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ABSTRACT

This study performed experiments in which
small-scale enclosures with various opening shapes
and locations were underpinned for flames on facades
emerging from ventilation-controlled fires at the floor
of fire origin. To limit uncertainties, a propane gas
burner was used to produce controlled heat release
rates (30, 40 and 50 kW) as fire source. The size of
opening (in WxH) was 20x10 cm?, 10x20 cm? and
20x20 cm?. Actual heat release rate, gas temperature
inside the enclosure, heat flux on the facade wall, and
flame contours were measured. Experimental
observations and data show that the shape of opening
strongly affected the combustion conditions. Opening
geometry was divided into two categories: those that
combust both inside and outside the enclosure, and
combusting primarily outside the enclosure. Two sets
of heat flux correlations were derived for the two
categories. Additionally, external flame was higher for
the category of combustion primarily outside the
enclosure, because pyrolyzate primarily burned there.
Furthermore, experimental results indicate that the
highest heat flux always occurred with the lowest
openings, although the difference was not significant.

INTRODUCTION

The initial source of a fire in a building may be
outside the practical design constraints. In this case,
the fire safety systems may fail, causing external
combustion of excess fuel issuing out of an opening as
the enclosure fires reach the post flashover state. These
external flames tend to attach to the facade of
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the building, thus heating it. If the material of the
facade is combustible, then the material close to
windows on floors above the original fire floor may be
ignited, thus spreading the fire from floor to floor.
Consequently, facade flames need to be addressed
from the behavior of external flames ejecting from
enclosure fires. Furthermore, these enclosure fires
reach under-ventilated state easily because the
enclosure generally has a large fuel load and a small
opening. Under-ventilated fires has limited available
oxygen flowing through the opening available for
burning, leading to incomplete burning of the fuel
inside the enclosure, because the mass rate of air
inflow is lower than that needed for stoichiometric
burning. The unburned fuel then flows out of the
opening, and burns outside the enclosure. This
external combustion determines the extent of flames
outside the enclosure, causing heat exposure to the
external wall.

Many studies have investigated the heat exposure
to the facade owing to flames emerging from an
opening in an enclosure and its dependence on the
opening geometry (Delichatsios et al., 2004; Lee et al.,
2009; Lee, 2006). Oleszkiewicz (1989) conducted a
series of full-scale experiments using a fixed-sized
compartment with openings of various geometries to
study the magnitude of fire exposure to the exterior
wall. Experimental results revealed that the ratio of the
window opening height to its width controls the shape
of the plume. Additionally, large windows were found
to allow more fuel to be burned inside the fire
compartment than small windows, thus decreasing the
height of the flaming portion of the plume. Bohm and
Rasmussen (1987) investigated the relationship of
external flame height and radiation on the facade to the
rate of heat energy released outside the enclosure. All
experiments were conducted under fully developed
burning conditions. They (Bohm and Rasmussen,
1987) presented the flame height and incident
radiation on the facade above the opening with respect
to the heat release rate provided by the external flamer,
but did not undertake a detailed analysis. Hasemi
(1984) and Yamada et al. (2001) simulated the internal
combustible gas outflow through openings by
combining a wall and vertical gas burner. The situation
is different with actual external fire conditions,
because the gas outflow in actual fire conditions is hot



and the gas flowing out from the gas burner is cold gas.
Yokoi (1960) assumed that the neutral plane is at the
half height of the opening, and postulated that the
upper half of the opening corresponds to a horizontal
rectangular heat source. Accordingly, he proposed a
length to represent the outflow of the hot gases at the

