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Abstract

This experimental study highlights the confinement effects on a flame impinging a ceiling in confined or
semi-confined environment. The enclosure used in this study represents a 1:10 scale model of a student
compartment with two possible openings: a door and a window. It is developed based on the conservation of the
Froude number based on the scaling law. The objective of this work is to provide explanations in terms of fire
safety on thermal phenomena that can occur during fires in closed environments, for example in a room of a
university residence, regarding eight heat rates release of fuel and five confinement levels. A flame oscillation
modelling of propane-air flame is proposed and is verified by the experimental results. It is shown both by
theoretical modeling and experimental results that the confinement of a compartment has an effect on period
time of flame oscillation. Moreover, experimental results show that the confinement level of compartment is a
key parameter to characterize vertical temperature evolution both in the center (impinging zone) and near the
wall in the enclosure. The correlations for normalized gas temperature rise near the wall are proposed and these
temperature evolutions are bounded by the ventilation conditions of the five configurations. Indeed, under
condition of equivalence ratio greater than 1, the maximum gas temperature near the wall of a certain heat
release rate decreases dramatically with the increasing of confinement level of configurations, which is

associated to the decrease in flame intensity by lack of oxygen with a great criterion of under ventilation.
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1. Introduction

In a burning enclosure, flame can extend along a ceiling that contributed to the dramatically increase of
heat flux and temperature on the ceiling [1,2]. With the heat transfer through the ceiling, fire can spread from
one room to another: unacceptable situation for fire safety engineering [3]. Consequently, the behavior of flames
impinging ceilings and thermal gradients observed in closed or semi-closed environments are of great interest to
fire safety engineering [4,5].

The flame-wall interaction in an open or semi-confined environment has been studied earlier [3,6-8] and
was also an ongoing topic over the last decades [9-17]. In the objective to characterize the behavior of flame
impinging a ceiling in open environment, several models for predicting physical parameters such as the
temperature profile under the ceiling have developed by many works [3,6—8]. Among these models, McCaffrey
[6] proposed that the vertical temperature profile of buoyant turbulent flame could be divided into three regions:
continuous flame region, intermittent flame region and plume region. The relations for each region were
developed and validated by the experimental results. In the same context, Heskestad and Hamada [1] developed
a correlation for temperature rise under ceiling which was caused by the impinging plume of a solid fuel. Alpert
[7] predicted the major characteristics of the turbulent ceiling-jet fire as functions of heat release rates and
distance beneath the ceiling, which were in consideration of the air entrainment model. This correlation was
then improved by Li et al. [11] and Ji et al. [12] for flame impinging on a confined ceiling. Ji et al. [12] carried
out series of experiments in a small-scale (1:6) urban road tunnel with fire located in different distances to the
sidewall and found that the maximum smoke temperature under the ceiling in the tunnel larger than in the
unconfined space, owing to the restriction effect. In consideration of multiple fire sources, Wan et al. [17]
investigated gas temperature distribution under unconfined ceiling impinged by two fire sources. They showed
that the interaction between multiple flames might lead to flames tilt to each other and even merge together with
small spacings, resulting in different ceiling gas temperature distribution in comparison with the case of a flame.

Furthermore, it was shown that the behavior of flame impinging a ceiling is greatly influenced by the
geometry of walls (corridor, corner...) [18-25]. For this reason, Gao et al. [21] carried out a series of
experiments in the 1/6 scale tunnel model, of which fire source was located near the sidewall. Similar to the free
plume [6], the centerline ceiling temperature was also can be divided into three regions but the ceiling

temperature was closely in relation to the effective heat release rate not the total heat release rate. Different from
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the horizontal ceiling, Zhang et al. [22] performed experiments of a wall confined flame impinging on an
inclined ceiling. They found that the inclination angle of ceiling didn’t affect remarkably on the maximum
temperature rise under the ceiling in the flame impingement region and a new relation was proposed to predict
the temperature decay profiles by taking the ceiling angle into account. In addition, Zhao et al. [25] studied the
effects of openings on fire properties of the ceiling-jet in a confined reduced-scale corridor using both
experimental and numerical methods. With the varying of the size and position of opening, the mass lose and
temperature field were measured and compared to Delichatsios’s model and previous studies while the influence
mechanism of openings wasn’t revealed.

