SECTION THREE

CHAPTER 6

Estimating Temperatures
in Compartment Fires

Introduction

The ability to predict temperatures developed in com-
partment fires is of great significance to the fire protection
professional. There are many uses for a knowledge of
compartment fire temperatures, including the prediction
of (1) the onset of hazardous conditions, (2) property and
structural damage, (3) changes in burning rate, (4) ignition
of objects, and (5) the onset of flashover.

The fundamental principles underlying compart-
ment fires are presented in Section 3, Chapter 5. This
chapter gives a number of simplified solution techniques.

Fire Stages

In this chapter, compartment fires are defined as fires
in enclosed spaces, which are commonly thought of as
rooms in buildings, but may include other spaces such as
those found in transportation vehicles such as ships,
planes, trains, and the like.

Compartment fires are often discussed in terms of
growth stages.! Figure 3-6.1 shows an idealized variation
of temperature with time along with the growth stages.
The growth stages are

1. Ignition

2. Growth

3. Flashover

4. Fully developed fire
5. Decay

While many fires will not follow this idealization, it
provides a useful framework for the discussion of com-
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partment fires. All fires include an ignition stage but, be-
yond that, may fail to grow, or they may be affected by
manual or automatic suppression activities before going
through all of the stages listed above.

Growth Stage Definitions
Ignition stage: The period during which the fire begins.

Growth stage: Following ignition, the fire initially
grows primarily as a function of the fuel itself, with little
or no influence from the compartment. The fire can be
described in terms of its rate of energy and combustion
product generation. A discussion of energy generation or
burning rate can be found in Section 3, Chapter 1. If suffi-
cient fuel and oxygen are available, the fire will continue
to grow, causing the temperature in the compartment to
rise. Fires with sufficient oxygen for combustion are said
to be fuel controlled.

Flashover: Flashover is generally defined as the transi-
tion from a growing fire to a fully developed fire in which
all combustible items in the compartment are involved in
fire. During this transition there are rapid changes in the
compartment environment. Flashover is not a precise
term, and several variations in definition can be found in
the literature. Most have criteria based on the tempera-
ture at which the radiation from the hot gases in the com-
partment will ignite all of the combustible contents. Gas
temperatures of 300 to 650°C have been associated with
the onset of flashover, although temperatures of 500 to
600°C are more widely used.? The ignition of unburnt fuel
in the hot fire gases, the appearance of flames from open-
ings in a compartment, or the ignition of all of the com-
bustible contents may actually be different phenomena.

Fully developed fire: During this stage, the heat release
rate of the fire is the greatest. Frequently during this stage
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Figure 3-6.1. General description of room fire in absence of fire control.

more fuel is pyrolized than can be burned with the oxygen
available in the compartment. In this case, the fire is said to
be ventilation controlled. If there are openings in the com-
partment, the unburned fuel will leave the compartment
in the gas flow and may burn outside of the compartment.
During the fully developed stage, the environment within
the compartment has a significant effect on the pyrolysis
rate of the burning objects.

Decay stage: Decay occurs as the fuel becomes con-
sumed, and the heat release rate declines. The fire may
change from ventilation to fuel controlled during this
period.

Compartment Fire Phenomena

Compartment Fire Model

In order to calculate or predict the temperatures gen-
erated in a compartment fire, a description or model of
the fire phenomena must be created. This model will be
described in terms of physical equations which can be
solved to predict the temperature in the compartment.
Such a model is, therefore, an idealization of the compart-
ment fire phenomena. Consider a fire which starts at
some point below the ceiling and releases energy and
products of combustion. The rate at which energy and
products of combustion are released may change with
time. The hot products of combustion form a plume,
which, due to buoyancy, rises toward the ceiling. As the
plume rises, it draws in cool air from within the compart-
ment, decreasing the plume’s temperature and increasing
its volume flow rate. When the plume reaches the ceiling,
it spreads out and forms a hot gas layer which descends
with time as the plume’s gases continue to flow into it.
There is a relatively sharp interface between the hot up-
per layer and the air in the lower part of the compartment.
The only interchange between the air in the lower part of
the room and the hot upper layer assumed is through the
plume. As the hot layer descends and reaches openings in

the compartment walls (e.g., doors and windows), hot gas
will flow out the openings and outside air will flow into
the openings. This description of compartment fire phe-
nomena is referred to as a two-layer or zone model. The
basic compartment fire phenomena are shown schemati-
cally in Figure 3-6.2.

The two-layer-model concept assumes that the com-
positions of the layers are uniform, that is, that the tem-
perature and other properties are the same throughout
each layer. Although the temperature of the lower layer
will rise during the course of the fire, the temperature of
the upper layer will remain greater and is the most impor-
tant factor in compartment fires. The assumptions may be
less valid for very large spaces or for long, narrow spaces
such as corridors and shafts.

Calculation of Compartment Fire Temperatures

The basic principle used to calculate the temperature
in a compartment fire is the conservation of energy. As ap-
plied to the hot upper layer, the conservation of energy
can be simply stated as follows: the energy added to the
hot upper layer by the fire equals the energy lost from
the hot layer plus the time rate of change of energy within
the hot upper layer. From the time rate of change of en-
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Figure 3-6.2. Two-layer model with no exchange be-
tween layers except the plume.




Estimating Temperatures in Compartment Fires

3-173

ergy within the hot layer, the temperature of the layer can
be computed. Conservation of energy can also be applied
to the lower layer. Since the volume of the upper layer
changes with time, and mass flows in and out of the up-
per layer, conservation of mass must be used along with
the conservation of energy. Because the energy generated
by the fire and the temperatures in the compartment vary
as a function of time, the application of conservation of
energy will result in a series of differential equations. For
the purposes of examining the components of the conser-
vation of energy, the steady-state expressions for the con-
servation of energy for the hot upper layer will be used.

The transport of energy in a compartment fire is a
very complex process. In order to formulate expressions
for the conservation of energy in a practical way, a num-
ber of assumptions must be made. It is possible to formu-
late the equations for the conservation of energy in a
number of ways, based on the level of detail desired. The
expressions and assumptions used in this chapter are
based on those commonly found in the fire research liter-
ature and represent a somewhat simplified description of
the phenomena. Additional details may be found in the
references cited.

The steady-state conservation of energy for the hot
upper gas layer in a compartment can be simply stated as
follows: the energy generated by the fire and added to the
hot layer equals the energy lost from the hot layer
through radiation and convection plus the energy con-
vected out the compartment openings.

