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bstract

In a recent paper [P.K. Raj, Large LNG fire thermal radiation-modeling issues and hazard criteria revisited, Process Safety Progr., 24 (3) (2005)] it
as shown that large, turbulent fires on hydrocarbon liquid pools display several characteristics including, pulsating burning, production of smoke,

nd reduced thermal radiation, with increasing size. In this paper, a semi-empirical mathematical model is proposed which considers several of
hese important fire characteristics. Also included in this paper are the experimental results for the variation of the fire radiance from bottom to top
f the fire (and their statistical distribution) from the largest land spill LNG pool fire test conducted to date.

The purpose of the model described in this paper is to predict the variation of thermal radiation output along the fire plume and to estimate
he overall thermal emission from the fire as a function its size taking into consideration the smoke effects. The model utilizes experimentally
easured data for different parameters and uses correlations developed from laboratory and field tests with different fuels. The fire dynamics and
ombustion of the fuel are modeled using known entrainment and combustion efficiency parameter values. The mean emissive power data from
eld tests are compared with model predictions. Model results for the average emissive powers of large, hypothetical LNG fires are indicated.
2006 Elsevier B.V. All rights reserved.
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. Introduction

It is known from field experiments conducted with differ-
nt liquid fuels that the burning characteristics and the physical
ehavior of pool fire changes as the size (diameter) of the fires
ncreases (AGA [3], Raj et al. [8], Malvos and Raj [14], Mizner
nd Eyre [16]). Therefore, extrapolation of the results (especially
hermal radiation emissions) from small-scale experiments for
redicting the characteristics of large size fires occurring in pos-
ulated accidental liquid fuel release scenarios (from terminal
torage tanks, ships, barges and other large volume transports)
s prone to significant errors unless a detailed turbulent diffusion
re model with proper combustion chemistry is used. Unfortu-
ately, the current generation of models used by the scientific

ommunity and regulatory agencies in the US, for predicting
azard zones surrounding postulated large pool fires of lique-
ed natural gas (LNG) caused by large scale releases suffer from
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his problem (i.e., small scale experimental results are used, erro-
eously, for predicting large size fire effects). The result is the
rediction of overly conservative and alarmingly large hazard
ones, which, needless to say, disturbs the public at large.

Attempts are being made in several research institutions to
se Computational Fluid Dynamic (CFD) codes to model large
iffusion fires. The degree of success in these investigations
s reported to be limited in both accuracy of predictions and
conomics of computational resources. A discussion of the state-
f-the-art related to the use of CFD codes to predicting turbulent
iffusion fires is indicated in a recent paper, Raj [1]. The current
tate of the art is not close to having a universally applicable and
conomically useable model whose results agree with all data
physical characteristics and radiative output of liquid pool dif-
usion fires) from field tests. Hence, at least for the near future,
emi-empirical models, based on the best available experimental
ata from as large a scale as has been tested to date must suf-

ce. This paper proposes such a semi-empirical model, which

akes into account the description of the physical fire charac-
eristics, overall combustion chemistry, variation of the thermal
utput from different parts of a large turbulent diffusion fire, and

mailto:tmsinc1981@verizon.net
dx.doi.org/10.1016/j.jhazmat.2006.08.057
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Nomenclature

A a fuel property and dynamics dependent constant
Ca specific heat of air (assumed the same for all

gases) (J/kg K)
CS concentration of smoke particles in the fire

(kg/m3)
D diameter of the base of the fire (or liquid pool

diameter) (m)
DOpt optical path length consistent with the type of fuel

burning (m)
D Damkohler number =�Hc/(CaTa)
E(Z) emissive power of the fire nominal surface at axial

position Z (kW/m2)
Eb emissive power of the fire nominal surface near

the base (kW/m2)
Emax blackbody emissive power at the base flame tem-

perature (kW/m2)
ES emissive power of the fire nominal surface cov-

ered by smoke (kW/m2)
Fc combustion Froude number = (ṁ′′

f /ρa
√
gD)

g acceleration due to gravity (m/s2)
�Hc heat of combustion of the fuel (J/kg)
km specific soot extinction area (m2/kg)
L length (height) of the visible fire plume (m)
LC length (height) of the bottom “clean burning

zone” (m)
LF mean length (height) of the visible fire plume (m)
LI length (height) of the intermittency zone (m)
ṁ(Z) total mass flow rate of gases at any height Z (kg/s)
ṁa(Z) mass rate of entrainment of air up to height Z

(kg/s)
ṁf(Z) mass rate of fuel burning up to height Z (kg/s)
ṁf,0 mass rate of fuel feed into the fire at the base (kg/s)
ṁ′′

f mass flux of fuel vapor at the base of fire (kg/s m2)
p probability at height Z of finding, at any time, on

the surface of the nominal cylinder the emission
from the inner core flame unobscured by smoke

Q̇(Z) heat produced by combustion of fuel up to height
Z (W)

r air to fuel mass ratio for stoichiometric combus-
tion

T(Z) mean temperature of the gases at any height Z (K)
Ta air temperature (K)
Uwind wind speed (m/s)
U* dimensionless wind speed
U(Z) cross-sectional average upward velocity of gases

at any height Z (m/s)
Ū(Z) vertical height averaged upward gas velocity up

to height Z (m/s)

Greek symbols
α air entrainment coefficient
β mass fraction of air that is entrained up to any

height Z that burns stoichiometrically with fuel

ρ density of gases (kg/m3)
ρa density of air (kg/m3)
τs transmissivity of smoke
ψ ratio of “clean burn zone” axial length to mean

fire plume length LC/LF

Subscripts
a air
c combustion condition
f fuel vapors
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0 fire base condition

redicts the total thermal energy radiated from the fire. Avail-
ble data from large LNG fire tests (The Montoir, 35 m diameter
ests) are reviewed and the model predictions are compared with

easured data for thermal emission. Smoke formation in large
iquid fuel fires and its effect in obscuring the thermal radia-
ion from different parts of the fire are considered in the model
escribed below.

The earliest models to predict the extent of the thermal haz-
rd zone arising from the radiative emissions from a LNG pool
re were proposed in 1970s, May and McQueen [2], AGA [3],
aj and Kalelkar [4], Raj and Atallah [5] and Raj [6]. May and
cQueen model considered the fire as a point source, with a con-

tant fraction of combustion energy being released as thermal
adiation and calculated the radial distance to a specified level of
hermal flux hazard using the inverse square law. Other models
onsidered the time averaged visible fire plume to be represented
y an enveloping right circular cylinder (of base diameter equal
o the liquid pool diameter) under calm conditions, and a tilted
lume under windy conditions, with circular horizontal cross-
ections. The cylinder was assumed to be a grey body of uniform
missive power (and, therefore, of a specific equivalent black
ody temperature and constant emissivity) over the entire cylin-
er surface, the emissive power itself being “back calculated”
rom experimental data. The LNG fire emissive powers thus cal-
ulated have ranged from 100 kW/m2 (for a 1.8 m diameter fire,
GA [3]) to 275 kW/m2 (for a 35 m diameter fire, Nedelka et
l. [15])1 showing the general trend of higher emissive power
ith increase in fire diameter. The only difference in the mod-

ls applicable to a LNG fire on water and that on land was the
ariation in the liquid evaporation rate (spill on water resulting
n a higher evaporation rate and, hence, a higher combustion
ate) and its effect on the fire plume size. The emissive power

or equivalent diameter fires was the same irrespective of the
ubstrate.

