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Compartment fire is conducted by complex phenomena which have been the topics of many studies. During fire incident in
a building, damage to occupants is not often due to the direct exposition to flames but to hot and toxic gases resulting from
combustion between combustibles and surrounding air. Heat is therefore taken far from the source by combustion products which
could involve a rapid spread of fire in the entire building. With the intention of studying the impact of the opening size on the
behaviour of fire, experimental and computational studies have been undertaken in a reduced scale room including a single open
door. Owing to Froudemodelling, the obtained results have been transposed into full scale results. In accordancewith experiments,
numerical studies enabled the investigation of the influence of the ventilation factor on velocities of incoming air and outgoing
burned gases and on areas of the surfaces crossed by these fluids during full-developed fire. Comparison of the deduced mass flow
rates with the literature reveals an approval agreement.

1. Introduction

Compartment fires involve solid, liquid, or gaseous com-
bustibles which burn in the presence of oxygen contained in
surrounding air. Duration and heat release rate of fire depend
on the type of combustible and on the ventilation level in
compartment. Propagation of fire is strongly linked to the
calorific energy released per unit time which consequently
causes rise in temperature inside the room. Some complex
phenomena happen while fire is ongoing among which the
most dominant is the thermal plume defined as an upward
flow of burned gases observed above the fire source. Fluid
flow is governed by buoyancy forces induced by the difference
of density between burned gases coming from combustion
process and surrounding cool air [1]. Like other phenomena
which could occur during compartment fire, the flashover

phenomenon is the most dreaded by firemen during their
intervention. It is defined as a rapid transition of fire from
growth stage to violent full-developed fire during which all
potential objects present in the room take part in combustion.
Indeed, when the energy generated by fire source is greater
than that lost through walls, the accumulation of heat inside
the room provokes a rise in the temperature of burned gases
located at ceiling. Once that temperature has exceeded a
critical value of 600∘C, a punctual and simultaneous ignition
is produced, thus generalizing fire in the entire building [2].

The main characteristic of compartment fires is the rela-
tive lack of supply air which consequently makes prediction
of the behaviour of fire difficult. According to some fire
situations, flames will extinguish themselves or will lead to a
catastrophic fire disaster. By applying the conservation law of
energy inside the compartment, works have been done in the
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past by authors. These works were mainly focused on some
fire highlighting topics such as contribution of ventilation
factor in building fire; research on the minimum heat release
rate necessary to initialize the flashover; estimation of the
energy lost through borders; and the contribution of the
nature of walls material in fire [3–12]. All these studies,
carried out theoretically, experimentally, or numerically by
authors, intended to understand more mechanisms govern-
ing compartments fires and causing particular phenomena
among which is the flashover phenomenon. All these studies
underlined that the occurrence of flashover during an unex-
pected fire depends on several parameters such as the fire load
inside compartment, calorific value of the combustible, size
of the compartment, heat transfers and, the ventilation factor.
The literature expresses the ventilation factor by the following
mathematical expression: Wo.H1.5o [9], where Wo and Ho
represent the width and height of the opening, respectively.
According toChow [13], the likelihood of flashover to happen
is high when certain main conditions are combined among
which are a minimum heat flux at floor of 20 kW/m2,
a minimum fuel burning rate of 40-80 g/s, and a critical
temperature of burned gases of 600∘C.

Focusing on these anterior works, mechanisms control-
ling compartment fires are multiple but the main factor is the
ventilation level which depends on the size of opening (s).
Behaviour of fire inside a compartmentwill then depend both
on the airflow entrained in the room in fire and on the burned
gases out coming from the room. Owing to experimental
tests enabling us to validate the CFD studies (Computational
FluidDynamics), the present paper aims to study numerically
the sensitivity of the fluids flow at the opening when the
ventilation factor is varying during compartment fire. So, for
different width values of the opening, experiments and then
simulations are carried out in view of bringing out the velocity
and the area of the surface crossed by exterior air and interior
burned gases.

