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ABSTRACT

We propose to study the natural convection flow resulting from the interaction of a fire with walls that surround it. Indeed,
when a fire occurs in atunnel or in a tower block, it creates a thermal plume causing a heeating of the neighbouring walls.
This heating by thermal radiation of the walls creates a phenomenon of thermosiphon which interacts with the plume. To
study this flow we simulated the problem at the laboratory where we placed a rectangular source heated by Joule effect at
the entrance of an open-ended vertical canal. The flow visualization by laser plan and the exploration of the thermal and
dynamic fields inside the canal enabled us to describe the flow structure. In order to better characterize this flow, we carried
out a fine analysis by studying the spectra of temperature fluctuations. This spectral analysis allowed us to clarify the
energetic evolution of the vortexes during their ascension and verify some known spectral laws.
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NOMENCLATURE
A shaperatio, { =b / L} T temperature fluctuating, K
i 3/ 72 Ta temperature of ambient air, K
by source width, m Ts temperature of the hot source, K
b canal width, m T* dimensionless average temperature of the flow,
bs canal 'half wi dth, m T-T,
D¢ sensitive wire diameter, m { =
E(n)  energy spectral density, s Ts T,
g gravitational acceleration, m.s? U average velocity of the flow, ms?
9 AT, ~T,)bs* U’ velocity fluctuating, ms? .
Gr Grashof number, { = S az } u* dimensionless average velocity of the flow,
L 2 14 _
* ‘s _ { - U/U ref }

Gr modified Grashof number, { =AGr }
(I thermal turbulent intensity of flow, * % 2

— U ref reference velocity, { =L, v(Gr )“ /by }

[ = T2 } (xy,2) Cartesian coordinates
Ts—Ta X* dimensionless coordinate, { = 2x/b2 }

lq dynamic turbulent intensity of flow, _ ) )

— z* dimensionless height, { = z/L2 }

{=qu /u }

L, canal height, m Greek Letters
L, source length, m g thermal expansion coefficient, K™
L, Duralumin plate of side, m v cinematic fluid viscosity, m*.s™*
L¢ sengitive wire length, m
n frequency, Hz

T average temperature of the flow, K
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1.

The study of a thermal plume is of crucia importance to
understand the development of fire in unlimited
environment. This kind of the flow encountered in fires of
buildings or forests has been the object of several studies. J.
Adgator (1983) and Guillou (1983) studied the thermal plume
induced by a spherical calotte heated at a uniform
temperature of 500 °C. They noted that the flow is divided
in two different zones. In the first zone of a pre-
establishment of turbulence the plume continues to supply
fresh ar regularly during its ascent. This zone is
characterized by high values of velocity and an important
gradient of temperature. In the second zone of established
turbulence, the plume extends and exported to the outside.
The average and fluctuating thermal and dynamical profiles
are flattened and self-similar. In addition, Brahimi (1987)
studied experimentally the structure of a therma plume
generated by a disk heated electrically at 500 °C. He
noticed the appearance of the two zones described
previoudly.

INTRODUCTION

However, thermal plume generated by such fire interacts
narrowly with the neighbouring walls. Indeed, thermal
radiation emitted by the plume heats the walls which create
a thermosiphon flow that is added to the thermal plume. The
interaction of a plume with its material environment was the
subject of several investigations. For example, Agator (1983)
who studied a thermal plume in the presence of a second
identical one or of a vertica plane wall placed in the
vicinity, noted a strong interaction between the plume and
the wall and the plumes evolving one near the other. By
studying the interaction of two turbulent plumes of the same
power, Brahimi (1987) showed the subdivision of the
resulting flow in two distinct zones. He also noted that the
evolution of the thermal and dynamic fields of high altitudes
issimilar to that observed in the established zone of the free
plume.

Mahmoud et al. (1998), studied the interaction of a thermal
plume with a thermosiphon which surrounds it. The thermal
plume is produced by a flat disk heated by Joule effect at a
temperature of 300°C. This disk is placed at the entrance of
an open-ended vertical cylinder of adiabatic wall. They
noted the appearance of a supplementary zone near the hot
source in addition to the two classic zones mentioned in the
previous works concerning the free plume. Thereafter,
Zinoubi et a (2004) continued this work by studying the
influence of source-cylinder spacing and the cylinder height
on the resulting flow. They noted a blocking of the
ascending flow in the upper part of the cylinder due to the
side expansion of the plume. Also, they noted an optimum
position where the flow rate is increased and the flow
temperature is homogenised at the system exit.

