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Philippe Onguene Mvogo,4 and Ruben Mouangue 1,4

1National Higher Polytechnic School, University of Douala, Douala, Cameroon
2Laboratory of Energy, Materials, Modelling and Methods, University of Douala, Douala, Cameroon
3Department of Physics, University of Fada, Fada-Ngourma, Gourma Province, Burkina Faso
4Group of Research in Combustion and Green Technology, University of Ngaoundere, Ngaoundere, Cameroon

Correspondence should be addressed to Ruben Mouangue; r_mouangue@yahoo.fr

Received 15 November 2020; Revised 19 January 2021; Accepted 5 February 2021; Published 12 February 2021

Academic Editor: Benjamin Shaw

Copyright © 2021 Fidel Meskeoule Vondou et al. .is is an open access article distributed under the Creative Commons
Attribution License, which permits unrestricted use, distribution, and reproduction in anymedium, provided the original work is
properly cited.

Backdraft is a complex phenomenon which occurs during cases of confined fires. It appears by a fast deflagration which occurs
after the introduction of oxygen into a compartment filled with hot gases rich in unburned combustible vapor. Practically, this
situation could occur at the time of intervention of firemen who break the door or when a window breaks under the action of
thermal stresses. Based on a strong experimental campaign, the present paper aimed to make a quantitative investigation of the
effect of confining on a totally closed fire. With this focus, fire tests were carried out in a completely closed room of dimensions
1.20m× 1.20m× 1.02m, with five sources of fire of different heat release rates. .e same fire sources were also tested in a free
atmosphere in order to get reference data. After a statistical study of data, a comparative analysis between both results has been
done. Its outcome is that confining has amajor impact on the quality of combustion and on the fire duration. More precisely, it has
been noticed comparatively to fire tests in free atmosphere that confining increases the fire duration by 14.85 percent while it
decreases the heat release rate by 21.72 percent.

1. Introduction

.e majority of fires in which firemen are confronted occur
in buildings, or, in a more general way, in closed or lightly
opened volumes. .e occurrence of some accidents during
recognition and operation of extinction of these fire inci-
dents makes essential the adaptation of the knowledge and
techniques of intervention. .us, these fires, sometimes
initially of weak width, can develop very quickly producing a
great quantity of smoke and causing, under the effect of heat,
the distillation of fuel gases through pyrolysis of materials
contained in the volume. At this stage, the conditions of
ventilation are decisive for the evolution of the fire towards
dangerous and very dreaded phenomena of the firemen
[1–5]. .ese phenomena can be a backdraft which is the
spontaneous explosion of unburned gases accumulated in

the volume of fire; that is to say, flashover which is the
generalized ignition of all combustible materials present in a
partially opened volume. Indeed according to the literature,
fires in the interior medium were the subject of several
studies on a double experimental and numerical level [6–22].

Starting from the initialization phase to the extinction
phase, works of authors on confined fires show that several
parameters significantly influence its behavior which can
lead to the occurring of the phenomenon of backdraft.
Fleischmann et al. [23] showed that the volume of unburned
gases must be at least equal to 15% of the volume of the
compartment so that backdraft can occur. Gottuk et al. [24]
showed in their work that the atmosphere of a compartment
with fire becomes vitiated and ready to explode when the
critical mass fraction of combustible’s vapor of 0.16 is
reached. By using methane as the fuel source of fire in the
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experimental domain, Weng and Fan [25] found a critical
mass fraction of unburned gases of 9.8%. Guigay et al. [26]
carried out an experiment on the possible actions being able
to prevent the occurring of backdraft that showed that the
cooling of gases in the enclosure on fire would reduce the
difference in density between hot gases and cooled gases. .is
would therefore decrease the effects of the relaxation of hot
gases in the event of an abrupt contribution of fresh air. Pérez
et al. [27] evaluated the effect of the obstacles to the entering
draught on prerequisites of Backdraft. It shows that the
presence of the obstacles in a compartment with fire affects
the velocity of the gravity current and the level of mixing
between fresh gases and vitiated gases. Wu et al. [28] studied
the effects of the variation of dimensions of the opening on
hot gases in a compartment and they concluded that venti-
lation is a key parameter determining the occurrence of this
phenomenon. More recently, Vondou et al. [29] showed that
the disposition of openings has an influence on compartment
fire; notably, on the production of ghosting flames.

