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Fire Development Calculations
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Information, analysis, and calculations of � re dynamic phenomena can assist in understanding and applying
scienti� c information to real-world � re situations. Recent extensive study, research, experimentation, and � eld
observations and measurements have led to the need for critical evaluation of � re phenomena and its simulation.
Fire dynamicists can develop an appreciation for technical/scienti� c understanding of the phenomena and its
applicability to real-world, practical situations. Some sample calculations are exhibited to illustrate several aspects
of � re behavior.

Introduction

T HE development of structural � res can be understood more
readily when technical knowledge puts the phenomena on a

� rm scienti� c footing. The theory assists in understanding and ap-
plyingscienti� c information to real-world� re situations.Recentex-
tensive study, research, experimentation,and � eld observationsand
measurements have led to the need for critical evaluation of phe-
nomena associatedwith � re dynamics, the term chosen to represent
topicsassociatedwith � re behavior,including ignition,� re develop-
ment, and fully developed � res. The scienti� c topics of chemistry,
physics, aerodynamics,and heat transfer all play their part. Techni-
cal information about fuels, burning rates, � re spread, and � ashover
and backdraft phenomena is also relevant. These topics are now
addressed in the light of the relevant equations being embodied in
computer programs like HAZARD1 and FASTLite.2

The purposeof the presentpaper is to review a few of the ideas in-
volvedin appreciatinghow technicalunderstandingcan helpexplain
� re dynamic phenomena. Some sample calculations are exhibited
to illustrate the phenomena. Technical engineering aspects of � re
phenomenaare addressedby Emmons,3 Thomas,4 and Karlsson and
Quintiere.5 The present paper builds on the author’s previous � re-
related papers, including his short course6 and his general review.7

Speci� c theories, equations and data about fuel burning properties
are given in Refs. 8 and 9. Graphic illustrations are now given to
exemplify the theories and their applicationto real-world situations.

Fire Severity
Assessmentof � re hazardpotential involvesmore than just enclo-

sure surface area and total fuel load in terms of mass of equivalent
ordinary combustibles per unit area (in kilograms per square meter
or pounds mass per square foot). The arrangementof combustibles,
their chemical composition, physical state, ease of ignition, rates
of � re growth, etc., are all factors to be evaluated, in addition to
room geometry and size, ventilation capability, and � re protection
facilities.The faster a � re develops,generally the greater will be the
threat. Typical � re loads are given in the National Fire Protection
Association (NFPA) Handbook10 for different occupancies.

The interior � nish of walls, ceilings, and � oors can signi� cantly
affect the initial � re growth.Fire spread over interior � nishes, there-
fore, deserves special attention, and it may be noted that � re spread
rates vary enormously. The relative hazard of an interior � nish is
usually determined by the so-called Steiner tunnel test in accor-
dance with American Society for Testing and Materials (ASTM)
E84, NFPA 255, and UnderwritersLimited (UL) 723. Classi� cation
of interior � nish materials is A, B, or C according to � ame spread
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rating0–25, 26–75, or 76–200. Smoke developmentand fuel contri-
bution ratings are also found in the test via temperature and smoke
densityrecordings.The Life SafetyCodeNFPA 101 limits theuseof
interiorwall, ceiling,and � oor � nish.These issuesare importantbe-
cause combustible interior � nishes, such as low-density � berboard
ceilings and plastic � oor coverings, offer signi� cant factors in � re
development permitting a � re to spread to objects remote from the
� re origin.

Fires that reach � ashover or full room involvement produce
acutely lethal products of combustion, including smoke, carbon
monoxide, hydrogen cyanide, acrolein, hydrogen chloride, nitro-
gen oxide(s), etc., in addition to heat and insuf� cient oxygen.These
gases are produced in large quantities and driven to remote areas,
causing life-threatening situations, inhalation of � re gases (toxic
products of combustion) being the major cause of death in � res. For
these reasons, any combination of � nishes, combustible building
materials, or contents and furnishings that could result in � ashover
(full room involvement) in a few minutes represents a severe � re
hazard in many typesof occupancies.Protectionby automaticsprin-
klers and � re-rated construction separations is often needed and/or
mandated by the relevant code. Computer � re models include the
mathematical characterizationof experimental information related
to whether or not � ashover will occur. It turns out that a particular
� re size is required (in terms of heat release rate ÇQ in kilowatts
or British thermal units/hour), this value depending on the extent
of ventilation, room size, insulation rating of the walls, etc. One
can then assess whether an especially hazardous situation exists,
whether a given � re scenario has the potential to develop � ashover
or full room involvement.

