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The Effect of Thermal Radiation on the
Dynamics of Flashover in
a Compartment Fire*

Walter Wah YUEN**, Shousuo Han***
and Wan Kit CHOW*#***

Flashover is a phenomenon describing a room fire changed from the growth stage
to the development stage. There is a rapid increase in size and intensity. The radiant
heat flux back to the fuel surface and the floor of the room is known to be one of the
key parameters leading to flashover. Indeed, a heat flux (largely due to radiation) of
20 kW/m? to the room floor is often taken to be the condition of flashover. To
understand the importance of radiation, a zone model is developed to simulate the
transient fire growth in a compartment. Heat and mass transfer correlations available
in the literature are used to simulate the non-radiative effect. A three-dimensional
non-gray soot radiation model is used to simulate the radiative exchange between the
fuel surface, the hot gas/particulate layer and the surrounding wall. Results show that
the hot layer temperature alone may not be an effective indicator for flashover. Other
parameters such as particulate volume fraction in the hot layer, venting area and heat
transfer to the surrounding wall are also important in determining the occurrence of

flashover.
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1. Introduction

The importance of the phenomenon of flashover
in compartment fire is well known for many years®.
Physically, flashover is a term used to characterize the
rapid transition of a relatively small local fire to a
large fire in which the whole compartment is involved.
When flashover occurs, the fire “jumps” from the
growth stage to the development stage, and great
damages to the building structure and properties
would be resulted. Flashover has been consistently
observed in disastrous fires® leading to severe losses
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of human lives and properties.

Experimentally, studies on flashover were report-
ed both in actual fires and in full-scale burning tests.
Two quantitative criteria were consistently observed
as conditions for the onset of flashover. They are:

a. upper gas layer temperature exceeds 600°C

b. heat flux at the floor exceeds 20 kW/m?
A summary of the conditions for the onset of flashover
reported by different studies is shown in Table 1@-¢2) .
Qualitatively, another criterion used to characterize
the onset of flashover is the visual observation that at
the time immediate prior to flashover, flames begin to
come out of the vents.

Numerical and theoretical studies of flashover
have focused primarily on predicting the behavior of
the gas layer temperature in a compartment fire using
various forms of the zone model*®-%, The concept
of thermal instability in compartment fire was initiat- .
ed by Thomas et al."? This concept led to further
works®®(7 in which the onset of flashover is “predict-
ed” by computational techniques of nonlinear
dynamics®®19  In all of the existing numerical and
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Table 1 Observations of the flashover criteria

References Temperature Near the Ceiling Radiation Heat Flux
(C) (KW/m?)
Hagglund [4] 600 No data
Parker and Lee [5] No data 20
Fang [6] 450-650 17-33
Lee and Breese [7] 650 17-30
Babrauskas [8] 600 20
Budnick and Klein [9] 673-771, 634-734 15
Fang and Breese {10] 70692 20
Thomas [11] 520 2
McCaffrey and Quintiere [12] 600 17.7-25

theoretical studies, the gas layer temperature is the
primary dependent variable and the gas temperature
criterion (>600°C) is used as the quantitative cri-
terion for flashover.

It is interesting to note from Table 1 that in all of
the reported flashover in which data for both criteria
are available, both the gas temperature and heat flux
criteria for the onset of flashover are satisfied. Physi-
cally, the heat flux criterion is expected to be more
critical since the secondary ignition of the combus-
tibles in a compartment is a major factor leading to
flashover. The heat flux to the floor (and more
specifically, radiant heat flux) is the main source of
energy leading to the secondary ignition. However,
gas layer temperature exceeding 600°C without a
radiation source (such as the wall or soot particulates
which can serve as a radiating medium) is insufficient
to generate the necessary floor heat flux required for
flashover. To generate a floor heat flux of 20 kW/m?
for a temperature difference of 600°C based only on
convection, for example, would require a heat transfer
coefficient of about 33 W/ (m?K) if the whole compart-
ment is assumed to be one zone at the same tempera-
ture. In general, the lower gas layer is expected to be
at a temperature lower than 600°C. The actual heat
transfer coefficient required for flashover is thus
higher than 33 W/(m?K). This value exceeds the
range of heat transfer coefficient generally expected
in a compartment fire environment (natural convec-
tion and low speed force convection). Therefore,
thermal radiation is important. !