opening equal to the radius of a circle r, = HW/27
having half the area of the opening. Using this length
scale, Yokoi (1960) correlated the maximum
temperature along the vertical axis. Yokoi’s length
scale has been extensively employed in correlations of
temperature and flame height on external facade. Lee
et al. (2012) re-examined Yokoi’s length scale, and
concluded that Yokoi’s correlation is not based on
proper dimensional analysis. They subsequently
studied the physics of gas ejection from an enclosure,
the attachment of flame to the facade wall and the
burning of the excess fuel, and observed that the flow
development on the facade starts from the convective
flow at the exit. Based on this concept, Lee et al. (2012,
2007) proposed two new length scales #1and £,. #1
simulates the exit condition of the burning enclosure,
assuming that the mass flow rates into the enclosure
are equal to that out of the enclosure based on the
conservation of mass and taking the burning enclosure
as a control volume. ¢, represents the flow behavior
in the vicinity of the opening based on the
experimental observation: that the flows outside the
enclosure are ejected horizontally before turning
vertically and attaching to the facade. However, Lee et
al. (2012, 2007) applied “door-like” opening for
experiments, and the effects of “window-like” opening
locations and on the heat exposure to the external
facade are not incorporated into current engineering
fire design methods. To clarify this issue, the present
study investigates the temperature distribution inside
the enclosure, the flame height and the heat flux to the
external wall by undertaking experiments on a reduced
scale experimental model with various opening
locations (window and door), opening geometry and
fire supply rate. Finally, the experimental data for
window-like openings are incorporated into the
current correlations for door-like openings.

EXPERIMENTAL SET-UP AND
PROCEDURE

Figure 1 shows the detailed experimental
configuration. The experimental enclosure is a cube
with the size of 0.5x0.5x0.5 m® and built of ceramic
fiberboard. Table 1 presents the size (20x10 cm?,
10x20 cm? and 20x20 cm? in WxH) and location (up,
middle and down) of the opening, which was designed
at the front face. Propane from a rectangular sandbox
burner was the fuel source to precisely regulate the
fuel supply rate (30 kW, 40 kW and 50 kW, nominally)
by a mass flow controller. The burner was located at
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the center of the floor. The external facade was formed
of a fiberboard plate with steel plate heat flux gauges
with intervals of 10 cm installed on the central line.
This apparatus consists of a steel plate with a
thermocouple extension line spot-welded to the rear
surface of the plate. The steel plate gauge with
dimensions 25 mm by 25 mm by 3 mm was employed
in this work to measure heat fluxes in the facade wall.
This design is consistent with that used by Lee et al.
(2009). Additionally, two thermocouple trees with
interval of 10 cm were placed in an outer and an inner
corner. The whole rig was located under a calorimeter
hood to measure the heat release rate according to the
oxygen consumption principle (Janssens, 1991).

The experimental procedure was designed to
establish steady state conditions inside the enclosure.
At the beginning of each test, the flow rate of the fuel
was increased at a fixed rate (50 mg/s) every 30
seconds after its ignition until the required (or
theoretical) flow was reached (30 kW in 270 seconds,
40 kW in 420 seconds and 50 KW in 540 seconds). A
horizontal fiberboard plate was placed over the
opening to deflect the flames, and thus prevent the
flame from impinging on the facade and imposing a
heat flux on the steel plate gauges during this period.
The horizontal fiberboard was then removed after
steady conditions were established. The flames were
then attached to the facade, and exposed to the heat
flux gauges. The appearance of the ejecting flame was
recorded by a CCD camera facing the facade, enabling
the measurement of the ejecting flame height.
Subsequently, the gas temperatures inside the
enclosure, actual heat release rate and total heat flux at
different locations in the fagcade were measured by the
apparatus described above. Each case was conducted
three times. Adequate consistency was demonstrated.

