ELSEVIER

Available online at www.sciencedirect.com

sc.ENcs@o.“w

International Journal of Heat and Mass Transfer 49 (2006) 154-158

International Journal of

I'IEAT and MASS
TRANSFER

www.elsevier.com/locate/ijhmt

Theoretical analysis on flame dimension
in turbulent ceiling fires

W.G. Weng “>* Y. Hasemi *

& Department of Architecture, Waseda University, Okubo 3-4-1, Shinjuku-ku, Tokyo 169-8555, Japan
® State Key Laboratory of Fire Science, University of Science and Technology of China, Hefei, Anhui 230026, PR China

Received 9 July 2004; received in revised form 17 June 2005
Available online 11 October 2005

Abstract

In this paper, theoretical analysis based on boundary layer theory on flame dimension in turbulent ceiling fires is
carried out. The turbulent ceiling fire is developed from a downward round injection source beneath an unconfined inert
ceiling. A correlation between the dimensionless flame diameter and the dimensionless heat release rate is obtained,
Ci(S/d) ~ CzQ*3/ 4. This relation for turbulent ceiling fires is correlated to experimentally measured flame diameters
for ceiling fires. Based on the limited data available, the agreement with experiments is very good. Additional experi-
ments are needed to further verify the validity of this relation.

© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Ceiling fires received scientific attention for the first
time in the early seventies [1-3] when scaling laws were
developed and correlated to experiments. Orloff con-
ducted experiments using gaseous fuel/inert mixtures
flowing through a porous metal burner to simulate the
ceiling fires. Observations of their experiments indicated
the following flow regimes: laminar, with sheet-like
flame; transition, with cell formation; and cellular with
a highly convoluted flame. The inception of the cellular
flow regime was attributed to a “Rayleigh” instability
mechanism. The flame becomes unstable due to gravita-
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tional forces acting on the hot diffusion flame burning
beneath the cold fuel gases coming from the ceiling
located above it. An approximate theory was developed
[1-3] to characterize laminar and turbulent (cellular)
ceiling fires. The formation of the governing equations
and boundary conditions for the laminar regime re-
vealed a 1/5 power dependence on the Grashof number
[1]. For the turbulent regime, by making physical argu-
ments and using Spalding’s stagnant-film hypothesis
[4], a 1/3 power dependence on the Rayleigh number
was proposed [2].

Arpaci [5] took a fundamental microscale-based ap-
proach to develop scaling laws for laminar and turbulent
ceiling fires. A new fundamental dimensionless number
characterizing buoyancy driven flames was introduced.
A boundary layer thickness and a sublayer thickness
for laminar and turbulent ceiling flames, respectively,
were proposed in terms of this dimensionless number.
A scaling law with power 1/5 and 1/4 were proposed
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Nomenclature

b Schvab-Zeldovich property in laminar flow,
or fluctuating component in turbulent flow

B transfer number

Co constant

Ci, C; parameters associated with burner, fuel and
ambient air, defined as Eqs. (16) and (17)

C, specific heat at constant pressure

d diameter of burner

D mass diffusivity

Dy modified mass diffusivity

g gravitational acceleration

h specific enthalpy

H, heat release per unit mass of fuel

k thermal conductivity

/ characteristic length

Ly heat of vaporization of fuel

i’ burning rate per unit length at the ceiling

" burning rate per unit area at the ceiling
" mass generation rate

Mo molecular weight of oxidizer

p pressure

q" volumetric heat release rate

(0] heat release per unit mole of fuel

0 heat release rate of fuel

o dimensionless heat release rate
S flame diameter

T temperature

u r-direction velocity

U r-direction characteristic velocity
v y-direction velocity

Y; mass concentration of species i

Greek symbols

o thermal diffusivity

p coefficient of thermal expansion

o momentum boundary layer thickness

Op Schvab-Zeldovich property boundary layer
thickness

g flame Kolmogorov scale

v kinematic viscosity

vo molar stoichiometric coefficient of oxidizer

o density

op flame Schmidt number

Subscripts

o oxidizer

w fuel surface

00 infinity

for laminar and turbulent ceiling flames, respectively.
Comparisons with experimental data [3] showed that
the laminar regime correlated well with the proposed the-
ory, and the turbulent regime appeared to correlate with
some uncertainty because of the lack of sufficient data.