In the works cited above, the major part studied the behaviour of the impinging flame in a completely open
environment and minor works presented the behaviour of impinging flame in a semi-closed condition. However,
there is rarely work that focuses on the effect of the confinement level of the configurations on impinging flame
[25], for example flame impinging a ceiling of compartments. Indeed, in consideration of the windows and
doors of a compartment, it is possible to produce different confinement levels. Thus, the fire dynamics and
thermal behaviour of a flame impinging a ceiling will strongly depend on the confinement level of the
compartment. In order to provide explanations related to this subject, this work studies the confinement effects
on the temperature distribution and flame oscillation in a burning enclosure. The experimental device used is a
small-scale compartment (1:10) representing a student compartment model in the university residence. The
design of this model was carried out by conserving the Froude number based on the scaling law. The
experimental tests were carried out for five configurations with eight heat release rates. By coupling the
different openings conditions with the heat capacities used in this study, confinement levels are connected to the
equivalence ratio in the compartment. In addition, the results in this work can be used as a mean of evaluating

thermal effects which can contribute to the fire spread in compartments.

2. Experimental details

2.1. Experimental setup

The experimental setup used in this study is presented in Fig. 1. It is a compartment at small-scale (1:10),
whose dimensions are 0.6 m (length) x 0.4 m (width) x 0.24 m (height) with one door and one window. Based
on a survey of the single room in France, England, Australia and other countries, it is found that, generally, the

area of single room in different countries is in the range of 15-30 m? For this, the area of the large-scale



compartment is equal to 24 m? and it particularly represents a student room in university residence. The small-
scale compartment was then developed according to the scaling law based on the conservation of the Froude
number [26]. The dimensions of the window are 0.15 m (height) x 0.15 m (width) and the dimensions of the
door are 0.20 m (height) x 0.09 m (width). The sidewalls of the enclosure are made of fireproofing concrete

plate with a thickness of 2 cm and the ceiling is made in steel plate. Their thermal properties are presented in
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Fig. 1. Schematic of the experimental set up
Table 1. Thermal parameters of aerated concrete and steel
Thermal parameters Aerated concrete Steel
Density (kg /m?) 870 7850
Conductivity (W /mK) 0.175 46
Specific heat (k] /kg - K) 0.92 0.5

In this work, the fire source was provided by a gas burner with the nozzle’s diameter of 5 mm, which was
placed in the center of the compartment. The fuel used was the propane (C3Hg) with a heat of combustion of
46.45 kj/ g. The mass flow rate of fuel was controlled by a Bronkhorst Coriolis mass flow meter with a range of
0-1.00 g/s with an accuracy of 0.05 g/s. The used instrumentations were an infrared camera, K-type
thermocouples and a digital camera. The infrared camera (IR) was a FLIR A655sc which can record field
temperature from -45 °C to 2000 °C with a frequency of 35 frames per second. It was set above the ceiling at 2
m of the target with an emissivity and a transmission of 1. It measured the temperature field on the ceiling. Two
columns of K-type stainless thermocouples were placed in the center and near sidewall from floor to ceiling,
respectively. Flame videos were recorded by a digital camera (DV) with a frequency of 25 frames per second,
that was set 1 m in front of the target. The flame videos were further processed by the image processing method,

which included three consecutive steps: direct linear transformation (DLT), fire segmentation and flame length
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computation. More details on this methodology are presented in a previous work [27]. The uncertainty of the
measurements was mainly attributed to the error due to thermocouple radiation and the error related to
measurement repeatability. Each test was conducted three times to ensure reproducible results within permitted
error ranges.

In this work, the Froude number modeling was applied to build up the physical scale model. With the
conservation of Froude number, the scaling law between reduced-scale and full-scale model can be obtained.
Based on the geometric scale, temperature scale and heat release scale, physical parameters such as geometry L,

temperature T, and heat release rate Q can be scaled with the following Egs. (1)(2)(3):

L M
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where the subscript ‘R” and ‘F’ denote the reduced-scale model and full-scale model respectively.
2.2. Test series

In order to highlight the confinement effect, five different configurations were used with the different
opening conditions of door and window (Ref. Table 2). Thus, the confined factor, §, of each configuration can
be calculated based on the opening factor proposed by Pettersson et al. [27]:

c AI \/H7[
where §, represents the confined factor, 4, is the area of opening, A; is the area of the total compartment, H; is
the height of the compartment, H, is the height of the opening. For Conf. 2, A, = A; + A, and H, = (Aghg +
Ayhy) /A, [27].