Burning Rates
Basics

Typically, the heat release rate (heat energy evolving on a per
unit time basis) of a � re ÇQ (kilowatts) changes as the size of the � re
changes, as a functionof time t (seconds) after � re ignition.That is,
the variation of ÇQ vs t is extremely important in characterizing the
rate of growth of a � re.

Data are available for heat release rate vs time for many items,
see, for example, the Society of Fire Protection Engineers (SFPE)
Handbook,11 Babrauskasand Grayson,12 and the database in Ref. 1.
Furniturecalorimeterand cone calorimetermeasurementsare avail-
able. Notice that although data may well be available from careful
laboratoryexperiments,thedatamay not applydirectly to real-world
� re situations.The laboratorydatadoes notusuallytake intoaccount
the enhancement of burning rates because of radiation feedback.

Pool Fires

The thermal radiation hazards from hydrocarbon spill � res de-
pend on a number of parameters, including the composition of the
hydrocarbon, the size and shape of the � re, the duration of the � re,
its proximity to the object at risk, and the thermal characteristicsof
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the object exposed to the � re. The state of the art of predicting the
thermal environment of hydrocarbon spill � res consists essentially
of semiempirical methods, some of which are based on experimen-
tal data from small- and medium-scale tests. Needless to say, such
semi-empirical methods are always subject to uncertainties when
experimental data from small-scale � res are extrapolated to predict
the thermal properties of very large-scale � res.

A systematic study of liquid hydrocarbon pool � res over the
widest range of pool diameters was conducted by Blinov and
Khudiakov.13 Gasoline, tractor kerosene, diesel oil, and solar oil
(and, to a limited extent, household kerosene and transformer oil)
were burned in cylindrical pans (depth not indicated) of diameters
from0.37 cm to 22.9 m. Liquid burningrates and � ame heightswere
measured, and visual and photographic observations of the � ames
were recorded. Hottel14 plotted these data, and the results are read-
ily available in the SFPE Handbook.10 Note that for pool diameters
less than 1 m, the burning rate expression is reduced because of a
reduction in radiation feedback.

Model of t2-Fire Growth

Slow, medium, fast, and ultrafast� re growthsmay be speci� ed by
the t 2-� re growth model, where, after an initial incubation period,

ÇQ = a f (t ¡ t0)2

where a f is a � re-growthcoef� cient (kilowattsper secondssquared)
and t0 is the length of the incubation period (seconds). The coef-
� cient a f appears to lie in the range 10 ¡ 3 kW/s2 for very slowly
developing� res to 1 kW/s2 for very fast � re growth. The incubation
period t0 will depend on the nature of the ignition source and its
location, but data are now becoming available (see Ref. 12) on � re
growth rates on single items of furniture (upholstered chairs, beds,
etc.) that may be quanti� ed in these terms. Suggested values for the
coef� cient a f are also given in the formula section of Make� re, a
subset of the FASTLite computer program.2 The speci� cation there
for the � re-growth coef� cient a f (kilowatts per second squared) is
slow, 0.00293kW/s2; medium, 0.01172kW/s2; fast,0.04690kW/s2;
and ultrafast, 0.18760 kW/s2, and these gives growth times of 600,
300, 150, and 75 s, respectively, to reach a � re size of 1 MW.