2.5mmx2.5mm

10 cm

y

60 cm|

Thickness 5 cm

* nim o mwm o owm owm

— Tmermocouple tree
Tmermocouple tree

lﬂt:y' . |
10 ens]

Fig. 1. Geometry of the enclosure and the facade with
its instrumentations.
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Table 1. Opening conditions and internal HRR

Estimated internal HRR after flashover (kW)

Ooeni Opening si HRR Theoretical Opening Location
pening pening size 2 -
Geometry WxH (m) (kW) 150|S®H Down Mid -«Up _
( ) - | g
T ‘ :
|0l
40 17.55+1.54 16.96+1.88  19.40+2.51
0.2x0.2 26.83
50 18.43+2.56 18.13+2.94  20.16%3.04
30 9.33+2.03 10.16+1.44  10.41+3.45
D 0.1x0.2 40 13.42 10.45+1.47 11.1742.34  11.36+2.48
50 10.97+1.51 11.49+2.54  11.65+3.59
30 ~0 ~0 ~0
|:| 0.2x0.1 40 9.49 ~0 ~0 ~0
50 ~0 ~0 ~0

EXPERIMENTAL RESULTS AND
DISCUSSION

The experiments were designed to produce
ventilation controlled fires by controlling the mass
flow rate of the fuel larger than the fuel needed for
stoichiometric combustion with the air entering into
the enclosure.

Figure 2 illustrates the temperature histories
inside the burning enclosure of the 50 kW fires with
different opening geometries. The opening was in the
“down” position. Clearly, the temperature rose with
time, and started to diverse at approximately 200 s.
The temperature continued to increase for the fires
with the 20x20 cm? and 10x20 c¢m? openings, but
started to decline for the fire with the 20x10 cm?
opening. Therefore, the fires were fuel-controlled in
all cases before 200 s, and the fuel was combusted
primarily inside the enclosure. Further, Figure 3
depicts the experimental observations of flames
emerging out of the enclosure for those tests during
steady state (at approximately 400 s). Observation
results show that the combustion conditions can be
divided into two categories according to opening
geometrics: combustion primarily outside the
enclosure (20x10 cm?) and combustion both inside
and outside the enclosure (20 x20 cm?, 10x20 cm?).
Observations were consistent for all openings cases.
The flame emerging from the 20x10 cm? opening
covered it, preventing air from easily entering the
enclosure, thereby causing inactive burning inside the
enclosure. Consequently, most of the excess
pyrolyzate issued out of the enclosure, and burned
outside forming a fire plume on the external facade
wall.
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Fig. 2. Temperature histories inside the burning
enclosure of the 50 kW fires with different
opening geometries at “down” position.

(a) 20 em x 20 cm (b) 10 em % 20 cm (c)20cm x 10 ecm
Fig. 3. The flames emerging from the enclosure with
different opening shape.

Actual heat release rate

This experimental study examined the effect of
opening area and location on the HRR. Figure 4
displays the actual heat release rate measured for the
nominal 50 kW fires with middle opening. The
measured HRR was highest with the 20x20 cm?
opening, and lowest with the 20x10 cm? opening. The
reason for this may be the fuel having a lower
temperature before burning with the 20x10 cm?
opening because the fuel was burned outside the
enclosure without preheating. The fuel with the 20x20
cm? and 10x20 cm? openings was heated by the fire




inside the enclosure and was hot when it emitted from
the openings. Hotter fuel led to greater combustion
completeness. Consistent results were observed for all
openings cases. Moreover, Figure 5 displays the
measured total HRR for nominal 50 kW fires with
20x20 cm? opening at different positions (up, middle
or down). The HRR histories were almost identical.
Therefore, the opening area and shape have little effect
on HRR, but the opening position (window or door)
has no effect.
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Fig. 4. Heat release rate history for three openings
geometrics of middle opening location. The
nominal HRR is 50 kW.
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Fig. 5. The measured total HRR for nominal 50 kW
fires with the 10x20 cm? opening at different
positions (up, middle or down).

HRR inside and outside the enclosure

As described above, the combustion conditions in
this experiment can be divided into two categories
according to opening geometrics: combustion
primarily outside the enclosure (20x10 cm?) and
combustion both inside and outside the enclosure
(20x20 cm?, 10x20 cm?). The heat appears to be
produced inside and outside the enclosure.