1.1. Froude Similarity Modelling. Fire tests performing on
full scale models would ideally accurate predictions of fire
behaviour but it is very expensive, time consuming, and
very dangerous to conduct full scale fire tests. Owing to the
dimensionless groups derived from the governing differential
equations, Quintiere [14] has examined the principles for
scaling fire phenomena; several scaling techniques have been
described and illustrated. Among these methods, Froude
modelling has been exploited by authors to conduct fire
experiments using a small geometric model [15–20]. This
approach is applied in compartment fire situations because
of the fact that convective flows are dominant to diffusive
flows. Froude number, which represents the ratio of inertia
force to gravitational force, is the dimensionless parameter
which is preserved between both scales (Equation (1)). The
scaling relationships giving the velocityV and the heat release
rate 𝑄̇ are presented by Equations (2) and (3), respectively. L
represents the characteristic length of the domain and g the
acceleration of the gravity:

𝐹𝑟 = 𝑉2𝑔𝐿 (1)

( 𝑉√𝐿)
𝑆𝑚𝑎𝑙𝑙 𝑠𝑐𝑎𝑙𝑒

= ( 𝑉√𝐿)
𝐹𝑢𝑙𝑙 𝑠𝑐𝑎𝑙𝑒

(2)

( 𝑄̇𝐿5/2)𝑆𝑚𝑎𝑙𝑙 𝑠𝑐𝑎𝑙𝑒 = ( 𝑄̇𝐿5/2)𝐹𝑢𝑙𝑙 𝑠𝑐𝑎𝑙𝑒 (3)

1.2. Mass Flow Rates of Fluids at Opening. In compartment
fire, ambient cool air is entrained in the compartment
through the lower portion of the opening. The mass flow
rate of that entrained air has been assumed to be given by
the expression of Prahl and Emmons [21] ameliorated later
by Zukoski et al. [22] (Equation (4)). Hot smoke would flow
out of the compartment through the upper portion of the
opening. Driven by buoyancy flow, the mass flow rate of
burned gases out coming from the opening has been assumed
to be given by the expression of Rockett [23] (Equation (5)):

𝑚̇𝑖𝑛 = 0.50𝐴0√𝐻0 (4)

𝑚̇𝑜𝑢𝑡 = 23
⋅ 𝐶𝑑𝜌0𝑊0𝐻03/2√2𝑔(1 − 𝑍𝑁𝐻0 ) 𝑇0𝑇𝑔 (1 − 𝑇0𝑇𝑔)(1
− 𝑍𝑁𝐻0 )

(5)

Where Cd is the flow coefficient, ZN is the height of discon-
tinuity between hot gases layer and cool air layer, 𝑊0 and H0
are the width and height of the opening, respectively, and 𝑇𝑔
and 𝑇0 represent the temperature of hot gases and ambient
cool air, respectively.

2. Material and Methods

2.1. Experimental Set-Up. Inspired from the works of Sahu
et al. [24], fire experiments were performed in a one-fifth
scale compartment of inner dimensions: 0.50 m x 0.50 m x
0.50 m, which included an open door of dimensions 0.20
m x 0.40 m (𝑊0×H0) at the front wall (Figure 1). Walls
and ceiling of the model were made out from lightweight
concrete with a thickness of 15 mm and of which the density
and thermal conductivity are worth 800 kg/m3 and 0.20
W/mK, respectively. Located at the center of floor, the fire
source was a cylindrical pan of diameter 0.13 m, in which
a mass of 0.065 kg of diesel fuel has been introduced of
which the average calorific value is worth 43.4 MJ/kg. This
latter represented the fire load of experiments. Temperature
of hot gases inside the compartment was automatically
recorded using the data acquisition/switch unit Agilent-
34970A (Figure 2(a)) through an array of fifteen N-type
thermocouples (Figure 2(b)) installed inside the domain and
at the inner side of the opening.The locations of these sensors
are given in Table 1. Temperatures of the outgoing gases,
flames, and the exterior surfaces were measured using the
devices presented in Figures 2(c), 2(d), and 2(e). Experimen-
tal protocol consisted of igniting the fire source and then per-
forming measurements till the fuel is completely burned. In
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Table 1: Locations of thermocouples in the experimental room.

Thermocouple x [m] y [m] z [m]
T1 0.35 0.06 0.06
T2 0.35 0.06 0.12
T3 0.35 0.06 0.17
T4 0.35 0.06 0.22
T5 0.35 0.06 0.27
T6 0.35 0.06 0.32
T7 0.35 0.06 0.37
T8 0.35 0.06 0.41
T10 0.48 0.22 0.10
T15 0.48 0.22 0.15
T20 0.48 0.22 0.20
T25 0.48 0.22 0.25
T30 0.48 0.22 0.30
T35 0.48 0.22 0.35
T39 0.48 0.22 0.39

Z

Y

X

Door

Source

Figure 1: Experimental domain of dimensions 0.50 m x 0.50 m x
0.50 m including in its front wall a single open door of dimensions
0.20 m x 0.40 m.

view of studying the influence of the ventilation factor on the
fire behaviour, a sliding door enabling us tomodify the door’s
width has been used. Thus, four values of width have been
used (0.20 m, 0.15 m, 0.10 m, and 0.075 m) corresponding to
four fire scenes to be experimented and simulated. In view of
checking the repeatability and accuracy of experiments, each
fire experiment has been repeated three times and only the
average values were exploited and interpreted.