Energy Generated by the Fire

The energy generated by the fire is the primary influ-
ence on the temperature in a compartment fire, and much
research has been conducted in predicting the energy re-
lease rate of many fuels under a variety of conditions. This
discussion will focus on flaming combustion, as it is most
important in generating a significant temperature rise in a
compartment. A discussion of smoldering combustion is
found in Section 2, Chapter 9. As a fuel is heated and re-
leases pyrolysis products, these products react with oxy-
gen, generating heat and producing flames. The rate of
energy release is equal to the mass loss rate of the fuel
times the heat of combustion of the fuel:

Q = iy Ah, 1)

where

( = energy release rate of the fire (kW)
i = mass burning rate of the fuel (kg/s)
M, = effective heat of combustion of the fuel (k] /kg)

The effective heat of combustion is the heat of com-
bustion which would be expected in a fire where in-
wmplete combustion takes place. This amount is less
than the theoretical heat of combustion as measured in
the oxygen bomb calorimeter. The effective heat of com-
bustion is often described as a fraction of the theoretical
beat of combustion. The effect of fluctuations is largely
neglected.

In fuel-controlled fires, there is sufficient air to react
with all the fuel within the compartment. In ventilation-
controlled fires, there is insufficient air within the com-
partment, and some of the pyrolysis products will leave
the compartment, possibly to react outside the compart-
ment. For calculating the temperatures produced in com-
partment fires, the primary interest is the energy released
within the compartment.

The pyrolysis rate of the fuel depends on the fuel
type, its geometry, and the fire-induced environment. The
energy generated in the compartment by the burning
pyrolysis products then depends on the conditions (tem-
perature, oxygen concentration, etc.) within the com-
partment. While the processes involved are complex, and
some are not well understood, there are two cases where
some simplifying assumptions can lead to useful meth-
ods for approximation of the energy released by the fire.

Free-burning fires are defined as those in which the
pyrolysis rate and the energy release rate are affected only
by the burning of the fuel itself and not by the room envi-
ronment. This definition is analogous to a fire burning out
of doors on a calm day. Babrauskas has provided a collec-
tion of data on free-burning fires in Section 3, Chapter 1.
This data is most useful for estimating burning rates of
primarily horizontal fuels in preflashover fires, where the
primary heating of the fuel is from the flames of the burn-
ing item itself. Vertical fuels, such as wall linings and fu-
els located in the upper hot gas layer, will likely be
influenced by the preflashover room environment.

Ventilation-controlled fires are defined as those in
which the energy release rate in the room is limited by the
amount of available oxygen. The mass flow rate of air or
oxygen into the room through a door or window can be
calculated from the expressions described below and in
Section 2, Chapter 3. For most fuels, the heat released per
mass of air consumed is a constant approximately equal
to 3000 KJ/kg.3 Therefore, the rate of energy release of the
fire can be approximated from the air inflow rate.

The amount of energy released by the fire which enters
the hot upper layer is a function of the fire, layer condi-
tions, and geometry. For most fires, approximately 35 per-
cent of the energy released by the fire leaves the fire plume
as radiation.4 (A discussion of flame radiation can be found
in Section 2, Chapter 12.) In a compartment fire, a fraction
of the radiated energy reaches the upper layer. The major-
ity of the remaining energy released by the fire is convected
into the upper layer by the plume. As the plume rises, it en-
trains air from the lower layer, thus reducing its tempera-
ture and increasing the mass flow rate. For a first
approximation, it can be assumed that all of the energy
generated by the fire is transported to the upper layer. For a
complete discussion of fire plumes see Section 2, Chapter 1.

Conservation of Mass

The mass flow into the compartment and the flow out
are related by

where il¢ is the mass burning rate of the fuel (kg/s).
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The mass flow rate of hot gas out of a window or
door is given by Rockett:?

172
.2 I, T.
rity = 5 CyWoP- Zng 1- T, (Hy = Xn)72 (3)

where

th, = mass flow rate of hot gas out an opening (kg/s)

C, = orifice constriction coefficient (typically = 0.7)
W, = opening width (m)
H, = opening height (m)
p.. = ambient air density (kg/m?)
¢ = acceleration due to gravity, 9.8 m/s?
X, = height of neutral plane (m)
T, = temperature of the hot upper gas layer (K)
T, = ambient temperature (K)

The mass flow rate of air into a door or window is

iven b
given by i

Toc
= 5 Ciip- [Zg(l - —T;ﬂ Oy = X206+ Xu/2)

where X; = height of the interface (m).

The expressions for mass tlow in and mass flow out
cannot be solved directly for T, since the height to the
neutral plane and interface are unknown. The complete
solution of these equations requires expressions for
plume entrainment and additional energy equations and
is normally carried out only in computer fire models. If
the mass burning rate of the fuel is small compared with
the mass flow rate of air into the compartment, the mass
flow out of the opening may be approximated as equal to
the mass inflow rate. Flows out of vents in the ceiling are
discussed in Section 3, Chapter 11.

For preflashover fires in compartments with typical
doors or windows, the neutral plane and interface can be
approximated at the midlevel of the opening. This ap-
proximation can only be made after the initial smoke fill-
ing of the compartment is complete, and flow in and out
of the opening is established.

For fires nearing flashover and post-flashover fires,
the interface between the upper and lower layers is lo-
cated near the floor, and the flow reaches a maximum for
a given upper gas temperature. Rockett has shown the
temperature dependence on the flow becomes small
above 150°C, and the flow into the compartment can be
approximated as a constant multiplied by? AO\/ﬁU

Rockett calculated values for this constant of 0.40 to
0.61 kg/s-m>/2, depending on the discharge coefficient of
the opening. Thomas and Heselden estimate the value of
this constant at 0.5 kg/s-m>3/2, which is the value most
commonly found in the literature.® The resulting approx-
imation is then

rit, = 0.5A0/Hy (5)

where
Ay = area of opening (m?)
H, = height of opening (m)

The term AO\/HD is commonly known as the ventila-
tion factor. The first use of this type of opening flow analy-
sis for evaluating postflashover-fire test data is attributed
to Kawagoe.” From early work analyzing such data, the
empirical observation was made that wood fires in rooms
with small windows appeared to burn at a rate approxi-
mately stoichiometric. Although flames emerging from
the windows implied that some fuel was burning outside,
calculations often suggested that enough air was entering
the fire for stoichiometric burning. Empirical observations
on wood fires” led to

tit; = 0.09A0/Hy (©)

There is now a body of data8 that modifies this simple
proportionality between 7 and Agy/H,,.

The Conseil International du Batiment (CIB) experi-
ments upon which Law?® has based her method showsa
dependance on Ar. It seems possible that the wide use of
Equation 6 is a result of a concentration of experimental
fires in rooms of a limited range of

Ar

AoyHy

where

Ar = total area of the compartment enclosing surfaces
(m?)

Traditionally, energy balances were often stated in
terms of the energy produced by the burning fuel and,
thereby, led to an effective heat of combustion of the fuel
However, this practice in principle leads to the same re-
sult—the energy produced is related to the air flow for
ventilation-controlled fires. Kawagoe” and Magnusson
and Thelandersson!? used 10.75 M]/kg for the effective
heat of combustion of wood in the flaming phase for fully
developed compartment fires. With 16.4 M]/kg for the
heat of combustion of wood volatiles, this setup corre-
sponds to a combustion efficiency of 10.75/16.4, whichis
virtually identical to the 0.65 used in several computer
models.