The importance of the radiant feedback mecha-
nism in the onset of flashover is recognized by almost
every theoretical study of flashover®~¢". But due to
the complexity of radiation and the uncertainty of the
radiation model used in the analysis, all of the existing
studies do not use the heat flux criterion as a factor in
determining the condition of ﬂashov‘er‘. Over the past
ten years, significant advances have achieved both in
the understanding of the radiative properties of the

JSME International Journal

529

various combustion species in a fire and the math-
ematical modeling of three-dimensional radiative
transport in a participating medium®.  These
advances can be readily implemented in a zonal model
to give an improved assessment of the onset of
flashover.

The objective of the present work is to implement
two specific advances in radiation heat transfer into a ‘
zone model to analyze the transient behavior of a
compartment fire and the onset of flashover. Since
smoke particulates are expected to be a major compo-
nent contributing to the radiative emission and
absorption of the hot gas/particulate layer in the
room during a compartment fire, a simplified model®?
is used to account for the non-gray absorption behav-
ior of the smoke particulates. This model yields a
relationship between smoke particulate volume frac-
tion, gas layer temperature with the radiative emis-
sion and absorption of the hot layer. Computationally,
the three-dimensional radiative exchange between the
hot layer, the fire base and the surrounding walls must
be evaluated accurately to determine the radiant feed-
back to the floor. An efficient and accurate zonal
method®?, which is shown to be applicable for all
participating media in enclosures with three-dimen-
sional geometry, is used. Numerical data are generat-
ed to show the importance of various parameters on
the onset of flashover both from the perspective of the
hot gas/particulate layer temperature and the radiant
heat flux to the floor.

Nomenclature

a: the total potential heat flux generated by the
free burning fire, parameter used in Eq.(5)
Ay area of the fuel surface
Auw: surface area of the wall of the compartment
b : an exponential coefficient used in Eq.(5)
¢p : specific heat of hot gas/particulate layer
C-: the second radiation constant
D : fractional height of the discontinuity plane
fv: particulate volume fraction
. gravitational constant
: rate of energy gain of the hot gas/particulate
layer
H¢ : heat of combustion
Hr : height of the cubical compartment
Hysp : heat of vaporization ‘
Hy : height of the vertical vent
k: an empirical constant used in the definition of
absorption coefficient of hot gas/particulate
layer
Ky : a flame spread constant
L : rate of energy loss of the hot gas/particulate
layer

O«
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Lz : length of the cubical compartment
Ly : equivalent length of the fire base
m : mass of hot gas/particulate layer
7nr : real component of the index of refraction for
soot
7;: imaginary component of the index of refrac-
tion for soot
N : fractional height of the neutral plane
R : radius of the fire at the compartment floor
Reage : the distance over which the effect of the edge
of the fuel is felt
Ruax : the maximum radius of the fire
S7 . stoichiometric ratio
{: time
T : temperature of the hot gas/particulate layer
T2 : ambient temperature
V; : flame spread rate
U:: an adjustable parameter for the wall tem-
perature
Wk : width of the cubical compartment
Wy : width of the vertical vent
Za: discontinuity height
H : increase in enthalpy of hot gas/particulate
layer due to mass increase ‘
H,I: net enthalpy flow rate out of the vent
ma: mass flow rate of air into the compartment
iy ;. rate of volatilization
Mo . mass flow rate out of the vent
s : heat flux from the fire to the fire base
heat flux from the surrounding (hot layer and
walls) to the fire base
gs: radiative heat flux to the base of the compart-
ment
gsz: exchange factor between the hot layer and
wall element xz (x=1, 7, 7, t, 0, b, v stand for
the left, right, inner, outer, top, bottom wall
and vent opening respectively)
SzSy : exchange factor between wall element x and
wall element y (x,y=1, », i, 0, t, b, v)
x . combustion efficiency
©o: density of hot gas/particulate mixture
€: emissivity
¥ : absorption coefficient

dqr,surr :

2. Analysis

A simplified two zone compartment fire model®®
is used as the basis of the present study. While this
model can give only an overall picture with no fine
details, it contains all the relevant physics and is
sufficient for the present purpose, which is to illustrate
the importance of using an accurate radiation model
in assessing flashover.