In order to better understand the evolution of this type of
flow, severa authors are interested by the spectral anaysis
o the thamd and dynamic fluduations DoenKim-Son (1981, 1977)
and Agator (1983) studied the temperature of spectra a
natural convection flow produced by a hot source. In the
first and the second zone of the flow, they noticed that the
thermal spectra are centred respectively around 3.5 and 6.5
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Hz. Also, they noted that the proportion of the big sizes
vortexes decrease and those of the small sizes increase aswe
move away from the hot source. Moreover, they showed
that the law n defined by Lumley (1964) is checked in the
transition zone towards turbulence where the vortexes sizes
are average. Thereafter, Brahimi (1987) andyzed the
temperature spectra of the therma plume. In the second
zone of turbulence, he noticed that the maximum frequency
of the flow is 5 Hz and the spectral energy is concentrated
around 3 Hz.

In 1995, Maad (1995) analyzed the spectra of temperature
fluctuations of the natural convection flow in vertical heated
canal. He noticed that the law n't of Tchen (1953) is only
observed at the entry of the canal where the production of
energy is strong. In addition, he checked the existence of the
law n” of Heisenberg at the exit of the canal where the
viscosity forces are dominant (Doan-Kim-Son 1977).

By studying the interaction of a thermal plume with the
thermosiphon flow which surrounds it, Zinoubi (2006, 2007)
examined the spectra of the temperature fluctuations
obtained by the fast Fourier transform inside a vertical
cylinder. He noted the existence of the spectra laws
introduced by Tchen(1953), Heisenberg (1977) and Lumley (1964).
In addition, the universal law of Kolmogorov in n>® known
in forced convection is not observed in any spectra of
energy obtained in natural convection (Doan-Kim-Son
1981; Agator 1983; Zinoubi 2006).

In this work, to better understand the development of a fire
in confined environment such as in tower blocks or in
tunnels, we simulate the problem in the laboratory by
studying the evolution of a thermal plume generated by a
rectangular source placed at the entry of a parallelepipedic
vertical canal. The study of this flow helps us to better
control these fires.

2. EXPERIMENTAL APPARATUS AND
TECHNIQUES OF MEASUREMENTS AND

TREATMENTS

2.1 Experimental Apparatus

The experimental apparatus is represented in Fig.s 1la and 1b.
The numbers in the description presented below refer to the
part numbers of Fig.l. The therma plume created by a
rectangular flat source (1) is electrically heated by the Joule
effect to a surface temperature of 300°C. This source, which
has a length of L; = 0.42 m and a width of b; = 0.06 m, is
placed horizontally at the entrance of the open ended
vertical paralelepipedic canal (2). The uniformity of the
source surface temperature is obtained by the use of wire
resistors mounted behind the surface. A thermal regulation
apparatus keeps the surface temperature as uniform as
possible within a good approximation (the temperature
difference between ends and in the middle is less than 1%).
In order to reduce the heat losses from below and minimise
the temperature variation of the ambient air, this source is
insulated at this side. The cana is constituted by two
Duralumin (AU4G) square parald flat plates of side L, =
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0.40 m and two rectangular Plexiglas plates (0.40 x 0.15
m?). The system is placed on a frame at 0.80 m above the
ground to allow air supply from below (3). The temperature
of canal internal walls heated by thermal radiance of the hot
source is controlled by thermocouples type-K introduced in
the back of each plate. In a similar way, the canal walls are
thermally insulated at the back to minimise heat losses. The
strong dependence of the flow on the surrounding conditions
requires conducting the experiment in a quiet atmosphere.
To this effect, the experimental apparatus is placed in an
independent closed room. In order to check the thermal
stability of ambient air several thermocouples are fixed at
different heights in the room. To explore therma and
dynamic average and fluctuating fields inside the canal, a
resistant wire anemometer at constant current is used (4).
Doan Kim-Son et a. (1981) adopted this technique for a
long time in natural convection measurements. It is based on
the principle of the resistance variation of a platinum wire.
The sensitive platinum wire of the probe has a diameter of
Ds =75 M and alength of L; = 0.003 m.

In order to avoid the disturbance of the flow, the probe is
introduced vertically through the system exit, so that its
sensitive wire is perpendicular to the ascending average
flow. A probe displacement system (6) in the x and z
directions, is used to explore the thermal field inside the
canal. The minimal displacement in the vertical direction is
1 mm, whereasin the horizontal direction it is0.20 mm.

