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Abstract

This paper investigates the length of flame extension for an impinging flame underneath the
confined ceiling in a channel with longitudinal air flow. Previous works in this field have been
primarily concerned with un-confined ceilings and no forced air flow conditions. Under longitudinal air
flow conditions, the flame extension beneath the channel ceiling is non-symmetrical, that is, different
in the upstream and downstream directions from the fire source. In this study, experiments were carried
out with two channeled ceilings with widths of 1.5 m and 0.5 m. Square porous gas burners of different
sizes were employed as the fire source, using propane as fuel, with various heat release rates and
source-ceiling heights. The flame extension lengths beneath the ceiling, both upstream and downstream
from the fire source, were measured. Their difference as well as their total length was quantified for
different magnitudes of forced longitudinal air flow along the channel. Results show that the flame
extension lengths beneath the ceiling increases with heat release rate, but decreases with source-ceiling
height, channel width, burner size or longitudinal air flow speed. With a longitudinal air flow, the flame
extension is longer downstream than upstream. Non-dimensional correlations are proposed for the
flame extension lengths (upstream, downstream and their total length), based on the unburnt fuel
distribution upstream and downstream, as well as considering air entrainment of the ceiling flow, which
further consumes the unburnt fuel along the ceiling. These correlations are shown to fit the data well.
Key words: flame extension length; confined ceiling; longitudinal air flow; source-ceiling height;

heat release rate; channel fire.



Nomenclature

[

Je,0

fe,upstream

fe,downstream

Q

r s

T

0

Greek symbols

P,
Ap,
0

specific heat of air at constant pressure (kJ/kg-K)

depth of hot gas layer beneath corridor ceiling (m)
diameter of fire source/side dimension of square burner (m)
gravitational acceleration (m/s?)

source-ceiling height (m)

free flame height (m)

heat released per kg of air consumed (kJ/kg)

heat of combustion of the fuel (kJ/kg)

flame length beneath the corridor ceiling(m)

flame extension length along the channel ceiling (m)

flame extension length beneath the channel ceiling with no air flow (m)

flame extension length beneath the channel ceiling for the upstream with air
flow (m).
flame extension length beneath the channel ceiling for the downstream with air
flow (m).

heat release rate (kW)

radical flame extension length beneath ceiling (m)

ambient air temperature (K)

flame temperature rise above ambient air temperature (K)
longitudinal air flow speed (m/s)

characteristic velocity of the ceiling flow after impingement (m/s)
fuel volume flow rate (m?*/s)

channel width (m)

ambient air density (kg/m?)
density difference between flame and ambient air (kg/m?)

flame tilt angle (degree)




Subscripts

fe flame
p constant pressure
oo ambient

1. Introduction

When the free flame height of a fire is higher than the ceiling height, the flame impinges upon the
ceiling and extends for some distance beneath the ceiling. This impinging flame will result in a very
high heat flux to the ceiling and an enhanced radiative flux to the lower parts of the surrounding
environment [1-3]. This high heat flux may have a significant effect on any combustible materials
leading to further ignition, and may also cause physical damage to non-combustible materials. So, the
flame extension length beneath the ceiling is an important parameter to be quantified and modeled. The
behavior of the impinged flame may be divided into two broad scenarios: (i) for an unconfined ceiling
where the flame extends radially in an axi-symmetrical manner; or (i1) for a confined ceiling, for
example, in a long-narrow structure (such as a corridor, tunnel or duct), where the flame is constrained
by the side walls and extends along the ceiling in two opposite directions from the fire source.

For the flame extension length beneath an unconfined ceiling, You and Faeth [1] proposed an
empirical correlation, which is widely used in practice:

0.957
r, /D - 0.502[(1{]. ~H) /D] (1)
where 7, is the radial flame extension length beneath ceiling; H , is the visible flame height (free
burning, without the ceiling); H is the source-ceiling height; and D is the diameter of the fire
source. Babrauskas [2] reviewed the problem in 1980s. Gross [3] obtained some data with 0.61 m and

0.91 m diameter burners (104-283 kW). Hasemi and Yokobayashi [4] proposed following formula
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based on a dimensionless fire heat release rate:

r,/[D=2.580""(H/D)** —H/D 2)
. - 0
with 0 = T g D" (3)
@l p

where Qis the heat release rate; p,is the ambient air density; 7, is the ambient air temperature; c,lis
specific heat capacity of air at constant pressure; and g is the acceleration due to gravity. The data in
[4] was further correlated non-dimensionally [5] using source-ceiling height H for normalization rather
than source dimension D. Ding and Quintiere [6] also proposed another non-dimensional correlation
based on a theoretical analysis to predict the flame extension length beneath the ceiling using source
dimension D for normalization:

r, /D=1.620"" (4)
More recently, Zhang et al. [7, 8] proposed correlations of flame extension lengths beneath an
un-confined ceiling induced by round jet fires, as well as beneath an un-confined inclined ceiling by
rectangular-source fires.

For the flame extension behavior beneath a confined ceiling (for example in a corridor), the
studies are somewhat limited. Hinkley [9, 10] measured the heat flux to the ceiling due to flame
impingement in a 1.2 m wide corridor with a gas burner located at the end of the corridor, for a range of
heat release rates (170-600 kW) and the burner at various distances (0.37-1.20 m) below the ceiling.
Following formula was proposed [9, 10] to predict the flame length beneath the corridor ceiling for

above scenario:
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where [ is the flame extension length; m' is the flow rate of fuel per unit width of corridor; and d is
the thickness of hot gas layer beneath the corridor ceiling.