2.1 Conservation equations
The compartment is assumed to be a cubical
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Fig. 1 Geometry and dimensions of the cubical compart-
ment

enclosure as shown in Fig. 1. The fire is assumed to be
a circular region in the center of the floor with radius
R. Following the mathematical development of
Bishop et al.*®9 the temperature of the hot gas/
particulate layer is governed by
dT _G—L-H (1)
dt Co
The energy gain rate of the hot layer depends on
whether the ratio of the mass air flow rate to the fuel
volatilization rate is greater than (fuel controlled fire)
or less than (ventilation controlled fire) the stoi-
chiometric ratio. Assuming that all energy of combus-
tion goes into the hot layer, G is given by

xmsH:  if M > Sy
mys
maH i (2)
LSy tte if Macgy
1 mf

G=

where y is the combustion efficiency, #2. is the mass
flow rate of air into the compartment, 7, is the rate
of volatilization, H. is the heat of combustion and S»
is the stoichiometric ratio.

The volatilization rate of fuel depends on the heat
transfer from the fire and the compartment surround-
ing to the fire base. It is given by

tg— (gt arsur)As (3)

vap
where ¢y is the heat flux from the fire to the fire base,
drsurr is the heat flux from the surrounding (hot layer
and walls) to the fire base, Hvap is the heat of vapori-
zation and Ay is the area of the fuel surface given by

A;=nR? (4)
The heat loss from the fuel surface (due to convection
and radiation) is assumed to be negligible compared
to the large incoming heat flux from the flame and the
surrounding hot layer. '

Following Emmons®®, the fire is assumed to have
the form of a cone and the heat flux from the flame to
the base is given by

ar=a(l—e ") (5)
where a is the total potential heat flux generated by
the free burning fire and & is an exponential
coefficient. The formulation of gs,sur depends on the
radiation model and it will be discussed in the next
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section.

The mass flow rate of air into the compartment is
assumed to be driven by buoyancy flow®® and is given
by

>(N4D) <N +§>
(6)

with D being the fractional height of the discontinuity
plane (which is defined as the lower plane of the hot
gas layer) given by

o Za ‘ .

D=4 D)
where Zs is the discontinuity height. N is the frac-
tional height of the neutral plane and it is taken
empirically to be

N=p+ 108 (8)

ma:%CDpO W 3’2\/29<1* 77‘?

Physically, the neutral plane is the plane across the
ventilation opening at which the pressure equals the
ambient pressure. The hot gas flows out of the com-
partment above the neutral plane while the cold gas
flows into the compartment below the neutral plane.
The rate of energy loss from the hot layer is given by

L=Ho+ Qu (9)
where H,, is the net enthalpy flow rate out of the vent
given by

Ho=1ioco(T — Ta) (10)

with #2, being the mass flow rate out of the vent.
Assuming that there is no accumulation of mass in the
compartment, 7, is related to #t. and #ir by
o=+ Ma (11)
Qw is the heat loss from the hot gas/particulate layer
to the wall. Its expression depends on the radiation
model and will be discussed in the next section. A
consequence of Eq.(11) is that there is no mass
increase within the compartment. This leads to
. H=0 (12)
and the mass of the hot gas/particulate layer is given
by

m= 0oL We(Hz —Z4) (13)
In Eq.(13), the density of the hot gas/particulate layer
is assumed to be constant at ©e. While this assumption
is in general not accurate as the gas layer temperature
rises and the soot concentration' increases, it is
retained in the present work so that the current result
can be compared with previous works®®~®" which
used this assumption. From the perspective of illus-
trating the effect of radiation on flashover, this
assumption is not expected to have a significant quan-
titative impact.

