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ABSTRACT

Flame size and heat flux correlations were obtained by experiments for circular turbulent flame sheets developing from a
downward injection source beneath an unconfined inert ceiling, and are compared against those for one-dimensional ceiling
flames. These correlations show proportionality of the flame sheet area to heat release rate and the representation of flame heat
transfer as a function of the distance from the source normalised by flame length. Heat release rate per unit flame sheet area in
circular flames is found to be significantly smeller than that in one-dimensional flames. It suggests a weaker entrainment of
ambient air to circular flames than to one-dimensional flames. Total heat flux to the ceiling surface from the flame sheet is less than
30 KWIim? and is not enough to accelerate flame spread. This suggests the importance of preheating of a combustible ceiling by a
hot gas layer for the fast fire spread generally observed in real and experimental room fires. Dimensional analysis based on the
experimental resulis suggests the proportionality of horizontal velocity to the distance from the upstream end of the buming
surface, and faster velocity in one-dimensional flames than in circular flames.
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INTRODUCTION

Flame development under a ceiling is very often the direct trigger for the occurrence of flashover during a compartment fire.
Experiments have also reported interesting features of ceiling fires including formation of cellular laminar flames due to local
convection', significant change of total flame length affter the start of flame development beneath a ceiling in compartrment fires™
etc. In spite of the importance of ceiling fires for fire safety, few works have been conducted on the prediction of the properties of
ceiling flames. While Froude modeling has been applied successfully to “vertical” turbulent flames in fires™® it is important that
buoyancy is not the driving force for a flame flow beneath a ceiling. Many experiments have been conducted on turbulent upward
flames impinging on a ceiling. However, it is still difficult to understand the controlling mechanism of the “ceiling flame™ part of
such flames. In order to seek the controlling mechanism of ceiling flames, the authors produced one-dimensional “pure ceiling
flames” beneath an inert ceiling using a downward channel with water-cooled side walls for the simplicity of the analysis and
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reported proportionality of the flame area to hest release rate®. During examination of previous works on flame impingement to
the ceiling, a sign was found that horizontal flame development beneath the ceiling can be highly dependent on the mode of flame
development whether it is one-dimensional or two dimensional. This study intends to report experiments on circular flames
beneath an inert ceiling and to compare the results with those from previous experiments on one-dimensional ceiling fires. This
paper also tries to discuss dimensional relations in excess temperature, velocity and flame thickness as a basis for developing a
more quantitative model of ceiling flames.

EXPERIMENTAL

Aninert unconfined ceiling was produced with two layers of 12 mm thick 1820 mm long square mineral fiber boards, and a steel
cylindrical porous bumer was instelled at the center of the ceiling with the injection surface dowrward flush to the ceiling (Figure
1). No soffit was attached. Two bumers of different diameters, 90 mm and 160 mm, were prepared to examine the fuel size effect
The bumer was filled with 5 mm diameter ceramic balls and its injection surface was covered by stainless wire mesh. Propane
(commercial) was used as the fuel. In the preliminary tests it had been confirmed that ceiling flames start to flood from the edge of
the present ceiling at the nominal heat release rate around 100 KW. Hence, measurements were carried out for the range of
nominal heat release rates from 5 KW to 80 KW/

In order to measure heat flux to the ceiling surface, ten Schmidit-Boelter 100 KW/ range heat flux gages (15 mm diameter) were
inserted downward to the ceiling at intervals of 100 mm for the first 6 gages from the center, and 150 mm for the remainder. Fuel
supply rate was monitored with a gas flow meter, and the flame geometry was recorded by digital-video. The reported flame
radius is the average over 1 min of the data recorded at 1 s intervals. The whole apparatus was built beneath a smoke collection
hood. Heat release measurements were conducted in the smoke exhaust duct by the oxygen consumption method. The heat
release rate thus measured will be referred to as effective heat release rate. The shape of these flames was quite sensitive to
accidental disturbance; even a trifling inclination of the ceiling was found to make an “egg-shaped” flame pointed toward the
upward direction. The level of the ceiling surface and the coincidence of the surfaces of the ceiling and the bumer were confirmed
in every test. However, even weak and accidental draft within the laboratory was found to make more than 10% difference
between the windward and the leeward radii. The reported flame radius and flame heat flux were obtained only while
establishment of exact circular flames was confirmed. No measurement was conducted on the temperature and velocity profiles.
Asimple visualisation of the flow beneath the flame sheet was conducted by introducing incense smoke through a Teflon tube.
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Figure 1: Experimental setup.