It should be noted that limited research has been carried out on the flame extension behavior in a
long-narrow structure with an imposed air flow. These situations commonly exist in the real world, for
example in a transportation tunnel where longitudinal forced ventilation is usually employed for
pollution or smoke control [e.g., 11-16]. Even in corridors inside buildings, longitudinal flows may
exist. For example, a smoke extraction system installed in the ceiling at one end of a corridor may
induce such longitudinal air flow along the corridor, through an opening (window) at the other end.
With such air flow, the flame extension length beneath the confined ceiling in a channel or corridor will
be unsymmetrical, that is, different in the upstream and the downstream directions from the fire source.
However, this asymmetry has not been well quantified to date. Recently, Ingason and Li [17-20]
studied the flame length in longitudinally ventilated tunnels. In those works, flame extension lengths
are defined as the distance between the flame tip and the center of the fire source. For fires with flames
not reaching the ceiling at relatively higher longitudinal ventilation, the horizontal lengths of the

inclined flames are estimated and used as the downstream flame lengths. The normalized flame lengths

l,

by the tunnel height, #7, were correlated against a non-dimensional heat release rate defined as

0
1/2
P CP%\/EAHEJ" ,where lf is the flame length, H is the tunnel height, 0 is the heat release rate,

¢ the source-ceiling height, # is the ambient air density, 7 is the specific heat of air at constant

pressure, I is the ambient air temperature and 4 is the cross-sectional area of the tunnel. In [18],

the major finding and conclusion is that the flame length (downstream in [18]) is un-affected by the

longitudinal ventilation velocity. It is noted that in these works, the data investigated is from relatively



large scale fire tests (like the HGV-EUREKA 499 fire test [21], the Memorial Tests [22] and
Lonnermark and Ingason [23]), that the longitudinal ventilation is relatively weak and its effect on the
flame length might be not obvious.

This paper presents comprehensive experiments which were carried out in a channel with two
different channeled ceiling widths to measure the flame extension lengths beneath the confined ceiling,
both upstream and downstream, as well as the total flame extension length. This was tested with
longitudinal air flows, for various heat release rates, channel widths and source-ceiling heights.
Relatively small fires were employed, for which the flame extension length is very sensitive to the
longitudinal ventilation velocity. The design of these scenarios is to highlight the effect of longitudinal
ventilation on the flame extension length beneath the ceiling in tunnel fires. The data is analyzed using
a different methodology, which is performed based on the physics of the unburnt fuel distribution
upstream and downstream, as well as considering air entrainment of the ceiling flow which further
consumes the unburnt fuel along the ceiling. According to the analysis, non-dimensional correlations

are proposed for the flame extension lengths (upstream and downstream as well as their total length).

2. Experimental

Figure 1 shows the experimental setup. Experiments were carried out in a 72 m long channel [24]
with two different channeled ceiling widths (0.5 m and 1.5 m respectively, as shown in Fig. 1b). The
longitudinal air flow through the channel was generated by a mechanical fan and screened at one end of
the channel [25]. The ceiling of the channel is lined with mica board (2 cm thickness) with low thermal
conductivity of 0.035 W/(m-K) and good thermal resistance performance. The side walls of the channel

are constructed of fire-proof glass in order to record the flame position, using a CCD video camera.
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Fig. 1 Experimental setup
Square porous gas burners (with side dimensions of 15 cm and 20 cm for the 0.5 m wide channel;
with side dimensions of 25 ¢cm, 30 cm and 35 cm for the 1.5 m wide channel) made of stainless steel
and with many small holes distributed evenly across the surface, were used as the fire source. The
gaseous burners were positioned at 85 cm, 90 cm or 95 cm above the channel floor, to give three
source-ceiling heights (45 cm, 40 cm and 35 cm). Propane was used as fuel with supply rates controlled

by a gas flow meter, and the corresponding heat release rates were calculated based on the heat of



combustion of the fuel. Gaseous fuel, rather than liquid fuel (for example, pool fire) or solid fuel (for
example, wood crib), was used in order to generate steady fire heat release rates, which would not be
affected by variations in the longitudinal air flow. The heat release rate (HRR) tested were 51.0 kW,
61.2 kW, 71.4 kW, 81.6 kW, 91.8 kW, 102.3 kW, 112.2 kW, 122.4 kW, 132.6 kW, 142.8 kW, and
153.1 kW when the channel ceiling width was 0.5 m; and were 130 kW, 140 kW, 150 kW, 160 kW,
170 kW, 200 kW, and 220 kW when the channel ceiling width was 1.5 m.

Four levels of longitudinal air flow speeds were considered: 0 m/s, 0.3 m/s, 0.5 m/s and 0.8 m/s in
the 1.5 m wide channel; and 0 m/s, 0.6 m/s, 1.2 m/s, and 1.8 m/s in the 0.5 m wide channel. At higher
longitudinal air flow speeds than these, the flame was found not to reach the ceiling in all of the
considered conditions, so these scenarios are not discussed in the experiments presented here. Also the
tested velocities are all controlled to be less than the critical velocity, to have the flame extension
beneath the ceiling both upstream and downstream. The maximum critical velocity, beyond which the
upstream flame extension will disappear, is around 1.8 ~1.9 m/s for the highest heat release rate
considered in these experiments. The longitudinal air flow speeds were measured by a hot-wire
anemometer with accuracy of 0.01 m/s.

The flame extension length beneath the channel ceiling was recorded using a side-view CCD
(Charge-Coupled Device) camera of sensor size 8.5 mm, with 3,000,000 pixels, at film speed of 25
frames per second. Quantification of the flame length was achieved using a visual scale with resolution
of 0.1 m, attached to the channel side wall. A typical view of the flame extension phenomenon is
shown in Fig. 2 (a). As similar to freely burning buoyant flames, the horizontally extending flame
beneath the ceiling also exhibits considerable fluctuations. To account for these, time series flame

videos have been decompressed into frames (60 s, 1500 frames). In order to get the flame extension



length, each image frame has been firstly converted to a gray scale image as shown in Fig. 2(b), and
then to a binary image as shown in Fig. 2(c), based on the thresholds obtained objectively using the
Otsu method [24-26]. Then, the binary images were averaged to get the flame intermittency contour as
shown in Fig. 2(d), based on which the mean flame extension lengths were obtained at 50%
intermittency. A typical image processing and comparison of flame lengths based on flame tip with the

ones based on 50 % intermittency is shown in Fig. 2(e) as shown below.