In this work, Conf. 5 is assumed completely confined with the neglection of leakages. Thus, the
experimental configurations with the confined factor are summarized in Table 2. It can be seen that the

confinement level increases from Conf. 1 to Conf. 5.



Table 2. The experimental configurations with the confined factor

Condition of openings

Configurations AO VH, 0

Window Door

Flame impinging a ceiling in open

Conf. 1 ) o0 - 0
environment

Conf. 2 Open Open 0.0405 0.415 0.964

Conf. 3 Open Closed 0.0225 0.387 0.981

Conf. 4 Closed Open 0.0180 0.447 0.983

Conf. 5 Closed Closed ~0 - ~1

In each series of experiments, eight different heat release rates (HRRs) have been used: HRRs = {0.5, 1.2,
2.3,4.6,93,14.0, 16.3, 18.6} kW. These HRRs represent the different heat capacities that it is possible to get in
the experiments, set up in relation to the compartment in real scale.

In order to study the confinement effects on the behavior of the flame impinging the ceiling, the
equivalence ratio is used. This makes it possible that depending on its value, to indicate the confinement level

related to the mass flow rates of the fuel released. The equivalence ratio is defined as following:

fuel —to —oxidizer ratio _ My, I'm,, ©)

(fuel —to —oxidizer ratio),,  (mg,, /m,),

The calculation of this parameter is based on the ratio between the quantity of fuel (propane) which reacts
with the oxidizer (air) illustrated in Eq. (5). In this study, it was possible to determine the quantity of fuel
(propane) released into the enclosure after a test period (120 s). Concerning the estimation of the quantity of air
which reacted, this was determined by the quantity of air contained in the volume of the enclosure. For the
calculation of the equivalence ratio, configuration 5 which represents the completely closed enclosure was used
as a reference to calculate this parameter. Additionally, based on the measurements of the O, concentration
remaining after each test, it was found that only about half of the oxygen reacted in the study scenarios. The
calculation of the equivalence ratio was carried out by considering the quantity of fuel released after 120 s and
half quantity of air present in the enclosure. Moreover, the combustion of the propane was carried out in good
condition with the minimum oxygen concentration of 10.5 %, representing half of the oxygen concentration in
air. For that, the calculation of the equivalence ratio is made using the half amount of air calculated from the

volume of the enclosure.



The equivalence ratio of the complete confined configuration, i.e. Conf. 5, is used as the reference
equivalence ratio. From the calculations, equivalence ratio ¢ of Conf. 5 with eight HRRs is shown in Table 3. It
can be seen that, equivalence ratio is between 0.12 and 4.70, and the equivalence ratio is larger than 1 for heat

release rate larger than 4.6 kW.

Table 3. Equivalence ratio ¢ of Conf. 5 under eight HRRs

HRR (kW) 0.5 1.2 23 4.6 9.3 14.0 16.3 18.6

] 0.12 0.29 0.59 1.17 2.35 3.52 4.11 4.70

3. Flame oscillation modeling of a propane-air diffusion flame

In Refs. [28-31], the evaluation level of the oscillation of a diffusion flame can be obtained from the mass
flow rate of the fuel. In the current study, the fuel is the propane.
It is possible to define two typical time scales that give rise to flame oscillations: the convection time scale

and the diffusion time scale [32]. From the typical flame radius Ry and the gas diffusion coefficient D;f, it is

possible to evaluate the typical diffusion time 7y4;¢f of the flame oscillations by the following relation [33]:

R? (6)
T =—L
Diﬁ‘
The typical convection time T, is given by the following relation:
L (N

conv

0
where Lyis the flame length and u is the speed of the flame jet.
One of our typical experimental conditions are as follows: mass flow rate of propane m = 0.1 g/s (uy, =
2.1 m/s), flame radius R=1 cm, flame length Ly = 46 cm and the diffusion coefficient is D;rp = 0.1 cm?/s.
With these values, typical diffusion and convection times are:

T. =0.22s (8)

Ty =10s

Knowing that, the temporal fluctuations observed are of the order of ten seconds, we decide to take into
account only the diffusion phenomenon, with a differential delay equation [29].
In order to dissociate from the complex phenomena, present in the reaction zone of the flame, only the zone

of the flame where there is no combustion will be considered. With this assumption, the typical times of
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chemical reactions are much lower than the typical times of diffusion. We will therefore consider oxygen as the

diffusion gas. We define the variation in oxygen concentration using the following relationship (Fick’s law):

dx D, )

I = R—;(XO —X(t))

where x(t) is the oxygen concentration at time t, D;¢f is the oxygen diffusion coefficient, Ry is the flame radius
and X, is the oxygen concentration outside of the flame.