Finally, the differential equation for the rate of
change of the fire radius is given by Ref.(16).

dR R —Rmax

W: ‘/}(14@ Redge > (14)

JSME International Journal

531

where Rmax is the maximum radius, representing the
size of the fuel sample. Numerically, the empirical
parameter Reage is the distance from the edge at which
the rate of change of the fire radius is reduced to 0.63
V. Reage thus represents the characteristic distance
over which the edge effect is felt. The adjustment of
Vr is the flame spread rate which can be taken as®®

_ Kma
Vf‘“ ponNHv (15)

with K being a flame spread constant.

Note that Z; is taken as a constant. Previous
experience on zone modeling simulation indicated that
the smoke layer interface height depends only on the
opening height for a steady burning fire. Since the
objective of the paper is to illustrate the importance of
thermal radiation, this approach was used for simplic-
ity.

2.2 Radiation model of previous works

In nearly all of the existing theoretical
works™-U7 on flashover, ¢r.sur and Qw are generated
by assumihg a constant value of emissivity, &, for the
gas/particulate layer. For example, Bishop et al.®®
used the following expressions

drsue=0leT*+(1—&) Ta— T#] (16)

Qu=Auleo(T— T+ he( T — Tw)] an
with %: being a convective heat transfer coefficient
and Ay is the surface area of the surrounding wall
given by

Aw=2(LeWg)~+2(LzHz)+2(He W) (18)
To complete the mathematical description of the
model, the wall temperature is assumed to be between
the layer temperature 7" and the ambient temperature
Te given by ‘

Tw=U{T—Ta)+ Ta (19)
with U being an adjustable parameter between 0 and
1. '

A fundamental difficulty of this radiation model is
that it provides no physical correlation between the
layer emissivity € and measurable parameters such as
particulate volume fraction and temperature of the
hot layer which are known to have an effect on hot
layer emissivity. The model also does not account for
the effect of the compartment geometry (dimensions,
size of vent and radius of fire base) on the radiation
transport. ‘

2.3 The current radiation model

In the current model, particulates in the hot layer
are assumed to be the primary species for radiative
emission and absorption. While the gaseous species
(e.g. CO, and H,0) are known to contribute to the
flame radiative emission, their contribution is gener-
ally small. For example, a standard furnace 4 m high
and 2m in diameter consisting of a stoichiometric
mixture of CO, and H,O (generated from the combus-

Series B, Vol. 46, No. 4, 2003



532

tion of methane) at one atmosphere only has an
emittance of 0.11®”, Indeed, the presence of soot
particulates and luminous radiation from the hot layer
are known to be important factors in the occurrence
of flashover. The effect of gaseous radiation on
flashover is thus secondary compared to that of radia-
tion from the soot particulate.

Assuming that the size of the particulate is small
so that the Rayleigh’s limit of particle absorption is
valid, the absorption coefficient of the hot gas/particu-
late layer can be written as®”

a= e e (20)
where #nr and #: are, respectively, the real and imagi-
nary component of the index of refraction for soot
which are known functions of A. The emittance of a
soot cloud of thickness L is

T, L):% ﬁ Teo(TYA—e*Nar — (21)

Equation (21), together with Eq.(20), have been
evaluated numerically for soot generated by some
common fuel (acetylene and propane) and, it was
shown®V that the emittance can be approximated by
an equivalent gray model as
T, L)y=1—¢* (22)

with @ being an equivalent absorption coefficient
which is determined to be

36k, T
=0

where f» is the particulate volume fraction, £ is an
empirical constant in the range of 3.5 to 7.5 (depend-
ing on the fuel) and C: is the second radiation con-
stant. Note that the equivalent absorption coefficient
depends on the temperature of the blackbody intensity
with which Eq.(21) is evaluated. If « is used in the
evaluation of absorption, it should be evaluated at the
temperature of the radiation source.