(a) original image

(b) gray image

(c) binary image

08  -04 0.0 0.4 0.8 (m)

(d) mean flame contours
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(e) Typical comparison of flame lengths based on flame tip with the ones of 50 %
intermittency (channel width: 0.5 m; source size: 15 cm;
source-ceiling height: 35 cm; no airflow).

Fig.2 Typical image processing of flame extension beneath the channel ceiling
(channel width: 0.5 m; source size: 15 cm; source-ceiling height: 35 cm; HRR:
102.3 KW; no longitudinal air flow).

Total 469 experimental conditions involving various channel widths, fire source sizes, heat release
rates, source-ceiling heights and longitudinal air flow speeds were considered. Each experimental
condition lasted for 5 minutes at least, was repeated three times, and the average values were used for
analysis and discussion. The test fire sizes as well as the longitudinal ventilation airflow speeds were
carefully controlled at relatively small values to resolve the physics about the effect of longitudinal
ventilation airflow on the un-burnt fuel distribution and air entrainment. All the experimental
conditions and results are summarized in Table 1 (no longitudinal air flow) and Table 2 (with
longitudinal air flow).
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3. Results and discussion
3.1 Flame extension lengths beneath the ceiling

Figures 3 and 4 show the measured upstream and downstream flame extension lengths beneath the
ceiling for various fire heat release rates, for different source-ceiling heights, with different longitudinal
air flow speeds and burner sizes, in each of the two channel widths of 0.5 m and 1.5 m, respectively. It
can be seen that:

(1) The flame extension length increases with increasing heat release rate, but decreases with
increasing source-ceiling height or burner size (the decrease with increasing burner size is more
remarkable as the source-ceiling height is larger or with a higher longitudinal air flow speed) for all
conditions. The flame extension length is larger when the channel width is narrower.

(2) The flame extension lengths with a longitudinal air flow are measurably different from those
with no air flow. The length is considerably larger with no longitudinal air flow (the flame extension
lengths for upstream and downstream are nearly same with a difference quantified to be less than 5%,
and an average value is presented here) than that even with a low longitudinal air flow (i.e. 0.3 m/s, 0.6
m/s). This could be due to flame tilt leading to a longer section of flame before the point of
impingement, resulting in less un-burnt fuel remaining after impingement. This then requires a smaller
amount of air entrainment to consume the un-burnt fuel, which leads to a shorter flame extension
length.

(3) With a longitudinal air flow, the flame extension length is shorter upstream than downstream.
This is due to the asymmetrical (unburnt) fuel distribution at the two sides of the source. There is
comparatively less unburnt fuel on the upstream side due to the opposed flow condition, meanwhile
comparatively more fuel on the downstream side due to the concurrent flow condition.

12
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Fig. 3 Measured upstream and downstream flame extension lengths beneath ceiling

(channel width-0.5 m)
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(a) burner size of 25 cm
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Fig. 4 Measured upstream and downstream flame extension lengths beneath ceiling
(channel width-1.5 m)

Figures 5 and 6 present the total flame extension lengths (upstream plus downstream) beneath the
ceiling for various fire heat release rates, source-ceiling heights, longitudinal air flow speeds and burner
sizes, for the two channel widths of 0.5 m and 1.5 m, respectively. The total flame extension length
also increases with increasing heat release rate, but decreases with increasing the source-ceiling height

or longitudinal air flow speed. The total flame extension length is larger in the narrower channel.
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Fig. 6 Measured total flame extension lengths beneath ceiling

(channel width-1.5 m)

Physically, the flame extension length beneath the channel ceiling should be related to the unburnt

portion of the fuel after impingement and to the air entrainment into the impinged ceiling flow, which

consumes the unburnt fuel traveling beneath the ceiling. Following these observations, the measured

flame extension lengths have been correlated non-dimensionally in relation to the total fire heat release

rate (Q), source-ceiling height (H), channel ceiling width (), as well as longitudinal air flow speed

(u,), as discussed in the following sections. Since the flame extension with no longitudinal air flow is

observed to be clearly different from that with a longitudinal air flow as shown in Figs. 3-6 (this might

due to complicated nature of the interaction of the buoyancy-induced flow with longitudinal air flow

(even with low speed) once it is involved), correlations are proposed separately for the results with no

longitudinal air flow (section 3.2) and those with longitudinal air flows (section 3.3), respectively.
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3.2 Correlation of flame extension length with no longitudinal air flow
In order to consume the unburnt fuel after impingement, the heat of combustion of the air

entrained into the ceiling flow should be proportional to the heat of combustion of the unburnt fuel:

PAH ul fe M~ l:Hf _ H:|pﬁ¢elAH fuelVfuel ~ {ﬂ] 0 firel (6)
Ul H o]

In Eq. (6), the Right Hand Side (RHS) of the formula is the portion of the heat released of un-burnt fuel

after impingement on the ceiling (assuming the heat is released uniformly along the length of the flame,

1.e. as similarly treated by You and Faeth [1] as indicated in Eq. 1), where que, is the total HRR, H P

is the free flame height with no airflow, whose values were estimated by the well-known formula

proposed by Heskestad [27] which is widely used in practice:

H,=-1.02D+0.2350" (7)

and the estimated values of H , for the present experiments were summarized in Table 1, H is

source-ceiling height, and l:Hf' _H] is the ratio of un-burnt fuel; the Left Hand Side (LHS) of the
H,
f

formula is the heat released counted by the air entrained into the ceiling flow, where AH _ is the heat
of combustion for air, that is, the heat released per kg of air consumed, with a value of 3013 kJ/kg. Wis

el 1S

the channel width, /7, , is flame extension length along the channel ceiling with no air flow, Vf
the volumetric fuel flow rate, and u,1s the characteristic air entrainment velocity into the ceiling flow
after impingement. u, is assumed to be proportional to the buoyancy-accelerated upward velocity of

the flame immediately before the impingement, which is:

