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A methodology has been developed for predicting incident
thermal radiation levels around pool fires, following
accidental spillages of flammable liquids into bunded
areas. A realistic representation of the flame shape has
been developed using new correlations for predicting the
flame geometry. The model has been validated against data
from a wide range of experiments and good agreement
obtained between model predictions, observed flame shapes
and measured thermal radiation levels. It can be used to
assess the consequences of LNG, ethane, propane, butane,
naphtha and kerosene pool fires, in bunds of various
dimensions and over a range of weather conditions.
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1. INTRODUCTION

Safe operation and accident prevention have been primary considerations.irll Fhe
development of the o0il and gas industry. As a result, present day facilities
are designed, constructed and operated to high safety standards.

In addition to the industries’ own efforts to ensure the highest stax']dards
of safety, regulations for the control of major industrial sites §tor1ng or
Processing dangerous materials have been implemented. These regulatmn; often
require that safety assessments are undertaken, in order to quantify t]:ne
hazards associated with site operations. Information from such a.f:sessments is
essential for the preparation of appropriate on-site ax}d o:".f—51Fe emergency
: plans. Vithin the European Economic Community, the Council Dlrect}ve on Major
Accident Hazards(l) has required member countries to adopt sgch leg%slatlor.l. In
the U.K., this is enacted through the Control of Industrial Major Accident
Hazards (CIMAH) Regulations(2).

Detailed safety assessments require methodologies for ?alculatln%' .
accurately as possible the consequences of a range of accidental re ei;(e;
Scenarios. In particular, the release and ignition of a llquld'fuel suchde_1s v
may result in a pool fire which would subject the surrm:md}ngs and adjace
plant or equipment to thermal radiation and possibly flame impingement.

This paper describes a new model, FIRE2, whic.:h has been develogegirzz
British Gas to assess the hazards presented by liquid hydroc.:arbon.pool :
contained within bunded areas. The model can be applied to f1res thZt:i;i:
range of fuel types, pool shapes and pool sizes and can be use ho fire and
the levels of incident thermal radiation at any position aroundbt e et e
onto surfaces at any inclination or orientation. Predictions can de 123 . ¥ Ve
range of weather conditions. The model is based on data obtaine A
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range of large scale experiments, and has been validated against further
experimental data.

2. LARGE SCALE POOL FIRE EXPERIMENTS

Predictions of thermal radiation levels produced as a function of distance from
a pool fire are usually obtained from models based on experimental measurements
of flame geometry and radiative characteristics. The characteristics of flames
associated with large hydrocarbon pool fires have been studied by a number of
workers(3-11). Experiments have been conducted in circular, rectangular and
square  bunds with most of the studies providing information on the
characteristics of LNG pool fires, although data are available for other fuels
ranging from LPG to crude oil. Detailed reviews of previous work have been
undertaken(6-8,12).

Many of the processes involved in the emission of thermal radiation from
burning pools of hydrocarbon liquids are scale dependent(8). The shape and size
of the flame will depend upon the thermodynamic properties of the 1liquid
involved, and on the pool shape and size. The effects of buoyancy and the wind
conditions are also important. Development and validation of models to predict
thermal radiation levels is thus dependent on obtaining data on the effects
these parameters have on fire characteristics.

Therefore, it is important to obtain data from experiments which are
conducted as close as practicable to full scale. Although difficult and
expensive to perform, such experiments have been undertaken, for example as
depicted in Figure 1la, with LNG contained in 1low aspect ratio shallow
rectangular bunds(6) (up to 15.2m square) and circular bunds(8,22) (up to 35m
diameter). These experiments have shown that buoyancy has an increasing effect
on flame shape as pool size increases. Increases in pool size also lead to
increasing values of the flame surface emissive pover, probably associated with
increasing soot formation in the fire. Additionally, the mass burning rate was
found to increase with pool size, leading to proportionately shorter duration
fires. However, data obtained from the 35m diameter LNG pool fire experiments
have indicated that for both the flame surface emissive pover and the mass
burning rate, limiting values may have been approached.

The behaviour of fires burning in tank tops or high walled bunds has been
examined in experiments carried out in high walled bunds up to 10.7m in
diameter. These experiments have shown that, compared to fires in shallow
bunds, fires in high walled bunds can result in an increase in the extent of
the flame downwind beyond the edge of the bund.

Experiments with higher hydrocarbons burning in shallow bunds, have shown
that the flame surface emissive pover increases more rapidly with pool size
than for LNG(7,13). However, above a critical value of fire size, radiative
heat 1loss from the flame leads to quenching of the chemical reactions which
consume soot. This produces an increasing tendency with increasing pool size to
generate black smoke(7,13), screening the thermal radiation from much of the
flame, as shown in Figure 1b, and in some cases leading to a significant
reduction in the total radiative output from the fire. Although 1less
pronounced, smoke shielding of the upper part of the flame was also observed
during large LNG pool fires(8).
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Overall, experiments have demonstrated that scale is important in
assessing both the radiative and geometric characteristics of fires, and that
soot and smoke formation need to be allowed for properly in predicting the
thermal radiation hazards from liquid pool fires.