1 It should be noted that there are differences in how the emissive power
alue calculated from experimental data is reported. It can vary from a value
alculated from wide angle radiometer readings and the actually photographed
re emission surface areas to that corrected for the atmospheric absorption and
ased on the nominal fire area determined by the equivalent right cylinder of
eight given by a correlation. Using the latter approach the emissive power for
he Montoir 35 m diameter fire changes from 275 kW/m2 to 175 kW/m2.
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and fuel properties of the height of the bottom “luminous” zone
is presented in this paper.
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Moorhouse [7] has taken into account the phenomenon of
ind induced vapor drag on the ground (for land spill fires)

esulting in the extension of the firebase in the downwind direc-
ion. This drag induced physical shape change was assumed
o persist all the way to the top of the plume. The result of
his assumption is to make the plume cross-section elliptical,
ith the major axis aligned in the wind direction. Raj et al.

8], and Considine [9] consider the LNG fire emission to come
rom both gaseous band emissions and continuous emission
rom luminous soot and provide approaches to calculate the
rey body emissivity as a function of fire size. A good discus-
ion of the current models by which the radiant heat hazards
rom hydrocarbon liquid fuel fires are calculated, without con-
idering the details of smoke obscuration effect, is given by
eyler [10]. In a more recent paper Raj [11] has shown the
etailed spectral emission signature of 13 m diameter LNG fire
nd discussed how the spectral data can be used to predict
he fire thermal emission magnitude. None of the above ref-
renced models have considered the pulsating behavior of large
res nor have they considered the formation of dark smoke and

ts effects in reducing thermal radiation emission from large
NG fires.

Considine [9] in his review alludes to a model by Smith [12],
hich includes the effect of smoke obscuration in the upper

egions of fire. The radiation from the upper regions is modeled
y defining a mean radiating edge together with an associated
ean radiation temperature (TR) for the upper parts of a fire.
he temperature at the fire surface is assumed to vary as the
quare of the sine of time with an effective period of about 1 s.
he amplitude of temperature variation in the smoky region of

he fire is assumed to be about a 30% of the “surface” temper-
ture in the lower regions of the fire (without smoke effects).
t is concluded in this model that the upper regions of the fire
smoky regions) radiate with about 30% of the radiant heat flux
manating from the “lower region”. Also, the lower region is
ssumed to extend to 30% of the average visible flame height. A
imilar “two-zone” model has also been proposed by McGrat-
an et al. [13] for large hydrocarbon fires. The lower region,
ermed the “luminous region” is the only radiating surface and
he top (rest of fire plume) is assumed to be obscured by opaque
moke. Based on data measurements up to 20 m diameter fires
f gasoline, heptane, crude oil and kerosene fires the authors
onclude that the maximum height of the luminous region is a
onstant beyond a 20 m diameter fire and this maximum height
s dependent only on the combustion heat release rate per unit
rea of the pool (for crude oil fire of 20 m diameter with a
MW/m2 heat release rate the predicted height of bottom lumi-
ous zone is 12.8 m). In addition, in this model, the maximum
missive power of the “luminous” part of the fire does not
xceed 100 kW/m2.

The LNG fire thermal emission magnitude data and its varia-
ion with height obtained from the 35 m diameter LNG fire tests
t Montoir (Malvos and Raj [14]) indicate that neither the Con-

idine model nor the McGrattan et al., model predicts the fire
hysical characteristics and the radiation emission properly. The
ata indicate that the extent along the plume of the lower, “con-
tant emissive power” region is about 6–7% of the overall mean

s
d

ig. 1. Narrow angle radiometer readings from the firebase, mid height and top
f a 35 m LNG pool fire in insulated concrete dike in test 2.

isible plume length (75 m). That is, the region is only about 5 m
n height, whereas, the Considine model predicts this region to
e 30% of 75 = 22.5 m in axial length, and the McGrattan et al.,
odel predicts this region to be 45 m in height! The experimental

ata also indicate that the radiation emission varies considerably
ith height, decreasing almost linearly with distance along the
lume axis. Fig. 1 shows the measured narrow angle radiometer
ata together with its statistical variation (due to the effects of
urbulence, smoke obscuration effects and intermittency in the
isibility of the gas burning inner zone—detailed discussions
n these phenomena are provided in Section 6)2. The Considine
odel assumes a constant 30% of base emissive power for upper
re regions, whereas, the McGrattan et al. model assumes zero
mission from this region. Obviously, these two models do not
redict the overall emissions (and their variation with height)
rom large LNG fires accurately. Also, because of the two-zone,
xed emissive power (in each zone) approach the models pre-
ict higher distances for high heat flux hazard criteria (such as
or exposure of objects and structures). If the overall energy
adiated is the same as from a large fire (and these have been
roperly distributed in the two zones) then the distances calcu-
ated by these models for low heat flux exposure criteria (such
s for people exposure) would be acceptable provided proper
ccounting is made for the atmospheric absorption of radiant
eat from different parts of the fire. It should be noted that nei-
her model takes into account the chemistry and the magnitude
f soot production and their relationship with the properties of
he fuel burning and fire size. A semi-empirical model that con-
iders smoke production rate, variation of the emissive power
ith height, dependence on fire size and the variation with size
2 Also the variation of the mean and standard deviation of the measured emis-
ive power along the axis of the fire plume is shown in Fig. 3 from a 35 m
iameter LNG fire test.
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Fig. 2. Schematic representation of different regions o

.1. Smoke production in fires

Large diameter LNG fires seem to produce a significant
mount of smoke (Nedelka et al. [15]) and is similar to those
bserved in the burning of other liquid fuels such as propane,
utane, gasoline, kerosene (Mizner and Eyre [16]), crude oil
Notarianni et al. [17]), and JP4 (Raj [26]) of higher hydro-
arbon content. Two physical phenomena may contribute to
he production of smoke, even in “clean burning” fuels such as
NG. The first is the lack of enough oxygen in the core of large
iameter fires to burn the carbon produced by the pyrolysis of
uel vapor. This not only produces soot (carbon particles) but
lso lowers the overall heat release – and hence the temperature
resulting in the promotion of smoke production. The second

henomenon may be due to the lowering of the effective con-
entration of fuel and vapor in the core from the recirculation
f burnt gases by the toroidal vortex that is prevalent in all large
res. The effect of smoke is to shield the emission of thermal
adiation from the fire thereby reducing, significantly, the
hermal radiation hazard distance around large LNG or other
res. In addition, the formation (and recirculation) of smoke
ould result in less efficient combustion of the fuel and result in
he lowering of the effective flame temperature. However, the
eduction in the radiant emission out of the fire tends to increase
he temperature of the gases; which one of the two effects dom-
nates depends on the chemical properties of the fuel, chemistry
f combustion, the physical dimensions and the hydrodynamics
f gas flow within the fire. No model exists that considers all of
hese phenomena.