EXPERIMENTAL RESULTS

The digital data are summarised in Table 1. The reported nominal heat release rates were calculated from fuel gas supply rates
assuming complete combustion. While the experiments were conducted by increasing the nominal heat release rate from 5 KW
with the interval of 5 KW, the flame for 5 KW looked like a cluster of cellular laminar flamelets around the injection source. The
present paper deals only with the results at 10 KW and larger, where steadily spreading radial turbulent flame was observed. Flame
behaviour in these conditions is believed to be dominated by the inertial force far more strongly than the case studied by Orloff and
de Ris". It is also noteworthy that the effective heat release rate was significantly smaller than the nominal one as seen in Table 1.
Similar results were also seen in the one-dimensional flame sheet in a downward horizontal channel®. These results suggest
significant decrease of the combustion efficiency in a concurrent flame spread beneath a downward horizontal surface. While
mast previous experiments on the deterministic flame properties represent the source intensity by a nominal heat release rate, the
following analysis will use effective heat release rate as it is believed to affect more directly the flame behaviour.

Table 1: Summary, digital experimental data.
(8) Bumer diameter =90 mm
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Nominal Heat Release Rate (kW) 10 2| 30| 490/ 5] 6/ 70| 8
Effective Heat Release Rate (kW) 30 | 83 | 105 | 157 | 169 | 252 | 318 | 381
Flame Radiius (m) 0225 | 0375 | 05 | 055 | 065 | 075 | 085 | 090
Total heat flux (KW R=010(m) 189 | 237 | 248 | 263 | 270 | 267 | 266 | 250

020 | 121 | 133 | 163 | 184 | 191 | 178 | 206 | 198

030 45 96 | 140 | 147 | 172 | 164 | 198 | 175

040 23 45 85 ne | 121 | 111 | 145 | 147

050 16 30 47 7.7 86 73 | 101 | 15

0.60 09 19 29 50 56 51 79 86
0.75 06 13 21 36 40 36 53 6.3
090 03 07 12 21 23 26 32 37
105 0.2 06 10 18 19 23 26 32

120 02 03 06 13 14 16 18 22

(b) Bumer diameter =160 mm

Nominal Heat Release Rate (K\W) 0| 20| 30 | 49 |5 | 6| 70| 8
Effective Heat Release Rate (K\W) 6 | 92 | 12 | 157 | 195 | 281 | 345 | 337
Flame Radius (m) 025 | 035 | 05 | 06 | 065 | 07 | 08 | 085
Total heat flux (W) R=010(m) 141 | 171 | 204 | 168 | 199 | 181 | 198 | 164

020 | 92 | 132 | 152 | 142 | 166 | 169 | 160 | 158
030 | 42 92 | 112 | 113 | 128 | 166 | 157 | 134
040 | 23 45 91 97 | 108 | 113 | 126 | 115

050 | 15 26 50 70 87 99 | 100 | 107
060 | 09 18 33 40 55 6.8 78 84
075 | 06 12 24 29 36 41 53 53
090 | 03 06 14 19 22 27 31 33

105 | 02 04 11 16 18 22 26 2.7
120 | 02 03 08 12 13 16 18 20

Hame dimensions
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Figure 2 represents the correlation between the flame radius and effective heat release rate. The flame sheet developed steadily
beneath the ceiling, and apparently there was no systematic change of the flame thickness in the radial direction between r=0and
r = 05L;. Although occasional wave-like behaviour was seen along the flame sheet surface and the colour of the flame became
thinner with increasing radial distance for approximately r > 0.5L, there was no such significant oscillation of the flame itself as
normally seen in vertical flames. Simple visualisation with artificial smoke suggests the existence of vertical air flow toward the
ceiling beneath the flame sheet. From this observation, significant horizontal flow along the ceiling is believed to exist only within
the flame. This discontinuity of the flow pattem is probably because of the discontinuity of temperature that makes the ceiling
flame a shear-free flow.