Radiant Ignition of Nearby Items
The precedingexample has provided information about the burn-

ing rate (heat release rate vs time) of a single speci� ed item in the
burn room. What happens next? Either the item burns out without
further damage to the surroundings, or one or more nearby items
ignite and add fuel to the � re. This can be by direct � ame contact (if
the second item is judged to be suf� ciently close) or, more usually,
by radiant heat energy becoming suf� ciently large on the surface of
the second item. Direct � ame contact requires time to pyrolyze the
fuel and time to heat the gases produced to their ignition tempera-
ture. The radiant � ux ignition problem is a very complicated issue
and depends on many factors. The radiant energy comes from the
� ame above the � rst item, the upper layer and room surfaces, but
simplifying assumptionsare sometimes used. As the radiant energy
� ux rate increases from the � rst item to the second, often a simple
criterion for ignition of the latter is used. A good approximation
is that the radiant heat � ux (arriving on the surface of the second
item) necessary to ignite the second item is 10 kW/m2, easily ig-
nitable items, such as thin curtains or loose newsprint; 20 kW/m2,
normal items, such as upholsteredfurniture;and 40 kW/m2, dif� cult
to ignite items, such as wood of 0.5 in. or greater thickness.

The peakmass loss rate of the � rst item (upholsteredfurniture) vs
ignitiondistancecapability is given in the HAZARD documentation
by Bukowski.1 These data have been deduced from a variety of
experimental results. As an example, note that an upholsteredchair
hasa peakburningrateof about80gm/s (mass)or 2100kW(energy),
which is associated with the ignition of easy, normal, and dif� cult
to burn items igniting at distancesof 1.5, 1, and 0.5 m, respectively.
Methods for calculating the heat � ux on to a target some distance
away are considered more generally later, and also in the FPETool
computer program.

Estimating Pre� ashover Compartment
Fire Temperatures

Energy Generated by the Fire

The energy generated by the � re is the primary in� uence on the
temperature in a compartment � re, and much research has been
conducted in predicting the energy release rate of many fuels under
a variety of conditions. The rate of energy release is equal to the
mass loss rate of the fuel times the heat of combustion of the fuel:

ÇQ = Çm f D hc

where

ÇQ = energy release rate of the � re, kW
Çm f = mass burning rate of the fuel, kg/s
D hc = effective heat of combustion of the fuel, kJ/kg

The effective heat of combustion is the heat of combustion that
would be expected in a � re where incomplete combustion takes
place. This is less than the theoretical heat of combustion as mea-
sured in the oxygen bomb calorimeter. The effective heat of com-
bustion is often described as a fraction of the theoretical heat of
combustion.The effect of � uctuations is largely neglected.

In fuel-controlled � res, there is suf� cient air to react with all
of the fuel within the compartment. In ventilation-controlled� res,
there is insuf� cient air within the compartment, and some of the
pyrolysis products will leave the compartment, possibly to react
outsidethe compartment.For calculatingthe temperaturesproduced
in compartment � res, the primary interest is in the energy released
within the compartment.

The pyrolysis rate of the fuel depends on the fuel type, its geom-
etry, and on the � re-induced environment.The energy generated in
the compartmentby the burningpyrolysisproducts then dependson
the conditions (temperature, oxygen concentration,etc.) within the
compartment. Although the processes involved are complex, and
some are not well understood,there are two cases where some sim-
plifying assumptions can lead to useful methods for approximation
of the energy released by the � re. These two cases are 1) ventilation
limited � res and 2) nonventilation limited � res.

Ventilation Factor

For � res nearing � ashover and post� ashover � res, the interface
between the upper and lower layers is located near the � oor, and
the � ow reaches a maximum for a given upper gas temperature.
It has been shown that the temperature dependence on the � ow
becomes small above 150±C, and the � ow into the compartment can
be approximatedas a constant times the so-called ventilation factor

A0 H0

The value of the constant is usually taken as 0.5 kg/s¢ m5/ 2 , which
is the value most commonly found in the literature. The resulting
approximation is then

Çma = 0.5A0 H0

where

Çma = mass � ow rate of air, kg/s
A0 = area of opening, m2

H0 = height of opening, m

From early work analyzing such data, the empirical observation
was made that wood � res in rooms with small windows appeared
to burn at a rate approximately stoichiometric. Although � ames
emerging from the windows implied that some fuel was burning
outside, calculations often suggested that enough air was entering
the � re for stoichiometricburning.Empirical observationson wood
� res led to

Çm f = 0.09A0 H0
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Simpli� ed Calculations for Enclosure Fires
Equations are available,based principallyon experimentalcorre-

lations, that permit the user to make estimates.