Soot is an agglomeration of fluffy carbon particles (with
iameters in the range 3–30 nm) in a fire in which they are being
xidized and are “glowing”; in fact, the visibility of a fire is

aused by the emission of radiation in the visible spectrum by the
urning soot. When the carbon produced by the fuel vapor pyrol-
sis is either partially oxidized or is not oxidized at all because of
ower local temperature, carbon particles agglomerate to form

h
s
c
o

bustion and intermittency in a buoyant diffusion fire.

ong chain molecules of carbon or “smoke”. Notarianni et al.
17] measured the smoke production in crude oil fires of diame-
ers from 0.085 m to 17.2 m and found that smoke yield (mass%
f burnt fuel that is emitted as smoke) increases as the diameter
f the fire increases. Soot formation studies from small, labo-
atory, scale tests are reported extensively in the literature (see
arasimhan and Foster [18], Hura and Glassman [19], Mark-

tein [20], Fowler [21]). However, there is very little work on
he measurement of smoke production rates in large turbulent
iffusion fires and singularly absent for LNG fires. McCaffrey
nd Harkleroad [22] have presented soot data from laboratory-
cale experiments for a number of hydrocarbon fires in the form
f specific extinction area (SEA) for soot; for propane SEA is
ound to be 124 m2/kg and for crude oil fires it is 1000 m2/kg.
o direct data for the smoke yield, as a function of fire diame-

er exists for large fires of different fuels. Data on smoke yield
rom methane (or LNG) fires are unavailable in the literature for
ither small scale or large scale turbulent diffusion fires! Also
ot available is the smoke extinction coefficient for soot formed
n methane fires.

. The model

The model discussed this paper is based on physical phenom-
na in a (circular geometry) turbulent diffusion fire represented
chematically in Fig. 2. The buoyant plume entrains ambient air
nd this air is “conveyed” to different interior parts of the fire by
he self-generated turbulence augmented by wind turbulence. In
he bottom region of the fire, below a height LC, combustion of
he vapor is very efficient. The flame sheet visible in this region
s the outer layer of vapors burning and in a large diameter fire
his part of the fire is practically optically thick and radiates at a

igh temperature. In the region designated as zone 2, the flame
heets are anchored to the base, but represent the less efficient
ombustion zone in a large fire because of the mixing internally
f the unburnt and partially burnt gases (due to deficiency of oxy-
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en in the central core region) from zone 1 and recirculation due
o buoyant thermals. In this zone the intermittent formation of
lack smoke is observed which begins to partially obscure the hot
nterior flame. In the top region the gas burning is in clumps and
eneration/accumulation of significant amount of smoke is seen.

In zone 3, substantial to total shrouding of interior burn-
ng regions occurs. The result of such burning, noticed in all
large’ liquid hydrocarbon fuel fires, is a reduction of the ther-
al radiative output to the surroundings. This does not, however,
ean that the temperature inside the fire is lower in large fires.3

he diameter of the fire at which it can be considered to be
large’ depends upon the fuel chemical composition (especially
n the carbon to hydrogen mass ratio), burning rate (dictated by
eed back energy from the fire as well as heat input from the
ubstrate) and environmental conditions (wind turbulence). The
bove physical description of the fire is captured in the model
laborated below.

. Assumptions

The following assumptions are made in the formulation of
he model:

1) The time averaged mean geometry of the pulsating, tur-
bulent diffusion fire can be represented by an enveloping
cylinder of circular cross-section, tilted down wind, at winds
above a critical wind speed (dependent on the diameter and
burning rate).

2) The axial fire plume length (or height) over which all vapors
generated by the evaporating liquid pool are burnt is rep-
resented by a “mean visible plume length” and is calcu-
lated using the correlation by Thomas [23]. This correlation
results in the plume length to diameter ratio varying as
D−1/3. In Appendix A it is shown that this is the correct
representation (various fire height correlations in the liter-
ature and their incorrect application to large diffusion fires
have been discussed by Raj [1]).

3) The air entrainment rate is independent of the wind speed
and depends only on the internal updraft velocity of gases
inside the fire. Also, only a fraction of the mass of air
entrained at any section is burned with its corresponding
stoichiometric mass of fuel at that section. The value of this
fraction is assumed to be constant throughout the burning
plume of the fire.

4) The fire emits uniformly in all directions at the same surface
emissive power (SEP) at a given axial length from the base.
The SEP, however, varies axially.
5) Thermal radiation emission is uniform (i.e., the surface
emissive power – SEP – is constant) near the base of the
fire, over an axial length of fire equal to the clean burn-

3 It is noted that all liquid hydrocarbon fuels have about the same heating
alue per unit mass (within 10%). Also in all turbulent diffusion fires, the total
ass of air entrained by the time the combustion is complete is about the same

about 10–15 times the stoichiometric mass value). If the radiative output to the
utside is curtailed due to smoke shrouding, it stands to reason to expect that
he fire temperature in all fuel fires to be about the same, within about 10%.

t
F

W
t
t

aterials 140 (2007) 280–292

ing zone length (LC). This lower zone SEP represents the
maximum value for the fire SEP.

6) In zones 2 and 3 it is assumed that the inner core “hot flame”
will be visible for a fraction of the time and for the other
part of the time the flame core is shrouded by black smoke.
However, since the smoke transmissivity is dependent upon
the smoke concentration a part of the inner flame radiation
will pass through the smoke layer. The fraction of the time
the inner flame is visible is represented by a probability and
this probability value decreases with increase in height (or
axial distance from base).

7) In the intermittency zones the overall surface emissive
power is a linear, weighted sum of the maximum SEP and the
smoke transmitted SEP. The weighting factor is the prob-
ability that at any time a given fraction of the cylindrical
surface area is “open” so that the inner burning core of the
fire can be “seen.”

. Details of the model

.1. Fire plume length (LF)

The following correlation due to Thomas [24] is used to cal-
ulate the average visible plume length for a fire of diameter
. [That the L/D ratio is proportional to the 2/3 power of the

ombustion Froude number (FC), or proportional to D−1/3 in
indless condition is demonstrated in detail in Appendix A.
ther correlations have been published in the literature based

olely on experimental data curve fit and, in some cases, without
dequate explanations of the physical basis of such correlations,
oorhouse [7] being an example.]

