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The present methods for predicting the occurrence of flashover are reviewed. 'These methods are based on
i closed-form estimate of the upper layer gas temperature which corresponds to the occurrence of
lashover using correlations derived from a wide range of test data. It was found that these methods gave
'easonable predictions of flashover for enclosures within the range of test data from which the correlations
were derived. However, the predictions were found to be not suitable for predicting rapid burning or
zonditions of flameover due to fire plumes and not the hot gas layer. It was also found to be not suitable
:or use in high ceilings because cooling of the upper gas layer from plume entrainment was not considered.
'l"one of the methods appropriately addressed the time for occurrence of flashover which is an important
1eterminant for assessing life safety. In this paper, a more general methodology for determining both the
conditions for flashover to occur and an estimate of the time at which it could occur is outlined. The
xoposed method is more fundamentally based and can therefore be extended to predict conditions of
lashover (and flameover) beyond the limits of the existing methods. Application of the proposed method
.s presented for predicting the occurrence and time of flameover from a burning storage rack to an
adjacent exposed rack based on a developing fire plume. TIle use of the method in determining the
.ikelihood of occurrence of flashover in high ceiling enclosures is also presented.
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[NTRODUCTION

-rom the time ignition occurs, a fire will grow if flammable vapours are released sufficiently to sustain
combustion, As the fire grows and provided there is adequate ventilation. sufficient heat may be released
such that all combustibles within the enclosure are involved. This transition is normally called flashover
although various definitions for it exist. The definition used in the international standards organisations
:lescribes flashover as the sudden transition from a localised fire to combustion of all exposed fuel
surfaces within an enclosure. The implication is that flashover only occurs within the bounds of an
eoclosure and therefore the assumption that all fuel surfaces which are exposed to the high temperatures
ire involved may be valid, provided the temperatures are high enough to initiate ignition. As the floor area
mcreases, the time lag for the hot gases to spread outwards may result in non-uniform heating over the
entirefloor area.

The time of occurrence of flashover is undoubtecDy an important event in the course of a fire. Besides
representing a relatively quick transition from a small to a vigorously burning fire, the occurrence of
flashover also represents the transition to being uncontrollable within the means of occupants. It is
:rerefore strongly associated with the occurrence of flame spread beyond the room of fire origin. It has
oeen found in USA retail fires that casualty and property loss rates increase by factors of 5.9 and 12 for
fire fighter fatalities and injuries respectively, 10 and 2.0 for civilian fatalities and injuries respectively and
12 for property losses between fires with extent of flame damage not confined and those confined within
:he room of origin [1].

The models which are available for predicting the occurrence of flashover generally relate to the conditions
.n which flashover will occur, expressed as a minimum heat release rate as a function of available
ventilation to the enclosure. However, the time to flashover is not explicitly expressed and this is because
the time history of a fire is inherently too random to be able to predict deterministically. In the mean time
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engineering judgements are called upon to make realistic estimates of time to ignition and time to reac
flashover. This paper discusses the variability in the determination of the time for flashover and propose
a more fundamental procedure for estimating the occurrence and time of flashover. The method j

appropriate for design applications whilst extending the application beyond the limits of present method (
prediction.

CRITERIA FOR FLASHOVER

Because flashover is a state of transition usually expressed qualitatively and is not a precise event,
number of definitions or 'descriptions' for flashover exists. These descriptions have a common theme i

that the fire undergoes very rapid growth. usually covering the entire enclosure space, and occurrir
within a relatively short time period. In order to objectively quantify this phenomenon. conditions uno
which flashover can occur can been prescribed by various researchers. The conditions which infer tJ

occurrence of flashover include:

• a minimum heat flux at floor level (20 kW/m2)

• a minimum burning rate (40-80 g/s)
• a critical ceiling temperature (600 "C)
• emergence of flames from opening
• thermal instability (between rate of heat release and heat losses)

However, the time at which these conditions are reached cannot be precisely defined because the tin
history of the fire growth at the preflashover stage is affected by a large number of factors. These include

• proximity of adjacent combustible items
• orientation of burning surfaces
• orientation of exposed surfaces
• surface area to mass ratio
• size and thickness of items
• thermo-physical composition
• cross-radiation (eg burning between two closely spaced items)
• behaviour ofthern1oplastics (melting and creating pool fires, involving other combustibles)
• ventilation and oxygen concentration in the enclosure
• effect of fire location on fire growth

Hence the criteria for flashover is strongly associated with the likelihood of ignition of the expose
combustibles.