Flame Heights

Estimates of � ame height L can be important in determining
exposure hazards associated with a burning fuel. Experimentally
determined mean � ame heights have been correlated by several re-
searchers. A simple correlation for � ame heights for pool or hori-
zontal burning fuels has been developed by Heskestad15:

L / D = ¡ 1.02 + 15.6N
1
5

where

L = mean � ame height, m
D = diameter of � re source, m
N = nondimensionalparameter,

N =
Cp T1

gq 2
1 ( D hc / rs)3

ÇQ2

D5

C p = speci� c heat of air at constant pressure, (kJ/kg)/K
T1 = ambient temperature,K
g = acceleration of gravity, 9.81 m/s2

q 1 = ambient air density, kg/m3

D hc = heat of combustion, kJ/kg
rs = stoichiometric air/fuel mass ratio
ÇQ = total heat release rate, kJ/s or kW

For noncircular fuel packages, an effective D can be estimated
by

D = 2( A f / p )
1
2

where D is the effective diameter in meters and A f is the area of
� re in square meters. This equation often can be simpli� ed to

L = ¡ 1.02D + 0.23 ÇQ
2
5

Because � ames are unstable, the mean � ame height L is generally
taken to be the height above the � re source where the � ame tip is
observed to be at or above this point 50% of the time. The preceding
correlation is considered suitable for pool � res or for horizontal
surface burning.

Plume Centerline Temperature and Velocity

The plume centerline excess temperature and velocity at eleva-
tions above the mean � ame height can be estimated from the fol-
lowing equations:

D T0 = 9.1 T1 gC2
p q 2

1

1
3 ÇQ

2
3
c (Z ¡ Z0)

¡ 5
3

U0 = 3.4[g / C p q 1 T1 ]
1
3 ÇQ

1
3
c (Z ¡ Z0)

¡ 1
3

where

D T0 = excess centerline temperature, Tg ¡ T1 , K
Tg = gas temperature, K
ÇQc = convective heat release rate, kJ/s or kW
Z = elevation above burning fuel � re source, m
Z0 = location of virtual � re source, m
U0 = centerline mean velocity, m/s

In many cases, these equations simplify to

D T0 = A ÇQ
2
3
c (Z ¡ Z0) ¡ 5

3 , U0 = B ÇQ
1
3
c (Z ¡ Z0) ¡ 1

3

where A = 25.0 km5/ 3 kW ¡ 2/ 3 and B =1.03 m4/ 3 s ¡ 1 kW ¡ 1/3 . Al-
though methods exist to calculateexcess temperatureand velocities
at locations other than along the plume centerline, the highest con-
� dence is placed on centerline estimates.

Radiant Heat Flux to a Target

For many enclosure � res, it is of interest to estimate the radiation
transmittedfroma burningfuelarray to a target fuelpositionedsome
distance from the � re to determine if secondary ignitions are likely.
The radiant heat � ux received from a � ame dependson a number of
factors, including� ame temperatureand thickness,concentrationof
emitting species, and the geometric relationship between the � ame
and the receiver. Although considerableprogress is being made to-
ward developing a reliable method for calculating � ame radiation,
a high degree of accuracy is seldom required in real-world � re en-
gineeringproblems, such as estimating what level of radiant � ux an
item of a plant might receive from a nearby � re so that a water spray
system might be designed to keep the item cool. Two approximate
methods are now considered.

Considerationsof inverse square distance lead to

Çq 0 0
0 ¼ P 4 p R2

0 ¼ xr ÇQ 4 p R2
0

where

Çq 0 0
0 = incident radiation on the target, kW/m2

R0 = distance (radius) to target fuel, m
P = total radiative power of the � ame, kW
xr = fraction of total heat radiated from � ame

Usually, the radiative fraction xr ranges from 20 to 60% depend-
ing on the fuel type. The distance R0 should be measured from the
center of the � ame. Experimental measurements indicate that this
equation has good accuracy for R0 / R greater than 4 where R is the
� ame radius. The point-sourcenature of the heat from the � ame is
then a reasonable assumption.