A
u, ~ [27 gH ®
Lo
where APy is the density difference between flame( Py ) and ambient air( I ©), Pxis the ambient air

density, p, is the density of the flame (0.32 kg/m? ; assuming a flame temperature of 1100 K) and g is
17



gravitational acceleration (9.8 m/s?). Substituting Eq. (8) into Eq. (6), it gives:

Ap;, H,-H
pooAHooljé,OW 2 - gH ~ quel (9)
poo Hf

Thus, the flame extension length beneath channeled ceiling with no air flow (/ 10.0) can be expressed as:

H,-H
H que[
e / (10a)
“ A
o, AH W ﬁ 2P o
pw
or non-dimensionally:
lfe,O N H S Q**
fuel (IOb)
D ) Ap;
o

Here, the new non-dimensional heat release rate is defined as:

sk Q e
quel = = (11)
p. AH JgHWD

Figure 7 shows that the measured flame extension lengths with no air flow fit well to the proposed

model (Eq. 11), using a proportionality constant of 10.20, which gives:

[ i, J
I H,
o0 210.20) ~—L <
D

Ap,
P

0 fuel (12)
2

18



p—
]

Channel width=0.5m R’=0.994

3 Burner size
O 15cm O 20cm
- o
Channel width=1.5m
] Burner size
b |A 25em vV 30em & 35em
lfe,O

S = N W A U N O OO
T

00 01 02 03 04 05 06 0.7 0.8 09 1.0
(1)1, 105
V280 p,,

Fig. 7 Non-dimensional correlation of flame extension length beneath channel

ceiling with no longitudinal air flow
The data obtained and the correlation was found be much less than those reported in Hinkley’s work [9,
10]. However, it should be noted that Hinkley’s experimental condition is fundamentally different:

(1) Hinkley’s experiments were carried out in a model representing a corridor with a fire source at
the (closed) rear end of the corridor. It is expected that this configuration would result in a stronger
confinement of air entrainment, that is, the rate of entrainment of air will be much less than if the fire
source is positioned in the middle of the ceiling (as in the present work), which would result in more
un-burnt fuel remaining after impingement and then require more air entrainment to consume the
un-burnt fuel, leading to a relatively longer flame extension length in Hinkley’s work.

(2) The extension length of horizontal flame was measured to the flame tip by using visual
observation in Hinkley’s work rather than the mean flame extension lengths in the present work. That
results in relatively longer estimated flame extension lengths in Hinkley’s work than those in the

present work.
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3.3 Correlation of flame extension lengths (upstream, downstream and

the total length) with a longitudinal air flow

When a longitudinal air flow less than the critical velocity is imposed, the flame extension is
longer downstream than upstream. This is physically due to the smaller portion of unburnt fuel present
upstream, compared with downstream, which is attributed to the different ceiling flow directions
relative to the air flow. There is currently no theory about the distribution of the flame extension length
upstream and downstream under longitudinal ventilation flow conditions in a tunnel. In order to
characterize the distribution of unburnt fuel for the upstream and downstream sides, due to the
longitudinal air flow imposed, we introduce the assumption that the difference between the upstream
and downstream flame extension length can be empirically represented as a function of the magnitude
of the longitudinal air flow speed (u,) relative to the effective impinged flow speed, which could be

assumed to be proportional to the buoyancy-accelerated uprising velocity right before impingement

Ap.,
( /2ﬁ gH , whose values are calculated to range from 2.24 to 2.55 m/s (given in Table 2), which
P

are comparable to u,.). Hence, the distribution of un-burnt fuel is proposed to be | %,/

Ap .
for the upstream, and to be 1’ p/ gH tu, for the downstream respectively; or namely
= Qi

p,

f Ap,
a Zﬁ gH can be deemed as the effective impinged flow speed to compare with the longitudinal
P

air flow speed (u,). Note that when the longitudinal air flow speed is high enough, the upstream flame
extension will be eliminated by the air flow; this scenario is not considered in the current study. In a
manner similar to Eq. (6), considering the distribution of unburnt fuel for the upstream and
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downstream and the consumption of the unburnt fuel by the entrained air after impingement, the
following expressions for the upstream side and the downstream side can be obtained, respectively:

for the upstream:

Ap;
a,|2—-gH -u,
H,—H/cosf 0.
poc AHoouelfe,upstreamW ~ Q_ﬁ,tel ( 1 3a)
H, Ap,
' 2, |2——gH
P

for the downstream:

Ap,
o |2—gH +u,
H,—H/cos@ 0.
AH ul W~ — Q_fuel (13b)

pCO o Ve fe,downstream
Je,d H/' A,Of-
- 2a. 2 gH
P

) ) . o
where ~feupsiream apd fedownsream gre the flame extension lengths beneath the channeled ceiling for

upstream and downstream with an imposed air flow. In this study we used a gaseous fuel and the
longitudinal ventilation airflow velocity is controlled at relatively low level (less than the critical
velocity to have both upstream and downstream flame extension length). It is assumed that the total

flame length is un-affected by the longitudinal ventilation airflow in these designed scenarios. Thus,

(HJ—H/COSQ

H

j was introduced to represent the un-burnt fuel beneath the ceiling after impingement
p

under longitudinal ventilation airflow conditions, in which the flame tilt angle () can be calculated by

the formula proposed in [28]:
/5

f=arctan| 9.1

2
peATu (1,
O et gAT,

(14)
AT, .
where /" is taken as a constant (800 K).