TIME TO FLASHOVER

Although it has been recognised that flasbover is an important and distinctive event in the course of U
fire, the impact of the event in terms of designing for fire safety is less well described. Generall
flashover marks the transition beyond the point at which control of the fire by occupants is not likely at

control by the fire brigade services may be demanding, particularly if spread has occurred. The followir

situations may be associated with the time of occurrence of flashover:

• Occupants within the fire enclosure are not likely to survive.
• Occupants outside the fire enclosure are not likely to control the fire.
• Occupants are likely to perceive the fire to be a threat
• Fire is likely to spread beyond the fire enclosure through existing openings.
• Any glazing which has not broken is likely to break and falloff, thereby increasing the severity of the

fire and its potential to spread.
• Impact of the fire on the structure becomes significant
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be time to flashover is normally taken from the time of ignition. Hence the longer the time to flashover,
le more opportunity there is for detection and suppression of the fire to occur, and for the occupants to

vacuate safely. The time to flashover therefore has an important impact on the safety of occupants and

le likelihood of extensive damage to property [1]. Although the events and the conditions for the events
an be distinguished and defined, the time to flashover remains highly variable because the period from the

me of ignition to the occurrence of flashover occurs over a relatively unstable period of fire growth.

:XISTING METHODS OF PREDICTING FLASHOVER

be general basis of existing methods for predicting flashover is to apply an energy balance to the upper
.aslayer,

Q = m,cp(T, -T_ )+qlo~ (1)

vhere Q is the heat release rate of the fire (kW), m, is the mass flow rate out of the opening (kg/s), cp is

he specific heat of gas (kJ/kg·K), T, is the temperature of the upper layer gas (K), T_ is the ambient
emperature (K) and qlo~ is the net convective and radiative heat transfer from the upper gas layer (kW)

hrough the boundaries. The limiting value of Q is detennined on the basis of a critical rise in the upper

ayer temperature to cause flashover, usually in the range of 500°C to 600°C.

\ summary of the existing methods of predicting flashover is briefly outlined.

3ABRAUSKAS [2]

3abrauskas approximates the gas flow rate through openings as m, :=:: 05Ao~H 0 where Ao is the opening

irea (m2) and H, is the opening height (rn). TIle boundary heat loss, assumed as radiation to 40 percent of

he boundary surface area AT (rn-), is estimated as qlo~ =Ea(T,' - T~ ~.4OAT. TIle emissivity E is

issumed to be 0.5 and a is the Stefan-Boltzmann constant (5.67xIQ-ll kW/m2·K4
) . From test data, a

:orrelation between the boundary and opening areas is estimated as AT / A" .~H 0 :=:: 50 and a best fit

niggests the minimum Q for flashover is approximately 0.5 Qstoich' Flashover is considered to occur when

he gas temperature reach 873 K (or 500 °C). The limiting heat release rate is obtained as

Q = 750Ao~Ho kW (2)

(3)

MCCAFFREY, QUINTIERE AND IIARKLEROAD [3]

Ibe net heat loss to the boundaries is expressed as qlo~ =htAT(T, - T_). Based on an analysis of test data

from over 100 experiments, a correlation between .6.T (:=:: T, - T_) and Q was established. Adopting a

.emperature rise, .6.T = 500°C for the occurrence of flashover, the corresponding heat release rate to
achieve this is

Q = 6Hi.\htATAo~Ho t 2

kW

where h« is the effective heat transfer coefficient (kW/m·K).

For a temperature rise of 600°C, the coefficient in equation (3) increases from 610 to 800. ht may be

approximated by kJowherek is the thermal conductivity of the compartment boundary (kW/m·K) and 8 if
the thickness of the compartment boundary (m).

DIOMAS [4]

From experimental data, Thomas developed an average for qlo~ of 7.8 AT. Using an upper layer

temperature of 577°C or .6.T =600°C for flashover criterion, the minimum heat release rate at which this
occurs is
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(4)

DISCUSSION

Due to the similarity of the basis of the above approaches, varying only in the adoption of flashov ~

criterion in terms of gas temperatures and assumptions in solving for the heat loss terms, it would tte
expected that the three methods provide reasonably close agreements in predicting the occurrence)
flashover. To illustrate this, the three methods are applied to a 3 x 4 x 3 m high enclosure with I

3 x 1.5 m high window opening. 'The results are shown in Table 1 foc various combinations of wino, 4

sizes. It is clear that McCaffrey's predictions are the most conservative (ie giving lowest Q) whi.s

Babrauskas' are the least conservative. Thomas' predictions appear to lie in between McCaffrey's a:.:

Babrauskas', 111is suggests that McCaffrey's adoption of a 500°C temperature rise is a relati vt.!
conservative estimate. Using a temperature rise criterion of 600°C, McCaffrey's revised predicuocs
(shown in brackets in Table 1) approach that of Thomas' predictions.