Since the diffusion of oxygen is not instantaneous, we introduce a delay 7 in the previous differential

equation [29], that becomes:

dx D, (10)
=)

and using the 2" order approximation of Taylor expansion of x(t —7):

_ -\ ) e rTdx 1°d°x (11)
wr )_; TR AR TIaTI
It is deduced:

(12)

2y 2R? D,.T )
e I e
dt Diffr Rf da T T

From the flame fluctuations observed experimentally, we will hypothesize that the problem is reduced to

that of a harmonic oscillator with:

13)
d’x 2x, (
LD LNy
dr’ dt r
2
In this context, we decide to put the friction term % (1 - D—;) E (0 zero:
Dt R2) " at

22 2 (14)

#7( D, R
2 R2 =U=r=—=

Dl.'ﬁ r f iff

In addition, the third term w3 = 2/7t2 of the Eq. (13) can be associated with the frequency of oscillation of

the flame, so we can determine the frequency by the following relationship:

2 J2 (15)
[t s

Since wy, is linked to the period of flame oscillation T,;, we have:



(16)
T :2_77:”“ _ 27t

@ J2

At the last, using Eq. (14):

=2 iz

2
7, =2 "
Diﬁ’

This expression represents the oscillation period of the flame. As gas diffusion coefficient D;sf depends on

the temperature, so that flame oscillation is related to the temperature in the compartment.
4. Results and discussion
4.1. Flame oscillations in confined compartment

Fig. 2 depicts the experimental measurements of the mean flame length over time for Conf. 2, i.e.
impinging flame in compartment of open door and window, with HRR=4.6 kW. It can be seen that flame
fluctuates with a period time about the order of 10 seconds. These measurements were obtained from video

recordings that lasted approximately 120 seconds (see Fig. 2).
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Fig. 2. Mean flame length over time for Conf. 2 with HRR=4.6 kW

In order to apply Eq. (17), that gives the period from the differential equation delay model, the diffusion

coefficient must be evaluated more precisely. The kinetic theory of gases establishes that D;s; varies as a

9



function of temperature according to D;sr T°)2 [33]. Considering flame temperature between 600°C and
800°C, the diffusion coefficient of oxygen in propane is of the order of D;sf = 0.5 cm?/s. The application of

Eq. (17), gives an oscillation period T = 8.9 s, which is agreement with the measurements obtained in the

current work.

15 T 50 ‘
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Fig. 3. Mean flame length over time for five configurations with: (a) HRR=1.2 kW; (b) HRR=18.6 kW

Fig. 3 shows the experimental measurements of mean flame length over time for five configurations with
HRR=1.2 kW and HRR=18.6 kW, which are respectively the minimum and maximum HRRs in this study. It is
shown that in Fig. 3 (a), the confinement level of the configurations has a little effect on the flame oscillation
time as the equivalence ratios of five configuration are smaller than 1.

However, it can be seen from Fig. 3 (b), flame oscillation time varies greatly with the confinement level of
the configurations. When HRR=18.6 kW, the equivalence ratio of each configuration is greater than 1. In this
condition, flame temperature decreases with the decrease in flame intensity due to the lack of oxygen in the
enclosure. For it, the more the confinement level increases, the more the flame temperature decreases, even

leading to the extinction of the flame.

4.2. Confinement effect on vertical temperature distribution in impinging zone

The fire plume in open space is conventionally divided into three zones: continuous flame zone,
intermittent flame zone and buoyant plume zone [6]. For flame impinging a ceiling, Gao et al. [13] has pointed
that the ceiling excess temperature of 400 K and 600 K can be considered as two critical values to evaluate the
impinging condition under the ceiling. For AT < 400K, 400 K < AT < 600K and AT > 600 K, they

represent buoyant plume, intermittent flame and continuous flame respectively.