By far the majority of data is based on experimentsin
which the fuel was cellulosic, and much of the exper-
mental data are based on wood in the form of cribs. For
the postflashover burning of a different fuel with a differ-
ent chemistry, the burning rate expressions may still be
used, as long as the fuel is a hydrocarbon producing ap-
proximately 3000 k] for each kg of air consumed in the
combustion process. Because different fuels react differ-
ently to the thermal environment and will pyrolyze atdif-
ferent rates according to the energy requirements to
produce volatiles, one can only estimate temperatures by
evaluating the differences, or obtain maximum temperz-
tures by using stoichiometry. Fuels more volatile than
wood will probably produce lower temperatures insidea
compartment, even if the excess fuel produces a greater
hazard outside the compartment. The assumptions that
the energy is related to the air flow and that the fuelisin
stoichiometric proportion will give an upper estimate of
temperatures for ventilation-controlled fires. Since Eque-
tion 6 is close to stoichiometric, it could, coupled with the
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Table 3-6.1 Heat Balance Measured in Experimental Fires in a Compartment of 29
m?2 Floor Area with a Fire Load of Wood Cribs
Heat Loss from Hot Gases (%)
Fire Window Heat
Load Area Release Effluent Structural Feedback Window
(kg) (m2) (kcal/s) Gas Surfaces to Fuel Radiation
877 11.2 1900 65 15 11 9
56 1900 52 26 1 11
1744 11.2 3200 61 15 11 13
5.6 2300 53 26 12 9
2.6 1600 47 30 16 7

effective heat of combustion of wood, givé results close to
anupper temperature limit for other fuels.

Conservation of Energy

The heat generated by burning materials within a
ompartment is absorbed by the enclosing surfaces of the
wmpartment and any other structural surfaces, by the
surfaces of the fuel, and by the incoming air and any ex-
cess fuel. Heat is lost to the exterior in the flames and hot
gases that exit from the openings in the compartment en-
dosing surfaces and by radiation through the openings.
Anexample of an experimental heat balance measured in
asmall compartment is given in Table 3-6.1. For this com-
partment, unglazed windows provided ventilation from
the start of the fire.

Table 3-6.1 illustrates the significant amount of heat
loss in the effluent gases and shows that, with decreasing
window area, a larger proportion of the heat released will
be absorbed by the enclosing surfaces. The total heat re-
leased, assuming a complete burnout, is directly propor-
fional to the amount of the fire load, but the rate of heat
release may also be controlled by the ventilation. In this
gample, with the lower fire load, both window areas
give sufficient ventilation for the fuel to burn at its maxi-
mum (free-burning) rate but, with the doubled fire load,
the burning rate is not doubled, because the window area
restricts the ventilation needed.

Methods for Predicting
Preflashover Compartment
Fire Temperatures

The solution of a relatively complete set of equations
for the conservation of energy requires the solution of a
lrge number of equations which vary with time. Al-
though individual energy transport equations may be
wived, in general there is not an explicit solution for a set
of these equations. As a result, one of two approaches can
be taken. The first is an approximate solution which can
beaccomplished by hand using a limiting set of assump-
fions. The second 1s a more complete solution utilizing a
omputer program. In either case, a number of methods
have been developed. The methods presented are those
which appear most widely accepted in the fire protection

community. Each method employs assumptions and lim-
itations which should be understood before employing
the method. The methods presented in this chapter pre-
dict average temperatures and are not applicable to cases
where prediction of local temperatures are desired. For
example, these methods should not be used to predict de-
tector or sprinkler actuation or the temperatures of mate-
rials as a result of direct flame impingement.

Method of McCaffrey, Quintiere,
and Harkleroad

McCaffrey, Quintiere, and Harkleroad have used a
simple conservation of energy expression and a correla-
tion with data to develop an approximation of the upper
layer temperature in a compartment.!! Applying the con-
servation of energy to the upper layer yields

where
Q = energy (heat) release rate of the fire (kW)
i, = gas flow rate out the opening (kg/s)

¢, = specific heat of gas (k] /kg-K)

T, = temperature of the upper gas layer (K)
T, = ambient temperature (K)

floss = Net radiative and convective heat transfer from the
upper gas layer (kW)

The left-hand side of Equation 7 is the energy gener-
ated by the fire. On the right-hand side, the first term is the
heat transported from the upper layer in the gas flow out
an opening. The second term is the net rate of radiative and
convective heat transfer from the upper layer, which is ap-
proximately equal to rate of heat conduction into the com-
partment surfaces. The rate of heat transfer to the surfaces
is approximated by

loss = hkAT(IZg - TOC) (8)

where
hy. = effective heat transfer coefficient (kW/m-K)
Ag = total area of the compartment enclosing surfaces (m?)
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Substituting Equation 8 into Equation 7 yields the
nondimensional temperature rise in terms of two dimen-
sionless groups:

AT, Q/fe,Tn) o
T. 1+ hA/(c i)

where AT; is the upper gas temperature rise above ambient
(T, — T.) (K).

The mass flow rate of hot gas out of a window or
door can be rewritten from Equation 3:

T AN /2
. 2 =2l o X
iy = 5 C,WH, %p., [2ng (1 - Tg)} (1 - FI;) (10)

where
C, = orifice constriction coefficient
W, = opening width (m)
H, = opening height (m)
P = ambient air density (kg/m?2)
g = acceleration due to gravity, 9.8 m/s2
Xy = height of neutral plane (m)

Since X primarily depends on T, Q, and geometric
factors (Hy and W), i1, may be replaced by /gp.. AV H, in
the two dimensionless variables in Equation 10, without
any loss in generality. The effects of T, and Q) are incorpo-
rated into the correlation via other terms. Based on an
analysis of test data, Equation 9 was written as a power-
law relationship:

' 2/3 -1/3
Q hAr an
\/gcpprxAO\/ﬁU \/gcpp ecAO\/ﬁO

AT, = 480

where
Ay = area of opening (m?)
Hj = height of opening (m)

The numbers 480, 2/3, and —1/3 were determined by
correlating the expression with the data from over 100 ex-
perimental fires. These data included both steady-state
and transient fires in cellulosic and synthetic polymeric
materials and gaseous hydrocarbon fuels. Compartment
height ranged from 0.3 m to 2.7 m and floor areas from
0.14 m? to 12.0 m?. The compartments contained a variety
of window and door sizes. The term raised to the 2/3
power in Equation 11 represents the ratio of the energy re-
leased to the energy convected, and the term raised to the
—1/3 power represents the energy lost divided by the en-
ergy convected.

Substituting the values for ambient conditions of

g =9.8m/s?