3. FIRE2 MODEL

For any receiver adjacent to a liquid hydrocarbon pool fire, the incident
thermal radiation (I) is determined using the following equation:

T LOSEPL s (1)

vhere F is a configuration factor, SEP is the surface emisgive power of the
flame and T is the atmospheric transmissivity. The configuraFl?n fact9r enables
the relative position and geometry of the flame and receiving object to ?e
taken into account. The atmospheric transmissivity is an im?ortant parameter in
the model, as it takes account of the amount of radiétlon absoFbe§ ?y the
intervening atmosphere and the receiver. Atmosp?erlc transmissivity ;s
primarily dependent upon the amount of water vapour in the atmosphere and the
path length between the flame and the receiver(2l).

In order to predict accurately the thermal radiation field around a pool
fire, a knowledge is required of three factors; the flame.ge9metry and gince
the configuration factor, the thermal radiative charactg;lstlcs of thg a:e
and the atmospheric transmissivity. How these have yeen 1n§or?orated 1;{0 the
nev British Gas pool fire model, FIRE2, is discussed in detail in the following

sections.

3.1 Flame Geometry

In previous models, the shapes of flames associated w%th large hydrog:gbgnagooi
fires have been approximated using regular.geometr1c§l shapzsé elAnzl Sl
cone(6), a sheared cylinder(7,14) or a tilted cylinder(3, é ). 5 uzin .
expressions for calculating the configuration factors have'been irlzethod(lg)-
geometrical determination technique(15) or the contour‘lntegrg et 1
Such equations are available for cylinders and other slmple's ap A, i g
restricted to certain locations and orientations of the re;glver. . nroximate
area integral methods have also been developed(17,18) to de 1ne.ans ggt P
flame shape. In these methods the shape representing the flame is wgre st
series of parallelograms or triangles. Correlat;ogiame e g
developed(6,14,19) for a time averaged flame length 2n14) sy o
workers also produced a correlation for the f1§me drag( s d’d‘rection Care
vhich the flame base extends outside the‘bund in va downwmh iarious éroups
needs to be taken in comparing the correlat19ns devglOPed bz tfiame Serpwhyspbe
of workers, as the geometrical parameters, 1in particular the ’

often defined in different ways.

i ire

Comparison with experimental data has shown t?at‘represeﬂzlnfe:iz:?ini e

by a cylindrical or other simple shape can result in 1gaccur; . Earge i Al

thermal radiation levels at positions ?lose to the flre. Shg skl e

particular, the cylindrical representation results in a B p o g s

further downwind than is actually observed exper;m§2taofy;he gt dh e
fire(8), buoyancy forces result in much of the top ha
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tilted less than the lower part. Thus, for downwind receivers, the models based
on a cylindrical flame shape predict higher radiation levels than are observed
experimentally, with the difference increasing with fire size.

The FIRE2 model is based on the area integral method described by
Hankinson(18), with the flame envelope split into small triangular elements.
The use of triangles increases the scope to develop a more complex and
therefore more realistic representation of the flame shape and thus overcomes
many of the geometrical shortcomings discussed above. This realistic flame
shape has been derived from time-averaged flame shapes measured during numerous
large scale LNG pool fire experiments, with effective bund diameters ranging
from 6.1m to 20.0m(5,6,22). The observed shapes were digitised and normalised
to remove the effect of the pool size, flame length and flame tilt (Figure 2).
The normalised shapes produced were in excellent agreement with each other, and
resulted in the identification of a single normalised shape.

Correlations' were developed from LNG pool fires in bunds from 6.1m to
35m diameter(5,6,8,22), and from fires involving fuels other than LNG in bunds
up to 20m diameter, to produce general scaling relationships for use in FIRE2
for the flame length, flame tilt, flame drag and the mass burning rate. Figure
3 shows the definitions of the geometrical parameters used in the model.

3.1.1 Maximum Flame Length. Various correlations are available in the
literature to predict the length of flames in fires burning above liquid
hydrocarbon pools, although care should be used in comparing them as the flame
length is not always defined in the same way. Each correlation does however
relate the flame length to similar dimensionless groups, in particular the
dimensionless mass burning rate. Commonly used correlations for flame length
include those published by Thomas(19), the AGA(3) and Moorhouse(6). None of
these correlations are suitable for calculating flame lengths for use in a
model using a realistic flame shape as they are based on idealised flame
shapes. The Thomas equation tends to underestimate the measured maximum
time-averaged flame length for the majority of experiments, particularly for
larger fires. The AGA equation, however, tends to over-predict the data. The
correlation obtained by Moorhouse for a cylindrical flame representation
significantly underpredicts the maximum flame length, while that for a conical
flame representation is the best of the currently available correlations.