Figure 2: Relation between the radius of circular ceiling flame and effective heat release rate.
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Figure 3: Area covered by ceiling flame vs. effective heat release rate.

The flame radius was slightly larger with the 90 mm bumer than with the 160 mm bumer. It is noteworthy that the two curves in
Figure 2 are almost parallel to each other with the 90 mm bumer curve around 2 KW left of the 160 mm bumer curve, and the
source size effect on the flame radius becomes insignificant with the increase of effective heat release rate. The larger flame radius
for a smaller injection source suggests the tendency that entrainment is enhanced by the increase of size of the injection source.
This is probably because the horizontal velocity near the injection source is blocked by the increase in the downward inertial force
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of the fuel flow using a larger injection source. There was no clear dependence shown for the thickness of the flame sheet on heat
release rate within the present range of heat release rates (nominal 10— 80 KW). The power dependence seen in Figure 2, roughly
LQ ™ suggests a proportionality of the flame sheet area to the heat release rate. Together with the similar proportionality already
reported for one-dimensional ceiling flames®, this suggests the uniformity of entrainment and local buming rate within a ceiling
flame. Figure 3 is a summary of the relationship between the flame sheet area and effective heat release rate from the present and
previous tests. It is interesting that the flame sheet area for circular flames is significantly larger than that for one- dimensional
flames.

While the largest nominal heat release rate in the present tests was only 80 KW, the flame sheet radius with this heat input was 0.85
—0.90 m; the corresponding flame sheet diameter, 1.7 — 1.8 m, is large enough to compare with the height of an adult man. This
suggests significant dependence of the “size” of a flame on the configuration, because an unconfined nominal 80 KW fire above a
floor makes only a 1.1 m tall turbulent flame®. Although it is difficult to compare the “size” of flames of different configurations, it
is still believed that a 1.7 to 1.8 m diameter ceiling flame is significantly larger than a 1.1 m tall cylindrical flame above the floor.
Many experiments report significant growth of flames beneath ceilings, perhaps due to this effect. The significant spread of a
flame beneath a ceiling even for a relatively small heat input should also result in making a large radiation source against the floor
and combustible objects above the floor. Importance of the control of the buming behaviour of a ceiling should be emphasised
from this point of view.

Incident heat flux to ceiling

In previous experiments on wall and one-dimensional ceiling flames, it has been confirmed that flame heat transfer can be
represented as a function of distance normalised by flame length®. From this experience, flame heat transfer has been correlated
against distance from the center of the cylindrical bumer divided by the flame radius. As seen in Figure 4, the results for the 90 mm
diameter and 160 mm diameter bumers are quite close, except at the center of the circular flames, where heat flux is slightly
greater for the 90 mm bumer than for the 160 mm burmer.

The flame heat transfer rate is represented as:
rLe<04 qr 130(rL)™
04 rl<07 aor 70(rLy)*
071l ar 45(L)™

Comparison of the present results with those of ather configurations®such as wall and one-dimensional ceiling flames leads to the
following findings:

(1) The present heat transfer correlation against the normalised distance within the flame, r/Ls < 1, is very close to that for

one-dimensional ceiling flames, whereas the present heat flux decays faster with distance than it does for one-dimensional
flames.

() The present heat transfer is weaker than that for wall flames within the solid flame, r/Ls < 0.7, whereas the heat transfer for
circular and one-dimensional ceiling flames is greater than that for wall flames in r/L¢> 0.7.
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The weak hest flux within the flame sheet, less than 30 kWi, may sound unexpectedly small if the fast fire spread along a
ceiling in real and experimental fires is considered. This is probably because a ceiling flame tends to be thin due to the strong
buoyancy effects. While it is difficult for such weak heat fluxes to accelerate flame spread, the fact thet rapid flame spread beneath
acombustible ceiling is common in real fires is attributed to the additional external heating from the hot gas layer.