¢, =105k]/kg'K
P = 1.2kg/m?3
T, =295K

into Equation 11 yields!213

AT, = 6.85 o " (12)
§ T\ AnHoAr

The heat transfer coefficient can be determined using a
steady-state approximation when the time of exposure, ,
is greater than the thermal penetration time, ¢, by

h,=k/5 for t>1, (13)

The thermal penetration time is defined as
2
_(pc\(d
w=(%)6) .
where

p = density of the compartment surface (kg/m?3)

¢ = specific heat of the compartment surface material
(k] /kg'K)

k = thermal conductivity of compartment surface
(kW/m'K)

& = thickness of compartment surface (m)

t = exposure time (s)

t, = thermal penetration time (s)

When the time of exposure is less than the penetra-
tion time, an approximation based on conduction in a
semi-infinite solid is

1/2
by = (k%) for t=t, (15)

If there are several wall and/or ceiling materials in the
compartment, an area-weighted average for &, should be
used.

The limitations as stated by McCaffrey et al. on the use
of this method for estimating temperatures are as follows:

1. The correlation holds for compartment upper layer gas
temperatures up to approximately 600°C.

2. It applies to steady-state as well as time-dependent
fires, provided the primary transient response is the
wall conduction phenomenon.

3. It is not applicable to rapidly developing fires in large
enclosures in which significant fire growth has oc-
curred before the combustion products have exited the
compartment.

4. The energy release rate of the fire must be determined
from data or other correlations.

5. The characteristic fire growth time and thermal pene-
tration time of the room-lining materials must be de-
termined in order to evaluate the effective heat transfer
coefficient.

6. The correlation is based on data from a limited number
of experiments and does not contain extensive data on
ventilation-controlled fires nor data on combustible
walls or ceilings. Most of the fuel in the test fires was
near the center of the room.

Example of McCaffrey et al. method: Calculate the up-
per layer temperature of a room 3 X 3 m in floor area and
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24 m high with a door opening 1.8 m high and 0.6 m
wide. The fire source is a steady 750 kW fire. The wall-
lining material is 0.016 m (5/8 in.) gypsum plaster on
metal lath. Perform the calculation at times of 10, 60, and
800 s after ignition. Using Equation 11,

. 2/3 1/3
AT, = 480 Q iy
’ \/écpprwAO\/ﬁU \/§cpp xAO\/ﬁO

where

=1 k/kg-K

T.=27°C (300 K)

p.=1.18kg/m3

A4=18m X 0.6 m = 1.08 m?

g=98m/s?

H=18m

) =750 kW

AT = Awalls + Aﬂoor + Aceiling - Aopen'mgs
=4X (3X24)+(3X3)+(3X3)—1.08
=288m2+9m2+9m2—1.08
=45.72 m2

The wall heat loss coefficient, k, is a function of time.

[

. Calculate the thermal penetration time, £,.
f (2 E)z
P\ kJ\2

where

p = wall material density (1440 kg /m?3)
k=048 X 103 kW/m-c
c=084kJ/kg’C

8=0016m
tp =161.3s
b. Calculate #; at 10, 60, and 600 s.
For t < tp (10, 60 s),
kpc 12
hk = T kpC = (.581
1. Att=10s,

1/2
b = (%(2)31) = 0.24kW/mK

2 Att=060s,

1/2
hy = (%) = 0.098kW/m'K

3. For t >4, (600 s)att = 600s,

k 048X 103

h=5=""0016

= 0.03kW/m-K

c. Calculate the compartment temperature at the three
times using Equation 11.

1. Att=10s,

2/3
750
(9.8)(1)(1.18)(300)(1.08)(v1.8) ]

AT, = 480[

(V9.8(1)(1.18)(1.08)(V1.8)
= 480(0.47)2/3(2.05)~1/3
=227K

-1/3
[ (0.24)(45.72) ]

2. Att=60s,

AT, = 480(0.47)2/3(0.837)1/3
= 307K

3. Att =600s,

AT, = 480(0.47)2/3(0.26)"1/3
= 453K

Method of Foote, Pagni, and Alvares

The Foote, Pagni, and Alvares method follows the ba-
sic correlations of McCaffrey, Quintiere, and Harkleroad
and adds data for forced-ventilation fires. Using Equation
9 and not introducing an expression for doorway flow re-
sults in the expression4

AT . 0.72 h —-0.36
Tg—: 0.63( . QT ) ( ."AT> (16)
x Melplo MeCp

where
AT, = upper gas temperature rise above ambient (K)
T, = ambient air temperature (K)
Q = energy (heat) release rate of the fire (kW)
i, = compartment mass ventilation rate (kg/s)
¢, = specific heat of gas (k]/kg-K)
hy, = effective heat transfer coefficient (kW/m-K)

Ap = total area of the compartment-enclosing surfaces (m?)

The coefficient and exponents are based on data from
well-ventilated tests in a compartment with a 6 X 4 m floor
area and a height of 4.5 m with ventilation rates of 110 to
325 g/s. The compartment exhaust was through a 0.65 X
0.65 m duct located 3.6 m above the floor. Four air inlet
openings were 0.5 X 0.12 m high, with centerlines 0.1 m
above the floor. A methane gas burner fire in the center of
the floor with heat release rates of 150 to 490 kW resulted
in upper gas temperatures of approximately 100 to 300°C.

Foote et al. have shown that the correlation for
forced-ventilation fires agrees well with the data pre-
sented by McCaffrey et al. for free ventilation fires with

1=~ 0.1(py/g A0/ Ho)
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Example of Foote et al. method: Estimate the tempera-
tureina 5 X 5 m in floor area X 4 m high compartment
having 0.025-m-(1-in.)-thick concrete walls. The forced-
ventilation rate is 2.4 m3/s of air (5000 cfm). Perform the
calculation for t > t,. The fire size is given as 1000 kW; am-
bient air conditions at 300 K. Using Equation 16,

i 0.72 —0.36
& =0.63 Q hchT
T, ) the, T, e

pre P
where
Q = 1000 kW
T, = 300K

¢, = 1.0kJ/kg'K
Ar =4 X (5X4)+2(5X5)=105m2
mg = (24 m3/s) (1.18 kg/m3) = 2.8kg/s

Calculate ki for t > #,. For 0.025-m-thick concrete,

§=0025m

p = 2000 kg/m3

k =14 X 103kW/mK
c, = 0.88kJ/kg - K

=(5)E)
_ [ (2102()))< -1(8,7838) ] (o.gzs )2

=196s for t>t,

k
hk = g
 14%10-3
0025

= 0.056kW/m2-K

AT, 1000 __T7[ 0.056)105) ] **

AT, = (0.14)(T.)
= 164K
T, = 164 + 300 K = 464 K

Method of Beyler and Deal

Beyler and Deal compared a number of methods for
naturally ventilated compartments to test data and recom-
mend the method of McCaffrey, Quintiere, and Harkle-
road for naturally ventilated compartments. Beyler offers
an improved correlation for compartments where the
forced-ventilation flow rate is known.151¢ This method be-
gins by applying the conservation of energy in the upper
layer of a compartment. Combining Equations 7 and 8
yields

Q = ringe, (T, — T.) + lAp(T, — T,) (17)

where:
Q= energy (heat) release rate of the fire (kw)
tir, = gas flow rate out the opening (kg/s)
¢, = specific heat of gas (k] /kg-K)
T, = temperature of the upper gas layer (K)
T.. = ambient temperature (K)
hy = effective heat transfer coefficient (kW/m-K)

Ar = total area of the compartment enclosing surfaces (m?)

