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Abstract. This paper presents an investigation of the side wall effects on facade flames ejected from the
opening (such as a window) of an under-ventilated room fire. Experiments are carried out in a reduced-scale
experimental setup, consisting of a cubic fire compartment having an opening with a vertical facade wall
and two side walls normal to the façade wall. By changing the distance of the two side walls, the facade
flame heights for different opening conditions (width, height) are recorded by a CCD camera. It is found
that as the distance of the two side walls decreases the behavior the flame height can be distinguished into
two regimes characterized by the dimensionless excess heat release rate, Q̇∗

ex , outside the opening: (a) for
the “wall fire” (Q̇∗

ex ≤ 1.3), the flame height is shown to change little with decrease of side wall distance
as the dominant entrainment is from the front direction (normal to the facade wall) independent of the side
wall distances; (b) for the “axis-symmetrical fire” (Q̇∗

ex > 1.3), the flame height increases significantly with
a decrease in side wall distance as both the entrainment from the two side directions (parallel to the facade
wall) and that from the front direction (normal to the facade wall) together apply. A global physically
based non-dimensional factor K is then brought forward based on the side wall constraint effect on the
facade flame entrainment to characterize the side wall effect on the flame height, by accounting for the
dimensionless excess heat release rate, the characteristic length scales of the opening as well as the side
wall separation distance. The experimental data for different opening dimensions and side wall distances
collapse by using this global non-dimensional factor.

INTRODUCTION

For under-ventilated fully developed room fires in a building, there is a threat that flames can be ejected
from the opening (such as a window), then induce fire spread to the upper floors leading to catastrophic
loss of life and property. The facade flame height is a key parameter in fire spread to the adjacent upper
floors, as a result of the radiation and convection of the flames on the facade. Many works [1–11] have
been reported in the literatures on this parameter.

Recently, a model of facade flame heights has been brought up by Delichatsios et al [12–17]. The
flames on the facade eject from the compartment opening when the heat release rate in the compartment
is higher than the critical value (1500A

√
H kW) with the mean facade flame height determined by

the excess fuel burning outside the opening as well as by the opening geometry of the compartment.
The mean flame height normalized by a characteristic opening length scale is given as a function of
dimensionless excess heat release rate Q̇∗

ex :

Zf

�1
= f (Q̇∗

ex) = f

(
Q̇ex

�∞CpT∞
√

g�
5/2
1

)
(1)
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�1 = (A
√

H )2/5 (2)

where Zf is the mean flame height (of 50% intermittency) above the neutral plane of the opening, �∞ is
air density, Cp is specific heat of air at constant pressure, T∞ is ambient temperature, g is acceleration
of gravity, �1 is the characteristic length scale representing the opening size (A and H represent the area
and height respectively). Q̇ex is the excess heat release rate due to the burning of excess fuel outside the
compartment defined as:

Q̇ex = Q̇ − 1500A
√

H kW. (3)

It has been further proposed by Lee [12, 15] that the flame flowing outside the opening can be depicted
as generated by a rectangular fire source having side dimensions �1 and �2 at the level of the neutral
plane and providing a heat release rate of Q̇ex , where �1 is defined by Eq. (2) and �2 describes the
competition of momentum to buoyancy flux at the opening, being a function of:

�2 = (
AH 2

)1/4
. (4)

Furthermore, Lee [17] studied the facade flame behavior with a facing wall opposite to the opening of
the compartment. When the separation distance between the facing wall and the facade wall decreases
to be less than a characteristic length scale �3 [17], it is found that the mean flame height is higher than
that without facing wall because the opposite facing wall impedes the entrainment of fresh air into the
flame.

There is another case that the facade flame is affected, namely, owing to side walls on either side
of the opening. Such a restriction of side walls on enclosure facade fires mainly focusing on the effects
of side walls on temperature distribution has been reported in [18]. Because the presence of side walls
does not affect the critical heat release rate (1500A

√
H , in kW) [19–22], the main effect on the facade

flame height is presumably due to the restriction of air entrainment from the two sides parallel to the
facade wall. This effect of side walls on facade flame entrainment and thus the facade height behavior
is investigated in detail in this work.