Flame development under ceiling is very often the di-
rect trigger for the occurrence of flashover during a com-
partment fire. Experiments have also reported significant
change of total flame length after the start of flame
development beneath a ceiling in compartment fires
[6,7]. As the flames spread in a compartment, it is impor-
tant to characterize the burning of a surface whose nor-
mal is oriented in the direction of gravity, as gravity
tends to make the flame undergo transition to cellular
flow with a sharp increase in burning rate from an in-
clined surface to the ceiling configuration [8]. The effect
of wind speed and ambient oxygen mass fraction on heat
transfer during wind-aided laminar flame spread has
also been investigated experimentally in the ceiling con-
figuration [9]. In a recent study, an experimental investi-
gation of the effect of flow velocity, grid-generated
turbulence, and buoyancy on the combustion of a solid
fuel in a flat plate boundary layer flow in floor and ceil-
ing orientation was conducted [10] and a least square fit
to the ceiling data revealed a 1/2 power dependence on
the Reynolds number.

In spite of the importance of ceiling fires for fire
safety, few works have been conducted on the prediction
of the properties of ceiling fires. The studies of Orloff
[1-3] and Arpaci [5] only focused on the flame stand-off
distance (flame height), and remained the flame diameter
equal to the burner diameter. In fact, the flame dimen-
sion of a ceiling fire is more important than its flame
height since flame spread beneath ceiling is destructive.
And so in this paper, theoretical analysis based on
boundary layer theory on flame dimension in turbulent
ceiling fires is carried out. The theoretical results are
compared to Hasemi’s experimental data [11-14].

2. Theoretical analysis

Firstly, a brief description of experimental work is
introduced in this section for theoretical analysis. In
Refs. [11-14], inert unconfined ceiling was produced
with two layers of 12-mm thick 1820-mm long square
mineral fiber boards, and a steel columnar porous bur-
ner was installed at the center of the ceiling with the
injection surface downward flush to the ceiling
(Fig. 1). No soffit was attached. Two burners of different
diameters, 90 mm and 160 mm, were prepared to exam-
ine the fuel size effect. The burner was filled with 5-mm
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Fig. 1. Experimental setup [11].

diameter ceramic balls and its injection surface was
covered by stainless wire mesh. Propane was used as
the fuel. Fuel supply rate was monitored with a gas flow
meter, and the flame geometry was recorded by digital
video. The reported flame diameter is the average over
I min of the data thus recorded at 1s interval. The
whole apparatus was built beneath a smoke collection
hood. Heat release measurement was conducted in the
smoke exhaustion duct by the oxygen consumption
method. The heat release rate thus measured will be re-
ferred to as the effective heat release rate.

While the experiments were conducted by increasing
the nominal heat release rate from 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. In addi-
tion, the flames with different fuel flow rate are believed
to be a same type of turbulent flame due to the ceramic
balls in the burners and stainless wire mesh on the injec-
tion surface of burners for increasing turbulence.

From the above description, it is clear that the ceiling
flames produced from this experimental setup are buoy-
ancy-driven turbulent flames. Though this, first a brief
dimensional review of laminar flames is given as neces-
sary background. The steady state laminar diffusion
flame equations for the variable-density boundary layer
are, briefly [1]:

O(rpu)/Or+0(rpv) /0y =0 (1)
pu(Bu/0r)+ pu(du/dy) = (8/0y)[pv(du/dy)| —op/or  (2)
pu(0h/dr) + pv(0h/dy) = (0/0y)[po(Ou/dy)] + 4" (3)
pu(0Y;/0r) + pv(dY,/dy) = (0/0y)[pD(du/dy)| + ] (4)

where the pressure p is Op/0y = pg, g is the gravitational
acceleration; the specific enthalpy is # = eroc C,dT; and
assuming the ideal gas, the state equation is p7 =
PooTso, Where u, v, T, Y; are the r-direction velocity,
the y-direction velocity, the temperature and the mass
concentration of species i, respectively. ¢, m" are the
volumetric heat release rate and the mass generation
rate. p, v, C,, o, D are the density, the kinematic viscos-
ity, the specific heat at constant pressure, the thermal
diffusivity and the mass diffusivity, respectively.