Rearranging Equation 17a yields

Q
AT, = — 17a
& e, + AT (172)
or
ATgr'”'rlgc}7 _ 1

Q"1+ A /g, (17b)

where AT, =T, — T..
A nondimensional temperature rise is defined as

AT c
AT+=—E£457F Qg : (18)

and the ratio of the bounding surface loss to the ventila-
tion losses is defined as

=1+ f’n’f‘iT (19)
8r

By plotting AT* as a function of AY* for data with ex-
periments with known ventilation rates Beyler and Deal
developed a correlation for the effective heat transfer co-

efficient of
I, = 0.4 max (\ ki”,%) 20)

k = thermal conductivity of the compartment surface
(kW/m-K)

p = density of the compartment surface (kg/m3)

where

¢ = specific heat of the compartment surface material
(k]/kg"K)

& = thickness of the compartment surface (m)

t = exposure time (s)

The expression switches from transient to steady
state at a thermal penetration time of ¢, = (pc /k)8? rather
than £, =(pc/k)(3/2)? used by McCaffery et al. and Foote
et al. For the data set Beyler and Deal evaluated, the
standard error for their method was 29 K as compared to
51 K for the method of Foote et al., even though the equa-
tion uses only one fitting constant.

Beyler and Deal demonstrated that this method
works for ventilation to the lower part of the compart-
ment (with or without a plenum) as well as for ventilation
to the upper part of the compartment. The Beyler and
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Deal method was based on data up to 2000 s into fire tests.
Atlonger times, the heat loss model breaks down.

Example of Beyler and Deal method: Estimate the tem-
perature in a 5 m X 5 m floor area and 4 m high com-
pariment with 0.025 m (1 in.)-thick concrete walls. The
forced-ventilation rate is 2.4 m3/s of air (5000 cfm). Perform
the calculation for ¢t > t,.The fire size is given as 1000 kW;
ambient air conditions at 300 K. Using Equation 17a,

— Q

T L= c, + AT
where
Q = 1000 kw
fng =(24m3/s) (1.18 kg/m3) = 2.8 kg/s
6, = 10K /kg'K
T.=300K
Ay =4(5 X 4) + 2(5 X 5) = 105 m2

a Calculate h for t > tye For 0.25-m-thick concrete,
=025m
p = 2000 kg/m3
k=14 X103 kW/m'K
¢ =088 Kk/kg'K

-3
j-0a(t) —og L2102

= 2.
0.5 ) 0.0224 kW/m?-K

b. Calculate the compartment temperature using Equa-
tion 17a.

1000
2.8)(1.0) + (0.0224)(105)

T,= 494K

T, — 300 =

Method of Peatross and Beyler

The correlations used in the McCaffrey, Quintiere, and
Harkleroad method and the Beyler and Deal method are
based on the assumption of normal insulating-wall mate-
tials. For highly conductive walls such as steel, Peatross
and Beyler suggest the use of an alternative heat transfer
wefficient.”” Using a lumped mass analysis for heat trans-
fer through the wall which is appropriate for a highly con-
ductive wall yields

i S = (T, = T~ T, @
where
1, = mass per unit area of the wall (kg/m?)
¢ = specific heat of the wall (k] /kg-K)
T, = wall temperature (K)
t = time (s}

h\, = heat transfer coefficient on the hot side of the wall
(kW/m-K)

T, = upper layer temperature (K)

I, = heat transfer coefficient on the ambient side of the wall
(kW/m-K)

Solving for the wall temperature with the initial condition
of the wall at ambient temperature yields

h[T, - hy—h.
T“'_h—l—h 1—exp Wt (22)

The heat transfer through the wall, §”, may be expressed
in terms of the heat transfer to the hot side of the wall or
in terms of an overall effective heat transfer coefficient, /.

= hg(rI;g - Tw) = hk(Tg - TOO) (23)

Solving for k, yields

n2 he — .
hkzhg—m 1—EXp ——Wt (24)
where

p = density of the wall (kg/m?)
& = thickness of the wall (m)

From the above equations it can be seen that

h o
h, = gh

h+h

hk:hg

at =
at t=20

From a number of experiments, Peatross and Beyler
found the heat transfer coefficients of 30 W/m?K for h,
and 20 W/m2-K for .. Substituting these values yields

hk=30—18[1 —exp(—%t)} (25)

The h, calculated with this method can be used directly in
the Beyler and Deal method. It must be multiplied by 2.5
for use in the McCaffery, Quintiere, and Harkleroad
method to account for the 0.4 fitting constant in the & in
the Beyler and Deal method.

Example of Peatross and Beyler method for forced venti-
lation: Estimate the temperature ina 5 m X 5 m floor area
and 4 m-high compartment having 0.00635 m- (0.25 in.)-
thick, 0.5 percent carbon steel walls. The forced-ventilation
rate is 2.4 m3/s of air (5000 cfm). Perform the calculation for
t = 200 s. The fire size is given as 1000 kW; ambient air con-
ditions at 300 K. Using equation 17a,

S
where
Q = 1000 kw
= (2.4m3/s) (1.18 kg/m3) = 2.8 kg/s
c =1.0Kk]/kg-K
Tx = 300K

Ap = 4(5 X 4) + 2(5 X 5) = 105 m?
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a. Using equation 25, calculate &, for t = 200 s. For 0.25-m-
thick, 0.5 percent carbon steel,

d = 0.00635 m
p = 7833 kg/m?>
¢ = 0.465 K /kg'K

=30 - 18[1 —exp(—%t)]

=30 - 18{1 - eXP[ - (7833)(0.03235)(0.465) 200]}

=12 kW/m2-K

b. Calculate the compartment temperature using Equa-
tion 17a.

1000
2.8)(1.0) + (12)(105)
T, = 301K

T, — 300 =

Method of Beyler

For compartments with no ventilation the quasi-
steady approximation used in many of the methods is not
appropriate since the conditions in the compartment will
not reach steady state. Beyler applied a nonsteady energy
balance to the closed compartment expressed by the dif-
ferential equation!s

dT .
me, 1 = Q = Il ArAT, (26)

where

Q= energy (heat) release rate of the fire (kw)

m = mass of the gas in the compartment (kg/s)

€, = specific heat of gas (k] /kg-K)
AT, =T, - T,

T, = temperature of the upper gas layer (k)

T, = ambient temperature (K)

hy, = effective heat transfer coefficient (kW/m-K)

Ap = total area of the compartment enclosing surfaces (m?)
p = density of the compartment surface (kg/m3)
& = thickness of the compartment surface (m)
t = exposure time (s)
In this case a “closed” compartment has sufficient leaks to
prevent pressure buildup, but the leakage is ignored. The
mass of the fuel is ignored, and the initial temperature is

assumed to be ambient temperature. For constant heat re-
lease rate, the solution to Equation 26 is

AT, = e (KWt — 1+ e—Kh) (27)
where
2(0.4vkpc
Kl = Tkp) (28)
4
K, = L (29)
me

where

k = thermal conductivity of the compartment surface
(kW/m-K)

¢ = specific heat of the compartment surface material
(KJ/kg'K)

which include the fitting coefficient. Beyler used data
with a maximum temperature rise of 150°C to develop
this correlation.