Table I. Comparison of Flashover Predictions

Window Window Ao..JH: Q(MW)
# height (m) width (m) BabrausIcas Thomas CFASTMcCaffrey et al
1 h wl2 2.76 2.1 1.4 (1.8) t 1.5 2.0
2 h w 5.51 4.1 1.9 (2.6) 2.6 2.8
3 h 2w 11.0 8.3 2.6 (3.5) 4.6 4.2
4 2h w 15.6 11.7 3.1 (4.1) 6.3 5.0

t values in brackets are based on .1T= 600 °C

i
1 - •

c •

~

CFas\

TIme(m)

Figure 1. Comparison of Flashover Predictions,
B I-B4: Babrauskas, MI-M4: McCaffrey,

Tl-T4: Thomas, 1-4: CFast

000r------r----r----~==--~-~;-:

TIME TO IGNITION

With the availability of computer fire models, particularly zone models, the prediction of flashover may ~o:

better estimated taking into account more accurate ventilation flows, varying fire growth rates, rex .-:
geometry and the associated heat losses through the enclosure boundaries. Using the enclosure from t:~

previous example, a t-squared fire [9] is simulated using a zone model [5] to determine the time a:..
corresponding heat release rate for the upper
layer gas temperature to reach 600°C. An

ultrafast t-square fire is adopted and the
results are shown in the last column in Table
1. TIlls compares well with Thomas' and
McCaffrey's method based on a 600°C

In ~ 6001·················temperature rise criterion. addition, bah e
McCaffrey's and Thomas' methods have a ~ •
variable allowance for the boundary surfaces 1400--~-#--+---i-1---.....,,#O--_------I<i J
as opposed to Babrauskas' fixed correlation I- J
of Ar /Ao~H 0 <= 50 . TIle AT/ Ao~H 0

ratios in cases #1 to #4 ranged from 23.3 to
3.7 respectively and this may explain the
departure of Babrauskas' predictions.

Piloted ignition, particularly of wood, has
been studied extensively over the past 40 to 50 years. 'The time to piloted ignition, til' of a certain maten4!
is primarily a function of the incident heat flux. Ignitibility of the given heat flux depends on the therrr..ll
properties of the material, particularly the thermal inertia, kpc, where k is the thermal conductivity of t:lC

solid, P is the density of the solid, and c is the specific heat of the solid Much of the work in correlatir..

the time to ignition with irradiance, q:, used a power law of the form [6]

(q: -q:r )t; = C

286



where C is COI15tant foc a given material (usually correlated with kpc) and <i:r is the critical irradiance

below which piloted ignition doesnot occur. However, the product term kpc is temperature dependent and
Janssens [6] suggested that the apparent kpc should correspond to a temperature halfway between ambient
and tit.

For thermally thick (semi-infinite) solid, the time to ignition is given by

1r kPC(~t -T_ f
tit ::: 4 q"2 (5)

where T_ is the initial temperature of the solid, and 4.. is the net constant surface heat flux to the solid.

The above expression assumes no heat is lost To allow for heat loss, the net surface heat flux can be

represented as [7].

q" ::: q; -h(T-T_)-o1" (6)

where 4.: is the external heat flux, h is the convective heat transfer coefficient and (J is the Stefan

Boltzmann constant. However, in realistic situations, the combustible will be exposed to a variable
(increasing) heat flux.

Tewarson [8] introduced a variation of the form of equation (5) by the use of two parameters: Critical
Heat flux (CHF) andThermal Response Parameter (fRP). The CHF (kW/rn2) is the minimum heat flux
at oc below which a material cannot generate a combustible mixture for ignition to occur. The TRP (kW
SlrJ./m2) is the resistance of a material to generate a combustible mixture. The higher the CHF and TRP,
the longer it takes for the material to beat up, ignite, and initiate a fire, and thus lower the fire propagation
rate. Tewarson's version of equation (5) is as follows:

IT ::: .[4I;(iJ; -CHF)

Vt~ 11{P

where til is the time to ignition (s), 4.: is the external heat flux (kW/rn2) .