In a second approximate method, the � ame is approximatedas a
vertical rectangleand the radiant � ux is calculatedusing view factor
information.This takes into account the large size of the � ame, with
angles and orientationsbeing accountedfor appropriately.Flux lev-
els close to the � ame are then more accuratelyhandled (see Ref. 16
and the FASTLite computer program2).

Modeling Correlations

Simpli� ed empirical equations for the calculationof other events
during an enclosure � re are available in the NFPA and SFPE
Handbooks.10,11 Equations are available, based principally on ex-
perimental correlations, that permit the user to make estimates of
the results of a � re burning inside a given structure.Algebraic equa-
tions are available that correlate experimental data and results vs
other parameters:1) room model for smoke layer depth and temper-
ature, 2) atrium smoke temperature, 3) buoyant gas head pressure,
4) ceiling jet temperature, 5) ceiling plume temperature, 6) egress
time, 7) � re/wind/stackforcesona door,8)mass � ow througha vent,
9) lateral � ame spread,10) law’s severitycorrelation,11) plume � ll-
ing rate,12) radiantignitionofa near fuel,13) smoke� ow throughan
opening, 14) sprinkler/detector response, 15) Thomas’s4 Flashover
correlation, 16) upper layer temperature, and 17) ventilation limit.

The relevant equations are embodied in computer programs like
FASTLite and HAZARD, so that making calculationsof � re behav-
ior becomes straightforward,providedone appreciatescorrectly the
physics involved. Further details appear in Refs. 1, 2, and 17.

Flashover
Flashover is characterizedby the rapid transition in � re behavior

from localizedburningof fuel to the involvementof all combustibles
in the enclosure. High radiation heat transfer levels from the orig-
inal burning item, the � ame and plume directly above it, and the
hot smoke layer spreading across the ceiling are all considered to
be responsible for the heating of the other items in the room, lead-
ing to their ignition. Warning signs are heat buildup and rollover
(small, sporadic � ashes of � ame that appear near ceiling level or
at the top of open doorways or windows of smoke-� lled rooms).
Factors affecting � ashover include room size, ceiling and wall con-
ductivity and � ammability, and heat- and smoke-producingquality



644 LILLEY

of room contents. Water cooling and venting of heat and smoke are
considered to be ways of delaying or preventing � ashover.

Often the determinationof whether or not � ashover is expected is
the single most important � re computation. This topic is addressed
speci� cally in Refs. 16–21, with the following three well-known
methods now being described.

Method of Babrauskas

At � ashover, about 50% of � re output goes to heat losses, and the
minimum � re heat release rate in kilowatts is

ÇQ f0 = 750A0 H0

Method of Thomas

Recent evaluationand comparison of improved estimates has led
the following expression for the minimum � re heat release rate in
kilowatts at � ashover as

ÇQ f0 = 378A0 H0 + 7.8AW

where AW is the wall area in square meters.

Method of McCaffrey, Quintiere, and Harkleroad

The method of McCaffrey,Quintiere, and Harkleroad for predict-
ing compartment � re temperatures may be extended to predict the
energy release rate of the � re required to result in � ashover in the
compartment. Specializing the equation for an upper gas tempera-
ture of 522±C and ambient temperature of 295 K or D Tg =500±C
for � ashover, and substituting values for the gravitational constant
(g =9.8 m/s2 ), the speci� c heat of air (cp =1.0 kJ/kg¢ K), and the
density of air (q 1 = 1.18 kg/m3 ) and rounding 607.8–610 yields

ÇQ = 610 hk AT A0 H0

1
2

where hk is the effective heat transfer coef� cient in kilowatts per
meterperKelvinand AT is the totalareaof thecompartmentsurfaces
in square meters.

Practical Details

In practice it has been observed that � ashover occurs when the
upper room temperature of the smoke layer reaches between 300
and 700±C (572 and 1292±F). It depends on many factors, but a
lower temperature should be used if one wishes to obtain a conser-
vative, safe estimateof the amountof time availablebeforeits occur-
rence. There is a need to assess which of the methods for predicting
� ashover is most appropriate.Babrauskasand Grayson12 have com-
pared the effect of room wall area on the energy release required for
� ashover,using the precedingmethods.The results of their compar-
isons, along with some experimental data for rooms with gypsum
board walls, show that the energy required for � ashover depends
intimately on both, normalized by the ventilation factor

A0 H0

Note that over the range of compartment sizes of most interest, all
of the methods produce similar results. The method of McCaffrey
et al. diverts from the others for small room sizes.All of the methods
are a conservative representationof the data.