In this paper, a series of experiments are conducted in a reduced-scale cubic compartment of
size 0.4 m having a vertical facade wall attached at the opening and two side walls symmetrically
located at both sides of the opening. By changing the distance of the side walls, the flame heights
for different opening dimensions are recorded using a CCD camera. A global non-dimensional factor
K is used to characterize the side wall effect, by including the dimensionless excess heat release rate,
the characteristic length scales of the opening and the side wall separation distance. There are three
sections following this introduction. The second section describes the experimental procedure, devices,
equipment and conditions. The third section includes the results and discussion and finally, the section
four summarizes the major findings.

EXPERIMENTAL SETUP AND PROCEDURE

Experimental rig

A reduced-scale model has been constructed to study the facade flame height outside a fire compartment
under various side walls distances, as shown in Figure 1. The experimental model consists of a cubic fire
compartment with a vertical facade wall (2.2 m height and 1 m wide) and two side walls (2.1 m height
and 0.6 m wide). The cubic fire compartment has dimensions 0.4 m, with an inner lining of ceramic
fiber boards (3 mm thickness) for thermal insulation. The opening is located in the center of the wall
of the fire compartment. Five different geometries of openings are used in the experiments to represent
different ventilation conditions. The specific opening geometries are also listed in Figure 1. Supported
by steel structure and covered by a fire resisting board of 5 mm thickness, the facade wall is attached to
the opening and the two side walls are positioned symmetrically at both sides of the opening.
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Figure 1. Schematic of experimental setup.

Measurement and experimental conditions

In order to provide a steady fire source, Liquefied Petroleum Gas (LPG) is used as fuel and burnt in a
steel-welded square porous gas burner of 0.2 m, with small holes of diameter 0.5 cm drilled on the top
surface at a spacing of 2 cm. The gas burner is placed at the center of compartment floor with its top
surface flush with the floor. The fuel supply rate into the fire compartment V̇f is monitored and controlled
by a gas flow meter of accuracy 0.1 m3/h. All the experimental conditions are set to be under-ventilated
and the total heat release rates calculated from the fuel supply rate according to the heat of combustion
of the fuel are listed in the Table 1.

A total of 8 K-type thermocouples of diameter 0.5 mm are divided in two trees located at the inner
and outer corners of the enclosure respectively (see Fig. 1). The thermocouples in each thermocouple
tree are 0.2 m, 0.25 m, 0.3 m and 0.35 m from the bottom of the enclosure. In each scenario when the
combustion inside the enclosure reaches a steady state, the vertical temperature distribution is recorded.
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Table 1. Summary of experimental scenarios.

Test Opening geometry Total heat release rate
Series Height(m) Width(m) Separation Distance of side walls (m) (kW)
1 0.25 0.15 0.3 0.45 0.6 0.75 No side walls 39.9 44.3 48.8
2 0.2 0.2 0.3 0.45 0.6 0.75 No side walls 39.9 44.3 48.8
3 0.2 0.1 0.3 0.45 0.6 0.75 No side walls 39.9 44.3 48.8
4 0.15 0.15 0.3 0.45 0.6 0.75 No side walls 39.9 44.3 48.8
5 0.1 0.2 0.3 0.45 0.6 0.75 No side walls 39.9 44.3 48.8
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Figure 2. Typical temperature history measured showing to be steady and uniform inside the compartment for both
with and without side wall. (a) opening 15 cm × 15 cm, HRR 44.3 kW, no side wall and (b) opening 15 cm × 15 cm,
HRR 44.3 kW, side wall distance 60 cm.