Rearranging,

does not change with a varying value of 4.:,
the time of ignition can then be evaluated
such that

(8)i
,·it

q;dt::: 1r/4xTRP2

1=0

,;, = :(4;~HFJ (7)

Hence, TRP is equivalent to ~kpc(~, - T_) and CHF is simply a measure of the heat loss

h(T - T_)+ 01". The heat loss component is particularly significant at low external heat flux values as

shown in Figure 2.

The time to ignition assumes a COI15tant
external heat flux which is unlikely to occur
in real fires. From equation (7), the product

tit x (q; -CHFr is a constant equal to

1r/4X(TRPt. Assuming that the constant i
~
~ ....... , ..,.,
u:
}2

o 50 100 200 250 300 350 400 450 500

TImeto Igrvtlon (s)

Figure 2. Tune to ignition for Douglas Fir

?R7



where q: = (q: - CHF) and 1=0 corresponds to the time for q: to reach the critical heat flux, CHF.

Assuming that 4: develops at a rate similar to a r-square fire (discussed in the next section), the value of

heat flux at which ignition occurs for the various growth rate categories of r-square fires are shown in

Figure 2.

Hence for a r-squared fire growth. the time to ignition at its maximum heat flux is approximately 3.2 times
the ignition time if the heat flux was held constant at this maximum.

FIRE GROWTH RATE

It is obvious from the preceding discussions that the solution to predicting time of flashover lies in the
prediction of the fire growth itself and the time history of the heat flux on the exposed combustible
Considering that fire growth depends on the conditions local to the area of ignition, any form of predictior
would therefore require certain assumptions of the prevailing conditions at the time of the fire. Despite
these uncertainties, the rates of growths of many fires have been found to approximate a parabolic growr:
after an incubation period [9] as follows:

Q = a,(I-lo )2

where ar is the fire growth coefficient (kW/s2) and 10 is the length of the incubation period (s). The
incubation period is highly indeterminate and is USUally Ignored in calculations for flashover fires. The

fire growth coefficient is expressed as 1055/1/ where I, is the growth period. I, corresponding to 6<X
300, 150, and 75 s have been used to categorise fires as slow, medium, fast and ultra-fast respectively. I~

the preceding example, a rapid rate was used to correspond to a growth period of 37.5 s.

In a number of full scale postflashover fire experiments involving typical office furnishings, [10], [11], tIk"

ultra-fast growth rate has been shown to provide a good fit for the growth rate prior to flashover [I::
nus paper will discuss the use of such a growth rate to provide a time estimate for flashover.

F02

20

F03

15

TIme (min)

Figure 3. Heat release rates for Project 4 Tests FO l-F04

PROJECT 4 FIRETEsTS [13]

A series of fire tests were carried out in a
5.39 x 3.69 x 2.4 m high enclosure to
investigate the behaviour of flashover fires. i
The enclosure connects to a corridor (15.6 x ~

1.4 x 2.57 m high) via a door (0.8 x 2.0 m) c;
on the north side and has a 2.4 x 1.5 m high ~
glazed external window on the south side. In i
two of the tests (FO1 and F04) the door to
the corridor was opened and in another two
(F02 and F03) the door was closed. The
corridor leads to a stairwell but the door to it
was closed except foc Test F04. The burn
room had weighing platforms to monitor the
mass loss. The fire loads in all the tests was about 568 kg wood equivalent (using an equivalent heat c·~

combustion hc=18.4 MJ/kg). The resulting heat release rates were calculated from the burning rates usir.;
an effective heat of combustion hc=15 MJ/kg. The results for the four tests are shown in Figure 3.

Using the above methods for flashover predictions, the minimum heat release rates for flashover to occi:

(QIO) and the corresponding times of occurreree (tlo) at which the measured heat release rate reached the;.~

values are shown in Table 2. Also shown are the observed times flasbover occurred for each test and t:a::
corresponding heat release rates.
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Table 2. Comparison of Flashover Predictions with Project 4 Tests

Measured Observed Babrauskas McCaffrey Thomas

Test Qlo tID Qlo tID o; tID Qlo tID

(MW) (min) (MW) (min) (MW) (min) (MW) (min)
POI 2.9 7.3 5.0 11.2 3.1 Il.l 3.1 11.1
P02 3.1 14.3 3.3 15.5 2.6 14.1 2.3 14.1
P03 3.1 13.0 3.3 13.1 2.6 12.9 2.3 12.8
F04 2.3 9.0 5.0 10.9 3.1 9.9 3.1 9.9