Substituting Eq. (8) into Eq. (13a) and Eq. (13b), the upstream and downstream flame extension
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lengths can be expressed non-dimensionally as (similar to Eq. 10b):

for the upstream:

A ,
Pr o -
lfe upstream (H H/COS 0} pm

Qt‘:«el
D
2a /2 s g
Ap,
a ’2 2Pr gH +u,
lfe,d()wnxtream - Hf - H/COS H poo Q**
Hf Suel

D Ap,
'0./ gH
P

./'

for the downstream:

20, |2

It is noted that the following requirements are needed:

for the upstream,

while for the downstream,

The above requires that

(15a)

(15b)

(16a)

(16b)

(17)

According to the experimental conditions in Table 2, the value of T 0.6, 1.2, 1.8 m/s; while the

/ A
value of 2222 L gH is 2.24, 2.4, 2.55. This gives that their maximum ratio of IV
P
27
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considered in the present experiments is

=—— ~0.80 (18)

max

So, the value of « should have

a>0.8 (19)
There is still no work reported yet to show what value should be taken for this coefficient, « . Hence,
we have considered three different values of « empirically as 0.8, 0.9 and 1.0 to find which value
could have a best fit of the data. The fitting results of the experimental data with different values of «

as 0.8, 0.9 and 1.0 for the upstream and downstream is given in Figs. 8 and 9, respectively.
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Fig. 8 Non-dimensional correlation of upstream flame extension length beneath

channel ceiling with longitudinal air flow with a« = 0.8, 0.9, 1.0 respectively,

showing a relatively best fit is reached with «=1.0 for the present experiments.
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Fig. 9 Non-dimensional correlation of downstream flame extension length beneath
channel ceiling with longitudinal air flow with a = 0.8, 0.9, 1.0 respectively,
showing a relatively best fit is reached with «=1.0 for the present experiments.
Results show that the correlation coefficient value (R?) do not change considerably with these three
different values of & . However, the data showed to be best fitted with the value of & as 1.0, which is
selected as the value to be used for the present experiments. Then, the following formulae (Eqgs. 20a or

20b) are suggested for the upstream and downstream flame extension lengths, respectively:

Apf H
l H,—H]/cos® o, & T =
Lpeapsirean _ 0 04| 2Lt P 0r, (0199207, <0427,03<u,<1.8) (20a)
D , \/ Ap, A
2,12 H
P
Ap.,
2ﬂgH +u,
Ledounstream _ 43'78[% —H/cow] \/ Pe 07, (0.199<0Q;, <0427,03<u,<1.8)  (20b)
b / 2 \/2Apf H
P

However, it should be noted that the selection of « as 1.0 is currently just limited for the present
experiments. Broader range of experiments in the future might suggest more suitable value of this

coefficient in general. This needs to be further validated in the future investigation.
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Now, based on Egs. (20a) and (20b) describing the flame extension lengths of upstream and

downstream, respectively, the total flame extension length (lfe’mm,) can be obtained by:

Ap,
104.02, 27 gl ~16.46u,
I, I, 1, o) H,—HjcosO) .,
fe,total " fe,upstream fe,downstream _ o0 f
- - Qﬁtel (213)
D D Ap, H,
2——gH '
P

/ Ap,
By noting that 104.02 2i gH >>16.46u,, the above formula can be further simplified as,
P

H,—H/cos®

[,
fe,total o ok
zt)t = 104.02{ ]Q e (0.199<Q07  <0.427,0.3<u, <1.8) (21b)

!
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Fig. 10 Comparison of predicted total flame extension length beneath channel
ceiling with longitudinal air flow (Eq. 21b) with measured values
Figure 10 shows that the relationship between the measured total flame extension lengths and the
longitudinal air flow speeds are well represented by the proposed formula (Eq. 21b). It should be noted
that the above correlations are only applicable with an imposed longitudinal ventilation velocity. This

is similar to the condition about the previous correlation on flame length in crosswind proposed by
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Thomas [29], Rew and Deaves [30] for which the flame length would appear to be infinite if the wind

speed was zero.

4. Conclusions

This paper investigates flame extension lengths (upstream, downstream, as well as their total
length) beneath a confined ceiling for a fire in a channel, with longitudinal air flows, for various heat
release rates, burner sizes, channel widths and source-ceiling heights. The major findings include:

(1) The flame extension lengths (upstream, downstream, as well as their total length) beneath a
channel ceiling increase with heat release rate, and decrease with source-ceiling height, channel width,
burner size, or longitudinal air flow speed (see Figs. 3-6). With a longitudinal air flow but less than the
critical velocity, the flame extension length is longer downstream than upstream (see Figs. 3 and 4).

(2) Non-dimensional correlations have been proposed for the flame extension lengths (both
upstream and downstream after impingement) based on physically the unburnt fuel distribution
(upstream and downstream), as well as considering air entrainment of the impinged ceiling flow to
further consume the unburnt fuel beneath the ceiling. The proposed formulae have been shown to
correlate well with the data for the no air flow scenarios (Eq. 12; Fig. 7) and those with various
longitudinal air flow speeds (Eq. 20; Figs. 8 and 9).

(3) A formula to estimate the total flame extension lengths with longitudinal air flows has been
developed (Eq. 21b), based on the correlations of flame extension length for both upstream and
downstream. The proposed formula has been shown to represent the measured data well (Fig. 10).

In the present work, the test fire sizes as well as the longitudinal ventilation airflow speed are
carefully controlled at relatively small values to adequately resolve the physics about the effect of

longitudinal ventilation airflow on the un-burnt fuel distribution and air entrainment, hence the flame
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extension length beneath the ceiling both upstream and downstream. Additional larger scale tests,

carried out in the future, will be helpful to validate the above correlations.
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Table 1 Summary of experimental conditions and results with no longitudinal air flow

Q (kw)
0" (Eq. 10)
Test w D H Hy(m)*
No. (m) (m) (m) 1
fe,0(M)
1 (m)

fe,total

510 612 714 81.6 91.8 102.0 1122 1224 132.6 1428 153.0
0.111 0.133 0.155 0.177 0.200 0.222 0244 0.266 0.288 0.310 0.332
1-11 0.5 0.15 0.35 142 153 163 173 181 1.89 1.97 2.04 2.11 2.17 2.23
036 049 059 067 074 0.83 0.90 0.97 1.05 1.11 1.19
072 098 1.18 134 147 1.66 1.80 1.94 2.10 222 2.38