Example of Beyler method: Estimate the temperature
ina5m X 5 m in floor area and 4-m-high “closed” com-
partment having 0.025 m- (1 in.)-thick concrete walls. Per-
form the calculation for t = 120 s. The fire size is given as
100 kW; ambient air conditions at 300 K. Using Equation
27,

2K
AT = K—%Z(le/? — 1+ e Kif)
where
T,=300K
t=120s

a. Calculate K, using Equation 28.

2(0.4vkpe)
mey
_ 2(0.4y/(1.4 X 10~3)(2000)(0.88))

(118)(1.0)

K=

= 0.01064

where

m = (100 m3) (1.18 kg/m3) = 118 kg
c,= 10kJ/kgK

p = 2000 kg/m?3

k=14 X103kW/m-K
¢=088kJ/kg'K

b. Calculate K, using Equation 29.

e
100
= {118)(1.0)

= (0.84746

K, = Q

where
m = (100 m3) (1.18 kg/m3) = 118 kg
¢, = 1.0k]/kg'K

¢. Calculate the compartment temperature using Equa-

tion 27.
T, - 300
- ———(%())(8'1%46%?) ((0.01064)VT20 — 1 + ¢~ (001064:7%)

T, =3978K
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Methods for Predicting Postflashover
Compartment Fire Temperatures

Method of Babrauskas

The following method is based on the work of
Babrauskas.!81? The upper gas temperature, T, is ex-
pressed according to a series of factors, each one account-
ing for a different physical phenomenon:

T=T.+(T*—T.) 6,6, 05,0 (30)

where T+ is an empirical constant = 1725 K, and the fac-
tors 0 are in Equations 36, 41, 43, 44, 46, and 47.

Burning rate stoichiometry, 8;: The dimensionless stoi-
chiometric coefficient ¢ is defined as
_

mf, st

31

where i is the fuel mass pyrolysis rate (kg/s), and i ; is
the stoichiometric mass burning rate (i.e., no excess fuel
and no excess oxygen).

0.5A0/H,
B — (32)

mf,st =

where the ratio  is such that 1 kg fuel + r kg air — (1 + 7)
kgproducts. The value of r is readily computable for fuels
wntaining carbon, hydrogen, and/or oxygen from the
themical formula of the fuel, taking the products to be
{0, H,0, and N,.

CH,O, + w0, + w(ﬁ)Nzé

21
29 (33)
xCO, + %HZO + w(ﬁ)Nz
where
w:2x+1!2/2—z (34)
and
.- [w + w(3.76)]28.97 (35)

~ 12.01x + 1.00y + 16.00z

Atstoichiometry & = 1, and it is greater than 1 for fuel-
fich burning and less than 1 for fuel-lean conditions.

The effect of ¢ on gas temperatures was evaluated by
numerical computations using the COMPF2 computer
program.20 The efficiency factor, 8;, accounts for deviation
fom stoichiometry and is shown in Figure 3-6.3. It is seen
that the fuel-lean and the fuel-rich regimes exhibit a very
diferent dependence. For the fuel-lean regime, the results
anbe approximated by

,=10+051Ind for ¢<1 (36)

Similarly, in the fuel-rich regime a suitable approximation
]

9, = 1.0 — 0.05(In )53 for ¢>1 37)

Fuel lean
(1-96,)=0.51(Ind) b

Fuel rich B
(1-64)=0.05 (Inp) 1.67

0
-16 -12 -08 -04 0 04 08 1.2 1.6
Ind

Figure 3-6.3. Effect of equivalence ratio.

If heat release rate, Q, rather than mass loss rate, 1, is
used, then

PR, (38)

Qstoich

And, since the stoichiometric heat release rate is

O = 1500A/H, (39)
then

Q
= 40
¢ 1500A0/H, (#0)
The value of Q can be determined from Section 3, Chap-
ter 1.
A separate procedure is necessary for pool fires, due
to the strong radiative coupling. Here

0, = 1.0 — 0.092(—Inn)1.25 (41)
where
_[AnHy\ 054k, @)
n A | ro(Ti— T
where

Ah,= heat of vaporization of liquid (k] /kg)

Af = pool area (m?)
¢ = Stefan-Boltzmann constant (5.67 X 10-11 kW/m?'K#)
T, = liquid boiling point temperature (K)

This expression unfortunately requires an estimate
for T, to be made, so for the pool fire case, a certain
amount of iteration is necessary. The relationship above is
plotted in Figure 3-6.4.

Wall steady-state losses, 8,: The next efficiency factor,
8,, accounts for variable groups of importance involving
the wall surface (which is defined to include the ceiling)
properties: area A;(m?), thickness L (m), density p
(kg/m?3), thermal conductivity k (kW/m-K), and heat ca-
pacity ¢,(kJ/kg-K). This factor is given as

2/3
H, 1/3
0,=1.0— 094 exp | —54 (AOA/:O) (%) (43)

and is shown in Figure 3-6.5.
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Figure 3-6.4. Effect of pool diameter.
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Figure 3-6.5. Effect of wall steady-state losses.

Wall transient losses, 8,: For the transient case, the
above relationship predicts the asymptotic temperature
value. An additional time-dependent factor, however, is
needed. See Figure 3-6.6.

0.6 04
8,= 1.0 — 0.92 exp | —150 (AO‘/E)) (—t—> (44)

Ar kpc,,

If only steady-state temperatures need to be evaluated,
then 0, = 1.0.

Wall effects for f just slightly greater than zero are not
well modeled with the above relationships for 6, X 0;;
however, this condition is not a serious limitation, since
the method is only designed for postflashover fires.

T T T T T TTT
.0005— Values for

_t (maz 2
o (2022

1 [ S

0
0.001 0.01 01

A:A\{”—H (m'72)

Figure 3-6.6. Effect of wall transient losses.

For transient fires, the possibility of two separate ef-
fects must be considered. First, the wall loss effect, repre-
sented by Equation 44, in all fires, exhibits a nonsteady
character. Second, the fuel release rate may not be con-
stant. Since in the calculational procedure the previous
results are not stored, it is appropriate to restrict consider-
ation to fires where 7 does not change drastically over
the time scale established by 0;. This “natural” time scale
can be determined as the time when the response has
risen to 63 percent of its ultimate value, that is, at 6, =
0.63, and is

15
t =292 X 10-6(kpc,) (A(f/TH.) 45)
0

Opening height effect, 8,; The normalization of burn-
ing rate and wall loss quantities with the ventilation fac-
tor A()\/ﬁ0 does not completely determine the total heat
balance. An opening of a given AO\/ﬁO can be tall and nar-
row or short and squat. For the shorter opening, the area
will have to be larger. Radiation losses are proportional to
the opening area and will, therefore, be higher for the
shorter opening. By slight simplification, a representation
for 0, can be made as

6, = 1.0 — 0.205H,*? (46)
as shown in Figure 3-6.7.