30

• low

10 15

TIme (min)

Figure 4. Adjusted Time Axis

rapid

All of the predictions for Q/o are quite reasonable. The predictions for the corresponding times t/o are also
very good, apart from test FO1. It is suspected that the measurements for Test FO1 are erroneous and
should be igoored. The reason for the departure in the prediction for Test FO 1 is that the burning rate
I and hence Q/o) dropped near the point of flashover, due likely to measurement error. If the drop is
ignored and the burning rate extended or interpolated, the resulting prediction times for flashover will
approach the observed times

It does not appear that varying the door opening condition has a significant effect on the burning rate.
Tbere were, however, significant variations in the incubation periods. In all the four tests the burn room
window cracked between 4:40 (min:sec) and 5:15 following ignition. In all except test F04, the burn room
window was lowered when the inside glass surface temperature reached 250°C. The first minor peak at
around 3 MW was due to the occurrence of
flashover. The burning rate for the tests
appears to plateau at about 5 MW.

When the time axes are adjusted for each
test such that the growth rates are aligned,

the growth rates appear to be similar for all i
co

the tests as shown in Figure 4. Overlaid ~

within Figure 4 are the r-squared fires j
described previously. Except for Test F04, a:

the growth rates all appeared to follow an I
ultra-fast growth rate to the point of
flashover. The minor dips in F04 prior to
flashover are due to the natural process of
glass breakage and dislodgement which
tended to prolong the growth rate.

Figure 5. Fire Test Enclosure

The

I
4.8m

II
8m~ .>Sm

~

PROJECf 6 FIRE TEsTS [14]

A full scale test (#4) resembling the storage room of a
specialty shoe shop was conducted in a 5 x 8 x 4.8 m
high enclosure as shown in Figure 5. The walls on
three sides were only 3 m high to replicate the ceiling
space from the wall top ends to the floor soffit. The
storage room had a 2 x 2 m opening to the public
area. The burn enclosure was located in the middle of
a burn hall with approximate plan dimensions of 30.2
x 55.2 m and an effective height of 8.5 In. The burn
hall was effectively sealed (i.e, all doors closed)
although observations of smoke from outside the
building suggested that there was appreciable air

leakage through the building. An allowance for
leakage of about O.lm over the enclosure height produce comparable smoke level predictions [15].
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combustibles were all shoes in boxes stacked in two double-sided steel racks up to about 3.5 ill. The
distance between the racks was 1.0 m. TIle total mass of shoes and boxes were 2704 kg and ill
effective heat of combustion of 26.3 MJ/kg. TIle calculated heat release rate is shown in Figure 6. j

an ultra-fast fire growth rate (offset at 22 mins) is seen to fit well.

Due to the vertical arrangement of the combustibles, the fire spread quickly up the shelving when th

grew to a critical size. TIle period of rapid spread (jlameover) which would be equivalent to 'flashc
occurred between 26 to 27 minutes into the test when flames were observed to spread across the ai:

the other shelf and rapidly involved most of the exposed boxes. TIle onset of flarneover may be tall

the point where the heat release rate begins to climb steeply from about 10 MW. Comparison wit
calculated predictions are shown in the first row (#4-BE) of Table 3.

Table 3. Comparison of 'Flashover' Predictions

Measured Observed Babrauskas McCaffrey Thomas
Test Qlo tlo a; tlo a: tlo Qlo tlo

(MW) (min) (MW) (min) (MW) (min) (MW) (min)
#4-BE 10 -26 42.3 28.9 13.3 26.2 22.6 26.7
#4-BH na na 1.9 23.1 15.1 26.4 38.3 28.6

IT

45

0.60.70.60.5

35

Tlmll(m)

0.4

30

Em •• ivity x Conftguration Factor

0.30.20.1

Figure 6. Tests 4 - Specialty shoe shop fire
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RADIATION CONFIGURATION FACTORS

Up to this point the conventional methods for
flashover prediction have been shown to be
quite reasonable provided the following
conditions apply:
• the size of the enclosure and openings lie

within the range of the tests from which
the equations were derived (this is
typically up to about 12 m2 floor area).