In the present work, a gray soot model with an
absorption coefficient given by Eq.(23) will be utilized.
The radiative emission from the gaseous combustion
products will be ignored. Analysis with a more detail
non-gray soot model and the inclusion of radiation
from gaseous species will be considered in future
works.

Physically, the particulate volume fraction of the
hot layer is expected to increase as the fire grows. As
a first order approximation of this effect, the present
work assumes a linear relation between the particu-
late volume fraction and the fire radius. It is written
as

(23)

_ R
fo —mfu,o (24)

with f»,0 being a characteristic volume fraction which
is a function of the fuel.
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Assuming that the fuel surface can be treated as
a square of length Ly given by
exact expressions for the exchange factor between
the fire base, the hot gas/particulate layer and the
surrounding wall can be readily obtained either direct-
ly by numerical integration or using the tabulated
data and superposition procedure as outlined in Yuen
and Takara®. The definition of exchange factor and
its mathematical properties are described in Ref.(21).
For a cubic enclosure with W =Lr=Hz=40 cm, Za=
0 (i.e. the hot layer fills the whole compartment) and
a fire base with L,=30 cm, for example, the exchange
factor between the fire base and the hot layer (ssg),
the exchange factor between the fire base and the top
wall (sss¢) and the exchange factor between the hot
layer and the top wall (gs:) are shown in Fig. 2. It is
important to note that these factors depend strongly
on the absorption coefficient. The radiation transport
thus depends strongly on the hot layer temperature
and the particulate volume fraction.

Based on the concept of exchange factor, the
expression for gssur can be written as

Asgrsurr=0T*gss(k)

Se5r(kw) + 815 kw)
0Tl +5:57(tw)+5:57(kw) |+ 0T s05(ka)
+So—v57(Kw)

(26)
9s7(k) is the exchange factor between the hot layer
and the fire base. $z8r (x=t, [, », i, 0— v, v) stands for
the exchange factor between the top wall (¢), left wall
(1), right wall (7), inner wall (i), outer wall (o), the
vent opening (v) and the fire base respectively. The
subscript 0— v stands for the outer wall section minus
the vent opening. ’Il‘he subscript in the absorption

1

£
o
=
S .
S o
o
o
=
]
%
1
W o0

0.001

0.0001 0.001 0.01 .1 1
X

Fig. 2 Typical exchange factor between the fire base, the
hot layer and the enclosure walls for the consid-
ered compartment with We=Lz=Hr=40cm,
Lf: 30 cm, and Zd:O
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coefficient « indicates the temperature (wall, vent or
hot layer temperature) at which it is evaluated. Ina
similar manner, the expression for Qw is given by
gs:(#)+gss(k) 1
Qu=0T"* +gsx)+gs-(x)
+gs:(k)+ gso(k)
gs:(kw)+ gso-r(kw)
—oT4 ~+g5dkw)+ gsr(kw)
+ g5 kw) + gSo—v( kw)
where the subscript & stands for the bottom floor.
Equations (1) to (15), together with Eqgs.(20) to (27)
constitute a complete mathematical description of the
present transient compartment fire model. In addition
to predicting the transient behavior of the hot layer
temperature, the radiative heat flux to the compart-
ment floor can be readily evaluated by
Qo= Lz Wrqo=0T"*gs( 1)+ 0Tdsu55(ka)
$:86(kw) + 156 (kw)
+O‘T$ +Ser(ICw)+SiSb(Kw) ‘ ) (28)
+ So—vS6( k) ‘
Equation (28) can be used as a basis of evaluation for
the heat flux criterion of flashover. -

For simplicity, the walls of the enclosure are
assumed to be black and the hot gas/particulate layer
is assumed to be non-scattering in the development of
Egs.(26) to (28). The exchange factors are the
“direct exchange factors” between the wall elements
and the hot gas/particulate layer. In principle, Egs.
(26) and (28) are also applicable for non-gray walls
and a scattering hot gas/particulate layer with the
exchange factors interpreted as the “total exchange
factor”. The evaluation of these total exchange fac-
tors, however, is quite complicated. The considera-
tion of non-gray walls and scattering particulate are
not essential for the purpose of the present work,
which is to identify the effect of radiation on
flashover. These effects will be considered in the
future extension of the present work.