On the other hand, a computer provided with a data
acquisition card permits to take the instantaneous measures
of temperature and velocity and to record signals for further
statistical processing (5, 7, 8). In application of the Shannon
theorem, the period of sampling of 15 ms was chosen.The
visualisation system used during this study is represented in
Fig.2. It is constituted of a He-Ne Laser with a power of 35
mW (1), an electric vibrant plate (2), a digital camera (5)
and a smoke distributor (4). On the vibrant plate is glued a
plane mirror of good quality, that receives a horizontal laser
beam and it reflects according to the canal vertical axis. The
displacement of the plate makes revolve the mirror around a
horizontal axis creating a plane laser sheet (3) on the entire
transverse section of the canal. By natural aspiration, the
distributor allows smoke to impregnate al the flow without
any disruption. Preliminary studies of visuadization and
measurements by the hot wire anemometry made it possible
to notice that the smoke introduced a the entry of the
system does not disturb the flow. To record video sequences
from visualization a numerical camera (5) is used.

2.2 Techniques of Measurements and Data
Treatments

To explore the thermal and dynamic fields of the fluid inside
the canal, we used the technique of hot wire anemometry at
constant current (CCA). The principle of this method is
based on the resistance variation of the sensitive wire
according to the temperature and velocity when it is
supplied by a constant current (Doan-Kim-Son 1975;
Morcos 1991).

The measurements of the thermal field are carried out by
cold wire anemometer supplied by a current of 1.2 mA
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instead of using thermocouples. Indeed, the time-constant of
the sensitive wire is 1 ms and that of thermocouple of 25 um
in diameter is 50 ms.

The hot wire anemometer is used to measure the loca
velocity of the flow. In this case the probe is supplied by a
current of 50 mA which makes it sensitive simultaneously to
the temperature and the velocity (Doan-Kim-Son 1981;
Paulon 1987). The thermal inertia of the probe does not
introduce any measurement errors especially at the low
frequencies found in therma plume (Agator 1983;
Doan-Kim-Son 1981). The other sources of errors coming
from the probe cdibretion are lower than 1 % (Mahmoud 1998;
Maad 1995).

In order to better characterize the turbulent flow, we carried
out an analysis of the thermal energy spectra. For that, we
passed to frequency space by the fast Fourier transform
(FFT) applied to the autocorrelation function of the temporal
signal (Doan-Kim-Son 1981; Lochet 1982). The Fig. 3
shows the statistical processing of the signal sampled by the
probe.

3. FLOW VISUALIZATION AND EXPERIMENTAL
RESULTS

3.1 Flow Visualisation

For constraints of laser source power the visualization of the
flow by alaser plan was sometimes limited to the half width
of the vertical canal (Figs. 5and 7).

The visudization performed by illuminating the flow by a
laser plan sheet reveals the evolution of the flow from the
cana entry to its exit. Some instantaneous photos and
drawings from the video recording are presented in
Figs. 4-7.

The Figs. 4 and 5 show that the system is supplied in fresh
air only from below. The fresh air, aspired on both sides of
the hot source, is divided in three fluid threads. The first
thread and its symmetrical in relation to the longitudinal
median plan, pursues its path directly towards the central
part of the flow to shape an envelope above the hot source.
This impenetrable envelope at the sides obliges the fresh air
arriving from the low to get in by itstop. The trapped fluid
near the source heats up rapidly by the contact of the hot
surface. After, it goes up again under the effect of buoyancy
forces and forms a big vortex, which escapes vertically
(Fig. 6). To replace this released fluid, this region is
supplied again with fresh air that will undergo the same
process. However, we note the existence of a certain
alternation between the formation and the exhaust of these
vortexes on both sides of the median plan (Fig. 6). Indeed,
these two mechanisms do not occur simultaneously; as one
of the vortexes escapes at the side, the other forms at the
further side.

The second thread, relatively near to the cana wall,
undergoes at the start a strong attraction by the plume before
coming back to feed the flow along the canal walls. On the
other hand, the Fig. 5 showed that this thread is entirely
influenced by the formation-exhaust cycle of the vortexes.
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In fact, when the vortex exhausts, the thread is repelled
toward the wall to continue its way along this one.
Simultaneously, the symmetrical thread undergoes the
important attractive effect of the plume during the formation
of the vortexes.