It is obvious that the predictions for QIO are
not applicable in this case. This is because
the flashover phenomenon is not due to
radiation from a hot gas layer but from the

extended plume due to burning of the storage l
rack. TIle second row (#4-BH) are co

predictions when the burn haIl is considered ~
co

as the enclosure. Assuming a restricted J
co

ventilation of 0.1 m over the building height, a: 2

it is interesting to note that the predictions I
were within the heat output range of the fire.
Although tbete were combustibles stored
within the burn hall but away from the burn
enclosure, flashover definitely did not occur.
TIle equations for flashover prediction are
therefore not applicable to an enclosure this size. Flame spread within an enclosure this high WOl

expected to come from radiation of the fire plume, which was indeed how the fire spread to the op
shoe rack. TIle temperature of the hot gas layer of the burn haIl only reached 300 °C (Figure 9) I

significant entrainment along its relatively
tall plume height. It was therefore not

sufficient to cause flashover.

Figure 7. Radiation Levels from Gas Temperature
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Figure 8. Configuration factors (et) for various aspect ratios
(Ll ,U=dimensions of radiating panel (Ll~),

H=normal distance from panel to target,
A=area of radiating panel)

• the flashover phenomenon, in terms of
rapid fire spreadover the surface of
exposed combustibles, is applicable only
to radiation from the hot gas layer and
not from a fire plume.

• the enclosure height is not excessively
high (the test datacorrelationsare mostly ~ 1

3 m oc less) otherwise entrainment effects
will significantly lower the upper layer
gas temperature.

The flashover predictions above have all o.

adopted a critical upper gas layer
temperature and tberefore assume that the
radiation from the gas layer at the critical
temperature is sufficient to cause ignition of
exposed combustibles located at the floor
below. For configuration factors in the
range of 0.5 - 1.0, a gas temperature level of
600 °C based on an emissivity value of 1.0 does produce sufficient levels of radiation to ignite
combustibles in the normal ignition range of 20 W/m2 as classified by Babrauskas [16]. This is illustrated
in Figure 7. However, in order to obtain a configuration factor within this range, the aspect ratio of the

radiating surface must be within the limits shown in Figure 8 (i.e. H /.fA < 0.5).

PROPOSED METiiODOLOGY

The prediction for flashover could therefcre be much more rigorous if it was based directly upon the
ignition of combustibles rather than an upper gas layer temperature correlation for ignition. Its application
can also be extended more appropriately for predicting flameover which is basically how the flashover
phenomenon arises from if time to ignition of the appropriate combustibles were considered, Accordingly,
it can be used for predicting ignition of combustible ceiling or walls from a growing fire plume located at a
distance from the combustible surface. Because it is more fundamentally based, its application is not
necessarily restricted to the range of tests upon which the existing methods were derived from.

Based on this, the following method of predicting flashover is proposed.

1. Determine the flame or gas temperature.
2. Determine the radiation configuration factor
3. Calculate the imposed radiation heat flux
4. Check if heat flux exceed ignition range ofexposed combustibles

The above steps should be evaluated for radiation from a hot layer and from a plume, the laner being more
appropriate for high rack storage or enclosure with high ceiling heights. Details of the methodology are
illustrated using Project 6 Test #4 [14].

CASE 1. SPREAD VIA FlREPLUME

The fire is assumed to grow at an ultra-fast rate. Hence Q =0.1876r kW. The visible or mean flame

height hl(m) is given by [17]

hI = 0.23Q;'s -1.02D

where D is the diameter of the fuel bed and Qc (kW) is the convective portion of the fire and is
approximately O.7Q. For all practical purpose, the equation may be simplified to

hI = O.2Q/1S (9)
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The width of the plume to the point where the temperature rise has declined to half its centreline value

approximated as [8]

bp = 024~TI /T_ hf

where Tf is the centreline flame temperature (K). Tf varies from 921°C for 'sooty' flames (benzene I

1218°C for 'clean' flames (alcohol) [18]. The effective area of the radiating plume Ap is therefore hp x !

The configuration factor l/> can now be calculated or estimated from Figure 8. The emissivity is calcula:
as

where xts the effective absorption (emission) coefficient and S is the thickness or mean beam length of t
flame. Typical values of xtsx solid fuels are 0.5 for PMMA, 0.8 for wood and 1.2 for polystyrene. 'The

imposed radiant heat flux q, (kW/m2) is then detennined as HI..fA

q. = El/> «t;

The time of ignition at the exposed combustible is then determined in accordance with Eqn, (8). T

application of this procedure is illustrated for FCRC Project Test #4. The separation between the Shell

is 1.0 m and the ignition parameters taken from Table 3-4.2 of the SFPE Handbook [8] for corrugat
paper with coating (10% by weight) are CHF = 10 kW/m2 and TRP =435 kW_sl12/m2

. The RHS of Eo:
(8) is therefore nt4x~= 148616. The LHS can be evaluated using a finite difference approa:
Ignition occurs when the LHS exceeds the RHS. The calculations are illustrated in Table 4.