LF

D
= 55F2/3

C forU∗ ≤ 1 (1a)

LF

D
= 55F2/3

C (U∗)−0.21 forU∗ > 1 (1b)

here,

C = ṁ′′

ρa
√
gD

= combustion Froude number

= dimensionless burning rate (2)

nd

∗ = Uwind

[(ṁ′′/ρa)gD]1/3 = dimensionless wind speed (3)

.2. Axial length of the lower clean burning zone (LC)

Heskestad [25] data indicates a correlation for the length of
he intermittent zone (LI) with the combustion Froude number
C (for 7.5 × 10−4 < FC < 2.5 × 10−1) as follows:

LI = 0.167 − 0.25 log10(FC) (4)

LF

e assume a form similar to the one in the above correlation for
he intermittency zone but with a slight modification to conform
o the data from 35 m diameter Montoir LNG fire test results
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Fig. 3. Comparison of the model result and the data from narrow angle radiome-
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Malvos and Raj [14]). It is seen in these tests that the bottom
lean burning zone (LC) near the base of fire is very small and
an be represented by the following equation:

= LC

LF
=

(
1 − LI

LF

)
= 0.75 + log10(F1/4

C ) (5)

he above formula will make the bottom clean burning zone
ength (LC) to be zero for FC = 10−3 (which, for a LNG fire on
ater will be of the order of 3000 in diameter!).

.3. Absorption of radiation by smoke

The presence of smoke in a fire results in the absorption of
hermal radiation emission and a reduction in the effective emis-
ive power. It is assumed that in the inner regions the fuel is
urning at the same mean temperature, irrespective of the axial
ocation within the visible plume. That is, the radiation emission
nternally within the fire is the same at all axial distances. How-
ver, the smoke that is produced by combustion chemistry under
educed oxygen concentrations (“anoxia” or lack of enough oxy-
en for complete combustion) transmits to the nominal flame
urface only a fraction of the radiation produced inside the fire
ody. We define an effective emissive power for smoke (i.e., the
mission from the cylinder surface shrouded by smoke layer) in
he following equation:

S = Ebτs (6)

here,

s = transmissivity of smoke = e−(kmCsLb) (7)

here ES is the effective surface emissive power in the smoke
kW/m2), Eb the surface emissive power at the lower regions
kW/m2), km the specific soot extinction area (m2/kg), Cs the
ass concentration of smoke in the flame gases (kg smoke/m3)

nd Lb is the beam length = 0.63D, for cylindrical fires (m).
It can be shown that the soot concentration Cs (kg/m3) is

elated to the burning efficiency of the fuel (β), the heat of com-
ustion of the fuel (�Hc), the stoichiometric air to fuel mass
atio (r) and the soot mass yield per unit mass of fuel burned (Y)
y the formula:

s = ρaY
1

1 + (r/β) + (�Hc/CaTa)
(8)

here β is the combustion efficiency factor (fraction of the mass
f air entrained at any location that burns with its stoichiometric
quivalent mass of fuel)—assumed as a constant throughout the
ombustion zone.

Notarianni et al. [17] measured the smoke production in crude
il fires of diameters from 0.085 m to 17.2 m and found that
moke yield, Y (mass% of burnt fuel that is emitted as smoke)
ncreases as the diameter of the fire increases. The data for the

ass fraction smoke yield (Y in %) versus fire diameter (D in

) presented by these researchers can be correlated (for crude

il fires) by the following equation:

= 9.412 + 2.758 × log10(D) (D in m) (9)

p

ξ

er measurement of the emissive power variation with height above firebase.

here are no experimental data for the soot yield in large methane
or LNG) fires. However, as will be shown later based on the test
esults of 35 m diameter Montoir LNG fire tests and the model
roposed for the variation of the emissive power with distance
axial location) through the fire plume it is seen that the above
orrelation may be appropriate for large methane fires also. This
ssumption may, or may not, be valid; only experimental results
an provide answers.

.4. Emissive power variation through the fire axial length

In the intermittency zone, the surface emissive power varies
ecause of smoke shrouding. We assume that the rate of inter-
ittency varies between 0% (i.e., there is no smoke obscu-

ation) at the top of the “clean burning zone” to 100% (i.e.,
ull smoke obscuration) at the top of the intermittency zone.
n other words the probability of realizing the maximum SEP
aries from 1 at the bottom of the intermittency zone to 0 at
he top of the intermittency zone. This probability can also be
nterpreted as the fraction of the time that the outer layers of the
ylindrical fire show the “inner core” thus radiating at the max-
mum SEP; the remainder of the time the emission is from the
moke layers. The above concept is mathematically expressed as
ollows.

The probability of being exposed to the maximum SEP value
Emax) at any axial position is set to p. In the intermittency
egion “p” is assumed to be given by the following polyno-
ial variation, of order “n”, with the axial length (from the
ame tip). The value of “n” is determined from the “best fit”

o the data from the 35 m diameter, Montoir LNG fire tests (see
ig. 3):

(ξ) =
[

1 − ξ

1 − ψ

]n
forψ ≤ ξ ≤ 1 (10a)
(ξ) = 1 for 0 ≤ ξ ≤ ψ (10b)

= Z

LF
= length along the fire axis

visible fire plume length
≥ ψ (11)
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= LC

LF
= ratio of “clean burn zone”

axial length and the visible plume length (12a)

sing Eqs. (4) and (5) it can be shown that

= Lc

LF
= 0.75 + 0.25 log10(FC) (12b)

he value ofψ, for fires of several meters in diameter is generally
etween 0.15 and 0.25.

The axial variation of the surface emissive power (SEP) over
he entire visible plume length of the fire can then be represented
s follows:

(Z) = Eb for 0 ≤ Z

LF
≤ ψ (13a)

(Z) = pEb + (1 − p)ES(Z) forψ ≤ Z

LF
≤ 1 (13b)

here Eb is the emissive power of the brightest part of the fire
near the base), ES(Z) the emissive power of the smoke layer
from Eq. (6)) and p(Z) is the probability that at any give time
he inner fire is visible at height Z (see Eqs. (10a) and (10b)).

The overall mean SEP is then obtained by integrating E in
qs. (13a) and (13b) from Z = 0 to Z = LF. That is,

=
∫ ξ=1

ξ=0
E(ξ) dξ (14)

ubstituting Eqs. (13a) and (13b) in (14) and using the definition
f p from Eqs. (10a) and (10b) it can be shown that:

Ē

Eb
= ψ +

{
1 + nτs

1 + n

}
(1 − ψ) (15)

t is seen from the data shown in Fig. 3 that the best value for n
s 3.

The fire base emissive power will depend on the size of the
re. The China Lake experiments (Raj [11]) indicated that the
3 m diameter LNG fire on water was not radiating like a black-
ody at the hot gas temperature. Based on the analysis of the
pectral data from these tests the fire base emissivity was calcu-
ated to be 0.61 (Raj et al. [8], Raj [11]). The mean emissivity
wavelength independent) can be related to the fire base diameter
s follows:

= 1 − e−D/Dopt (16)

here ε is the overall fire emissivity, D the fire base diameter
m) and Dopt is the optical depth (or path length) (m).