Combustion efficiency, 0;: The fire compartment i
viewed as a well, but not perfectly, stirred reactor. Thusa
certain “unmixedness” is present. A maximum combustion
efficiency, b,, can be used to characterize this state. Since
the model assumes infinitely fast kinetics, any limitations
can also be included here. Data have not been available to
characterize b, in real fires, but agreement with measured
fires can generally be obtained with b, values in the range
0.5 to 0.9. The effect of b, variation can be described by

05 =10+ 051nb, @)

as shown in Figure 3-6.8.
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Figure 3-6.7. Effect of window height.
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Figure 3-6.8.  Effect of b, the maximum combustion effi-
ciency.

Method of Law

The area of structural surface to which heat is lost is
expressed by (A — Ap). For a given fire load, compart-
ments with different values of A, A;, and height H, will
have a different heat balance, and thus the temperatures
in the compartments will differ. This is illustrated in Fig-
ure 3-6.9 which shows how temperature varies with

Q= (Ar =4y
AoyHo

For low values of Q (i.e., high ventilation), the rate of heat
release is at a maximum, but the heat loss from the win-
dow is also large and the resultant temperature is low. For
high values of Q (i.e., low-ventilation areas), there is little
heat loss to the outside, but the rate of heat release is also
small and the resultant temperature is, again, low.

The curve in Figure 3-6.10 has been derived from
many experimental fires conducted internationally by
CIB.% For design purposes, Law has defined it as follows:

3 (1 — =019
T (max) = 6OOOT (48)
where
q=YBr—4)
AoyHo
and

Ar = total area of the compartment enclosing surfaces (m?)
A, = area of opening (m?)
H, = height of opening (m)

This equation represents an upper limit of fire tem-
perature rise for a given . However, if the fire load is
low, this value may not be obtained. The importance of
the effect of fire load also depends on Ay and A7, and can
be expressed as

T, = Tyma (1 — £700) (49)
1200
§ —
s L
=)
©
g 600
£
'9 -
L
0 1 1 1 | |
30 60
A=A (m=172)
AVH,

Figure 3-6.9. Average temperature during fully devel-
oped period measured in experimental fires in compart-
ments.
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Figure 3-6.10. Variation of a rate of burning during fully

developed period measured in experimental fires in
compartments.
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where

_ L
Vo Tay A — A5

where L is the fire load (wood) in kg.

The effect of the fire on the structure depends not
only on the value of T, but also on the duration of heating.
The effective fire duration, 1, in seconds, is given by

T= iy (50)

where 7t is the rate of burning measured in kg/s.

Equation 6 implies that the smaller the value of
on/ﬁo the lower the rate of burning and the longer the
duration. Assuming a complete burnout, therefore, the ef-
fect on the structure tends to be more severe for large val-
ues of Q given for small AO\/ITU.

For design purposes the following equation has been
developed to express the correlation of experimental re-
sults:?

tit = 0.18Ag,/Hy(W/D)1 — e 003695 <60 (51)

where
W = compartment width (m)
D = compartment depth (m)

EJ ~ mf ( D)l/Z
Aoy \W

Equation 51 is shown in Figure 3-6.10 over the range
where the data lie. Both equations are for ventilation-
controlled fires. When there is ample ventilation, so that
the fuel is free burning, the value of 714 depends on L and
the type of fuel. For example, domestic furniture has a
free-burning fire duration of about 20 min, giving ©=
1200 s and i, = L/1200.

The temperatures discussed above are averages mea-
sured during the fully developed period of the fire. It is as-
sumed that all fires are ventilation controlled, with the
simple relationship for rate of burning given by Equation
51, which is near stoichiometric burning, and it is assumed
that combustion of 1 kg of wood releases 18.8 MJ in total.

Swedish Method

The Swedish method, developed by Magnusson and
Thelandersson,0 is based on the conventional mass and
energy balance equations. The fire itself is not modeled;
heat release rate curves are provided as input and, in all
instances, the energy release must be less than stoichio-
metric. The method does not take into account that the ac-
tual mass loss rate may be greater than stoichiometric,
with the excess fuel burning outside the compartment. A
computer program SFIRE (versions 1 through 3) is avail-
able to perform this method. The results from the com-
puter program have been compared with a large number
of full-scale fire experiments, both in the fuel- and venti-
lation controlled regimes, with good agreement between
theory and experiment. It should be added, however, that
most of the experiments involved wood crib fires, which
inherently burn slower and produce less excess fuel load
than furnishings and other combustibles found in practi-

cal fire loads. In the Swedish method, the fire load is ex-
pressed in relation to Ay as Q 18.8 L/A; MJ/m2.

The design curves approved by the Swedish authori-
ties were computed on the basis of systemized ventilation-
controlled heat-release curves taken from Reference 10.
Figure 3-6.11 shows some typical curves. The curves are
calculated for wall, floor, and ceiling materials with “nor-
mal” thermal properties from an energy balance which as-
sumes a uniform temperature in the compartment.

Predicting Flashover

One of the uses of predicted compartment fire tem-
peratures is the estimation of the likelihood of flashover.
The methods used are similar to those used in the predic-
tion of temperature. In one case, that of McCaffrey etal,
the method is simply an extension of the temperature
calculation.

Method of Babrauskas

Babrauskas uses the energy balance for the upper
layer given in Equation 7, where the gas flow rate out of
the opening is approximated by?!

i, = 0.5A0/H, (52)

The primary energy loss is assumed to be radiationto
40 percent of the wall area which is at approximately am-
bient temperature:

fiose = £0(T — T4)(0.4047) )

where
€ = emissivity of the hot gas
o = Stefan-Boltzmann constant 5.67 X 1011 kW /m2 K4

Combining Equations 7, 52, and 53, using a gas tem-
perature for flashover of 873 K, a specific heat of air of
1.0 k] /kg-K, an emissivity of 0.5, and assuming the corre-
lation between compartment wall and opening area of

Ar

Ao

yields a minimum Q required for flashover,

Q = 60040,/Hy &

The air flow into the compartment has been approx-
mated as

=~ 50

0.5A0/Hy

The maximum amount of fuel which can be burned
completely with this air is known as the stoichiometric
amount. For most fuels, the heat released per mass of
air consumed is a constant approximately equal fo
3000 kJ/kg. Therefore, the stoichiometric heat release rate
Qutoich, €an be calculated

Qstoich = 30001718 = 3000 (050\/_1-7[;)

= 1500A0/H, )
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Figure 3-6.11. Examples of gas temperature-time curves of postflashover compartment fires for
different values of the fire load densityQ,MJ per unit of total internal surface Area, A,, and the open-
ing factor Ay H/A,. Fire compartment, type A—from authorized Swedish standard specifications.?

