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Abstract

In this paper are presented the results of natinealests and numerical simulations using the
Fire Dynamics Simulator (FDS) and analytical siniolas using the methods of EN 1991-1.2
(2010). The main goal of the investigation is thedidation of the values of fire safety
regulations on distance between openings correspgid successive floors in a fagade and
the effect of dimensions of balconies in the exdériire spread into upper floors. It is
intended to quantify and measure the height andhwid flames projected through the
windows and to measure the indoor and outdoor testynes. The tests were performed in a
compartment that was intended to represent a ifi@ké with two opposing openings, a door
and a window. The distance between the openingiseirsuccessive floors was 1.10 m. The
test 1 was carried out without any balcony aboeedening and tests 2 and 3 had a balcony
with different dimensions in length.
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INTRODUCTION

The fires inside the buildings can sometimes spteasther buildings or from one floor to
another floor, because the flames can be proje¢otedtside through windows, doors, roofs or
skylights. When projected the flame spreads the ifirfagade by convection and radiation.
So, limiting the fire spread in the facade is alleimging problem. Reducing the fire spread
through the facade openings, many countries crdatsisafety regulations. The fire safety
regulations require a distance between openingsdeent the spread of flames to the top
floors and, on the other hand, this risk can alsedaluced by a balcony above the openings.
In the fire safety regulations around the Worldsexdifferent proposed distances between
openings and sizes of balconies. The distance ketwpenings in Portugal is 1.10 m, but
when there is a balcony, with a span at least oeemirom each edge of the opening, this
distance can be reduced by the span of the baldbisynoticed that the balconies have to be
at least a fire resistance of EI60 (Law 1532/200B)e prediction of the temperature
distribution inside and outside (on the facadebuiding during a natural fire should be as
faithful as possible to the ones observed in ngalit such a way that the fire design of
external elements is on the safe side but not toservative either. Regarding to this matter,
for example, Wald et al. (2009) presented an ewrpmrtal programme to investigate the
global structural behaviour of a compartment in these-storey steel frame building in a
plant of the Mittal Steel Ostrava exposed to fie¢doe demolition. Hence this research project
was focussed on the examination of the temperatieneelopment within the various
unprotected structural elements (beams and coluam)its connections during the natural
fire. They concluded that (i) the methods for cllting the compartment temperature by the
parametric fire curve given in Annex A of EN199Rlcompared well with the measured
data. (i) The incremental analytical models alldwaresumption of temperatures of the
unprotected beams with a good accuracy. (iii) Qatmg the temperature of the beam-to-
column connection from the measured gas temperaiutee fire compartment based on the
mass of the connection parts according to AnnexX ENb1993-1-2, was conservative during



the heating phase. (iv) A calculation based onbtbtéeom flange temperature of the supported
beam was less conservative. (v) And finally, thedption of the temperature of the beam-to-
beam connections using the measured gas tempenattire fire compartment, based on the
mass of the connection parts, was also conservatitiag the heating phase. The authors still
proposed that the calculation based on the bottangé temperature of the supported beam
may be improved by factor 1.0 instead of 0.88. Assets-Empis et al. (2008) also carried out
natural fire tests, which were conducted in a reigh-rise building. The use of these
experiments contributed towards extending the oarnenderstanding of the complex
dynamics of fire and the inherent difficulties atgdicting its evolution. They highlighted the
strengths and limitations of fire safety tools gmdctices in real fires. These tests served as a
validation tool for certain faculties of CFD models well as emphasising some of the current
limitations of their use. In what concerns to expental tests focused on the temperature
development along the facade of a building betwagenings, it is observed they are still
fairly rare and are mostly of numerical nature. Gaample, it is the preliminary study
published by Weinert and Poh (2006) on the perforeaaf horizontal projections (balcony)
in vertical separation of openings in external wallhree fires were examined with different
peak heat release rates. They found that a hoakprjection between about 0.3 m and 0.6
m is equivalent to a 1 m spandrel.

1 EXPERIMENTAL TESTS

The compartment fire was 5.30 m long, 2.03 m wideé 2.10 m tall. The compartment had
two openings, one window of 1.23 m width and 0.9Retght, one door of 1.74 m height and
0.73 m width which correspond to an opening faatoout0.30. The facade was 3.30 m long
and 3.80 m tall. The distance between the openmgse successive floors was, in the three
tests,1.10 meters. The test 1 was carried out witaoy balcony above the opening. Tests 2,
3 had a balcony of 0.55 m span and its length w23 h (the same length of window), and
3.23 m(the length of balcony plus 1m away from eside of the opening), respectively, in
tests 2 and 3. The internal walls and ceiling ef ¢ompartment were insulated by sandwich
panels made of fire resistant gypsum boards andwoo! (40kg/n¥ for walls and 150kg/m

for ceiling). The fire load used in the experiménésts was materialized by means of wood
cribs and was obtained by the simplified calculatimethods established in EN1991-1-2
(2010). The heat release rate (HRR) used was 4\5 WtMstributed by three piles of wood
cribs in the middle of compartment with 1384 kW leace of HRR (Heat Release Rate). For
all tests, it was checked the air temperature &edwind speed before the test starts. So,
during these tests, practically no wind was detedte all tests, the air temperature was
around 30, 15 and 20°C and the relative humiditg 8@, 60 and 41% for tests 1, 2 and 3,
respectively.