Consider a dimensional interpretation of the pioneer-
ing work of Spadling [4], extended by Arpaci [5,15,16].
Eq. (2) integrated over 0 is

U v o+ vE ~ g% 0
/ 0 0
Here, U and / are the characteristic velocity and length,
respectively, and ¢ is the momentum boundary layer
thickness. Also, assuming the Lewis number unity
(D = a), the balance of the Schvab-Zeldovich (heat +

oxidizer) property integrated over d is

()

B B
U=0dy3+ VwB~D= (6)
l Op
Here, Vi is the velocity normal to the fuel surface and
op is the Schvab-Zeldovich property boundary layer
thickness. The Schvab-Zeldovich variable, b is defined as

b= (YoQ/voMo + h)/Ly (7
and the transfer number, B is defined as

B = (YOOQQ/DOMO — hw)/Lv (8)

where vo and Mg are the molar stoichiometric coeffi-
cient and the molecular weight of oxidizer, Q and Ly
are the heat release per unit mole and the heat of vapor-
ization of fuel, and hw = C(Tw — T).

Through the equation deduction following Ref. [5],
the thermal Kolmogorov scale for buoyancy-driven
flows listed below is obtained:

1 op g (myLy

= £ (9)
U g+ 1) vDyg \ kT

where 74 is the flame Kolmogorov scale. oy is the flame
Schmidt number. Dy is the modified mass diffusivity, de-
fined by Dg = (1 + B)D. ry, is the burning rate per unit
area in fuel surface. k is the thermal conductivity.

From the local mass balance at the ceiling, the below
equation is obtained:

0B B
Tty :pVW:pD(—) ~ pD— 10
W ay W 77/3 ( )
By integrating the local mass flux of the fuel at the ceil-
ing over a length / (I > d), d is the diameter of burner,
one can write:

B
m’wzm'\;,deDn—ﬁl (11)

where 7y, is the burning rate per unit length at the
ceiling.

Sul?stltutmg .Eq. .(9) anc} D=o= % in Eq. (11), the
following equation is obtained:

1/4 14 /o 1/4
PTG R A T (12)
w Cp U/f +1 UD/; kToo

and so

r'n"3/4~££B ap 1/4 ra Va4 py \ V4 13
Voodc, \op+1 vDy kT
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rh{ijc}Tndz =, and introduce a dimensionless heat
release rate:

¢- PocCpo T8 Pd

(14)

where H, and Q are the heat release per unit mass and
the heat release rate of fuel, respectively. And then the
below equation is obtained:

Ci(1/d) ~ C,0™* (15)

where C; and C, are parameters associated with burner,
fuel and ambient air, defined as

e :B( e )1/4 (16)
o+ 1
C, = <4pmcpmrmg1/2d”2) e, (@) v ("T_oo) v
nH, k\ g Ly
(17)

Next, the scale consideration developed in this section
is utilized to correlate experimental data on ceiling fires.

3. Results and discussion

The experimental data are summarized in Table 1.
The reported nominal heat release rates were calculated
from fuel gas supply rate assuming complete combus-
tion. Flame behavior in these conditions is believed to
be dominated by the inertial force far more strongly
than the case studied by Orloff [1]. The flame sheet devel-
oped steadily beneath the ceiling, and apparently there
was no systematic change of flame thickness in the radial
direction between r = 0 and r = 0.5S. Here S is the flame
diameter of ceiling fire. Although the color of the flame
became thinner with increasing radial distance for
approximately r > 0.5S, there was no such significant
oscillation of the flame itself as normally seen in vertical
flames. Simple visualization with artificial smoke
suggests the existence of vertical air flow towards 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

Table 1
Summary of experimental data [11]

flow pattern is probably because of the discontinuity
of temperature that makes this ceiling flame a shear-free
flow. It is also noteworthy that the effective heat release
rate was significantly smaller than the nominal one as
seen in Table 1. These suggest significant decrease of
the combustion efficiency in a concurrent flame spread
beneath a downward horizontal surface. The following
analysis will use effective heat release rate as it is believed
to affect more directly the flame behavior.