Based on Eq. (16) and the 13 m diameter LNG fire data dis-
ussed above, the optical depth of LNG pool fire is calculated
o be 13.81 m. Therefore, any fire of diameter less than, say,
.5 times the optical depth radiates at its bottom at less than
2% of the maximum emissive power consistent with the gas
emperature (found to be about 1500 K in the China Lake fire).
We, therefore, use for calculating the base emissive power
Eb) the following equation:

b = Emax(1 − e−D/Dopt ) (17)

r
t
s
t
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he value of Emax is set to 325 kW/m2, consistent with the
easured narrow angle radiometer data from the Montoir tests

Malvos and Raj [14]).

. Results

Calculations are performed to evaluate the mean surface
missive power of different diameter LNG pool fires. These
esults are presented in Table 1. The values assumed for some of
he parameters are also indicated in the table. Also shown in the
able are the experimental values for the mean emissive power as
alculated from the wide-angle radiometer measured heat flux
alues in field tests corrected for atmospheric absorption and the
isible fire height calculated using Thomas’ correlation (Eqs.
1a) and (1b)).

The variation of the emissive power with axial distance
hrough the length of the visible plume of a 35 m diameter fire
or the conditions of test 2 in the Montoir series is shown in
ig. 3. The narrow angle data (indicated in Fig. 2) are also plot-

ed in Fig. 3. Also plotted for comparison in Fig. 3 are the model
redicted results for a 35 m LNG fire on land.

. Discussions

This paper has attempted to describe a semi-empirical model
or predicting the thermal radiation output from large turbulent
iffusion fires on flammable liquid pools. Observations from
arge tests with LNG (at 35 m diameter), field tests with other
igher hydrocarbon fuels (JP-5 at 15 m diameter) and large oil
pill fires on the ocean have indicated clearly that large fires, irre-
pective of the fuel involved, burn with the production of copious
mount of smoke. The “density” of smoke generated seems to
e a function of the fuel characteristics and the fire size. It is
heorized that the latter effect is in reducing the oxygen con-
entration in the inner (radial) regions of the fire. Unfortunately,
here are no experimental data on the values of concentrations
f oxygen, fuel vapor, combustion product gases, smoke den-
ity and their variation axially and radially. The lack of data is
specially true for large LNG fires.

The motion picture records from the largest LNG fire tests that
ave been conducted to date (in Monotoir, France, 1987), clearly
ndicate that a large LNG fire burns with production of very large
mount of soot. Also observed is that the dynamics and visual
haracteristics of such a (LNG) fire are not much different from
hat of an oil fuel fire (see photographs comparing 35 m LNG fire
nd a pool fire of refined crude oil released from the rupture of a
ipeline, Raj [1]). One of the important observations from large
re behavior is that the burning is pulsed with rising thermals of
urning gas (in the form of large eddies). In addition the smoke,
t heights greater than a critical level, envelops the entire inner
urning region, thereby curtailing the radiant heat output from
hose sections of the fire to the outside. Also noticeable both in
he film of 35 m LNG fire tests and in narrow-angle radiometer

eadings taken at three different heights is that the fraction of
he time the “inner burning fire” is visible through the shrouding
moke layer decreases with increasing height. Unfortunately,
here are no published data in the literature on the magnitude of
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his intermittent visibility of the inner burning region through
he smoke layer and the variation of the fraction of the time
he inner fire is visible as a function of the fire height and other
haracteristics of the fire including its size (diameter), properties
f the fuel, etc. These experimental observations, albeit from a
imited number of tests, are included in the model, with several
implifications.

The rate of smoke production, expressed as a constant mass
raction (Y) of the fuel burned, used in the model is based on a
imensional data correlation from one set of tests with crude oil
res of varying diameter up to a maximum of 17.2 m (Notarianni
t al. [17]). No such data (i.e., fraction of the mass of fuel con-
erted into unburnt smoke or carbon particles) are available for
ethane, propane or any other fuel fires. Not available also are

he black smoke extinction coefficients for the smoke generated
rom a methane fire. It is, however, assumed that the IR spectral
verage extinction coefficient value depends on the characteris-
ics of the fire. In view of the above gaps in knowledge, the model
ses the best available value for each of the physical parameters
uch as the smoke yield mass fraction (Y, as a function of the
iameter), the extinction coefficient for absorption of thermal
adiation by smoke particles (km), and the excess air entrained
n large fires (β). It is noteworthy that the correlation for the
moke yield does not explicitly indicate its dependence on the
urning rate. The diameter dependence can be considered as a
roxy to the air mixing inefficiencies and the starvation of the
entral parts of the fire of oxygen for combustion. However, it
an be argued that for a given diameter if the rate of vapor flow
nto the fire is increased a higher percent of the fuel should be
onverted to smoke. This is due to the reduced oxygen con-
entration and correspondingly increased concentration of fuel.
hus a higher vapor evolution rate will lead to further inefficient
ombustion and, hence, the production of a greater fraction of
he fuel mass into unburnt carbon (smoke). This argument, if
rue, will lead to a more smoky LNG fire on water compared to
fire on land of the same diameter. Such a fire behavior leads

o the conclusion that hazard distance from LNG fires on water
ill be less than that from a land fire of the same diameter.
The parameter β represents the combustion efficiency at any

ayer of burning; that is, efficiency (or probability) with which
he air entrained at the particular layer burns with its stoichio-

etric equivalent mass of fuel vapor. (The expression 1/β− 1
epresents the mass of excess air required for the complete com-
ustion of the fuel vapor emanating from the pool—for more
etails of this, see Raj [26].)

The model proposed includes an assumed variation of the
raction of the time the inner core is visible through the smoke
hield and the variation of this fraction with the distance along
he fire plume axis. This fraction (also referred to as “p” the
robability of “seeing” the inner burning regions) is assumed to
ncrease with the distance backwards from the visible tip of the
re as some power of the distance (see Eq. (10a)). A similar-

ty profile for the variation of p with non-dimensional distance

s assumed. Unfortunately, there are no experimental data from
ither large fires in the field or smaller, laboratory size fires
which have much less of the smoke shielding effect in LNG
res) on which to base the exact variation of “p” with the axial
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ength in the smoky parts of the fire. Various similarity profile
ndex (i.e., the exponent on the non-dimensional distance along
he fire axis) values were tried. The finally chosen distribution of
p” was with a cubic variation shown in Eq. (10a). This value of
he exponent (a value of 3) was the one that fit the model predic-
ions with lowest error both with the measured variation of the
AR data along the axis (Fig. 3) and the average emissive power
easured with the wide angle radiometers (see Table 1) from the