11 Test1,2and3

In test 1 the ignition of wood cribs was a little slowly. The time to reach the maximum
temperature of 912.5 °C inside the compartmentr{tbeouple localized in the ceiling) was
26 minutes. The maximum temperature outside, imiidelle of the opening of the window
of upper compartment, was 260 °C, reached at 1btitesrand 30 seconds. The projection of
flame and the plume of smoke in this test werehsliygvisible. The height of flame above the
lintel of window was 0.28 m, the length of flamesv@.10 m and the horizontal projection
was 0.88 m (Fig. 1).In test 2 the maximum tempeeaituside the compartment was 1080.9 °C
in ceiling thermocouple reached after 17 minutes 20 seconds. Outside, below the balcony,
was 501.4 °C at 23 minutes and 30 seconds. Thesfard the plume of smoke were very
visible in this test. The height of flame in prdjea through the window was 2 m, the
horizontal projection was 2.90 m and the laterajgmtion was 0.20 m (Fig. 2).In test 3 the
temperature inside was 1088 °C, obtained in thingeat 18 minutes. In the outside, the



maximum temperature obtained below the balcony, 858 °C, at 22 minutes. The flame
and smoke plume were very visible. The vertical #mel horizontal projections of flame
obtained were 2 m and the lateral projection was én (Fig. 3).

Fig. 1 Test1 Fig. 2 Test 2 Fig. 3 Test 3

In test 1 the plume of smoke and the scanty flapm&ouhe superior floor close to the facade
(fig. 1). The flame in test 2 bended towards theesior window and surrounded the balcony
(fig. 2). In test 2 the flame was projected to @eghe facade after hit the balcony (fig. 3).

2 NUMERIC SIMULATIONS

In numerical simulations, the FDS program, verst®B.3, was used. This program is a
computational fluid dynamics (CFD) model of firexdm flow. It is a large-eddy simulation
code for low-speed flows with an emphasis on smakel heat transport from
fires(MacGrattan et al, 2010).For visualizationre$ults was used the smokeview interface.
The characteristics of fire compartment and fagaeee the same as in all experimental tests.
A finite element mesh of 0.15x0.16x0.17 m was gateel automatically by the program and
used in all simulations. The time period of anaysas 1470 seconds, corresponding to time
when the HRR started to decrease.

2.1 Numerical smulation 1, 2 and 3

In numerical simulation 1 (FDS1) the maximum tenapare inside the compartment obtained
was 947.2 °C in the wall at 9 minutes approximatélye outside maximum temperature,
below the window of upper floor, was 849.3 °C atli@utes after begins fire. The height of
flame obtained by simulations was 3.29 m uppetiititel of fire compartment window. The
lateral and horizontal projection was 0.30 m an#01m, respectively. The maximum
temperature inside compartment in simulation 2 (ED&as 936.5 °C at 8.74 minutes of fire.
The maximum temperature outside the compartment WEES.1 °C, in the balcony
thermocouple (end edge), at 10.34 minutes. Thehheigthe projection of flame was 2.20 m
and the lateral projection was 0.53 m. The horiabptojection was 1.20 m. In numerical
simulation 3 (FDS3) the maximum temperature insidlecompartment fire, was 936.1 °C at
9.36 minutes. The outside maximum temperature Wa9.7 °C at 11.34 minutes in front of
balcony. The height of flame projection was 3.2%me, lateral projection was 1 m maybe due
to the balcony effect. The horizontal projectiorsvzam.
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Fig. 4 Simulation 1 Fig. 5 Simutati2 Fig. 6 Simulation 3

In numerical simulation 1 the flame rose up to shecessive floor along the facade (Fig 4),
but in the simulation 2 the flame surrounded thiedyey and bended toward the window

above (Fig. 5). The flame in the simulation 3 rapeparallel to the facade at a distance equal
to the balcony span (Fig. 6).

3 ANALYTICAL SIMULATIONS

It was also carried out analytical simulations gsihe method of the parametric fire curves
(annex A of EN 1991-1.2, 2010) and the simplifiadcalation method (annex B of EN 1991-
1.2, 2010).The same compartment characteristitheasxperimental tests were used in this
analytical simulations. The method of parametriczea gave a maximum temperatudg)(of
989 °C at 0.480 h inside the compartment (eq. (1).