The third thread constitutes a provision source in fresh air
for the flow. By its intermediate position between the two
threads described previoudly, this one undergoes an
interaction with the plume and the canal wall (Figs. 6 and 7).
In fact, this thread is also submitted, as previoudly, to the
same mechanisms of formation and exhaust of the vortexes.
After that, this one pursues its way directly toward the
central part of the flow to from a vortex, which ends by
escaping verticaly (Figs. 6 and 7).

Elsawhere, we remarked that the flow ascending undergoes
a transversal contraction to a height neighbouring 10 cm
above the hot source (Fig. 7). Thereafter, it enlarges towards
the walls after which vortexes of much smaller sizes occupy
the entire upper section of the canal.

In the third zone, the visualisation shows the absence of the
ascending flow blocking noticed by Zinoubi (2004) in the
cylindrical geometry study.

This qualitative description enables us to suppose the
existence of three zones which characterize the vertical
evolution of the flow inside the canal (Fig. 7). In the first
zone, we attend the development of a flow strongly
influenced by the hot source. This behaviour changes
completely in the second zone where the contraction takes
place, whereas the flow becomes homogeneous in the upper
part of the canal.

3.2 Experimental Results

The results which we present here are carried out with air.
The Grashof number of the flow is Gr = 0.31 10 ’ and the
shape ratio is A = 0.18. The results are presented for two
sections of study in each one of the three zones (Fig. 8).

3.2.1 Evolution of the Average Temperature

The Fig. 9 shows the distribution of the dimensionless
average temperature of the flow for six transversal sections.
Therefore, we can distinguish three different evolutions of
the flow. Indeed, in the vicinity and above the hot source
(z* = 0.05, Z* = 0.10), the fresh air warms up quickly and
reaches important temperatures constituting a stage. On both
sides of this stage, we note high thermal gradients
trandating a brutal transformation of the fresh air into hot
plume. In intermediate space between the source and the
vertical walls of the canal, the fresh air dominates the flow
except that close to the walls where we record alight rise of
temperature due to the heating of these last by thermal
radiation of the hot source. The profiles relating to the
intermediate zone (Z * = 0.20, Z * = 0.32) show an
attenuation of the temperature in the central region of the
canal accompanied by a contracting of the stage mentioned
previoudly. In the third zone (Z * = 0.75, Z * = 0.92), the
thermal profiles become self-similar and the temperature
remains practicaly constant in al the section. This
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homogenisation of the temperature of the flow is due to the
establishment of turbulence in the superior part of the canal.

3.2.2 Evolution of the Average Velocity

The transverse distribution of the dimensionless average
velocity of the flow is represented in Fig. 10. The genera
pace of these profiles confirms the existence of the three
zones announced previously. Indeed, in the first zone near
to source (Z * = 0.05, Z * = 0.10), the profiles show very
strong velocity gradients on both sides of the hot source.
This is due to the existence of the feeding threads wrapping
the plume. The minimum of velocity observed in the
vicinity of the median plan of the source trandates the
existence of aweak circulation region of the fluid.

In second zone (Z * = 0.20, Z * = 0.32), the profiles show a
strong velocity in the central part of the cana due to the
flow contraction.

In the upper part of canal (Z * = 0.75, Z * = 0.92), the
profiles of velocity become practicaly similar thus
indicating the mode establishment in this zone.

3.2.3 Thermal Turbulent Intensity

The thermal intensity of turbulence represented in Fig. 11,
for the various sections of study (0.05 < Z* < 0.92),
confirms the existence of the three zones of the flow
announced previoudly.

In the zone close to the hot source surface (Z* = 0.05, Z* =
0.10), the profiles shows the existence of a minimum on the
median plan of the canal and two maximum on both sides of
this one. The minimum of the turbulent intensity is due to
the predominance of the plume. The peaks of the rates of
turbulence, corresponding to the region of the flow where
the transverse heat gradients are maxima, are due to the
strong interaction of the plume with the feeding fresh air.
Near the walls of the canal, we note relatively low rates of
turbulence.

In addition, in the second zone of the flow (Z * = 0.20,
Z * = 0.32), we note that the turbulent rate increases in the
central region above the source. The existence of the
maximum of turbulent rate is related to the cycle formation
and exhaust of the vortexes of the centra envelope
described by the interpretation of visualization.