Generally, the occurrence of backdraft during a fire in
confined surroundings is relatively related to several factors
such as the mass fraction of unburned gases released by the
fire, temperature of hot gases in the enclosure, dimensions of
the room on the fire, characteristics of the burning fuel, and
the velocity of the gravity current in the compartment.
Focused on an experimental measurement campaign, the
present paper aims to quantify the effect of confining on the
behavior of fire in an interior medium compared to fire in an
external or free medium.

2. Experimental Domain

.e domain of the study consists of a reduced compartment of
dimensions 1.20m× 1.20m× 1.02m in which tests of fire in
confined surroundings were carried out. A closed medium was
obtained by closing all openings of the aforementioned domain
after having ignited the fire source. .e material of mea-
surement consists of an automatic system for the acquisition of
data called Agilent 34980A on which thermocouples of N-type
were connected, whereby the heat source is ensured by the gas
oil. .e configuration of the thermocouples and the safeguard
of data are by the use of a portable computer. Electric plate
heating with a power of 1000W allows the preheating of the
fuel so that to bring up its initial temperature to an average of
60°C. At the time of real fires, it can happen that certain internal
or external factors modify the fire regimen; what influences
directly its behavior in particular is the heat release rate of the
source of the fire. In order to take this possible variation into
account within the framework of this study, six hearths of
cylindrical form with a height h� 50mm and the different
diametersD were used as the source of fire in the experimental
volume. Table 1 gives the diameter of each fire source used for
the experimental campaign.

2.1. Devices of the Free and Confined Tests. Free fires are tests
of fire performed in the free atmosphere, that is, without any
boundary which can influence the development of fire. .is
latter is then naturally fed by the surrounding air. In order to be

able to perform such a fire, the tests were carried out in a
sufficiently large room so that the outside wind cannot disturb
the development of flames. By using turn by turn six fire
sources, the test consists in igniting the source in the room and
leaving it to freely burn in free air until the amount of fuel
initially introduced in the hearth is exhausted. .is action is
timed to have the time spent by the fire before dying out. .e
temperature of the flame of each test is measured after every
5 seconds using the thermocouple THF plunged in the per-
sistent zone of the flame (Figure 1). Confined fires are those
evolving in a completely closed enclosure. .ere is no com-
munication between the interior vitiated air and the external
fresh air. Fire will be able only to use the oxygen contained in
the interior air until there is a lack. .e device consists in
repeating the same scenario just like the tests in a free at-
mosphere, but in a completely closed volume. .e probe
thermocouple THF was slightly placed above the hearth to
measure the temperature at the heart of the flame (Figure 2).

2.2. Procedure of Experiments. .e launching of each test,
regardless of the environment in which it is carried out, was
done according to a well-defined procedure. .e first stage
consists in installing the experimental device and measuring
the initial amount of fuel..is fuel is then preheated to reach
an average temperature of 60°C. Once the flame is set,
temperature measurements are done automatically after
every 5 seconds. Each test is thus repeated four times and
only the average values are represented. .e repeatability of
the tests is checked by means of a statistical test [30].

2.3. Mass Loss Rate of Fuel. Fire is generally held according
to three great phases, which are the growth phase, the full-
development phase, and the decline phase. .e most
significant phase, besides the longest fire incidents, is the
full-development phase. During this stage, fire reaches its
steady state; that is, at this moment all sizes which are in-
volved progress in a constant way. .e mass loss rate which
represents the average quantity of fuel which burns per unit
time is determined from the surface area of the fire source
Af and the speed of consumption of the fuel w as shown by
the following relation [31]:

_mf � ρfAfw, (1)

with

w �
4ΔV
πD

2
tf

, (2)

where D is the diameter of the fire source; tf is the duration
of fire before dying out (time of the growth and full-

Table 1: Diameters of the sources of the fire tested in the ex-
perimental field.