Table 4. Tabulated calculations for plume radiant ignition

1 Q hp bp Ap ~ H E q. HIlA q. q;!11 Lq;!1t
min MW m m m' m kW/m' kW/m'
0.0 0.00 0.00 0.00 0.0 0.00 0.00 0.00 0.0
0.2 0.03 0.65 0.31 0.2 0.06 0.31 0.22 1.3 2.23
0.4 0.11 1.13 0.54 0.6 0.16 0.54 0.35 5.6 1.28
0.6 0.24 1.56 0.75 1.2 0.25 0.75 0.45 11.8 0.92 1.8 20 20
0.8 0.43 1.96 0.94 1.9 0.34 0.94 0.53 18.7 0.73 8.7 328 348
1.0 0.68 2.35 1.13 2.7 0.42 1.00 0.55 23.7 0.61 13.7 1508 1856
1.2 0.97 2.72 1.31 3.6 0.49 1.00 0.55 27.5 0.53 17.5 2924 4779
1.4 1.32 3.07 1.48 4.5 0.54 1.00 0.55 30.7 0.47 20.7 4361 9140
1.6 1.73 3.42 1.64 5.6 0.59 1.00 0.55 33.4 0.42 23.4 5813 14953
1.8 2.19 3.76 1.81 6.8 0.63 1.00 0.55 35.7 0.38 25.7 7222 22175
2.0 2.70 4.09 1.97 8.0 0.67 1.00 0.55 37.7 0.35 27.7 8553 30728
2.2 3.27 4.41 2.12 9.4 0.70 1.00 0.55 39.4 0.33 29.4 9793 40521
2.4 3.89 4.73 2.28 10.8 0.72 1.00 0.55 40.9 0.30 30.9 10937 51459
2.6 4.56 4.80 2.43 12.2 0.75 1.00 0.55 42.3 0.29 32.3 11986 63444
2.8 5.29 4.80 2.57 13.8 0.77 1.00 0.55 43.4 0.27 33.4 12944 76389
3.0 6.08 4.80 2.72 15.4 0.79 1.00 0.55 44.4 0.25 34.4 13819 90207
3.2 6.91 4.80 2.86 l7.1 0.80 1.00 0.55 45.4 0.24 35.4 14616 104823
3.4 7.81 4.80 3.01 18.8 0.82 1.00 0.55 46.2 0.23 36.2 15342 120165
3.6 8.75 4.80 3.15 20.6 0.83 1.00 0.55 46.9 0.22 36.9 16005 136170
3.8 9.75 4.80 3.29 22.5 0.84 1.00 0.55 47.5 0.21 37.5 16611 152781

Hence the RHS term is exceeded when approaching 3.8 minutes when Q is about 9.5 MW. In real l

(i.e, including the offset of 22 mins) the flashover is predicted to occur at 25.8 mins. This checks out \
with Figure 6 and is also consistent with observations recorded at the test [14].
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Figure 9, Results from CFast
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2ASE 2. HOT LAYER IN LARGE ENCLOSURE .

The proposed method is now applied to
assess if flashover could have occurred wren

considering the burn hall as the fire

enclosure. In this particular test, the i
combustion was partially limited by !
restricted ventilation as would be expected. j
Because this is a highly transient process, it a:

would be extremely difficult to incorporate I
within a closed-form solution. A zone model
such as CFast [5] which can treat vitiated

burning is therefore used. Hence when the
test configuration is simulated using the beat

release rate as shown in Figure 6, the
resultant beat release rate and the
temperature of the upper gas layer of the burn hall obtained are shown in Figure 9.

From Figure 8, the configuration factor for the burn hall is about 0.85 (LlIL2=O.55, H/.J A=0.21) and

from Figure 7, the corresponding gas temperature for flashover is about 540 DC. The measured and

predicted upper layer gas temperature only reached 300DC and therefore flashover would not (and did not)
occur.