Compartment fires are different from fire occurring in
the open air because of the room walls. Fire development is
generally characterized in terms of heat release rate which
represents the heat produced per unit time 𝑄̇. It is calculated
using the expression given Equation (6) [13], where 𝜒 is the
combustion efficiency generally found within 0.7 and 0.9 and
�𝐻𝑐,eff is the effective heat of combustion:

𝑄̇ = 𝜒𝑚̇�𝐻𝑐,eff (6)

Figure 2: Measuring devices: (a) data acquisition/switch unit
enabling us to automatically record measurements during the fire
test following a time step (Agilent-34970A); (b) thermocouples
of type N: range: [-100. . .1300]±1∘C; (c) infrared camera (FLIR
C2): range: [–10. . .150]±2∘C; (d) thermoanemometer; (e) infrared
thermometer (Velleman): range: [-50. . .300]±3∘C.
The term 𝑚̇ represents the fuel mass loss during fire, which is
commonly deduced using a load cell during experiment. But,
as that device was not available at the moment the present
work was ongoing, the mass loss rate has been determined
using the regression velocity which represents the burning
rate of fuel ] (Equation (7)) [6]. The term tb expresses the
burning duration of combustible and, as the fire source is a
liquid fuel contained in a pan, the pool fuel diameter remains
constant during the full developed fire and, knowing that
the mass loss has a t-square curve during growth and decay
phases, the burning duration will be the time prompt at the
end of the full development phase so as to better approximate
the real mass loss rate. The mass loss rate during decay phase
is then assumed to compensate for the mass loss rate during
growth phase. So, for a fixed volume of fuel 𝑊 put inside a
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Table 2: Numerical modelling of experiments.

Physical concept Model
Combustion EDC concept (z, 𝑌𝐹)
Turbulence Standard 𝑘 − 𝜀 (𝑘 = 𝜀 = 10−3)
Radiation P1-approximation (𝜖 = 0.41) [23]
Boundary conditions Convection-conduction (𝜌, 𝜆)
Space and time step Concept of Courant-Friedrichs-Lewy (CFL)

pan of diameter D, the mass loss rate of fuel ṁ is calculated
using the expression given by Equation (8). Terms 𝜌𝑓 and𝐴𝑓
represent the density and the pool area of fuel, respectively:

] = 4𝑊𝜋𝐷2𝑡𝑏 (7)

𝑚̇ = 𝜌𝑓𝐴𝑓] (8)

2.2. Numerical Modelling

2.2.1. Modelling of Fire Phenomenon. CFD modelling is a
numerical approach which allows the prediction of various
aspects of thermal fluid phenomena [25]. The use of this
method involves a mathematical description of physical
and chemical processes associated with the physical reality.
Equations governing fluid flow are obtained by applying the
principles of mass conservation (Equation (9)), momentum
conservation (Equation (10)), energy conservation (Equation
(11)), species conservation (Equation (12)), and state law
(Equation (13)). These equations are treated and solved
numerically within a finite domain. Numerical methods are
widely used by the scientific community; in the field of fire
safety, many fire models have been established [26–29]:

𝜕𝜌𝜕𝑡 + ∇ ∙ (𝜌󳨀→𝑢) = 0 (9)

𝜕𝜕𝑡 (𝜌󳨀→𝑢) + ∇ ∙ (𝜌󳨀→𝑢 ⊗ 󳨀→𝑢)
= −∇𝑃 + ∇ ∙ 𝜏 + (𝜌 − 𝜌0) 󳨀→𝑔 (10)

𝜕𝜕𝑡 (𝜌ℎ) + ∇ ∙ (𝜌󳨀→𝑢ℎ)
= 𝑑𝑃𝑑𝑡 + ∇ ∙ ( 𝜆𝐶𝑝∇ℎ − 𝑞𝑟) + 𝑄𝑒𝑥𝑡 (11)