Qtot = Qint + Qext ’ (1)

where Q. is the total HRR
Qine is the internal HRR
Qexe denotes the external HRR
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Kawagoe (1967) investigated the theoretical
HRR after flashover inside the enclosure, given
1500AvH, while Drysdale (2011) found that 750AvH
was a more practical value. Lee et al. (2007) used this
value of 1500AvVH to represent the Q.. since they
found that an intermediate plateau value in HRR
history was equal to 1500 AVH . However, this
intermediate plateau value in HRR histories was not
seen in all tests although was observed in some “down”
opening tests (see Fig. 4 and 5). This study
experimentally estimated the HRR inside the
enclosure after flashover to be the HRR at 30 s before
flashover from the HRR histories for each test. Table
1 lists the theoretical values, 1500A+v/H, and estimated
internal HRR after flashover. Generally, the Q;,, was
higher for higher openings. For the cases with the
20x10 cm? opening, the Q;,, Wwas estimated to be
close to 0 kW because no flame was observed inside
the enclosure.

Steady state gas temperatures inside the enclosure
Figure 6 shows the steady state gas temperature
distributions inside the enclosure for all experiments.

The remarks from this figure are:

(@) When the opening geometrics were 20x20 cm?
and 10x20 cm?, the temperatures inside the
enclosure were approximately 800°C and 600
C , respectively. Clearly, more air can be
entrained into the enclosure for burning when
the opening is larger, thus increasing the
temperature. This observation was consistent
with that of Oleszkiewicz (1989), and confirmed
that the fires were ventilation-controlled.
Additionally, the steady state gas temperatures
inside the enclosure did not depend on the
supplied theoretical heat release rate for the
same opening and the same opening locations.
Furthermore, the steady state gas temperature
distribution inside the enclosure was quite
uniform from the top to the floor of the enclosure,
except in the very low space (i.e. below 10 cm)
where air can be entrained and mixed with fuel.

(b) The temperatures inside the enclosure when the
opening was 20x10 cm? were 200-420°C.. Most
fuel burned outside the enclosure. Moreover, the
temperatures inside the enclosure were higher
for fuels with lower nominal HRR and with
upper opening location. The combustion
completeness was higher when less fuel was
generated in the enclosure with the 20x10 cm?
opening, because the air entrained from outside
was limited. Additionally, more fuel can issue
out of the enclosure with higher opening, while
more fuel can accumulate inside the enclosure
with lower opening, thus increasing the
concentration of pyrolyzate. Pyrolyzate with
higher concentration released more heat.
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Fig. 6. Vertical temperature distribution measured by the front thermocouple tree for all experiment data.
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Fig. 7. Comparison of flame height for different openings geometrics and locations with different fuel supply

rates.

Flame heights

The flame height and the flame width outside the
enclosure were recorded by a CCD camera facing the
facade. The flame heights were determined from the
location of the neutral plane of the opening, which in
this study was located at approximate 0.4 H from the
bottom of the opening for ventilation controlled
conditions. Figure 7 shows the flame height data for
propane plotted against the nominal heat release rate
from the burner. The external flame heights increased
only with fuel supply rate, and were independent of the
opening location. Additionally, the flame height was
highest when the opening geometrics was 20x10 cm?.
The fuel consumption was very low inside, but much
higher outside to generate high flames. Therefore,
flame spread to an upper floor may most likely occur
with the opening geometrics of 20x10 cm?.

Figure. 8 shows the correlation of the flame

height based on the actual external HRR and the length
scale ¢, (Lee etal., 2007).

Qext

Zg o %
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1
where €, = (AH?)s. (Lee et al., 2012, 2007)
It can be observed that the flame height Z:/¢,
correlates well with Q},, giving

Zg

)

=3810;,"" . (3)

The correlation derived in this study is close to
that from Lee et al. (2007). Additionally, the power
dependence of flame height on the heat release rate
was 1/2, between 2/5 and 2/3, i.e. characteristic power
values for two-dimensional and three-dimensional
fires, respectively (Lee et al., 2007).
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Fig. 8. Flame height correlation for all experiments.