CONCLUSION

The present methods for predicting the occurrence of flashover are reviewed. These methods are based on

a closed-form estimate of the upper layer gas temperature which corresponds to the occurrence of

flashover using correlations derived from a wide range of test data. It was found that these methods gave
reasonable predictions of flashover for enclosures within the range of test data from which the correlations

were derived. However, the predictions were found to be not suitable for predicting rapid burning or

conditions of flameover due to fire plumes and not the hot gas layer. It was also found to be not suitable

for use in high ceilings because cooling of the upper gas layer from plume entrainment was not considered.

None of the methods appropriately addressed the time for occurrence of flashover which is an important

determinant for assessing life safety. In this paper, a more general methodology for determining both the
conditions for flashover to occur and an estimate of the time at which it could occur has been outlined.
The proposed method is more fundamentally based and can therefore be extended to predict conditions of

flashover (and flameover) beyond the limits of the existing methods. Application of the proposed method

has been presented for predicting the occurrence and time of flarneover from a burning storage rack to an

adjacent exposed rack based on a developing fire plume. The use of the method in determining the

likelihood of occurrence of flashover in high ceiling enclosures was also presented.

REFERENCES

[1] Thomas, I.R., "Analysis of USA Retail Fires", BHP Research Report No. BHPRlSMIRIGI061,
February 1997.

[2] Babrauskas, V., ''Estimating Room Flashover Potential", Fire Technology, 16. 2, pp. 94-104,

1980.
[3] McCaffrey, B.I., Quintiere, I.G. and Harkleroad, M.F., ''Estimating Room Fire Temperatures and

the Likelihood of Flashover Using Fire Test Data Correlations", Fire Technology, 17, 2, pp.98
119, 1981.

[4] Thomas, P.H., "Testing Products and Materials for Their Contribution to Flashover in Rooms",
Fire and Materials, 5,3, pp.103-11 1 (1981).

293



[5] . Richard D. Peacock. Glenn P. Forney, Paul Reneke, Rebecca Portier and Walter W. Jones
"CFAST, the Consolidated Model of Fire Growth and Smoke Transport", National Institute c
Standards and Technology, Technical Note 1299, February 1993.

[6] Janssens, M., "A Thermal Model for Piloted Ignition of Wood Including Variable Thermophysicr
Properties", Fire Safety Science Proceedings of the Third International Symposium, ppI67-17c
1991.

[7] J. G. Quintiere, "FIre Growth: An Overview", FIre Technology, First Quarter, pp7-31, 1977.
[8] 'The SFPE Handbook of Fire Protection Engineering", National Fire Protection Associatior

Version 2, June 1995.
[9] Heskestad, G., "Engineering Relations for Fire Plumes", Fire Safety Journal, 7, 1984, pp.25-32.
[10] Thomas, LR., Bennetts, 1.0., Dayawansa, P., Proe, DJ., Lewins, R.R., "Fire Tests of the 14

William Street Office Building, BHP Research Report No. BHPRIENGIRJ921043/SG2C, 1992.
[11] Proe, D.J. and Bennetts, LD., "Real Fire Test in 380 Collins Street Office Enclosure", BH

Research Report No. BHPRlPPNRI9410511SG021A, 1994.
[12] Poon, S.L., "A Design Fire for Use in Predicting the Performance of Exposed Structural Ste

Members", Fourth Pacific Structural Steel Conference, Singapore, October 1995, Pergarnor
pp749-756

[13] Alam, T. and Beever, P., "Flashover Fires - An Experimental Program", CESARE Report 96-00:
October 1996.

[14] Bennetts, I.D., Culton, M., Dickerson, M.L., Lewins, R., Poh, K.W., Poon, S.L., Ralph, R., Lee
A.C., Beever, P., Cooper, R.J., Haggar, P.L, Moore, I.P., Ramsay, G.C., TImms, G.R
"Simulated Shopping Centre FIfe Tests", BHP Research Report No. BHPRISMIRIG/062, Marc
1997.

[15] Poon, S.L., "Modelling Unsprinklered Fires Using Zone Models", <to be published>.
[16] Babrauskas, V., "Will the Second Item Ignite?", Fire Safety Journal, 4 (1981182) pp 281-292.
[17] Heskestad, G., 'Luminous heights of turbulent diffusion flames", Fire Safety Journal, 5, 103-10:

1983.
[18] Rasbash, D.J., Rogowski, Z.W., and Stark. G.W.V., "Properties of fires of liquids", Fuel, 31, 9·

107, 1956.

294