5 m diameter Montoir LNG fire tests (Malvos and Raj [14]).
hether this is the correct representation of the variation of the

visibility” of the inner burning regions in all large fires cannot
e determined until additional experimental measurements are
ade or an effort is undertaken to review films of past large

cale field size fire experiments (with other fuels) and obtain the
ecessary information. Such an effort has not been done, and
as not done as a part of this modeling effort.
The data presented in Fig. 1 are the ‘as measured’ narrow-

ngle radiometer (NAR) readings taken at the bottom, mid height
nd the top of a 35 m diameter LNG pool fire on insulated con-
reted dike in test 2 of the Montoir series. The x-axis represents
he uncorrected (for atmospheric absorption) emissive power of
he fire measured by the NAR. The y-axis indicates the frac-
ion of the time during the measurement in which the particular
alue of the emissive power was recorded. The data presented
epresent, for each location on the fire, a recording duration of
.8 s during which a total of 145 measurements were made. Two
mportant features are noticeable from the data presented. First,
he mean value of the emissive power varies drastically from
he bottom of the fire to the top (by a factor of about 5). Sec-
nd, the statistical distribution of the measurements shows very
arrow dispersion (low ratio of standard deviation to mean) at
he bottom of the fire and high dispersion at the top of the fire.
his can be interpreted as the fact that at the bottom of the fire,
ost of the heat is being emitted continuously, un-obscured by

moke layers. That is, the bottom layers burn “clean”. However,
s one goes up in height, the dispersion is higher with consider-
ble scatter in the measured emissive power, although the mean
alue is reduced significantly. That is, the higher one goes up the
arger is the shrouding effect by the smoke of the inner burning
egions but the greater is the variation in the smoke layer aper-
ure that “opens” and “closes”. One can attribute this to a higher
evel of the intensity of turbulence in higher layers.

The experimental NAR data shown in Fig. 3 are the data in
ig. 1, which have been corrected for the IR radiation absorption
y the atmosphere at the conditions prevailing during the test
54% relative humidity and 21 ◦C, with the NAR being located
55 m from the edge of the dike). Only the corrected mean and
tandard deviation values as a function of the height are plotted.
he atmospheric transmissivity factors for the test conditions
re calculated to be 0.67 to the bottom of the fire, 0.668 at mid
eight and 0.661 at the top (for a detailed discussion of the
arious atmospheric transmissivity models and their accuracies,
ee Lees [27]). Also plotted in Fig. 3 is the variation of the

missive power with height predicted by the model.

The model results are based on the assumption that the black
ody emissive power of the “clean burning” region (at the base
f the fire) is 325 kW/m2. The actual emissive power at the

T
l
t
a

aterials 140 (2007) 280–292

ase of the fire is lower because the 35 m diameter fire is not
ptically thick. The base emissive power is calculated to be
99 kW/m2. This value is in keeping with the mean value from
ther NAR data focusing on the bottom of the fire. The model
urther assumes that the height of the lower clean burning zone
s given by Eq. (5) in which the properties of methane and 35 m
iameter values are used. The correlation results in a height of the
ottom “clean and bright” burning region to be 11.3 m. No data
ave been published on the actual variation of the NAR read-
ngs close to the bottom of the fire; however, based on known
nformation (Malvos and Raj [14]) it appears the bottom “bright
egion” is about 10 m in test 2. The correlation indicated in Eq.
5) was some what modified from that in the literature to coin-
ide with the Montoir LNG test 2. It should be noted however,
hat the correlation in Eq. (5) predicts reasonably well the lower
right region of a 15 m diameter LNG fire (on water) tested in
hina Lake (Raj et al. [8])—this region is predicted as 25% of
isible plume height (of 50 m).

The values of other parameters used in the model (β, km, r) are
ndicated in Table 1. The results of the model agree reasonably
ell with the experimental NAR data. It should be noted that the
AR data provides information on only a specific spot (of about
.5 m diameter) on the nominal surface of the fire, whereas, the
odel predicted value should be considered as a mean value at
given height. Also, there is uncertainty as to the exact height at
hich the NARs were looking and because of slight wind the line
f sight to the spot “seen” by the NAR may not have intersected
he fire axis; thus the NAR readings may, in fact, represent a
lightly off center value of the emissive power (with the effect
f the cosine of the angle of the spot area with respect to the line
f sight being important). There are uncertainties in specifying
hich exact part of the fire the NARs were pointing to. The
odel predicts slightly lower values for the emissive power at the

ase compared to measured values. Again it is emphasized that
he model provides a “mean” value for the emissive power over
horizontal section at any height where as the NARs ‘look’ at a

ingle spot. The model predicts higher values with height than is
ndicated by the data, in spite of the fact that the crude oil values
or smoke yield and propane values for the smoke extinction
oefficient were used (one expects that using crude oil smoke
ield correlation one would get a lower emissive power at the
op parts of the fire). It is not certain why this slight discrepancy
etween the model and the LNG fire NAR data occurs. It may be
ue to the recipe assumed for the distribution of the probability
f “inner core view” assumed in Eqs. (10a) and (10b); may
e a faster rate of decrease of this probability with height is
ppropriate. However, any such assumption at this time will only
e a theoretical exercise without much comparable data. There
s, therefore an important need to obtain such intermittency data
rom large, outdoor fires.

The average value over the visible plume length of the cal-
ulated emissive power distribution along the fire axis has been
btained for four different size fires, both on land and on water.

hese include hypothetical LNG fires of a 100 m diameter on

and and a 300 m diameter fire on water. The calculated results
ogether with the experimental mean values for two fire sizes
ctually tested are indicated in Table 1. It is seen that the model
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redicted mean emissive power for the 15 m fire is slightly lower
han measured values, whereas, for the 35 m diameter fire it is
ithin the range of measured values. Considering the uncer-

ainties in the values of parameters used in the model and their
pplicability to a methane (or LNG) fire, the small differences
n the predicted and measured values are within the acceptable
ange. Table 1 results illustrate that as the fire diameter increases
he mean emissive power over the entire visible fire plume length
ecomes smaller. As can be seen, the mean emissive power for
300 m fire is only about 60% of that of a 15 m diameter fire!

It is also noted that in the current model formulation the
robability (p) of radiation emission from the inner hot core
aries as the cube of the distance from the tip of the flame—see
q. (10a). Therefore, as the diameter increases significantly,

he average value of the emissive power over the “visible”
ame asymptotically reaches a value of Eb/4. However, this
esult is just academic. As the diameter increases, according to
q. (1a) or (1b), the visible length to diameter ratio becomes
maller and smaller (and becomes zero in the asymptotic
imit). The flame length does not, however, become zero.
he soot emissive power (ES from Eqs. (6) and (7)) becomes
symptotically zero. Hence we have, asymptotically a fire with
ero visible flame length/diameter but with finite “average”
missive power (the averaging this case is over zero length).
ince the view factor is dependent on the L/D ratio, the ratio
f the hazard distance/diameter decreases continuously with
ncrease in diameter and will reach a limit value consistent with
he specified hazard heat flux.