— UTégSv(/Ca) (27)

3. Results and Discussion

Numerical data are generated to examine the
effect of vent opening Wa, particulate volume fraction
Fon and the wall temperature parameter Uc on the
transient temperature rise of the hot gas/particulate
layer and the radiative heat flux to the compartment
floor. These parameters are selected because they are
expected physically to . be important parameters
affecting the occurrence of flashover. The effect of
other parameters will be investigated in future works.
For the value of other parameters, the present work
follows the approach of Bishop et al."® They are
chosen to describe a typical fire burning on a circular
PMMA slab developed on a scaled (i.e. 40 cm inside
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Table 2 Specified parameters in numerical examples

Compartment Parameters Fluid Parameters

Hr=40cm Cp=0.7
Wr=40cm po=1.25 kg/m®
Lr=40cm T,=300K

Hy=Hr=40cm cp=1003.2 J/kg-K

Fuel Parameters Heat Transfer Parameter

Ropax =15 cm h =7 Wim>K
Regge = 1 cm % =0.65

Kr= 1/2000 a=102,000 W/m®
Sr=825 b=112m’

Hisp = 1,008,000 J/kg
H, = 24,900,000 J/kg

Tr=1300K

cube) compartment. A listing of the parameters is
shown in Table 2. For a direct comparison, numerical
data are also generated with the previous radiation
model with a layer emissivity of é=0.41 (value used in
Ref.(16)).

For the case with U:=0 (Tw= T, the “cold wall”
case), the layer temperature and the corresponding
heat flux to the compartment floor for different vent
openings are shown in Figs. 3(a) to 3(e). The layer
temperature illustrates an interesting relation
between radiation and vent openings. When the vent
opening is small (for example, W»=5 cm) and the fire
is ventilation controlled, the primary effect of radia-
tion appears to be the heat loss to the surrounding
wall. The case with the smaller particulate volume
fraction (hence less radiation heat loss) has the higher
layer temperature. An increase in the particulate
volume fraction increases the radiative heat loss (to
the surrounding) and thus lowers the layer tempera-
ture. When the vent opening is large (W,>10cm)
and the fire is fuel controlled, the effect of radiative
feedback to the fuel surface appears to be more
important. The layer temperature increases with
increasing particulate {Iolume fraction. The increased
radiative feedback to the fuel surface increases the
burning rate and therefore the layer temperature.

It is interesting to note that result of the previous
radiation model (which does not depend on particu-
late volume fraction) agrees with the optically thick
(high particulate volume fraction) case for the venti-
lation controlled fire (W»=5cm) and it agrees with
the optically thin (low particulate volume fraction)
case for the fuel controlled fire. This result demon-
strates the physical difficulty of the previous radiation
model. By assuming a constant emissivity for the hot
gas layer and the wall in an ad-hoc fashion, the
previous model cannot yield a consistent interpreta-
tion of the physics, even in a limiting sense.
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Fig. 3(a) Temperature of the hot layer and radiative heat flux to the floor for Wo=5cm and U,=0 with
different particulate volume fraction
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Fig. 3(b) Temperature of the hot layer and radiative heat flux to the floor for Wo=10 cm and U.=0 with
different particulate volume fraction
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Fig. 3(c) Temperature of the hot layer and radiative heat flux to the floor for W,=20 cm and U.=0 with
different particulate volume fraction
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Fig. 3(e) Temperature of the hot layer and radiative heat flux to the floor for Wy=40 cm and U.=0 with