Based on the theoretical analysis using boundary
layer theory in the above section, and by assuming that
the characteristic length, / is equal to the flame diameter
of ceiling fire S, Eq. (15) can be written as

Ci(S/d) = CoCL0™* (18)

Fig. 2 shows the variation of the dimensionless flame
diameter C;(S/d) with the dimensionless heat release
rate CzQ*S/ 4 The squares correspond to the experimen-
tal data of d=0.09 m, and the triangles correspond to
those of d =0.16 m. The ambient temperature and ini-
tial temperature of fuel were both set as 300 K, and
the temperature of fuel surface was assumed to be
333 K [5]. Various parameters used for Eq. (18) are
listed in Table 2. The best least square fit of experimental

100 T T T T T
<) m  Experimental data of d=0.09m
L god| A Experimental data of d=0.16m i
© Curve fit to Eq. 18
g
Q
S
Q
§ 40 n = .
vl
3
=
g 20 A _
8
£
D 0 T T T T T

0 100 200 300 400 500 600

. . *3/4
Dimensionless heat release rate CQ

Fig. 2. Variation of the dimensionless flame diameter C;(S/d)
with the dimensionless heat release rate CZQ*3/ 4,

Burner diameter = 0.09 m

Nominal heat release rate (kW) 10 20 30
Effective heat release rate (kW) 3.0 8.3 10.5
Flame diameter (m) 0.45 0.75 1.00
Burner diameter = 0.16 m

Nominal heat release rate (kW) 10 20 30
Effective heat release rate (kW) 6.0 9.2 12

Flame diameter (m) 0.50 0.70 0.90

40 50 60 70 80
15.7 16.9 25.2 31.8 38.1
1.10 1.30 1.50 1.70 1.80
40 50 60 70 80
15.7 19.5 28.1 34.5 38.7
1.10 1.30 1.50 1.66 1.74
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Table 2

Specified parameters for Eq. (18)

Fuel parameters

C,=1.6757x 10*J/kg K Specific heat at constant pressure
g=98 m/s’ Gravitational acceleration

H,=50.04% 10° J/kg
k=0.0182J/ms K

Ly =427.56 x 10° I/kg
Mo = 64 x 1073 kg/mol
0 =2.2x10°J/mol

Heat release per unit mass of fuel
Thermal conductivity

Heat of vaporization of fuel
Molecular weight of oxidizer
Heat release per unit mole of fuel

To =300 K Temperature

u=238.11 kg/ms Dynamical viscosity

vo=>5 Molar stoichiometric coefficient
of oxidizer

p =1.1817 kg/m> Density

Ambient parameters
Cpoo = 1.0057 x 10*J/kg K Specific heat at constant pressure

T..=300K Temperature
poo = 11774 kg/m? Density

Fuel surface parameter

Tw=333K Temperature

data to Eq. (18) gave C, as 0.1141. With this constant,
close agreement between theory and experiment is seen
from Fig. 2. Owing to the sparseness of experimental
data in higher CzQ*3/ 4. this numerical value may be best
be considered tentative. New data are needed for more
reliable value of this coefficient.

4. Conclusions

Based on boundary layer theory, theoretical analy-
sis on the flame dimension in ceiling fires was carried
out. This study proposes a power law (3/4) of the
dimensionless heat release rate for the dimensionless
flame diameter, Cy(S/d)~ C>Q***. This relation for
turbulent ceiling fires is correlated to experimentally
measured flame diameters for ceiling fires. The best
least square fit of experimental data to the theory
equation gave a constant, with which, close agreement
between theory and experiment is seen. Additional
experiments are needed to further verify the validity
of this relation.
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