510 612 714 81.6 91.8 102.0 1122 1224 132.6 1428 153.0
0.127 0.152 0.177 0.203 0.228 0.253 0279 0.304 0329 0355 0.380
12-22 0.5 0.15 0.40 142 153 163 173 181 1.89 1.97 2.04 2.11 2.17 2.23
029 036 041 048 058 0.66 0.75 0.84 0.91 0.97 1.01
054 072 082 09 116 1.22 1.30 1.68 1.82 1.94 2.02

510 612 714 81.6 91.8 102.0 1122 1224 132.6 1428 153.0
0.142 0.171 0.200 0.228 0.256 0.285 0313 0.342 0370 0.400 0.427
23-33 0.5 0.15 0.45 142 153 163 173 181 1.89 1.97 2.04 2.11 2.17 223
0.19 026 031 039 047 051 0.64 0.70 0.78 0.88 0.95
038 052 062 078 094 1.02 1.28 1.4 1.56 1.76 1.90

510 612 714 81.6 91.8 102.0 1122 1224 132.6 1428 153.0
0.083 0.100 0.116 0.133 0.149 0.166 0.182 0.199 0216 0.232 0.249
34-44 0.5 0.20 0.35 141 152 162 171 180 1.88 1.95 2.02 2.10 2.16 222
032 044 055 063 068 0.75 0.87 0.94 1.01 1.08 1.12
064 088 1.10 126 136 150 1.74  1.88 2.02 2.16 2.24

51.0 612 714 81.6 91.8 102.0 1122 1224 132.6 1428 153.0
0.077 0.093 0.109 0.124 0.140 0.155 0.171 0.186 0.202 0.218 0.233
45-55 0.5 0.20 0.40 141 152 162 171 180 1.88 1.95 2.02 2.10 2.16 222
023 030 037 042 050 0.55 0.65 0.70 0.79 0.84 0.90
046 060 0.74 084 1.00 1.10 1.30 1.40 1.58 1.68 1.8

510 612 714 81.6 91.8 102.0 1122 1224 132.6 1428 153.0
0.073 0.088 0.103 0.117 0.132 0.146 0.161 0.176 0.191 0.205 0.220
56-66 0.5 0.20 0.45 141 152 162 171 180 1.88 1.95 2.02 2.10 2.16 222
0.17 024 030 036 043 051 0.60 0.66 0.75 0.82 0.89
034 048 0.60 072 086 1.02 1.20 1.32 1.50 1.64 1.78

130 140 150 160 170 200 220
0.053 0.057 0.061 0065  0.069 0.081 0.089
67-73 15 020 035 206 2.12 2.18 224 2.30 2.46 2.56
0.49 0.53 0.57 0.59 0.63 0.74 0.79
0.98 1.06 114 118 126 148 158
130 140 150 160 170 200 220
0.056 0.061 0.065 0069  0.073 0.087 0.096
74-80 15 020 040 206 2.12 218 224 2.30 2.46 2.56
0.46 0.50 0.52 0.57 0.59 0.68 0.74
0.92 1.00 1.04 114 118 136 148
130 140 150 160 170 200 220
0.050 0.054 0.057 0061 0.065 0.076 0.084
81-87 15 020 045 206 2.12 2.18 224 2.30 2.46 2.56
0.44 0.46 0.50 0.53 0.56 0.64 0.70
0.88 0.92 1.00 1.06 112 128 1.40
130 140 150 160 170 200 220
0.047 0.051 0.054 0058  0.061 0.072 0.080
88-94 15 030 035 204 2.10 2.17 223 2.8 2.44 2.54
0.46 0.51 0.53 0.55 0.59 0.68 0.75
0.92 1.02 1.06 1.10 118 136 1.50
130 140 150 160 170 200 220
0.044 0.048 0.051 0054 0058 0.068 0.075
95-101 15 030 040 204 2.10 2.17 223 2.8 2.44 2.54
0.30 0.36 0.41 0.45 0.50 0.65 0.70
0.60 0.72 0.82 0.90 1.00 130 1.40
130 140 150 160 170 200 220
0.042 0.045 0.048 0051  0.054 0.064 0.070
102-108 1.5 030 045 5y 2.10 217 223 2.8 2.44 2.54
0.22 0.27 0.33 0.38 0.42 0.56 0.63
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0.44 0.54 0.66 0.76 0.84 1.12 1.26

130 140 150 160 170 200 220
0.040 0.043 0.047 0.050 0.053 0.062 0.068
109-115 1.5 0.35 0.35 2.03 2.10 2.15 221 227 243 2.53
0.37 0.43 0.47 0.50 0.53 0.62 0.66
0.74 0.86 0.94 1.00 1.06 1.24 1.32
130 140 150 160 170 200 220
0.038 0.041 0.044 0.046 0.049 0.058 0.064
116-122 1.5 0.35 0.40 2.03 2.10 2.15 221 227 243 2.53
0.22 0.28 0.32 0.36 0.42 0.54 0.62
0.44 0.56 0.64 0.72 0.84 1.08 1.24
130 140 150 160 170 200 220
0.036 0.038 0.041 0.044 0.046 0.054 0.060
123-129 1.5 0.35 0.45 2.03 2.10 2.15 221 227 243 2.53
0.14 0.21 0.23 0.30 0.35 0.48 0.54
0.28 0.42 0.46 0.60 0.70 0.96 1.08

* Estimated values of the free flame height H , for each burner and heat release rate by Heskestad’s model [27].
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Table 2 Summary of experimental conditions and results with longitudinal air flow

Test

12-22

23-33

34-44

45-55

56-66

67-77

78-88

w D
(m) (m)
0.5 0.15
0.5 0.15
0.5 0.15
0.5 0.15
0.5 0.15
0.5 0.20
0.5 0.20
0.5 0.20

(m)

0.35

0.35

0.35

0.40

0.45

0.35

0.35

0.40

Uq
(m/s)