A CCD camera (25 frames per second, 720 × 576 pixels) captures the fluctuations of the ejected
facade flames outside the fire compartment opening. The camera is fixed at 3 m away from the facade
wall. The mean flame heights are obtained through image processing. The separations of the two side
walls are 30 cm, 45 cm, 60 cm, 75 cm and ∞ (∞ also represents no side walls or open space). The
experimental scenarios are summarized in Table 1 for the opening sizes, the separation distances of the
two side walls, and the total heat release rates.

RESULTS AND DISCUSSION

Mean flame height

Figure 2 shows typical temperature history measured inside the enclosure for a certain opening
(0.15 m × 0.15 m) and heat release rate (44.3 kW) with no side walls and with a side wall separation
distance of 60 cm. It can be observed that the temperature remains steady and spatially uniform. The
temperatures inside the enclosure for various openings are then obtained and shown to be independent
of the separation of side walls, as evidenced in Figure 3 plotting normalized temperature rise [10] against
side wall distances. Based on energy balance it can be shown from Figure 3, as done in [10], that the
presence or the distance of side walls has no influence on the critical heat release rate (1500A

√
H , in

kW) for under-ventilated conditions and a given opening geometry.
The mean flame height is obtained by the images recorded by the CCD camera in the experiments.

A typical flame intermittency profile is displayed in Figure 4 after image processing [23]. The mean
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Figure 3. Non-dimensional temperature rise inside the compartment showing not change with side wall distances.
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Figure 4. Flame intermittency and determination of mean flame height (I = 0.5) showing to increase with decrease
in side wall distance for this opening (15 cm × 15 cm).

flame height is obtained where the intermittency is 0.5. Figure 5 shows the variation of mean flame
height with side wall distances under different heat release rates and openings dimensions. It is found
that the behavior of flame height with side wall distances can be distinguished into two regimes. The
flame height is shown to increase with decrease in side wall distance for relative smaller openings
(Figure 5a) of 10 cm × 20 cm, 15 cm × 15 cm and 20 cm × 10 cm; while being independent of the side
wall distance for relative larger openings (Figure 5b) of 20 cm × 20 cm and 25 cm × 25 cm. By a careful
observation, it is found that for the relative smaller openings, the facade flame behaves like “a (half)
axisymmetric fire” with relative larger thickness in the direction normal to the facade wall. In contrast,
however, for relative larger openings, the facade flame behaves like “a wall fire” attaching to the facade
wall with relative small thickness in the direction normal to the facade wall. The distinction of these
two types of facade fire behaviors can be determined by a dimensionless excess heat release rate Q̇∗

ex

(= Q̇ex/�∞CpT∞
√

g�
5/2
1 ) as normalized by the characteristic length scale �1 of the opening (see also

Eq. (1)). The critical value of Q̇∗
ex is reported to be about 1.3 [15]. The facade flame behaves like a “wall

fire” when Q̇∗
ex ≤ 1.3, while like a “axisymmetric fire” when Q̇∗

ex > 1.3.
This indicates that the effect of side walls on the facade flame height should be considered by

accounting for the constraint on flame entrainment. For “wall fire” condition where Q̇∗
ex ≤ 1.3, the

entrainment is mainly from the front direction of the opening. The presence of the side walls has little
influence as shown in Figure 5(a). On the contrary, when the flame behaves like “axisymmetric fire”,
(Q̇∗

ex > 1.3), the effect of the side walls is significant as the entrainment from the two side directions
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Figure 5. Mean flame height versus side walls distances showing two different behavioral regimes, “axisymmetric
fire” (flame height increases with decrease in side wall distance) and “wall fire” (flame height independent of side
wall distance).

into the flame being considerable will be constrained in this case by the side walls. In the next section
we propose a global non-dimensional parameter K to characterize this effect on the facade flame height.