Source
1

Source
2

Source
3

Source
4

Source
5

Source
6

D
(mm) 165 120 93 70 60 50
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development phases); and ΔV is the total mass really burnt
during the fire. .e heat release rate of the fire source is
calculated owing to the following relation [32]:

HRR � λcχ _mfΔhcomb. (3)

.e term λc is the fraction of the convective heat de-
livered by the fire source. It is estimated at 0.70; χ is the
efficiency of combustion and is estimated at 0.82 for the
diesel fuel; and Δhcomb is the effective heat released by the
combustion of 1 kg of fuel under conditions of an excess of
oxygen without recovery of the heat contained in the re-
leased water vapor or diesel fuel. It is worth on average
42.2MJ/kg [31].

3. Experimental Results

3.1. Results of Fire Tests in Free Atmosphere

3.1.1. Physical Description of Free Tests. Free tests were
carried out with the aim of having a frame of reference
behavior to compare it with that of the confined sur-
roundings. Table 2 gives the initial volume Vi of fuel in-
troduced in each hearth like their average fire durations. It

can be noted that, for each used hearth and whatever the
initial amount of fuel, the final volume is equal to zero. .at
is to say, the fuel was burnt in its totality. .is is due to the
fact that the fire is being held in a free atmosphere; thus there
is permanent availability of fresh air, which makes it possible
to continuously feed the fire source with oxygen contained in
this ambient air. .e combustion reaction will thus continue
as long as there will still be fuel. .e extinction of the flames
will occur as soon as the fuel finishes.

Figures 3(a)–3(c) present the captured images of the
flame during free tests with sources 1, 3, and 5. It is noted
according to the visual aspect that the larger the source is
(particularly the diameter), the more the flame is unstable
and thus turbulent. .e larger the diameter of the hearth,
the more the fuel is quickly exhausted that causes a fast
extinction of flame. .e more this diameter is large, the
more the flame is of high level and thus emits high
radiation.

As the study is purely experimental and each test is
repeated four times, Figures 4 and 5 present the profiles
of temperature in the persistent zone of the flame versus
time for fire tests carried out with sources 1 and 6. In
these figures, the curves of the four repetitions along with
their respective averages are illustrated. .e calculation
of the statistics of these curves made it possible to
confront them with the table values (Table 3). .at re-
veals that all calculated values are lower than the table
values. It is, thus, a mathematical demonstration that
variances of various repetitions are homogeneous. .at
means that fire tests are repeating with a degree of
confidence of 95%.

3.1.2. Main Characteristics of Free Tests. .e main param-
eters which characterize fire on a macroscopic level are
among other flame temperature TF and the mass loss rate of
the fuel _mf which consequently has a direct impact on the
duration tf and the heat release rate HRR of the fire. Table 4
presents the major results obtained following each fire
source.

Figure 6 presents the variation of the duration of the fire
and themass loss rate of fuel according to the diameter of the
fire source. On this figure, it is noted that, as the diameter of
the fire source increases, the duration of fire decreases in an
exponential way. .is reduction is due to the fact that the
medium flow of the fuel which burns increases with the
diameter of the hearth and in particular the surface of the fire
source. .e chart of the thermal power generated by flames
(Figure 7) shows a linear variation with the mass loss rate of

THF

Figure 2: Device of confined tests.

Table 2: Results of the duration of fire according to each fire source
used.

Fire source no. D (mm) Vi (ml) tf (sec)
Source 1 165 50.0 190
Source 2 120 50.0 418
Source 3 93 25.0 360
Source 4 70 15.0 455
Source 5 60 10.0 455
Source 6 50 5.0 370

THFTHF

Figure 1: Device of free tests.
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fuel while the temperature of the flame remains constant
around an average of 550°C and falls to value 450°C for the
mass loss rate less than 0.03 g/s.