𝜕𝜕𝑡 (𝜌𝑌𝑘) + ∇ ∙ (𝜌󳨀→𝑢𝑌𝑘) = ∇ ∙ (𝜌𝐷𝑘∇𝑌𝑘) + 𝜌𝑤̇𝑘 (12)

𝑃 = 𝜌 𝑅𝑀𝑇 (13)

2.2.2.Numerical Code. Numerical simulations are conducted
using the CFD code ISIS 4.2.1 [30–32]. Developed by the
Institute of Radioprotection and Nuclear Safety (IRSN) [30],
ISIS is an open source code dedicated to the fire-driven fluid
flow and especially to the numerical simulation of fire in
open and confined environment. It can be associated with
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Figure 3: Illustration of the repeatability of experiments: close
to the ceiling (T6) and near the floor (T2), the average errors of
temperature are 4K and 1K, respectively.

other processing tools such as Gmsh and Paraview which
are used in the present study for geometry building and
postprocessing, respectively. Accuracy of solution provided
by simulation may be affected by many factors such as the
adoption of submodels describing the complex physical and
chemical processes (combustion, turbulence, radiation etc.),
density of the discretization grid, and specification of initial
boundaries conditions. Table 2 summarizes the numerical
modelling applied to design experiments.

3. Results and Discussion

3.1. Experimental Results

3.1.1. Repeatability of Experiments. In view of bringing out
the repeatability of experiments, being undertaken under
the same experimental conditions, each fire scene has been
repeated three times. The repeated profiles of temperature
of two chosen thermocouples (T2 and T6) are presented in
Figure 3. It can be observed that the scatter of data is almost
similar and recurs with acceptable mean deviation. The three
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Table 3: Burning duration and mass loss rate of tests according to the ventilation factor.

𝐻o 𝑊𝑜 𝑊𝑜𝐻1.5𝑜 𝑡𝑏 ] 𝑚̇
[m] [m] [m5/2] [sec.] [×10-5 m/s] [×10-4 kg/s]

Scene 1 0.40 0.20 0.051 570 1.0579 1.1517
Scene 2 0.40 0.15 0.038 530 1.1378 1.2386
Scene 3 0.40 0.10 0.025 490 1.2307 1.3397
Scene 4 0.40 0.075 0.019 540 1.1167 1.2157
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Figure 4: Influence of the variation of ventilation factor on the fuel
burning rate.
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Figure 5: Sensitivity study of grid size.

phases of a fire incident are clearly pointed up and where the
fire growth starts from the ignition to time t=300s while the
full developed fire begins from 300s to 600s. Decay phase
begins at t=600s till the flame is completely extinguished.

3.1.2. Influence on the Fuel Burning Rate. The mass loss rate
of each fire scene is deduced owing to the burning duration
and regression velocity (Table 3). In Figure 4, showing the
variation of the mass loss rate according to the ventilation
factor, it can be noticed that, when the ventilation factor
is between 0.02m5/2 and 0.025m5/2, the fuel burning rate is
increasing till reaching a peak value of 1.3397x10−4 kg/s but
from 0.025m5/2 to 0.051m5/2 the fuel burning rate remains
decreasing tending to reach a constant value representing the
mass loss rate in an open environment. This change in the
variation direction of themass loss rate is due to the passing of
fire from the ventilation-controlled fire to the fuel-controlled
fire. Indeed, energy released by fire is then closely linked to
the quality of combustionwhich depends on the air supplying
the source. So, the more the door is opened the more
the airflow entrained in the room is important. Transition
from the ventilation-controlled fire to the fuel-controlled fire
dependsmainly on the size of the fire source compared to the
size of compartment as well as the size of its opening (s).

3.2. Numerical Results

3.2.1. Grid-Sensitivity Study. In view of better approximating
a real fire incident, sensitivity study of grid size is necessary.
Several past studies stated that a grid-sensitivity analysis
should be conducted in order to ensure that results will not be
influenced by the grid size [33, 34]. After the numerical mod-
elling, different grid sizes (0.015m, 0.020m, and 0.025m) have
been used to test its influence on results. Figure 5 presents
the temperature evolution of hot gases (T8) computed with
different space steps. It can then be observed that there is
not significant change on curves; it is the reason why all the
simulations have been performed using 0.025m as space step.