different particulate volume fraction

From the flashover perspective, results in Figs. 3
(a) and 3(e) and the temperature criterion (tempera-
ture of layer greater than 600°C) would suggest that
flashover occurs in the ventilation controlled case with
low particulate volume fraction (f»,0<107® for Wo=
5cm, fro<10"5 for We=10cm). The temperature
criterion is also satisfied for the high volume fraction
case (fo0>10"%) with W»=20 cm. The temperature
criterion is never satisfied for all particulate volume
fraction for the fuel controlled fire {W,=30, 40 cm).
The conclusion about flashover, however, is quite
different if the heat flux criterion is applied to the
result of Figs.3(a) to 3(e). Specifically, heat flux
criterion is not satisfied for all particulate volume
fraction for the fully ventilation controlled fire (Wy=
5cm) and the fully fuel controlled fire (W,=40cm).
For the W,=5 cm case, the high layer temperature is
attained when the particulate volume fraction is
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small. There is insufficient emission and therefore the
radiative heat flux to the compartment floor remains
low. For the W,=40 cm case, the temperature of the
hot layer is not high enough to generate the necessary
radiative heat flux. Results in Figs.3(b) to 3(d)
suggest that flashover occurs in cases with high par-
ticulate volume fraction (fp,0=107%10"%10°) for
fires which are neither totally ventilation controlled
nor totally fuel controlled (W,=10, 20, 30 cm). Note
that in the W»,=30 cm case, the heat flux criterion is
satisfied even though the hot layer temperature is only
about 800 K (500°C). It is important to note that the
association of flashover with high particulate volume
fraction is consistent with the observation that the
presence of smoke and luminous flame is a necessary
condition for flashover. Results in Figs.3(a) to3(e)
demonstrate readily that the temperature criterion
alone might not be an adequate condition for the
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identification of flashover. An accurate model for
thermal radiation heat transfer and a correct assess-
ment of the radiative heat flux to the compartment
floor are necessary for an effective assessment of the
flashover. :

Temperature results and the corresponding heat
flux to the compartment floor with U.=1 (7»=T, the
“hot wall” case), are shown in Figs.4(a) to 4(c).
The transient temperature behavior for different W,
is quite similar. Since there is no heat loss from the
hot layer to the wall, the primary heat loss from the
hot layer is due to that from the mass flow out of the
vent. For ventilation controlled fire (W,=5cm), the
radiative feedback to the fuel surface is not a control-
ling factor on the combustion rate, the steady state
temperature is independent of the radiative properties
of the layer and is thus insensitive of the particulate
volume fraction. For fuel controlled fires (W,=20, 40
cm), the radiative feedback effect has a more impor-
tant effect on combustion and the particulate volume
fraction has a stronger effect on the layer‘ tempera-
ture. The radiative heat flux to the compartment floor
also shows similar behavior for different vent opening
and particulate volume fraction. In general, the radia-
tion from the wall dominates the heat transfer and has
a major effect on the final steady state hot layer
temperature and heat flux to the compartment floor.
Because of the large radiative heat flux from the wall,
the two flashover criteria are readily satisfied in all
cases. It is interesting to observe that all the predict-
ed flashovers are quite “catastrophic” as there is a
nearly vertical jump both in the temperature and in
the radiative flux to the compartment floor. Physi-
cally, this suggests that a fire in a highly insulated
compartment will likely lead to a flashover. This is
consistent with physical expectation.

4. Concluding Remarks

The present work shows that radiative heat trans-
fer is clearly a dominant factor in the determination
of flashover. A theoretical model with an inaccurate
model of radiation can lead to conclusions with uncer-
tain accuracy.

Using a non-gray particulate radiation model and
the zonal method, a zone model is developed to deter-
mine the conditions leading to flashover. Numerical
data are presented to illustrate the effect of vent
opening, particulate volume fraction and the wall
temperature on the transient temperature rise and
flashover. Results demonstrate that the hot gas layer
temperature alone might not be a sufficient criterion
for flashover. Both high temperature in the hot layer
and high emissivity from the gas/particulate layer are
necessary to generate a heat radiative heat flux to the
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compartment floor. If the compartment is well in-
sulated, the radiation from the wall can also become a
dominant effect leading to flashover,

The present model can be used as a basis for a
more detailed non-linear analysis to identify the
different type of instabilities and their relation to the
transition to flashover. This task is currently under
consideration and will be reported in future publica-

tions.
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