Flashover is characterized by 1) temperatures reaching approx-
imately from 500±C (932±F) to 600±C (1112±F) in the upper por-
tions of the room; 2) heat � ux of from 20 to 25 kW/m2 (6340 to
7925 Btu/hft2 ) occuring at � oor level, with near-simultaneous ig-
nition of combustibles not previously ignited; and 3) the � lling of
almost the entire room volume with smoke and � ames.

Generally, very high heat release rates occur after � ashover, and
(subject to oxygen availability) most ignitable items in the room
burn, it gets very hot, and the windows break and melt. The open
window permits more oxygen to be made available and thereby
increases the severity of the � re.

Illustrative Calculations
Heat Release Rate of Pool Fires

Figure 1 shows the calculated heat release rate for pool � res of
various diameters. Three different fuels are illustrated via the three
lines shown.Notice that gasolineburnsvery much more readily than
alcohol; it is much more volatile with lower � ash point. Not only
does it burn quicker in terms of regression rate (meter/second) but
the energy per unit liquid volume vaporized is also higher, leading
via the theoretical equations to the calculations shown.

Flame Heights of Various Pool Fires

Figure 2 gives computed � ame heights (according to the simpli-
� ed Heskested15 formula) for pool � res of variousdiameters, for the
three different fuels being considered.Notice that the more volatile
gasoline burns faster and produces a higher � ame than the other
fuels.

Maximum Upward Velocity in Fire Plume

Maximum upward velocities in the plume above the � res of dif-
ferentdiametersare illustratedgraphicallyin Fig. 3. Again, the same
three fuels are considered.The more volatileand more quicklyburn-
ing gasoline generatesa faster maximum upward velocity in the � re
plume than the other two fuels considered.

Fig. 1 Heat release rate vs pool diameter for different fuels.

Fig. 2 Flame length vs pool diameter for different fuels.

Fig. 3 Maximum upward velocity in � ame plume vs pool diameter for
different fuels.
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Fig. 4 Minimum safe distance from pool � res with methanol fuel.

Fig. 5 Minimum safe distance from pool � res with kerosene fuel.

Fig. 6 Minimum safe distance from pool � res with gasoline fuel.

Minimum Safe Distance from Flames

Computations on the basis of the inverse square law and crit-
ical incident radiative heat � uxes of 10, 20, and 40 kW/m2 for
easy, normal, and dif� cult to ignite items lead to the information
in Figs. 4–6. A radiativeheat fraction from the � ame of 40% is used
in these calculations.The data illustrate the minimum safe distance
from pool � res of different diameters for the three fuels being con-
sidered: methanol, kerosene, and gasoline, respectively.Notice that
the more volatile, quicker burning gasoline has a very much greater
propensity to ignite remote objects than does the slower burning
methanol.

Typical Room Heat Release Rates for 20-Minute Burn

For the illustrative calculations, a typical � re load is taken (data
fromRef. 10) in each of the followingrooms: 1) living room, 2) fam-
ily room, 3) bedroom, 4) dining room, and 5) kitchen, each of � oor
size 12 m2. Each room is assumed to burn to completion steadily in
20 min. The � re loads are, respectively,18.25, 12.64, 20.12, 16.85,
and 14.98 kg/m2 with constant burning rates of 3.40, 2.35, 3.74,
3.14, and 2.79 MW, respectively.Correspondingventilation factors
A

p
H are calculated from the ventilation limit

ÇQ = Çm fuel D Hc,fuel

= Çm air D Hc,air

Fig. 7 Heat release rate for 20-min burn.