The result of this model clearly indicates that as the fire
ize increases the mean emissive power decreases. Also, as
he fire diameter increases, the fire plume length to diameter
atio decreases. Therefore, the hazard distance, as a fraction of
he fire diameter, for any specified hazard heat flux decreases
s the diameter increases. The LNGFIRE3 model specified in
S Government regulations and those specified in NFPA 59A

tandard (LNGFIRE3 and the point source models) for LNG
o not consider the issue of reduction in the total energy out
ut (as a fraction of the combustion energy released) due to
moke effects. The result of using the current regulatory model
or LNG or other large fire hazard evaluation is the prediction
f large distances (1–2 km) for people hazards. Secondly, as
een from the above model and the results of large scale tests
ith LNG the bottom part of the fire radiates at a much higher

evel than the parts at the top. This phenomenon is extremely
mportant to note in the calculation of hazard distances from
ike fires in LNG or other fuel storage facilities (surrounded by
high enough dike wall). The presence of a dike wall of even

elatively small height (say, 10 m) cuts out a very significant
evel of radiation from the fire to the surrounding. The hazard
istance calculated using the emission from the parts of the fire
isible above the dike wall is likely to be a factor of 1.5–2 less
han that obtained from currently used models.
. Conclusions

The following conclusions are drawn from the model reported
n this paper:

r

r
a

aterials 140 (2007) 280–292 289

1) A semi-empirical model to predict the thermal radiation out-
put from large hydrocarbon liquid fuel pool fires has been
proposed which takes into consideration the formation of
smoke, its effect (by shrouding the inner burning region) in
reducing the thermal output into the surroundings.

2) The model assumes a constant emissive power zone at the
bottom of the fire. The height of this zone varies with the
properties of the fuel, the size of the fire and the evapora-
tion rate. The variation of the emissive power with height
above this zone has been modeled by assuming a probabil-
ity distribution for the fraction of the time the inner core of
burning fire is visible through the smoke shroud.

3) The results of the model have been compared with the only
available (narrow angle radiometer) data for the measured
variation of the emissive power with height. The model
results track this variation reasonably well, given the uncer-
tainties in the model assumptions and in the data.

4) The model also predicts the measured mean emissive power
from 15 m and 35 m LNG fire tests within the accuracy that
can be ascribed to the model.

5) The model is realistic in its treatment of the actual dynamics
and phenomena observed in all large hydrocarbon fuel fires,
including the very important one relating to smoke produc-
tion and obscuration of the burning regions of the fire. In this
regard it may be better than models used for LNG fire hazard
determination (such as LNGFIRE3), which are based on the
use of a single mean emissive power value, independent of
fire size.

6) The use of the model proposed has significant implications
for the calculation of more reasonable hazard distances as
opposed to the large hazard distance predictions of the cur-
rently used (or required to be used) fire models.

ppendix A. Relationship between visible fire plume
eight, diameter and burning rate

Observations from fire experiments as well as accidental fires
ver burning pools of hydrocarbon liquid fuels indicate that the
isible fire plume is very columnar, for fires up to about 50 m
iameter. That is, the visible fire looks very much like a verti-
al (in low wind conditions), burning and radiating plume. The
isible plume height is not fixed in time but pulsates up and
own about a mean height. The pulsation rates change with the
iameter. Also, as the fire diameter becomes bigger, the entire
ynamics of burning in the upper layers change due to the forma-
ion of a toroidal vortex. The puff type burning (with the toroidal
ortex) results in recirculation of the burnt gases, dilution of air
nd formation of smoke, which is brought out to the surface by
he toroidal circulation. The net effect of this is to make the com-
ustion less efficient at the upper layers of larger fires. While the
eight up to which the combustible gases burn inside the fire may
ot be affected (other than by the air entrainment dynamics), the
hermal radiation output from the upper layers is considerably

educed.

The observation that liquid pool fires burn in a long column of
elatively same diameter from the base to the tip of the observ-
ble flame sheet is used in formulating the physical problem
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escribed below. Also used in the analysis below is the con-
ept that only a mass fraction (β) of the air entrained up to
given height “burns” with its stoichiometric equivalent fuel.
his “inefficiency in combustion” continues until there is no
ore fuel vapor left in the fire to burn. The height at which all

f the fuel is exhausted is considered to be the top of the visible
ame height. This concept has been successfully used (Raj [26])

n a mathematical model to explain the experimentally measured
enterline temperature and gas velocity variation with height in
15.2 m diameter JP-4 pool fire.

.1. Analysis

A fire shown schematically in Fig. A1 is considered. The
ertical extent of the visible plume of the fire is represented by
mean flame height LF. Air for combustion is entrained from

he atmosphere along the sides of the visible plume boundary.
fraction of the mass of air entrained “burns” in stoichiometric

roportion with fuel vapor flowing at that height. The remainder
f the fuel vapor traveling up in the fire plume burns with the
ame fraction of the air entrained in the next layer. The top of
he visible plume is represented by the height at which all of the
uel mass emanating at the “pool surface” is stoichometrically
urned with air. That is, the gases that are in the updraft at the
evel of the top of the visible fire plume consist of products of
ombustion and excess air only.

In addition to the physical description above (and the assump-
ions that are part of the description) the following additional
henomena are assumed:

1) The entrainment of air occurs at the periphery of the column
fire.

2) The air entrainment rate at any horizontal section (at height
Z) is proportional to the local vertical upward velocity of
gases at that height. The local upward velocity used for

entrainment is the velocity of gases averaged over the hori-
zontal section of fire at height z.

3) The mean upward velocity of gases at any height Z is pro-
portional to the square root of Z. (This is borne out by data

ig. A1. Schematic representation of a columnar fire over a burning hydrocarbon
iquid pool.
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from large field tests with other hydrocarbon fires where
such velocity measurements have been made.)

Referring to Fig. A1, we write the mass flow rate of gases
ithin the visible plume, at any height Z above the base of the
re4

˙ (Z) = ṁf + ṁa(Z) (A1)

here ṁ(Z) is the mass flow rate at section at height Z, ṁf the
ass flow rate of fuel at fire base and ṁa(Z) is the mass rate of

ir entrainment up to height Z.
From the assumption on the entrainment rate,

˙ a(Z) = ρaαŪ(Z)πDZ (A2)

here α is the air entrainment coefficient (of the order of 0.1)
nd Ū(Z) is the mean velocity of gases over the height 0 to Z.

The last term on the RHS of Eq. (A2) represents the side area
f the fire over which air is entrained.