3.2.2. Verification and Validation of Results. Figures 6(a),
6(b), 6(c), and 6(d) represent, for each fire case, the con-
frontation between experimental and numerical profiles of
temperature along the height of the door, plotted during the
steady state precisely at time t=400 seconds. The difference
observed between simulation and experiment is due to the
fact that compartment fire is governed by high turbulent flows
which could not be exactly simulated; it is the reason why the
standard k-epsilon model is used in order to approximate the
real fire situation. Although not having the same trajectory,
it is however noticed that both experimental and numerical
curves almost have a similar behaviour. So, there is an
acceptable approval between experiment and simulation.
Analysis of these results enabled us to notice that two zones
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Figure 6: Profiles of temperature at the door during the full developed fire, at time t=400sec. (a) Scene 1: W0=0.20 m. (b) Scene 2: W0=0.15
m. (c) Scene 3: W0=0.10 m. (d) Scene 4: W0=0.075 m.

of the opening are put forward: a lower zone which is crossed
by incoming air supplying the fire source and an upper zone
which is crossed by outgoing hot gases. The neutral zone,
characterized by a rough change in temperature, represents
the interface zone between the hot gases layer and the cool
air layer.

3.2.3. Velocities Fields at the Door. Also captured during the
steady state (t=400 sec), Figure 7 presents the velocities fields
at the front wall including the door. On contours of the door,
the two mentioned zones are well visualized. Represented by
negative velocities values, the exterior ambient air enters the
compartment through the lower portion of the door while the
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Figure 7: Contours of velocities at the door during the full developed fire, at time t=400sec. (a) Scene 1: W0=0.20 m. (b) Scene 2: W0=0.15
m. (c) Scene 3: W0=0.10 m. (d) Scene 4: W0=0.075 m.

burned gases, represented by positive velocities values, go out
through the upper portion of the door.

For each fire scene, only themaximal values of the incom-
ing velocity of air (𝑉𝑖𝑛) and outgoing velocity of gases(𝑉𝑜𝑢𝑡)
are exploited. Heights occupied by these crossing fluids are
deduced using the vertical profiles of velocity at the door
(Figure 8). In fact, a projection of the zero-value velocity on
curve enables us to estimate the height of incoming air layer
(𝐻𝑖𝑛). Height crossed by burned gases layer (𝐻𝑜𝑢𝑡) is simply
deduced by a subtraction to the door height. All these differ-
ent values of heights and velocities are reported in Table 4.

Applying the Froude modelling, these reduced scale
results are converted into full scale results representing a
real fire incident occurring in a full scale compartment of
dimensions 2.50 m x 2.50m x 2.50m which includes an open
door of dimensions 1.0m x 2.0m. Table 5 presents the general
full scale parameters searched in this study such as the heat

release rate of each fire scene, the maximal velocity, the area
of the crossed portion of the door, and the mass flow rate of
the incoming or outgoing fluid.

Plotting of data in Table 5 enabled us to illustrate the
variation of some parameters according to the ventilation
factor. Concerning particularly the incoming ambient air, it
is obviously noticed that both the velocity (Figure 9) and
the area of the crossed portion of door (Figure 10) are
inversely proportional to the ventilation factor. Indeed while
the velocity decreases the area of the portion of door crossed
by cool air increases.

On the other hand, results revealed that hot gases flowing
out from the compartment behave differently compared to
the incoming cool air. It shows that the velocity and the area
of the crossed portion of door evolve proportionally to the
ventilation factor.Themore the door is opened themore these
both parameters increase.
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Figure 8: Vertical profiles of velocity at the door during the full developed fire, precisely at time t=400s. (a) Scene 1: W0=0.20 m. (b) Scene
2: W0=0.15 m. (c) Scene 3: W0=0.10 m. (d) Scene 4: W0=0.075 m.

Table 4: Heights and maximal velocities of fluids at door in small scale.

Scene 𝑊0𝐻0
3/2 𝑄̇ 𝐻𝑖𝑛 𝑉𝑖𝑛 𝐻𝑜𝑢𝑡 𝑉𝑜𝑢𝑡

n∘ [m5/2] [kW] [m] [m/s] [m] [m/s]
Scene 1 0.051 4.14 0.15 0.37 0.17 0.38
Scene 2 0.038 4.50 0.18 0.44 0.20 0.31
Scene 3 0.025 4.82 0.20 0.52 0.22 0.28
Scene 4 0.019 4.38 0.23 0.57 0.25 0.18

Indeed, buoyancy forces generated in the fire plume are
at the origin of the raising of velocity of outgoing gases. The
more the opening’swidth iswide themore the convective flow
is prevailing. The convective mixing induced at ceiling raises
the kinetic motion of hot gases; this is the reason why they

flow out with high velocity in spite of the expansion of the
crossed surface.