Fig. 8 Minimum ventilation factor needed for 20-min burn.

where

Çmfuel = burning rate of fuel, kg/s
D Hc,fuel = heating value of fuel, kJ/kg
Çmair = consumption rate of air participating in combustion,

0.5A
p

H , kg/s
D Hc,air = heat release value of air participating in combustion,

¼ 3000 kJ/kg

Calculationscorrespondingto the typical � re loads just described
in rooms of � oor size 3 £ 4 m in area are shown in Fig. 7 for total
burns in a 20-min period. Figure 8 shows corresponding values of
the ventilation factor. This value represents the ventilation opening
size requirement to permit suf� cient air for combustion to enter the
enclosure and to permit the products of combustion to leave.

Calculations for Various Pool Fires

Calculations are illustrated for a 1-m2 pool � re of 1) methanol,
2) ethanol, 3) gasoline, 4) kerosene, 5) jet A fuel, 6) polymethyl-
methacrylate (PMMA), 7) polypropylene, and 8) polystyrene. As-
suming the room temperature is 20±C and taking the maximum
temperaturein the plume as D T0 =650 K, we have a maximum tem-
perature of 670±C. Maximum velocity is found from (see Ref. 11)

u0,max = 1.97 ÇQ
1
5
c

where ÇQc = (1 ¡ xr ) ÇQ and where xr is the radiative fraction of the
total heat released ÇQ. Radiative fractions are taken from Ref. 11,
alcohols with 0.2 and the other fuels with 0.4. Thus, for 1-m2 pool
� res, one computes the values of Table 1.

Maximum upward velocities in the � re plume for a 1-m2 pool
� re are shown in Fig. 9 for eight different fuels. Notice that the
more volatile fuels (gasoline, kerosene, and jet A) exhibit higher
velocities. Corresponding heat release rates ÇQ in megawatts are
given in Fig. 10 (for eight different fuels, each in a 1-m2 pool � re).
Notice again that gasoline, kerosene, and jet A fuels exhibit greater
heat release rates for the same base area of burning. Flame heights
are found using the Heskested15 equation

L = ¡ 1.02D + 0.23 ÇQ
2
5
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Table 1 Maximum plume velocity

Radiative Burning rate Heating value Maximum plume
Fuel fraction xr Çm 0 0 , kg/m2 s D Hc , MJ/kg velocity, m/s

Methanol 0.20 0.017 20.0 6.0
Ethanol 0.20 0.015 26.8 6.3
Gasoline 0.40 0.055 43.7 8.4
Kerosene 0.40 0.039 43.2 7.9
Jet A 0.40 0.054 43.0 8.4
PMMA 0.40 0.020 24.9 6.2
Polypropylene 0.40 0.018 43.2 6.7
Polystyrene 0.40 0.034 39.7 7.5

Fig. 9 Maximum upward velocity in � ame plume of a 1-m2 pool � re
for different fuels.

Fig. 10 Heat release of a 1-m2 pool � re for different fuels.

or the alternative NFPA 921 equation19

H f = 0.174(k ÇQ)0.4

with k =1 (no nearby walls), where

L = � ame length, m
D = pool diameter, m
H f = � ame length, m

Computed� ame heightsare shownin Fig.11 for the rangeof eight
differentfuelsconsidered,eachpoolofsize1m2 . Both theHeskestad
equation15 (method 1) and the NFPA 921 equation19 (method 2) are
used, with slightly different values given for each case, with the
latter equation giving, if anything, larger values. Notice again that
the more volatile fuels considered (gasoline, kerosene, and jet A)
have greater � ame lengths.

Minimum Safe Distance from Various Pool Fires

By the use of the same data as in the last section and a simple
inversesquaredistancelaw, the calculationsdeterminetheminimum
distance away that 1) easily ignitable items, 2) normal items, and
3) dif� cult to ignite items would have to be for safety, for the same
eight pool � res just considered. Calculations generate values as in
Figs. 12–14, for the minimum distanceaway for safety reasonswith

Fig. 11 Flame length of a 1-m2 pool � re for different fuels.

Fig. 12 Minimum safe distance from a 1-m2 pool � re for different fuels
for easily ignitable items.

Fig. 13 Minimum safe distance from a 1-m2 pool � re for different fuels
for normally ignitable items.