0.6

0.6

0.6

0.6

0.6

220 oy Q (kW)
(m’/’;) 0" (Eq. 10)
o (degree) (Eq. 13)
Lo s )
fe,downstream m)
Ly (M)

fe,total
510 612 714 81.6 91.8 102.0 1122 1224 132.6 1428
0.111 0.133 0.155 0.177 0.200 0.222 0.244 0266 0.288 0.310
2.24 519 50.8 50.0 492 486 48.0 474 47.0 46.5 46.0
- - - - - 0.12 0.22 0.30 0.39 0.46
- - - - - 0.17 0.28 0.37 0.47 0.60
- - - - - 0.29 0.50 0.67 0.86 1.06

510 612 714 81.6 91.8 102.0 1122 1224 132.6 1428
0.111 0.133 0.155 0.177 0.200 0.222 0.244 0.266 0.288 0.310

224 686 678 672 666 662 657 653 650 646 643
. - - E E - = . 0.12 015
- - - - - - - - 032 042
- - - - - - - - 044 057

510 612 714 81.6 91.8 102.0 1122 1224 132.6 1428
0.111 0.133 0.155 0.177 0.200 0.222 0244 0266 0.288 0.310
2.24 753 748 744 740 736 733 73.0 72.7 72.4 722

510 612 714 81.6 91.8 102.0 1122 1224 132.6 1428
0.127 0.152 0.177 0.203 0.228 0.253 0279 0304 0329 0.355

2.40 519 508 500 492 486 480 474 470 465 460
- - - - - - - - 0.17 022
- - - - - - - - 028 031
- - - - - - - - 045  0.53

510 612 714 81.6 91.8 102.0 1122 1224 132.6 1428
0.142 0.171 0.200 0.228 0.256 0.285 0313 0.342 0370 0.400

2.55 519 508 500 492 486 480 474 470 465 460
- - - - - - - - 011 0.3
- - - - - - - - 030  0.40
- - - - - - - - 041  0.53

510 612 714 81.6 91.8 102.0 1122 1224 132.6 1428

0.083 0.100 0.116 0.133 0.149 0.166 0.182 0.199 0216 0.232
224 519 508 50.0 492 486 48.0 474 47.0 46.5 46.0
- - - - - - - 0.15 0.21 0.31

510 612 714 81.6 91.8 102.0 1122 1224 132.6 1428
0.083 0.100 0.116 0.133 0.149 0.166 0.182 0.199 0216 0.232
2.24 68.6 67.8 672 666 662 65.7 65.3 65.0 64.6 64.3

510 612 714 81.6 91.8 102.0 1122 1224 132.6 1428
0.077 0.093 0.109 0.124 0.140 0.155 0.171 0.186 0202 0.218
2.40 519 508 50.0 492 486 48.0 474 47.0 46.5 46.0

- - - - - - - - - 0.42
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153.0
0.332
45.6
0.48
0.80
1.28