10



Fig. 4 shows the vertical temperature distribution in impinging zone for five configurations with the
varying eight heat release rates from 0.5 kW to 18.6 kW. It can be seen that for Conf. 1, i.e. flame impinging a
ceiling in open environment, the vertical excess temperature AT increases with the height above fire source,
owing to the flame progress with the increasing of burning rate. It should be noted that for Conf. 1, even the
excess temperature near the ceiling is greater than 600 K in condition of all eight heat release rates, which
means that the flame is continuous under the ceiling. Furthermore, for Conf. 1, the ceiling is impinged by a
strong plume with all heat release rates of the gas burner from 0.5 kW to 18.6 kW. Specially, the plume under
the ceiling is in the first zone of plume: continuous flame zone, such that it’s called impinging flame in this

work.

11
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Fig. 4. Vertical temperature distribution in impinging zone for five configurations

For a strong plume, Ji et al. [34] proposed a correlation for predicting the AT,,,, under a confined ceiling:

/5 5 (18)
0.267 ¢ ¢

S
AT 7 H 10.9
T 5
” 2.9, éy >10.9
H

In Eq. (18), the two parts are consistent with the intermittent and continuous impinging flames respectively.
As discussed above, the impinging plumes in this work are considered to be strong plumes with

intermittent and continuous impinging flames under the ceiling. Thus, an equation for predicting maximum
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temperature rise in impinging zone AT,,,, for Conf. 1, i.e. flame impinging a ceiling in open environment, is

proposed:
AT, 0.06
TOO
3.1,

ég/s

&

+2.4,

>12.7

ég/s
H

<12.7

19)

5
H
The experimental data and fitted curve for nondimensional maximum temperature rise in impinging zone

for Conf. 1 are presented in Fig. 5.
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Fig. 5. The experimental data and fitted curve for nondimensional maximum temperature rise in impinging zone

4.3. Confinement effect on vertical temperature distribution near the wall

Fig. 6 shows the vertical gas temperature near the wall for eight HRRs. On reading these graphs, it is
shown that for HRRs less than 4.6 kW, the vertical temperature evolution under the ceiling is similar for all
configurations while the maximum temperature under the ceiling for confined configuration (i.e. Conf. 2 to
Conf. 5) are higher than the flame impinging a ceiling in open environment (i.e. Conf. 1) owing to the heat
accumulation in the compartment.

However, they show differences for the heat release rates of 9.3 kW, 14.0 kW, 16.3 kW and 18.6 kW (Fig.
6 (e)(H)(g)(h)), which corresponds to equivalence ratio larger than 1. At a certain HRR, for example HRR=14.0
kW, the maximum gas temperature of configuration decreases when the confinement level of configuration
increases. It is noted that these maximum temperatures decrease to converge towards the values of temperature
in the lower part of the room. Indeed, the more the confinement level increases, the more the accumulation of

smoke rich in unburnt gases. These smoke layers thicken from the ceiling to the ground, promoting temperature

13



uniformity in the room when the flame intensity decreases due to the lack of oxygen in the compartment. For
HRRs larger than 9.3 kW (equivalence ratio larger than 1) (Fig. 6 (f)(g)(h)), the temperature evolutions are

similar considering the presence of flame fluctuation.
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Fig. 6. Vertical gas temperature distribution near the wall for eight HRRs

Fig. 7 shows maximum gas temperature rise under ceiling (AT,,4,) against Q. It is clear that the maximum
temperature rise under ceiling of Conf. 1 increases with the increasing of Q. For heat release rates less than 4.6
kW, the AT,,,, presents nearly unchanged for all configurations. The HRR of 4.6 kW presents a turning point of
the maximum temperature rise in five configurations (Conf. 1 to Conf. 5). For heat release rates larger than 4.6
kW, which is corresponding to equivalence ratio larger than 1, the maximum temperature gap between Conf. 1
and Conf. 5 increases dramatically with the increasing of heat release rate, from 87 K to 369 K. That is
associated to the decrease in flame intensity by lack of oxygen with the increasing in confinement level of
configurations. Thus, from the results presented in this study, it is shown that the flame intensity decreases as a

function of the compartment’s confinement level.
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Fig. 7. Maximum gas temperature rise near the wall (AT, ) against Q

Fig. 8 shows relationships

between normalized temperature rise and normalized HRR for five

configurations, which are obtained by the fitting of experimental data. It can be seen that with the increasing of

normalized HRR, normalized temperature rise increases for all five configurations. Indeed, at a certain Q*,

especially for Q* larger than 2.2 X 103, which corresponds to the equivalence ratio larger than 1, normalized

temperature rise decreases with the

increasing of confinement level. These temperature evolutions are bounded

by the ventilation conditions of the five configurations. Correlations of normalized temperature rise for five

configurations are listed in Table 4.
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Fig. 8. Relationships between normalized gas temperature rise and normalized HRR for five configurations