In the third zone (Z * = 0.75, Z * = 0.92), the profiles of
thermal intensity of turbulence self-preserve thus indicating
the establishment of turbulence in al the higher part of the
canal.

3.2.4 Dynamic Turbulent Intensity

The profiles of the dynamic turbulent intensity are
represented in Fig. 12. These profiles show aso the
evolution of the resulting flow in different zones. For the
levels close to source (Z * = 0.05, Z * = 0.10), these profiles
show the existence of three extreme in the vicinity of the
median plane. The maximum of turbulence of 40 %
corresponds to a strong interaction between the plume and
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the feeding threads coming from the ambient environment.
The minimum of dynamic turbulence on the median planeis
due to a weak circulation of the resulting flow inside the
envelope described previoudly. In the intermediate zone (Z
* = 0.20, Z * = 0.32), the profiles show a reduction of the
turbulent intensity to 30 % in the central part of the flow
thus indicating the pre-establishment of turbulence. In
addition, the dynamic turbulence rates increase to 40% near
the walls of the canal. This increase of turbulence shows a
strong interaction between the feeding threads that persist in
this zone and the vortexes exhaust. At the higher levels (Z *
= 0.75, Z * = 0.92), the rates of dynamic turbulence are
stabilized in the vicinity of the median plane source and the
profiles are self-preserved thus indicating the establishment
of the turbulent mode.

3.2.5 Spectral Analysis of the Temperature
Fluctuations

To better define the fine structure of the resulting flow
plume-thermosiphon, a deep study of the thermal energy
spectra is necessary. Indeed, this will enable us to specify
the energy contribution of the temperature fluctuations.

The spectra of thermal energy, obtained by using the fast
Fourier transform (FFT), are standardized in the following

form:j E (n)dn=1 wherenindicates the frequency.
0

According to the previous works, the hypothesis of
equivalence space-time of Taylor is not checked in turbulent
natural convection (Doan-Kim-Son 1981; Agator 1983). For
that, in this study, the spectra of energy are presented
according to the frequency instead of the number of wave as
it is often the case in forced convection.

Because of the resemblance which we noticed between the
spectra in each zone of the flow, the spectral analysis of
temperature fluctuation was limited to the three sections of
study (Z* = 0.10, Z* = 0.20 and Z* = 0.75). The spectra of
the temperature fluctuation are presented for three fixed
points located on the median plan (X* = 0), at the edge of
the source (X* = 0.4) and close to the vertical wall (X* =
0.96), and a variable point corresponding to the maximum
of the thermal turbulent intensity (X* = X | ma)-

The Figs. 13.a, b and ¢ which represent the evolution of
spectres of the temperature fluctuations, show the existence
of a peak more or less important at the frequency 0.10 Hz.
This pesk, corresponding to a big vortex, characterizes
feeding the threads described by the flow visualization
(Maad 1995).

In the first zone Z* = 0 .10, the Fig. 13.a show the
existence of other secondary peaks of a weaker energy at
frequencies lower than 3 Hz. These peaks are the
consequence of the interaction of vortexes generated by the
plume and the fresh air, which descends the envelope. At
the edge of the source, the spectre shows the appearance of
peaks of energy at frequencies higher than that relating to
the peak corresponding to the feeding threads. Elsewhere,
close to the canal wall, we notice the displacement of the
principal peak at the frequency 0.25 Hz, due to the
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interaction undergone by the feeding thread from the plume
and the canal wall mentioned previously in the flow
visudlization. In the intermediate zone (Z* = 0.20), the
Fig. 13.b shows the appearance of a principal peak at 1.66
Hz accompanied by other secondary peaks with a
comparable energy. These peaks are due to the exhaust of
vortexes from the envel ope towards outside. Elsewhere, for
X* = 0.96, the spectre shows the presence of the peak at
0.10 Hz which indicates the persistence of the feeding
thread in higher levels. In the third zone of the flow (Z* =
0.75), Fig. 13.c shows, in addition to the peak of 0.10 Hz,
the existence of other secondary peaks at higher
frequencies. These frequencies indicate the predominance
of dissipative vortexes characteristic of aturbulent flow.

On the Figs. 14.a, b and c, the spectra of the temperature
fluctuations are represented in a semi-logarithmic
coordinate system for the same points of the study. This
representation permits the setting in evidence of the
spectral strips containing a considerable energy, while
taking in consideration the delimited areas by the spectra
(Fulachier 1972). The transversa evolution of these spectra
shows that most of energy is concentrated in a rather broad
frequency band ranging between 1 and 10 Hz (Fig. 14).