Figure 4: Total heat flux vs. distance from the center, normalised by flame radius
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Dimensional relations for ceiling flames

A “first estimate” of the structure of ceiling flames can be made by introducing the main experimental relationships into the
incompressible momentum equation, the energy equation and the continuity equiation in the cylindrical coordinate:

AV,V, AV} op AV Ay -
N - —rgpo @
a a a a 174
av,0 av,0  av' 8 av'd rq
* - - * @
a a a a = pC,
Ave AV,
> T4 - 0 €]

where z is the vertical coordinate taken downward from the ceiling surface. In order to derive dimensional relations, Equations 1
and 2 are integrated with respect to z over (O~ ) as:

d == e me e —— y
;Io rvevedz +r[v:1, = -r[p], _EIO rvi' v.'dz — rgS s 0dz @
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rq
,DCp dz (5)

d o0 - = - = o0 d — o0
d—fo rve@dz + rjv: 6], = _E": rvi' @dz +J,
r

wherev,”” = v, @ = 0 isassumed atz=0and at z— = . Further assuming uniform flame thickness and entrainment velocity
at the lower surface of the flame and representing the maximum Vr, V2, and @ at each horizontal distance , r, as AQr™ BQ,
CQ*“, velocity and temperature rise distributions are described as:

vi= AQ™ - r"'Vi(z/ Q' )v. = BQ" - Vi(2/Q'), 0= CQ"* - 0(2/Q") ©)

where V,(Z/Q),V(zQ)and Az/Q) are velocity and temperature rise profiles with unity as the maximum. The power dependence
of vr and v on Q is assumed as identical from the continuity equation. The heat release rate per unit horizontal area within the
flame can be assumed as constant, [ qdz =15.3 k Wint from Figure 3. It is also assumed that v. = 0 atz=0and@=0 at
Z— . Hence Equations 4 and 5 are written in more concrete form as follows:

(m+1)r"ABQ " [y Ve(@ V(2" )dz' = - r[p]. - % Frvividz - rggeQ®' Fe@ )z

m A+2+] foo d o — r o~
(m+Dr"ACQ™ ™" [ V(2 )O(z Yz = I fo rvi' @dz +EI0 qdz ®

p

where 7= 2/Q'. The power constants, m, 47, z2and | are determined as follows. Since the integrals in the left hand side and in the
last term of the right hand side of Equiations 7 and 8 are constant, the powver of r on the left hand side, m, must be m = 1. Similarly,
since the power of Q in each term of these equations must be identical and [ qdz is constart, z2=2 w7 and | = — 3 are
obtained. Assuming the constant maximum temperature at each distance, CQ'?= const, these powvers are estimated as z1/=12=1=
0. There is not as yet any other experimental evidence supporting z2/=¢2= 0, but | =0, in other words the independence of the
flame sheet thickness on heat release rate is consistent with the visual observation during the experiments. Also, independence of
maximum temperature rise within the solid flame on heat release rate sounds natural as the maximum temperature rise in a solid
flame of any other previously reported configurations is independent of heat release rate™. Other parameters describing the
velocity and temperature distributions in Equation 5, A,C,V{(2), @(2), can also be correlated to each other through Equations 7 and
8. Assuming the proportionality of heat release rate per unit horizontal area of a flame to the rate of oxygen supply, the source term
in the energy equation yields:

- AHc,0,C[O:2] d ., — 2 ArAHc, 0,C[O?] ..
[y rodz = ﬁak rvidz = asile) Iy Vi(Z )dz' o)
Summarising Equation 8 for the parameter A yields:
A=zl qdz/2aHc, 0,C[O:]ly Ve (2)dz v, = Ar-V,(2) (10)

Considering the superiority of the convection to the turbulent transport within a developed ceiling flame, use of Equation 10 in
Equation 8 leadsto:
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2rAC; Vi(2)®(z )Mz = AHLZC[OZ]&F rvidz = 2AraHc,0,C[O:] [y Vie(2)dz
o S Gy dr T ey T )
Equation 11 can be summarised for C as:
C = AHc,0,C[02]ly Vi (2)dz/ pC, 215 Vi(2)®(2)dz , 0 = C - ©(2) 1)

Among many parameters in Equations 10and 12, y , excess air ratio, is difficult to measure directly. Hence Equitions 10 and 12

are more rightly characterised as a relation to estimate excess air ratio of ceiling flames from the temperature and velocity
measurements rather than that to calculate A or C from those parameters in the right hand sides of these formulae:

[ Vi2)dz, [ ©(2)dz

These are experimental parameters, which characterise the flame thickness as these have dimensions of length and are essentially
larger by the increase of the visible flame thickness.