It is known from the literature and analyses (Raj [26]) that
he mean upward velocity of gases at any height is given by the
xpression:

¯ (Z) = 2

3

√
2g
�ρ

ρa
Z (A3)

ith

�ρ

ρa
= ρa − ρ

ρa
(A4)

he term�ρ/ρa represents the fractional decrease in the density
f gases due to combustion. It is later shown that this term is a
onstant and does not vary (to the accuracy of our assumptions)
n the Z-direction within the fire. The constancy of this term is

result of the assumption that a mass fraction β of the mass
f air entrained up to a height Z “burns” with its equivalent
toichometric mass of fuel vapor.

The top of the visible flame represents the section by which
ll of the fuel generated at the base of the fire is consumed by
urning. That is at Z = LF we have:

ṁf = βṁa(LF) (A5)

here r is the Stoichiometric air to fuel mass ratio (17.17 for
H4) and β is the mass fraction of air entrained that burns with

uel, stoichiometrically.
Substituting Eqs. (A2) and (A3) in Eq. (A5) and setting

= LF, and rearranging, we get:

αρa

(
2

3

) √
2g
�ρ

ρa
L(πDLF) = rṁ′′

f
π

4
D2 (A6)

ith ṁ′′
f representing the mass evaporation rate from the pool

er unit area. Eq. (6) can be written in a modified way as follows:[ ] ( )

LF

D
= 3r

8
√

2βα
√
�ρ/ρa

2/3
ṁ′′

f

ρa
√
gD

2/3

(A7)

4 See nomenclature for the definition of symbols.
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by Thomas that an order of magnitude more air than the stoichio-
metric mass is entrained into the fire. The same approach when
P.K. Raj / Journal of Hazardo

.2. Evaluation of the fractional density deviation term
�ρ/ρa)

Assuming that the gases are perfect with the same molecular
eight

�ρ

ρa
= �T/Ta

1 + (�T/Ta)
(A8)

here�T = (T − Ta) temperature rise of the gases due to the heat
enerated by combustion.

Hence, in the L/D correlation in Eq. (6) the fractional increase
n the temperature of the burnt gases and excess air mixture
elative to the outside air temperature can be substituted (from
q. (A8)) for the fractional density decrease (�ρ/ρa).

Consider a horizontal plane at height Z above the base of the
re. Using the definition of the parameters indicated earlier we
how that:

˙ f(Z) = β
ṁa

r
(A9)

here ṁf(Z) is the mass rate of fuel burning up to height Z.
The total heat production rate by combustion up to height Z

s therefore:

˙ (Z) = ṁf(Z)�Hc = β
ṁa

r
�Hc (A10)

ssuming that all gases have the same mass specific heat, we
rite the enthalpy equation for the gases at a height Z plane,

ṁf,0 + ṁa(Z)}CaT (Z) = {ṁf,0CfTf(0) + ṁa(Z)CaTa} + Q̇

(A11)

here ṁf,0 is the mass flow rate of fuel at the base of the fire.
Assuming (without significant loss of generality) that

fTf(0) = CaTa. Substituting Eq. (A8) and Eq.(A10) in Eq. (A11)
nd rearranging, we show that:

β

r

�Hc

CpTa

ṁa

(ṁf,0 + ṁa)
= T (Z) − Ta

Ta
= �T

Ta
(A12)

It is known that the mass of air entrained up to any height
(for Z > 0.1D) is substantially larger than the mass flow rate

f vapors at the fire base (for example, the total mass of air
owing through the top of the visible flame is estimated to be
n order of magnitude higher than the stoichiometric value of
= 17.17; that is, the air entrainment is about 170 times the mass
ow rate of vapors at the surface of the pool). Hence, the ratio

˙ a/(ṁf,0 + ṁa) can be considered to be unity. In this case, Eq.

A12) indicates that the ratio of temperature rise of the gases
nd air temperature is constant for all heights.

Eq. (A6) is written in a non-dimensional form as follows5:

LF

D
= AF2/3

c (A13)

5 If the fire plume is assumed to be an inverted frustum of a cone with base

u

d
t

F
t
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here,

c = combustion Froude number =
(

ṁ′′
f

ρa
√
gD

)
(A14a)

= constant factor =
[

3r

8
√

2βα
√
�ρ/ρa

]2/3

(A14b)

e now define,

= Damkohler number = �Hc

CaTa
(A15)

ubstituting results of Eqs. (8), (12a), (12b) and (15) in Eq. (14)
e get:

=
[

9

128α2D

]1/3
r

β

(
1 +D

β

r

)1/3

(A16)

q. (A13) shows that LF/D ratio of the fire varies as the 2/3
ower of the non-dimensional burning rate or the combustion
roude number. This exactly the result indicated by Thomas
24]. Heskestad [25] also has published the correlations for the
F/D ratio for a wide range of Froude number; his correlation,

hough has a different mathematical formula, follows the 2/3 law
n the applicable values (for large fires) of the combustion Froude
umber. The correlation of Thomas indicates the following:

= 55 (A17)

he above value is based on wood crib fire experimental data.
his value of A is used below to estimate the value of the com-
ustion efficiency factor β.

.3. Value of the combustion efficiency factor β

The following values for the thermal and combustion prop-
rties of methane and other parameters are used

Air to fuel mass ratio for stoichiometric combustion 17.1674
Hc Heat of combustion 50.02 MJ/kg

a Specific heat of air 1000 J/kg/K

a Air temperature 293 K
Air entrainment coefficient 0.1
Damkohler number =�Hc/(CaTa) 170.05

Substituting the above values on the RHS of Eq. (A16) and
etting A = 55 results in a value ofβ = 0.1454. That is, by the time
he combustion of all of the fuel is complete about 1/β = 6.88
imes the stoichiometric mass of air is ingested into the fire.
his is in keeping with the experimental observations reported
sed with the JP-4 fire data results in β = 0.06. Hence, there is

iameter equal to the fire diameter and the cone angle is α then it can be shown
hat the Eq. (A13) changes to

LF

D

{
1 + α

2

(
LF

D

)}(2/3)

= AF
2/3
c

or most fires of interest with LF/D in the 0.5–3 range, and α= 0.1, the second
erm in the { } brackets is small compared to 1 and can be neglected.
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ome uncertainty as to where the “visible fire plume” ends on a
tatistical mean basis.

Also, it can be shown from the above value of β and the
elationships in Eqs. (A8) and (A12) that:

�T

Ta
= β

r
NE = 1.44 and

�ρ

ρa
= 0.59 (A18)

.4. Conclusions

1) The analysis above shows clearly that for most liquid pool
fires of hydrocarbon fuels that may occur due to accidents
the height of the visible plume can be estimated by an equa-
tion (Thomas’ modified equation). The L/D ratio of the fire
varies as the 2/3 power of the combustion Froude number.

2) The model developed provides a means of estimating the
value of the constant factor for different fuels with known
properties of the fuel and assumed efficiency of combustion.

3) The model presented does not provide any means of indicat-
ing how the radiation output from the fire varies with height
nor does it predict the chemistry that occurs within the fire
(due to combustion inefficiencies).
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