8g = 20 + 1325 (1 — 0,324 72" — 0,204 e~ 27" — 0,472 ¢ ~19%) [2(] €Y

where 6g — gas temperature in fire compartment [°C]
t* —fictitious time
In the simplified calculation method used the emumst of forced draught. The temperature
(T) inside compartment was 775.4 °C by (eq. (2)).
Te = 1200 (1 — e~ 00028 0y 4 T, [K] (2)

where To, initial temperature [K]
Q, (Ar.0ra)/(Av.Ap)Y2
A, floor area of the fire compartment [m]
A\, total area of vertical openings on all walls
A, total area of enclosure (walls, ceiling and fldocluding openings)
0.t.d, design fire load density related to the surfaea @
The height of flame (L) projected through the window was 0.58 m giverkEhy (3).

L = (1,366 (%)0'43 %) —heq  [M] (3)

A7
where Q, rate of heat release of the fire
heq, weighted average of window heights on all walls

u, 6 m/s



The horizontal projection @) obtained was 2.17 m given by eq. (4).

42\ 022
Ly = 0,605 (E> Ly +heq)  [m] )

The width of flame (lateral projection) @Wvas 2.62 m given by eq. (5).
ws = wi + 0,4 Ly......[m] (5)

where W;, sum of window widths on all walls

The temperature of flame at the window was 746.@8@ the flame temperature along the
axis of one meter was 737.7 °C. In the forced dratige trajectory of the flame may be
directed horizontally if there are balconies. Thamfe is deflected outwardly at a distance
equal to the width of the balcony, but the lengbh change. Theslis the same and equal to
2.25 m.

a) b)
Fig. 4 Flame deflection: a) without balcony; b) mwiialcony

4 COMPARISON AND VALIDATION OF RESULTS

The maximum temperatures inside compartment weta@radd in the ceiling on experimental
tests and in the two smaller walls in the numersiahulations. The time to reach the
maximum temperature was 9 minutes (FDS 1), 8.7Qtes(FDS 2) and 9.36 minutes (FDS
3) for the numerical simulations and 26 minutess{T®), 17.5 minutes (Test 2) and 18
minutes (Test 3) for experimental tests and 29 temyParametric curve) for analytical
simulations (Fig. 5).

Maximum temperature in fire compartment
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Fig. 5 Maximum temperature in fire compartment

In experimental tests the temperatures inside cameat were higher than outside. In the
numerical simulations the temperatures outside \mggleer than inside compartment. It was
noted that the time was not the same when the maxitemperature was reached outside and



inside the compartment both in the experimentdbktaad in the numerical simulations. The
existence of a balcony larger than the window (Beahd FDS3) led to that the temperatures
above it are smaller than in the case of the bglemding on the border of the window (Test
2 and FDS2) and much smaller than comparing wighctise of inexistence of balcony (Test
1 and FDS1). The results showed that temperatuoes) dhe facade do not decrease as a
function of height. At different points above thaldony and below the window of the upper
compartment were registered temperatures belowrike in the centre of the window of that
compartment. It can also be seen clearly in Fig.76hat the numerical temperatures at points
corresponding to thermocouples T80, T81 and T82Jalthe balcony) of the experimental
tests, were lower than the ones at pointes lodaéxlv it.
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Fig. 6 Temperature above the balcony
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Fig. 7 Measuring temperature points

In Eurocode 1 part 1-2 (EN 1991-1.2, 2010) for éorcdraught the flame occupies the entire
window when occurs the flame projection. In expemtal tests this situation didn’t occur,
(Fig. 7, 8 and 9).This can be observed by a daBhedn Figure 8, where the flame and the
plume of smoke do not occupy the entire openingmFthese figures it can be assessed that
about 20% of the window was used by the freshaierttry in the compartment while in
numerical simulations the flame occupied practictie entire window. The height of flame
projection in experimental tests 2 and 3 was 2 mgoemaller than test 1 that was 0.28 m. In
numerical simulations, it was verified that thedhgiof flame in FDS 2 was (2.22 m) smaller
than the ones obtained in FDS 1 and FDS 3 (3.290wmncerning the simplified calculation
method the height of flame was 0.58m. The horidonmtajection in experimental tests was
higher in test 3where the flame was away from #gade. In the numerical simulations FDS
1 and 2,it was observed an equal horizontal projeadf flame from the wall, which was
1.20m. In the simplified calculation method the ihontal projection of flames was 2.17m
that is the highest value relating to the experit@eand numerical tests, exception for test 2.
The width of flame enlarged from each side of thedow in all experimental and numerical
tests, but in experimental test 2 the enlargingigher than in the others. In the simplified
calculation method the flame width was 0.70m thas wmaller than in numerical simulation
FDS3 (1.0m) and higher than in the other numeaaal experimental tests (see Fig. 9).

Fig. 8 Flame projection in forced draught
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Fig. 9 Flame projection

The presence of a balcony with 1 meter to each gideindow was the most viable option,
since because of it the flame was kept away froenféigade and so the temperatures in the
wall above the balcony were lower than the onesrdsx in other tests. Therefore, with a
balcony between successive openings, the riskr@fpfiopagation to the upper floors will be
much smaller. In FDS 2 the height of flames is $éend@han the other cases however the flame
surrounded the balcony increasing lateral spreddeofire to the upper floors.
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