One-dimensional ceiling flames can be analysed in a similar way. The two dimensional momentum and energy equations lead to
comparable forms to Equations 4 and 5 as;

d 00 == -2 . d |— 0 -
&IO uwdz +[w ], =-[p], —&J:W ddz —gﬂjo &dz 13)

= [tz + (wa, - -~ [ wode 4L
dXOU z+[w]o_—dxow Z+0pCpZ (14)
Assuming the functional form for the velocity and temperature distributions as:

u=A-X"U@)W =B W(2),0 = C-0'(z) (15)
and uniform heat release rate per unit area over the whole flame, the power constant ,n, in Equation 15 is determined as n = 1. This

again means proportionality of horizontal velocity to the distance from the source. Relations among A’, C’, U(), and © ’(2) are
summarised inasimilarway to the circular flames as:

A = 2l qdz/ AHe,0,C[01l U (2)dz G = A x-U(2) (16)

C'= AHc,0,C[02]f; U(2)dzf pC, 215 U(2)@ (2)dz 8 =C'0(2) 17

Deterministic flame properties for a one dimensional ceiling flame sheet and a circular ceiling flame sheet are essentially described
by Equations 16 and 17 and by Equations 10 and 12 respectively. Influence of the mode of flame propagation can be assessed by
comparing these four equations.
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Similarity between the forms of Equations 12 and 17 suggests similar ranges of temperatuire rise in one dimensional and circular
ceiling flames. On the other hand, the coefficient for:

717 qdz/ AH.o,C[O:] V(z)dz

in Equation 15 is twice as large as that in Equation 10 and heat release rate per unit area is notably larger in one-dimensional flames
than in circular flames. These facts suggest that either horizontal velocity or flame thickness is notably larger for one-dimensional
flames than for circular flames.

CONCLUSIONS
The following conclusions can be drawn from the experiments and the analysis of the present study:

(1) Thearea covered by a ceiling flame sheet is proportional to the effective heat release rate. Heat release rate per unit area is
significantly higher for one-dimensional ceiling fires than for circular fires.

()  Maximum hest flux from circular ceiling flames to the ceiling surface does not reach 30 KW, This is comparable with
that for a one-dimensional flame, and is clearly lower than surface heat flux from wall fires of similar heat input. This weak
heat flux does not seem to be enough to cause rapid flame spread beneath the ceiling although rapid flame spread along a
combustible ceiling is rather common in real and experimental fires. It suggests significance of the role of preheating from
the fire source and overall heating of the ceiling by the smoke layer.

(3) Entrainment of air to a ceiling flame is believed to be uniform over a ceiling flame. Entrained air per unit area of flame is
believed to be significantly greater in one-dimensional flames than in circular flames.

(@)  Combustion efficiency in ceiling fires may become significantly lower than in upward turbulert flames.

(5) Dimensional analysis suggests proportionality of horizontal velocity in a circular ceiling flame to the distance from the
center. It also suggests that either horizontal velocity or flame thickness is significantly greater in one-dimensional flames
than in circular flames.

The present test configuration was clearly different from any realistic fires which normally do not starting from the ceiling. These

observations should be examined against ceiling fires in more realistic room fire experiments, in which the physics is probably

more complicated. It is also important to emphasise the necessity of further measurements of temperature and velocity fields in
ceiling flames for the verification and improvement of the analysis discussed in this report.
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NOMENCLATURE

AABB CC constants

C mass concentration

G specific heat of air

g gravitational acceleration

AHcw heat of combustion per unit mass of oxygen(13.17MJkg)
Ls flame length, flame radius

l,m,n, 4, 12 powver constants

p gauge pressure

Q heat release rate

q heat release rate per unit volume

Or total heat flux

r radlial distance

u x-directional velocity in the Cartesian coordinate

v velocity component in cylindrical coordinate

w z-directional velocity in the Cartesian coordinate

X downstream horizontal distance in the Cartesian coordinate
z downward vertical distance in the Cartesian coordinate
Greek symbols

B expansion coefficient

o excess temperature

0 density of air

e excessair ratio

Subscripts and other symbols:

I
r

z

per unit widith

radial direction

vertical direction(downward)
Time averaging

eddy fluctuation
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