For the zone close to the source (Z* = 0.10), the Fig 14.a
shows an important peak which moves from 2.3 Hz to 4.6
Hz going from the median plan towards the hot wall of the
canal. Thisindicates that the proportion of the big vortexes
increases in front of that of the small structures as we
approach the median plan. In the second zone of the flow
(z* = 0.20), the Fig 14.b shows an energy strip around 5
Hz, frequency which characterizes the transition towards
turbulence (Doan-Kim-Son 1981; Agator 1983). On the
other hand, when we move away from the hot source of the
plume, we notice that the proportion of energy
corresponding to the middle size vortexes increases in front
of those of the great size which occur at the entry of the
system (Doan-Kim-Son 1981; Elicer-Cortés 2003; Zinoubi
2006). Indeed, the vortexes of big sizes carriers of energy,
which depend on the conditions of entry, undergo a
stretching in the direction of the ascending flow and give
rise to vortexes of intermediate structures. During their
progression, the later produce vortexes of lower size. In the
higher zone of the cand (Z* = 0.75), a genera
displacement of the spectra of energy towards the high
frequencies is noted (Fig 14.c), thus indicating the
predominance of the small dissipative vortexes where the
flow reaches afully turbulent mode.

The representation of these spectra on a logarithmic scale
(Figs. 15.a, b and c), us made it possible to show the
absence of the universal lav n ® of Kolmogorov. This
classical law, observed in forced convection, does not
verified in any spectra of temperature because the
Reynolds values of the flow is low (Doan-Kim-Son 1981,
Agator 1983; Zinoubi 2006; Zinoubi 2007).

In addition these spectra of thermal energy enable us to
find some laws in power known in natural convection such
as
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- The spectral law in n? of Tchen (1953), vaid in the
region where the turbulent production of energy dominates
the flow, is observed only in a narrow strip of frequency.
This law is observed by several researchers in natural
convection (Maad 1995; Zinoubi 2006; Zinoubi 2007).

- The spectral law in n® introduced by Lumley (1964) is
rather well checked especialy in the second zone of the
flow. In this zone of transition towards turbulence (Agator
1983; Doan-Kim-Son 1981; Zinoubi 2006; Zinoubi 2007),
the size of the vortexes seems to be intermediate between
that of the large structures carrying energy, which occur at
the entry of the system, and that of the small dissipative
vortexes, which develop downstream.

- The law in n”" of Heisenberg (Doan-Kim-Son 1977) is
checked at higher frequencies and particularly in the third
zone where the viscous forces dominate the flow.

4, CONCLUSIONS

This experimental work is a contribution to the
comprehension of a fire behaviour which evolves in
confined environment. This confinement  causes
appreciable changes of the fire global structure.

Flow visualization by laser plan and study of thermal and
dynamic fields shows the appearance of a supplementary
zone that is added to the two classical ones encountered in
a free thermal plume. This zone of instability located just
above the generating source is characterized by the
formation of an impenetrable envelope. In addition, the
results of this study show that the thermosiphon intervenes
to limit the side expansion of the plume, activates the
ascending flow and quickly homogenizes the fluid at the
exit of the system. The analysis of the temperature
fluctuations spectra shows that the big structures vortexes
carriers of energy evolve toward smaller dissipative
structures as we move away from the source. Indeed, the
vortexes of big sizes which depend on the conditions of
entry undergo a stretching in the direction of the ascending
flow and give rise to vortexes of intermediate structures.
During their progressions, these ones produce vortexes of
lower size. This evolution is accompanied by a transfer of
energy towards increasingly small vortexes until the
viscous forces dominate the flow. On the other hand, this
study allowed the checking of some known spectral laws
in natural convection: the ™! law of Tchen in the first zone
of the flow, the n® law of Lumley in the intermediate zone
and the n” law of Heisenberg in the last zone. The
information obtained within the framework of this study
can enable us to understand the development mechanism
of fires in a confined environment. This information will
help us develop techniques of prevention and to better
control thesefires.
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Fig. 4. The feeding threads.

Fig. 6. Exhaust of the |eft vortex.

.92

.75

=0.32

Z*=0.

20

.10

=0.05

Shade —

Fig. 5. The threefluid threads.
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