Table 4. Correlations of normalized temperature rise for five configurations

Configuration

Correlations

AT

I,

Conf. 1 =24

20)
x10° @2 +4.6x107 F+0.2
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Conf. 2 % = —2.2X10_Séﬂ +3,4x1()‘4ét+()'3 (21)

Conf. 3 ATT:’“ =20x10° & +32x10* ¢ +0.4 (22)

Conf. 4 ATT:‘“ =-92x10"F +2.2x107 K +0.4 (23)

Conf. 5 A;:“ = —4.6X104)@2 +1.2x104@+0_5 (24)
o 0

- PooTooCpy/ gD

4.4. Confinement effect on horizontal temperature decay on the ceiling

Fig. 9 shows temperature fields on the ceiling for different confinement levels at HRR of 9.3 kW, obtained
by IR camera which can represent the flame impinging zone on the ceiling. The imping zones are almost
symmetrical because the conditions of fire in enclosure are near symmetrical even through the confinement
levels are relatively high.

It is possible to observe the confinement effects by the yellow area impinged by the flame and the red area
impinged by the plume. It is clearly visible that the flame impinging area decreases and the plume impinging

area increases with the increasing of configurations’ confinement level, i.e. from Conf. 2 to Conf. 5.

Fig. 9. Temperature fields on the ceiling for different confinement levels at HRR of 9.3 kW

Fig. 10 depicts the temperature distribution along the transverse radius of ceiling for four confined
configurations with the HRRs increasing from 1.2 to 18.6 kW: these measurements are obtained using the IR
camera. It is shown that the maximum ceiling temperature is at the flame impinging point and decreases along

the transverse radius of ceiling.
16



Also, in Fig. 10 (a), it represents the configuration of impinging flame in the compartment with open
window and door (Conf. 2). It can be seen that the temperature amplitude on the ceiling increases with the
increasing of HRRs. However, for other more confined configurations (Conf. 3, Conf. 4 and Conf. 5), the
temperature amplitude on the ceiling is not monotonously increased with the increasing of HRRs. Particularly
for the most severe confined configuration, i.e. Conf. 5, the temperature amplitude with HRR of 18.6 kW
converges to temperature amplitude with HRR of 1.2 kW.

Note that in Conf. 5, the temperature decays slightly along the transverse radius of ceiling for larger HRRs
(HRR > 9.3 kW, @ >1). This can be caused by the incomplete combustion in the enclosure so that the total
enclosure is filled with the unburn gas and smoke. The dangerous accidents such as backdraft and flashover may

occur if a window or door is broken manually or automatically in these conditions.
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Fig. 10. Temperature distribution along the transverse radius of ceiling

5. Conclusions

The aim of this work is to investigate the confinement effects on fire dynamics and heat transfer for
impinging flame in the enclosure. For obtaining this object, a small-scale (1:10) compartment model has

developed. A systematic experimental study is performed using five configurations with eight heat release rates,
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on the temperature distributions of impinging zone, smoke layer and ceiling’s surface, as well as flame

oscillation. The major findings include:

ey

@

3

A flame oscillation modelling of a propane-air flame is proposed and is verified by the experimental
results. It is shown both by theoretical modeling and experimental results that confinement level of a
compartment has an effect on period time of flame oscillation.

Considering vertical temperature in smoke layer (near the wall), the temperature evolutions vary
greatly with the level of confinement. In fact, for the same HRR, especailly for HRRs larger than 4.6
kW, in corresponding to equivalence ratio greater than 1, the greater the confinement level is, the lower
the temperatures close to the ceiling presents. This variation is associated to the combustion process for
different configurations. Besides, correlations of normalized temperature rise for five configurations
are proposed.

The higher the confinement level is, the more the area of impinging zone on the ceiling decreases. The
maximum ceiling temperature is at the flame impinging point and decreases along the transverse radius

of ceiling.

The results in this study may help to design fire detectors on the ceiling and better understand fire behavior

and heat transfer during fire disasters in compartments. The hot temperature of unburned gases and a supply of

fresh air being the sources of a backdraft, it is desirable to check the temperature level in the enclosure to avoid

the fire progress to a backdraft.

In future, the effect of the fire source’s position will be studied and the investigation on the full-scale model

will be carried out.
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