3.2. Results of Fire Tests-Confined Room

3.2.1. Physical Description of Confined Tests. Confined tests
were done by using the same fire sources as previously.
With the experimental domain being completely closed,
the control of the evolution of fire was possible through
the probe THF set above the fire source. Figures 8 and 9
thus represent the temporal profiles of the temperature
of the flame of confined tests 1 and 6. It is noted that
the tests oscillate around an average curve which also
presents three phases of the fire evolution known as
growth, full-development, and decline.

Contrary to fires in the open medium where the phase of
extinction is generally due to the exhaustion of fuel, the
extinction of fire in the confined medium is rather caused by
the lack of the combustive element which is oxygen. Ap-
plication of Cochran’s test on the obtained data shows that
there is also repeatability between confined tests with a

(a) (b) (c)

Figure 3: Images of flame during free fires: (a) source 1, (b) source 3, and (c) source 5.
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Figure 4: Flame temperature versus time: case study of free fire
with fire source 1.
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Figure 5: Flame temperature versus time: case study of free fire
with fire source 6.

Table 3: Application of Cochran’s test on data of free fire tests.

Fire source no. Ctest Ctable

Source 1 0.280 0.341
Source 2 0.259 0.312
Source 3 0.280 0.315
Source 4 0.293 0.310
Source 5 0.287 0.310
Source 6 0.289 0.312
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degree of confidence of 95%. As shown in Table 5, the
calculated values of the various tests are all below the table
values.

3.2.2. Main Characteristics of Confined Tests. Once the
confined fire tests are performed, the calculation of the
average values allowed obtaining Table 6, which gives the
same characteristics as in the case of tests in the external

medium. .e chart of the duration of the fire and the
mass loss rate of fuel highlights profiles of similar var-
iation with the tests in the opened environment (Fig-
ure 10). As illustrated in Figure 11, the variation of the
heat release rate generated by the fire source remains also
linear with the flow of fuel while the temperature remains
constant with an average value of 450°C. It increases with
the average value of 550°C for the mass loss rate of fuel
less than 0.03 g/s.
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Figure 6: Variation of the fire duration and the fuel mass loss rate according to the fire source: case of fire in free atmosphere.

Table 4: Summary table of the results deduced from the free tests.

Fire source no. D (mm) tf (min) _mf (g/s) TF (°C) HRR (W)

Source 1 165 3.17 0.215 560 5214.33
Source 2 120 6.97 0.098 570 2379.16
Source 3 93 12.00 0.056 560 1368.02
Source 4 70 25.27 0.027 540 654.27
Source 5 60 37.92 0.018 450 436.18
Source 6 50 61.67 0.011 471 277.57
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Figure 7: Variation of the flame temperature and the heat release rate according to the fire source: case of fire in free atmosphere.
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Table 5: Application of Cochran’s test to data of the confined
experiments.

Fire source no. Ctest Ctable

Source 1 0.270 0.312
Source 2 0.295 0.321
Source 3 0.277 0.318
Source 4 0.279 0.332
Source 5 0.294 0.322
Source 6 0.333 0.356
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Figure 9: Evolution of temperature in the persistent zone of the flame during the four repeated tests: case of source 6.
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Figure 8: Evolution of temperature in the persistent zone of the flame during the four repeated tests: case of source 1.

Table 6: Results obtained from tests of fire in confined
surroundings.