153.0

0.332
64.0
0.22
0.62
0.84

153.0

0.332

72.0
0.12
0.16
0.28

153.0
0.380
45.6
0.30
0.52
0.82

153.0
0.427
45.6
0.23
0.49
0.62

153.0
0.249
45.6
0.40
0.58
0.89

153.0

0.249

64.0
0.13
0.29
0.42

153.0

0.233

45.6
0.24
0.39
0.63



89-99

100-110

111-121

122-132

133-149

150-156

157-163

164-170

171-177

178-184

185-191

1.5

1.5

1.5

1.5

1.5

1.5

1.5

1.5

1.5

1.5

1.5

0.25

0.25

0.25

0.25

0.25

0.25

0.25

0.25

0.25

0.30

0.30

0.35

0.35

0.35

0.40

0.40

0.40

0.45

0.45

0.45

0.35

0.35

0.3

0.5

0.8

0.3

0.5

0.8

0.3

0.5

0.8

0.3

0.5

2.40

2.40

2.40

2.55

130
0.053
39.5
0.14
0.17
0.31

130
0.053
429

130
0.053
45.7

130
0.056
395
0.12
0.16
0.28

130
0.056
429

130
0.056
45.7

130
0.050
39.5

130
0.050
429

130
0.050
45.7

130
0.047
395
0.12
0.15
0.27

130
0.047
429

140
0.057
374
0.17
0.20
0.37

140
0.057
41.8
0.12
0.17
0.29

140
0.057
44.8
0.11
0.15
0.26

140
0.061
374
0.15
0.18
0.32

140
0.061
41.8

140
0.061
44.8

140
0.054
374
0.13
0.15
0.28

140
0.054
41.8

140
0.054
44.8

140
0.051
374
0.14
0.19
0.33

140

0.051
41.8

33

150
0.061
36.1
0.20
0.23
0.43

150
0.061
40.4
0.15
0.19
0.34

150
0.061
434
0.14
0.18
0.32

150
0.065
36.1
0.16
0.18
0.34

150
0.065
40.4
0.11
0.14
0.25

150
0.065
434

150
0.057
36.1
0.15
0.16
0.31
150
0.057
40.4

150
0.057
434

150
0.054
36.1
0.16
0.21
0.37

150
0.054
40.4
0.11
0.14
0.18

160
0.065
349
0.24
0.26
0.50

160
0.065
394
0.20
0.23
0.43

160
0.065
41.9
0.18
0.21
0.39

160
0.069
349
0.20
0.21
0.41

160
0.069
394
0.15
0.18
0.33

160
0.069
41.9

0.13

0.17

0.30

160
0.061
349
0.18
0.18
0.36

160
0.061
394

160
0.061
41.9

160
0.058
349
0.21
0.24
0.45

160
0.058
394
0.16
0.19
0.23

170
0.069
333
0.26
0.29
0.55

170
0.069
383
0.22
0.25
0.47

170
0.069
39.7
0.22
0.23
0.45

170
0.073
333
0.23
0.25
0.48

170
0.073
383
0.19
0.22
0.41

170
0.073
39.7
0.16
0.20
0.36

170
0.065
333
0.19
0.20
0.39
170
0.065
383
0.12
0.15
0.27

170

0.065

39.7
0.11
0.15
0.26

170
0.061
333
0.25
0.27
0.52

170
0.061
383
0.19
0.22
0.27

200
0.081
30.8
0.37
0.38
0.75

200
0.081
36.8
0.31
0.33
0.64

200
0.081
375
0.29
0.33
0.62

200
0.087
30.8
0.34
0.35
0.69

200
0.087
36.8
0.28

0.31

0.59

200
0.087
375

0.25

0.29

0.54

200
0.076
30.8
0.28
0.29
0.57

200
0.076
36.8

0.23

0.26

0.49

200
0.076
375

0.21

0.23

0.44

200
0.072
30.8
0.34
0.37
0.71

200
0.072
36.8
0.28

0.31

0.49

220
0.089
29.8
0.43
0.44
0.87

220
0.089
35.8
0.37
0.41
0.75

220
0.089
36.8
0.35
0.38
0.73

220
0.096
29.8
0.40
0.42
0.82

220
0.096
35.8
0.33
0.37
0.70

220
0.096
36.8

0.32
0.34
0.66

220
0.084
29.8
0.34
0.35
0.69

220
0.084
35.8

0.29
0.32
0.61

220
0.084
36.8

0.27
0.30
0.57

220
0.080
29.8
0.41
0.43
0.84

220
0.080
35.8
0.35
0.37
0.61



220-226

227-233

234-240

241-247

248-254

255-261

262-268

269-275

276-282

283-289

299-305

1.5

1.5

1.5

1.5

1.5

1.5

1.5

1.5

1.5

1.5

1.5

0.30

0.30

0.30

0.30

0.30

0.30

0.30

0.35

0.35

0.35

0.35

0.35

0.40

0.40

0.40

0.45

0.45

0.45

0.35

0.35

0.35

0.40

0.8

0.3

0.5

0.8

0.3

0.5

0.8

0.3

0.5

0.8

0.3

2.40

2.40

2.40

2.55

2.55

2.55

2.40

130
0.047
45.7

130
0.044
39.5

130
0.044
429

130
0.044
45.7

130
0.042
395

130
0.042
429

130
0.042
45.7

130
0.040
39.5

130
0.040
429

130
0.040
45.7

130
0.038
395

140
0.051
44.8

140
0.048
374

140
0.048
41.8

140
0.048
44.8

140
0.045
374

140
0.045
41.8

140
0.045
44.8

140
0.043
374
0.12
0.16
0.28

140
0.043
41.8

140
0.043
44.8

140
0.041
374

34

150
0.054
434

150
0.051
36.1

150
0.051
40.4

150
0.051
434

150
0.048
36.1

150
0.048
40.4

150
0.048
434

150
0.047
36.1
0.15
0.20
0.35

150
0.047
40.4

150
0.047
434

150
0.044
36.1

160
0.058
41.9
0.11
0.11
0.22

160
0.054
349

0.14

0.21

0.35

160
0.054
394

160
0.054
41.9

160
0.051
349
0.11
0.15
0.26

160
0.051
394

160
0.051
41.9

160
0.050
349
0.20
0.22
0.42

160
0.050
394

0.15

0.17

0.15

160
0.050
41.9

160
0.046
349

170
0.061
39.7
0.15
0.20
0.35

170

0.058

333
0.19
0.23
0.42

170
0.058
383

170
0.058
39.7

170
0.054
333
0.15
0.18
0.31

170
0.054
383

170
0.054
39.7

170
0.053
333
0.23
0.24
0.50

170
0.053
383
0.18
0.22
0.26

170

0.053

39.7
0.14
0.19
0.33

170
0.049
333

0.13
0.20
0.33

200
0.072
375

0.26

0.29

0.55

200
0.068
30.8

0.29

0.31

0.60

200
0.068
36.8

0.20
0.31
0.51

200
0.068
375

0.14
0.22
0.36

200
0.064
30.8

0.23

0.27

0.50

200
0.064
36.8

0.14

0.22

0.36

200
0.064
375

0.12

0.20

0.32

200
0.062
30.8
0.31
0.34
0.65

200
0.062
36.8

0.26

0.30

0.44

200
0.062
375

0.23

0.27

0.50

200
0.058
30.8

0.23

0.30

0.53

220

0.080

36.8
0.30
0.36
0.66

220

0.075

29.8
0.35
0.37
0.72

220
0.075
35.8
0.27
0.37
0.64

220
0.075
36.8

0.19
0.28
0.47

220

0.070

29.8
0.29
0.35
0.64

220
0.070
35.8

0.19
0.28
0.47

220
0.070
36.8
0.20
0.25
0.45
220
0.068
29.8
0.37
0.40
0.77

220
0.068
35.8

0.32
0.35
0.57

220
0.068
36.8

0.28
0.33
0.61

220
0.064
29.8
0.29
0.34
0.63



306-312

313-319

320-326

327-333

334-340

1.5

1.5

1.5

1.5

1.5

0.35

0.35

0.35

0.35

0.35

0.40

0.40

0.45

0.45

0.45

0.5

0.8

0.3

0.5

0.8

2.40

2.40

2.55

130
0.038
429

130
0.038
45.7

130
0.036
395

130
0.038
429

130
0.038
45.7

140
0.041
41.8

140
0.041
44.8

140
0.038
374

140
0.041
41.8

140
0.041
44.8

150
0.044
40.4

150
0.044
434

150
0.041
36.1

150
0.044
40.4

150
0.044
434

160
0.046
394

160
0.046
41.9

160
0.044
349

160
0.046
394

160
0.046
41.9

170
0.049
383

170
0.049
39.7

170
0.046
333

170
0.049
383

170
0.049
39.7

200
0.058
36.8
0.17
0.24
0.40

200
0.058
375

0.15

0.20

0.35

200
0.054
30.8

0.21

0.25

0.46

200
0.058
36.8

0.14

0.19

0.33

200
0.058
375

220
0.064
35.8
0.24
0.29
0.53

220
0.064
36.8
0.21
0.26
0.47

220
0.060
29.8
0.27
0.31
0.58

220
0.064
35.8
0.20
0.25
0.45

220
0.064
36.8
0.15
0.21
0.36
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