After having simulated the velocity and the surface area
crossed by the fluid, the mass flow rate is calculated assuming
the density of fluid equal to 1.25 kg/m3. Comparison of
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Table 5: Results of the behaviour of incoming and outgoing fluids at door in full scale.

Scene 𝑊0𝐻0
3/2 𝑄̇ 𝑉𝑖𝑛 𝐴 𝑖𝑛 𝑚̇𝑖𝑛 𝑉𝑜𝑢𝑡 𝐴𝑜𝑢𝑡 𝑚̇𝑜𝑢𝑡

n∘ [m5/2] [kW] [m/s] [m2] [kg/s] [m/s] [m2] [kg/s]
Scene 1 2.83 231.43 0.830 1.15 1.189 0.849 0.850 0.903
Scene 2 2.12 251.55 0.984 0.75 0.922 0.693 0.750 0.650
Scene 3 1.42 269.44 1.163 0.45 0.654 0.630 0.550 0.430
Scene 4 0.70 244.84 1.275 0.28 0.448 0.402 0.469 0.236
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Figure 9: Variation of velocities of cool air and hot gases over
ventilation factor.

these calculated mass flow rates to those of the literature
allows us to reveal an approval agreement between results
(Figures 11 and 12). These Figures illustrate the variation of
the mass flow rates of incoming air and outgoing burned
gases compared to results obtained by Zukoski et al. [22]
and Rockett [23], respectively. The error observed between
the calculated and the literature curve is certainly due to
the numerical modelling which can rather be improved by
operating on the initial and boundaries conditions.

4. Conclusion

Compartment fire is generally held according to three phases
of which are growth, full development, and decay. During
these phases, dangerous phenomena may occur and lead to
catastrophic situation in which human and material damage
could be reported.This paper aimed at studying the influence
of the ventilation factor on the behaviour of fluids at the door
during a single-opening compartment fire. Owing to experi-
ments and CFD simulations, details concerning the velocity
and crossed surface of incoming air and outgoing smokes
were brought out. Future works will be to perform more
simulations with more width values in view of establishing
mathematical relations.
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Figure 10: Variation of surface areas crossed by cool air and hot
gases over ventilation factor.
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Figure 11: Variation of the mass flow rate of incoming air over
ventilation factor (full scale).
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Symbols

L: Characteristic length (m)
V : Characteristic velocity (m/s)
�𝐻c,eff: Effective heat of combustion (kJ/kg)
H: Height of compartment (m)𝑚̇: Mass loss rate of fuel (kg/s)
Af: Pool fuel area (m2)
D: Pool fuel diameter (m)𝑇𝑔: Temperature of hot gases (K)𝑇0: Temperature of cool air (K)𝑉𝑜𝑢𝑡: Maximal velocity of outgoing gases (m/s)𝑉𝑖𝑛: Maximal velocity of incoming air (m/s)𝜒: Combustion efficiency (0.8)
tb: Average fire duration (s)𝜆: Thermal conductivity of the wall (W/m.K)
z: Mixture fraction of fuel with air (.)𝜖: Emissivity of hot gases in the enclosure (.)
]: Regression velocity (m/s)𝑊𝑜: Width of opening (m)𝐻o: Height of opening (m)𝜌𝑓: Density of fuel (kg/m3)
W: Initial volume of fuel (m3)
Cd: Flow coefficient (0.7)
ZN: Height of discontinuity (m)𝐻𝑖𝑛: Height crossed by cool air (m)𝐻𝑜𝑢𝑡: Height crossed by smoke (m)𝐴 𝑖𝑛: Area crossed by cool air (m2)𝐴𝑜𝑢𝑡: Area crossed by cool air (m2)𝑚̇𝑖𝑛: Mass flow rate of cool air (kg/s)𝑚̇𝑜𝑢𝑡: Mass flow rate of smoke (kg/s)
k: Kinetic turbulent energy (𝑚2/𝑠2)𝜀: Dissipation rate of turbunce (𝑚2/𝑠3)
YF: Mass fraction of fuel (.).
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