of hot air is slow at low temperatures.
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Fig. 8 Visibility evolution chart, point S1.

Fig. 9 shows that mechanical ventilation and natural ventilation considerably
increase the visibility. No significant differences are observed in terms of natural
ventilation performance between the two situations studied: CASE2- wall hatches and
CASES3- roof hatches.

l 30(m)

(a) CASEO (b) CASE1

(c) CASE2 o(m)
Fig. 9 Visibility at t=760(s), y=2.1(m)

(d) CASE3

Visibility is higher at the bottom of the camera. When there is no ventilation
system at the end of the experiment the visibility decreases to almost zero. When there
is a ventilation system the visibility is maintained at approximately 5(m) which means
that parameters for evacuation are maintained but in difficult conditions.

4.3. Oxygen concentration distribution
The concentration of oxygen in the air is important because oxygen is

indispensable for human survival, low oxygen concentrations leading to loss of
consciousness and eventually death. During a fire, oxygen is used in the combustion
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process resulting in carbon dioxide and other harmful gases depending on the type of
fuel used.

LPG is a mixture of propane and butane. The chemical equations of combustion
are given below [16]:

chemical propane combustion equation: C3 Hg+502,—3CO,+4H>0 (2)
chemical butane combustion equation: 4C4 H10+902—8CO2+10H20 ( 3)

When no ventilation system is operating oxygen, concentration decreases rapidly
( Fig. 10 ) under the value of 0.19(mol/mol). When the ventilation systems are working,
the oxygen concentration is set at values higher than 0.202(mol/mol).

Mechanical ventilation provides better oxygen concentrations in the initial stages
of the fire.
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Fig. 10. Oxygen concentration evolution chart, point S1.

Fig. 11 shows that natural ventilation produces similar results in both cases
studied (CASE2- wall hatches and CASE3- roof hatches). Mechanical ventilation
produces greater agitation of the air and destratifies the air. At the bottom of the room
the oxygen concentration is higher in all cases.
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Fig. 11. Oxygen concentration at t=760(s), y=2.10(m)

Analyzing the three parameters it can be concluded that a correct sizing makes
both mechanical ventilation and natural ventilation to have close performance.

5. Conclusions

In this research, the performance of three ventilation system for the evacuation
of smoke and hot air was compared.

A real-scale fire test has been performed on instrumented single room. During
these test, temperatures have been recorded in sensor S1. This test have been used as
reference test to validate fire-modeling tools. Mathematical modeling of the fire was
performed using FDS.

The results obtained were compared with the experimental results recorded for
the situation when there is no mechanical or natural ventilation system.

Three fire ventilation systems have been proposed and studied: mechanical
ventilation (CASEI) and natural ventilation (CASE2- wall hatches and CASE3- roof
hatches).

Based on the analysis of the temperature distribution, visibility distribution and
oxygen concentration distribution, it can be concluded qualitatively that:

1. mechanical ventilation provides better performance in the early
stages of the fire.

2. the stratification of hot air is more pronounced in the case of natural
ventilation.

3. the increase in indoor temperature leads to an increase in the flow
of hot air and smoke.

4. fire ventilation systems maintain low temperatures, good visibility,
and high oxygen concentration, ensuring optimal conditions for the survival
and evacuation of users.

5. FDS provides good results in fire modeling.
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6. natural or mechanical ventilation protects the building elements by
cooling the air.
The main conclusion is that a well-sized ventilation system provides similar
results regardless of whether it is mechanical or natural ventilation for the evacuation of
smoke and hot air.
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