Heat fluxes

According to the previous section, the
combustion conditions are divided into two categories,
combustion both inside and outside the enclosure, i.e.
20x20 c¢cm? and 10x20 cm? combustion primarily
outside the enclosure, i.e. 20x10 cm?. Figure 9 shows
the heat flux distributions along the centerline above
the opening against Z/Zs for experiments with 50 kW
HRR, 20x10 cm?/20x20 cm? opening and various
opening locations, where Z and Z; denote the location
on the external facade of the heat flux gauge and the
measured flame height, respectively. Clearly, higher
heat flux always occurred with lower opening. This
finding may be caused by preheating of fuel pyrolyzate
for which can be accumulated by lintel barrier for
certain period before burning. Additionally, the heat
flux was higher with the 20x10 cm? opening than the
other openings. The higher heat flux was primarily due
to the flame inclined to the fagade much more obvious
for the tests having opening with wide width and
shallow depth shape compared with those openings
having narrow width and higher depth shape.
Additionally, the flame from the 20x10 ¢cm? opening
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was thinner. The closer distance between the flame
and the facade caused more radiation to the facade
although the flame was thinner.

The measured heat fluxes at the centerline of the
facade wall were correlated based on dimensional
analysis from Lee et al. (2007).

q{'ZfeO-“H/fZ) _ . 7
s function (Zf) . 4)
Figure 10 plots the data for all tests. Two lines
can be identified: the upper line corresponds to the
combustion both inside and outside the enclosure and
the lower line corresponds to combustion primarily
outside the enclosure, respectively. For the category of
combustion both inside and outside the enclosure, the
heat flux on the facade from window-like openings
was close to that from door-like openings (Lee et al.,
2007), given Equations (5) and (6).

.IIZ eO.6(H/¢2) f r — < 5 E
- / - 0.23 0 Z¢ 0'3 ! ( )

.HZ eO.G(H/iZ) Z -1.6 for —_ “ 6

q QieXt/ = “.'); 3( ) > .3.; . ( )

Equations (7) and (8) were provided for the
category of combustion outside the enclosure.

4! 7,.0-6(H/¢2) Z
a'Zre =012 for =035, (7)
Qext/?2 Zf
o!17,.00-6(H/2) Z 4
d Zre =0.049(=)"¢ for —>0.35 . (8)
Qext/?2 Zf Zf
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Fig. 9. (a) Heat flux distribution along the centerline above the opening for the combustion both inside and outside
the enclosure. (b) Heat flux distribution along the centerline above the opening for the combustion

primarily outside the enclosure.
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Fig. 10. Heat flux correlation at the centerline of the
facade for all tests.

CONCLUSIONS

This study provided correlations for flames on
facades as the flames emerge from flashover fires in
enclosure. Namely, the main contributions are:

(1) The combustion conditions of an enclosure fire
can be divided into two categories: combustion
primarily outside the enclosure and combustion
both inside and outside the enclosure. The
combustion condition is linked to the size and
shape of opening.

The  combustion  condition  significantly
influences the external flame height. The flame
height is highest when opening geometry is 20x10
cm?. Therefore, the flame is most likely to spread
to an upper floor occur with the opening geometry
of 20x10 cm?. Additionally, the external flame
height increases only with the fuel supply rate for
identical opening geometry, and is independent of
the opening location.

A higher heat flux on the facade wall always
occurs with lower opening because the fuel
pyrolyzate is accumulated by lintel barrier for
certain period before burning, and is preheated.
The heat flux was higher with the 20x10 c¢cm?
opening than the other openings because more
fuel pyrolyzate burns outside from the 20x10 cm?
opening. A thicker external flame is formed,
causing more radiation to the facade.

The correlation from Lee et al. (2007) can
adequately correlate the data of window opening
when the combustion condition is categorized
both outside and inside the enclosure. Another
series of correlations is provided when the
combustion condition is categorized primarily
outside the enclosure.

O]
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