Fig. 14 Minimum safe distance from a 1-m2 pool � re for different fuels
for dif� cult to ignite items.

easy, normal, and dif� cult to ignite items. Clearly the volatile fuels
(gasoline, kerosene, and jet A) have great propensity to ignite (in
particular) easily ignitableitemssome distanceaway.Figures15and
16 show this same information in slightly different summary forms.

Useful related calculations are shown in Fig. 17. Here the heat
� ux in kilowatts per square meter landing on a target is given as a
functionof total heat release rate ÇQ in megawatts and distanceaway
in meters. A radiative fraction xr of 0.4 is used in these calculations
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Fig. 15 Minimum safe distance from a 1-m2 pool � re for different
fuels.

Fig. 16 Minimum safe distance from a 1-m2 pool � re for different
fuels, expanded form.

Fig. 17 Heat � ux on target vs source heat release rate and distance
away.

(of Fig. 17), so that the data may be compared readily with the total
heat release rate of pool � res, for example, given earlier.

Flashover

Calculations will now illustrate how many seconds it will take
for � ashover to occur in a typical room 3 m wide, 4 m long, and
2.4 m high. The room is subjected to a t 2 � re with an incubation
period of 75 s and 1) slow, 2) medium, 3) fast, and 4) ultrafast
� re characterization with a single ventilation opening of size 2 m

Fig. 18 Heat release rate vs time for different � re growth speci� ca-
tions.

Fig. 19 Heat release rate required for � ashover vs ventilation factor
according to two different theories.

wide and 2 m high in one of the side walls. Taking the � re growth
parameter a as 1) slow, 0.00293kW/s2; 2) medium, 0.01172kW/s2;
3) fast, 0.04690kW/s2; and 4) ultrafast,0.18760kW/s2 givesgrowth
times of 600, 300, 150, and 75 s, respectively, to reach a � re size
of 1 MW. Using the � ashover criterion of Thomas (see Flashover
theory section earlier) the required heat release rate is

ÇQ = 378A0 H0 + 7.8AT

and the time to reach this value can be found from the t 2-� re char-
acterization (after the initial incubation period) by

ÇQ = a t2

= 1000 t 2
g t 2

where a is the � re growthparameterin kilowattspersecondssquared
and tg is the growth time in seconds to reach a heat release rate of
1 MW.

Figure 18 shows heat release rate vs time from the start of ignition
for four different � re growth speci� cations. Note that the medium
� re growth is typical of many room � res, and that even for this � re
speci� cation, the rate of heating is such that rates of 2–4 MW occur
in as little as 200–300 s. The level of heat release rate necessary for
room � ashover is a function of several parameters, the most impor-
tant of which is the ventilation factor. Illustrated in Fig. 19 is the
heat release rate needed for � ashover conditions to exist vs venti-
lation factor according to the two different theories of Babrauskas
and Thomas (see Flashover theory section earlier). This calculation
is speci� c to a room of � oor size 3 £ 4 m, with a 2.4-m-highceiling.
Another way of discussing the calculations is to consider the time
needed from ignitionto reach � ashoverconditionswith the different
types of � re speci� cations. The details are seen in Fig. 20 (using
Thomas’s theory) for three different values of the ventilationfactor.
Notice that the 75-s incubation period is included in these values.
The trends are clearly evident: that the rapidity of � re growth is of
extreme importance in determining � ashover conditions, with the
ventilation factor being of lesser importance. Notice that medium
to ultrafast � re growths produce the onset of � ashover in just a few
minutes. Further details are given in Refs. 20 and 21.
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Fig. 20 Time to reach � ashover conditions vs � re growth speci� cation
and ventilation factor.

Conclusions
Structural � re developmentcan be understoodmore readily when

technicalknowledgeputs thephenomenaona � rm scienti� c footing.
The theory assists in understanding and applying scienti� c infor-
mation to real-world � re investigation situations. Recent extensive
study, research, experimentation, and � eld observations and mea-
surements have led to the need for critical evaluationof phenomena
and its simulation.Fire dynamicists can develop an appreciationfor
technical/scienti� c understanding of the phenomena and its appli-
cability to real-world,practicalsituations.Sample calculationswere
exhibited to illustrate several aspects of � re behavior.
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