The global non-dimensional factor K

Firstly, we check the experimental data by using the normalized flame height and dimensionless excess
heat release rate based on the characteristic length scale �1, as shown in Figure 6. It can be observed that
when Q̇∗

ex > 1.3, the normalized values with side walls deviate from those with no side walls (D = ∞).
A global non-dimensional correction factor K is then introduced to describe such effect on the change
of the flame height:

ZD

�1
= K

Zo

�1
(7)
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Figure 6. Experimental data of the normalized mean flame height and dimensionless excess heat release rate
showing additional global correction factor needed to account for the effect of side wall distance on flame height
change when Q̇∗

ex > 1.3.

Figure 7. Normalized mean flame height corrected by the global non-dimensional factor K (Eq. (7)) showing it can
well collapse the data for all side wall distances.

where Z0 is the mean flame height without side walls and ZD is the mean flame height with side wall
distance of D. In “wall fire” regime where Q̇∗

ex ≤ 1.3, the mean flame height is independent of the to the
separation distance of the side walls and thus K ≈ 1. Therefore, we mainly focus on the flame height
change for “axisymmetric fire” regime where Q̇∗

ex > 1.3 in this section based on the concept shown in
Figure 7.

According to the findings of Lee and Delichatsios [12, 15], the facade flame can be deemed to be
produced by a rectangular fire source with two side dimensions of �1 (parallel to the facade wall) and
�2 (normal to the to the facade wall) as shown in Figure 7a. Because the flame height is dominated
by the entrainment from the three sides described by these two characteristic length scales, the global
non-dimensional correction factor K will be a function of the two characteristic length scales �1 and
�2 as well as the normalized excess heat release rate (which determines the flame height when D
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is very large)

K = f (D, �1, �2, Q̇∗
ex) (8a)

or in non-dimensional form

K = f n(D/�1�1/�2, Q̇∗
ex). (8b)

A methodology is proposed next and implemented in the next section 3.3 on how to determine the
functional relation in Eq. (8a). Regardless of the approximations in the theoretical approach the final
functional relation as shown in Fig. 7 and expressed by Eq. (9) is valid.

All the experimental data are shown to be well collapsed in Figure 7. The mean flame height
with side wall constrains with difference separation distances can be characterized by the following
expressions:

ZD

K
= Z0 = f (Q̇∗

ex) (9a)

K = f (D/�1, �1/�2, Q̇∗
ex) =




1 Q̇∗
ex ≤ 1.3

�1 + 2 · (0.317Q̇
∗2/5
ex − 0.352) · �2[

�1 · [1 + 2 · (0.317Q̇
∗2/5
ex − 0.352)

·( �2
�1

− �2
D

)]

] Q̇∗
ex > 1.3 (9b)

In addition for the second relation in Eq. (9b) the following condition is also satisfied:

D > �1. (9c)

CONCLUSIONS

Experiments are carried out to investigate the side wall effect on the facade flame height from the
opening of an under-ventilated compartment fire. A global non-dimensional parameter K is determined
based on the entrainment change owing the side walls as described by the two length scales �1 and �2.
Major findings include:

(1) The effect of side wall on the facade flame height behaves in two different regimes. For small
flames behaving like a “wall fire” (Q̇∗

ex ≤ 1.3), the mean flame height is independent of the
separation distance of side walls; but for relative larger flames behaving like a “axisymmetric fire”
(Q̇∗

ex > 1.3), the flame height increases with the decrease in side wall distance. It is physically
explained by the fact that for the “wall fire like” facade flame, the entrainment is mainly from the
front direction thus the side walls have little influence; while for the “axisymmetric fire like” one,
both the entrainment from the two side directions and from the front direction have considerable
contributions thus the side walls reduce the entrainment from the two side directions resulting in
an increase in flame height.

(2) A global non-dimensional correction factor K , incorporating the separation distance of side walls,
the two characteristic length scales of the opening as well as dimensionless excess heat release
rate, is developed (Eq. (12)) to account for physically the entrainment change due to side wall
constraint and hence the flame height increment. The experimental data for different opening
dimensions and side wall separation distances collapse by this global non-dimensional factor
(Fig. 7).
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