Fire source no. D (mm) tf (min) _mf (g/s) TF (°C) HRR (W)

Source 1 165 4.67 0.1759 470 3487.32
Source 2 120 10.33 0.0778 440 1542.94
Source 3 93 20.00 0.0377 470 747.62
Source 4 70 42.67 0.0168 550 333.02
Source 5 60 61.67 0.0105 550 207.64
Source 6 50 92.00 0.0060 550 119.43
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4. Discussion of Results

Confrontation of both tests makes it possible to put forward
the level of influence of confining on an interior fire.
Figures 12–14 highlight the effect of confining on the mass
loss rate of fuel, the duration, and the heat release rate of fire.
Although taking similar forms, one observes nevertheless a
significant shift of the curve of the confined tests compared
to the curve of free tests.

Plotting the confined test values in relation to the free
test values allows quantifying the percentage of influence of

confining. .us, a curve which passes through the first bi-
sector assumes a percentage influence of the null effect. .e
extrapolation of the angle of the shift of one parameter
compared to this data line quantifies the level of influence of
confining on this parameter. A shift towards the right of the
first bisector represents an increase in the effect, while a shift
towards the left represents a reduction of the effect.
Figures 15–17 represent the angles of shift of the mass loss
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Figure 10: Variation of the fire duration and mass loss rate of fuel
according to the source: case of confined tests.
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according to the mass loss rate: case of confined tests.
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Fi
re

 d
ur

at
io

n 
(m

in
)

4.5 6 7.5 9 10.5 12 13.5 15 16.5

0

10

20

30

40

50

60

70

80

90

100

Free tests
Confined tests

Diameter of fire source (×10–2m)

Figure 13: Variation of the duration of fire in opened and confined
surroundings.
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rate of fuel, the duration, and the heat release rate of fire..e
determination of the values of these angles of shift made it
possible to quantify the direction (increasing or reduction)
and the influence level of confining on the fire tests carried
out in the experimental room when it is completely closed
(Table 7).

.us, according to the results obtained within the
framework of the present study, considering a fire evolving
in an opened medium and developing a heat release rate
HRR and spending a time tf to consume an amount of fuel
ΔV with a mass loss rate _mf; if the same fire is produced in
confined surroundings, it would develop a thermal power
HRR′ and would take a time tf

′ to consume an amount of
fuel ΔV′ with a mass loss rate of _mf

′ (Table 8).
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Figure 14: Variation of the heat release rate in open and confined
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Table 7: Percentage and direction of influence of confining on the
fire duration and heat release rate of the source.

Influenced parameter Level of influence
Fire duration (min) +14.85%
Heat release rate (W) −21.72%

Table 8: Relations between parameters of fires in opened and
confined surroundings.

Free test Confined test
HRR HRR′ � 0.78HRR
tf tb

′ � 1.15tf

ΔV ΔV′ � 0.5ΔV
_mf _mf

′ � 0.78 _mf
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5. Conclusion

.e present paper has an objective, the study of the effect of
confining on the behavior of a compartment fire. A trial run
of fires of various heat release rates initially made in a free
atmosphere has been performed in a confined domain.
Analysis of measurements made after every five seconds
enabled showing up comparatively in an open medium that
the containment of fire reduces the average speed of con-
sumption of fuel to 21.72 percent, which consequently de-
creases the heat release rate of the fire source. .e duration
of fire will be increased by 14.85%. From these results in the
confined room, it could be possible to predict the eventual
moment a backdraft could occur during a confined fire.

Abbreviations

_mf : Mass loss rate of fuel in free tests (g/s)
ΔV: Initial amount of fuel in free tests (ml)
tf: Duration of fire in free tests (min)
HRR: Heat release rate of free tests (W)
_mf
′ : Mass loss rate of fuel in confined tests (g/s)
ΔV′: Initial amount of fuel in confined tests (ml)
tb
′: Duration of fire in confined tests (min)
HRR′: Heat release rate of confined tests (W)
D: Diameter of the fire source (mm)
TF: Temperature of flame (°C)
ρf: Density of fuel (·)
Af : Area of the fire source (m2)
w : Speed of the fuel steam (m/s)
λc : Fraction of the convective heat (.)
Δhcomb: Effective heat of combustion (MJ/kg)
χ: Efficiency of combustion (·).
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