From this derivation, it is shown that the minimum Q
required for flashover equals 0.4 Q. Comparing these
results with fire tests, Babrauskas found that the data falls
within a range of Q = 0.3Q0icn t0 Q = 0.7Q0icn- A best fit
of the data suggests

Q =0 '5Qstoich

which, substituting into Equation 55 yields

Q = 7504q,/H, (56)

The 33 test fires used had energy release rates from 11 to
3840 kW, with fuels primarily of wood and polyurethane.
Ventilation factors AO\/ﬁO ranged from 0.03 to 7.51 m5/2,
and surface area to ventilation factor ratios

Ar

AoyHo

ranged from 9 to 65 m'1/2,

Example of Babrauskas’ method: Calculate the heat re-
lease rate necessary to cause flashover, using the method
of Babrauskas. Assume the same room as in the McCaf-
frey et al. method example for predicting compartment
fire temperatures. From Equation 56

Q = 750A0/H,

where

Ay =1.08 m?

Q = (750)(1.08)(1.8)1/2 = 1087 kW

Method of McCaffrey, Quintiere, and Harkleroad

The method of McCaffrey, Quintiere, and Harkleroad
for predicting compartment fire temperatures may be ex-
tended to predict the energy release rate of the fire re-
quired to result in flashover in the compartment.

Equation 11 can be rewritten as

AN
Q= [\/g’CprTf (KS) :l

(hArAnHy  (57)

Selecting an upper gas temperature of 522°C and am-

bient temperature of 295 K or AI;, = 500°C for flashover,

and substituting values for the gravitational constant (g =

9.8 m/s?), the specific heat of air (c, =10 kJ/kg'K), and

the density of air (p., = 1.18 kg/m?), and rounding 607.8 to
610 yields

Q = 610(hArAg/Hy)' 2 (58)

where
h, = effective heat transfer coefficient [(kW /m)/K]
Ay = total area of the compartment surfaces (m?)

Ay
H, = height of opening (m)

area of opening (m?)
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Using Equation 12 yields a slightly different value,
623.6 rounded to 620, of the leading coefficient because of
the difference in the value used for the specific heat of air

Q = 620( ArAn/Ho) 2 (59)

The use of either 610 or 620 is acceptable within the
accuracy of the expression.

Example of McCaffrey et al. method: Estimate the en-
ergy release rate required for flashover of a compartment.
Assume the same room as in the McCaffrey et al. method
example for predicting compartment fire temperatures.
Assuming AT, = 500°C as a condition for flashover, and
air properties at 295 K, use Equation 45

Q = 610(hArAgHo) /2

where
k048 x10-3 ]
h=5=""501 — ~ C03kW/mK
Ay = 4572 m?2
Ay = 1.08 m?
Therefore,
O = 610[(0.03)(45.72)(1.08)(v1.8)]1/2
= 860 kW
Method of Thomas

Thomas uses the energy balance for the upper layer
shown in Equation 7, where the gas flow rate out of the
opening is approximated by?

Thomas develops an expression for 4., which as-
sumes the area for the source of radiation for roughly cu-
bical compartments is A7./6:

. A A
Goss = (T, = T) -+ e0 T} — T4 — TH = (61)

where

Ay = total area of the compartment-enclosing
surfaces (m?)

h. = convective heat transfer coefficient (kW /m?2'K)
T,, = temperature of the upper walls (K)
Thoor = temperature of the floor (K)

From experimental data, Thomas developed an aver-
age for 4, of 7.8 A;. Using an upper layer temperature of
577°C or a AT, of 600°C for flashover criterion and ¢, =
1.26 k] /kg K yields an expression for the minimum rate
of energy release for flashover:

Q =7.8A; + 378An/H, (62)

Comparison of Methods for Predicting Flashover

Babrauskas has compared the effect of room wall
area on the energy release required for flashover, using
the above methods.?2 The results of his comparisons,
along with some experimental data for rooms with gyp-
sum board walls, are shown in Figure 3-6.12. The graph
shows the energy required for flashover as a function of
compartment wall area, both normalized by the ventil-
tion factor AO\/ﬁO. Babrauskas observes that over the
range of compartment sizes of most interest, all of the
methods produce similar results. The method of McCaf-
frey et al. diverts from the others for small room sizes.
Babrauskas notes that all of the methods are a conserva-

i, =~ 0.5A0/Hy (60) tive representation of the data.
. Data ———- McCaffrey et al.
50% of stoichiometric line =~  ==w--—- Thomas
~—-+—— Babrauskas
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Figure 3-6.12. The effect of room wall area (gypsum walls) on the heat re-

quired for flashover.
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Ar

A

4
Aﬂoor
A

ceiling

openings

walls

Nomenclature

total area of the compartment enclosing sur-
faces (m2)

area of compartment ceiling (m?)

pool fire area (m?)

area of compartment floor (m?)

area of compartment openings (m?2)

area of compartment walls (m?2)

specific heat of the wall (k] /kg-K)

orifice constriction coefficient

specific heat of gas (k] /kg-K)

compartment depth (m)

acceleration due to gravity, 9.8 m/s?
convective heat transfer coefficient

effective heat of combustion of the fuel (k] /kg)
heat transfer coefficient on the hot side of the
wall (kW/m-K)

effective heat transfer coefficient (kW/m-K)

heat transfer coefficient on the ambient side of
the wall (kW /m-K)

opening height (m)

thermal conductivity of the wall (kW/m-K)
fire load, wood (kg)

mass of the gas in the compartment (kg/s)
mass flow rate of air into an opening (kg/s)
gas flow rate out the opening (kg/s)

mass burning rate of fuel (kg/s)
stoichiometric mass burning rate of fuel (kg/s)
mass per unit area of the wall (kg/m?)

net radiative and convective heat transfer from
the upper gas layer (kW)

energy (heat) release rate of the fire (kW)
stoichiometric heat release rate (kW)

time (s)

thermal penetration time (s)

liquid boiling point (K)

temperature of the floor (K)

temperature of the upper gas layer (K)

wall temperature (K)

ambient temperature (K)

compartment width (m)

opening width (m)

height of the interface (m)

height of neutral plane (m)

Greek characters

thickness of the wall (m)
emissivity of the hot gas
density of the wall (kg/m3)
ambient air density (kg/m3)

Stefan-Boltzmann constant, 5.67 X 10-11 kW/m?’
K4

Subscripts

a
b

ceiling

d

f
8

floor
loss

N
0

air

boiling

ceiling

thermal discontinuity
fuel

gas

floor

loss

neutral plane
opening

openings openings

p

stoich

T
w

walls

penetration
stoichiometric
total

wall

walls

ambient

Superscripts

”

10.

11.

per unit time (s1)
per unit area (m-1)
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