For use within FIRE2, a new correlation has been developed for predicting
the maximum flame length, L , based on the same dimensionless groups used in
previously published models” No dependence on fuel type was observed, and thus
fuel-dependent terms were not included in the correlation:

*.0.305 * 20103
L = 10.615 (m ) Q] 9) D, (2)
where m" and U" are the dimensionless mass burning rate and windspeeds
respectively (the subscript 9 denotes that the windspeed was measured at a
height of 9m), and are given by:

m' = m /( o, 18D, ) (3)
and 3

U, =U/U_, and U_ = (gmD,/p )"/’ (4)

In equation (4), U*9 is constrained to be no less than 1. (i.e. Uﬂggl)

The correlation given by equation (2) provides a good fit to the experimental
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data and measured values of the maximum flame length are shown plotted against
predicted values in Figure 4.

3.1.2 Flame Tilt. Many of the correlations available in the literature relate
the flame tilt to either the dimensionless windspeed or Froude number. Thomas’s
equation(19) consistently underpredicts the experimentally obtained flame tilt
angle, vhile the AGA(3) equation tends to overpredict. Both of the correlations
produced are of the form:

cos® = A (U")® (5)

where A and B are constants. The main shortcoming of this form of equation is
that U" is taken to be unity, and the flame tilt zero, when the measured
vindspeed is less than the characteristic windspeed (U ). This can result in
inaccurate predictions for large diameter fires burning in low windspeeds,
since a small change in windspeed will result in a large change in the
predicted flame tilt, whereas experimental data indicates that flame tilt still
occurs with very 1low windspeeds. This problem was overcome by the equation
developed by Welker and Sliepcevich(14) and discussed by Moorhouse(6), which
related the tilt to the Froude and Reynolds numbers. The parameters used in
their equation have been fitted to the experimental data to produce the
following equation which is used in FIRE2:

tan®/cos® = 0.666 (Fr)° 333 (Re)? '’ (6)

Where Fr is the Froude number and Re is the Reynolds number of the source,
given by:

2 7
Fr U9 /ng_l

14 (8)
Re = DKUQ/Y

The data does not indicate a relationship betveen the flame tilt and fuel type
and therefore the correlation does not incorporate the term for gas vapour
density used by Welker and Sliepcevich(14). The experimentally measured values
for the ratio of tan®/cos® obtained by the correlation are shown plotted
against the values predicted by Equation (6) in Figure 5. To allow for buoyanﬁy
effects, this tilt is only applied to the lower half of‘the flame. Based orllft efa
experimental data, the model uses an angle of ©/2 applied to the upper half o
the flame.

extension, is a phenomenon which

2l flame base
3 Flame Drag. Flame drag, or flam by British Gas. However, e

has been observed in all the experiments conducted i ;
AGA(3) equations used to describe the flame shape do not 1nc11_.|de aGcorrila]tf;gz
for this phenomenon, although photographs taken during their LN ;f)(fno Moo
experiments showed that the effect was presgnt. No flame drig e esg‘:h(u)
reported by Thomas(19) for burning wooden cribs. Welker and : iepc —
did, hovever, note this effect, as did Moorhouse(6). However, t e.c}c:n;he et
obtained by these sets of workers are not in good agreement wit

recent experimental data which is now available.

drag was dependent on fuel
elation for the flame drag

term to account for gas
that has been

The experimental data indicated that tl-le flame
type, and therefore there is a need to obtamAa cc:%'r
that adequately accounts for the fuel type. ratio t
vapour density has therefore been included in the equation
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produced to describe this effect. The correlation produced is given by:
D’/D, = 2.506 (Fr)°°%7 (Re)~0:03 (pg/pa)o.us )
Where D’/D is the flame drag ratio. Measured values of the flame drag ratio

H N . . . . .
are shown "plotted against values predicted using the correlation given in
Equation (9) in Figure 6. Excellent agreement was obtained for all fuel types.

3.2 Mass Burning Rate

The mass burning rate is an important parameter in any model as it is used in
several of the correlations described in Section 3.1, as well as for predicting
the overall duration of the fire. Experiments have shown that the mass burning
rate has a strong dependence on bund size with a weaker dependence on fuel
type(6-8). The dependence on pool size is primarily due to the variation of the
flame surface emissive power (SEP) with pool size (see Section 353). !SEB
increases with pool size up to a limiting value, which occurs at different pool
sizes for each fuel. Thus, the back radiation to the liquid surface will be
higher for larger pool diameters, producing an increase in the vapour evolution
rate. Eventually, a limiting value of the mass burning rate will be reached (as
a result of the limiting SEP - see Section 3.3.1). An exponential relationship
to the data was therefore derived to incorporate the limiting value of mass
burning rate. For LNG and ethane the mass burning rate within FIRE2. is given
by:

m=0.14 (1- exp(-—0.156DH)) (10)
For LPG pool fires the relationship used in FIRE2 is given by:

m=0,12 ( 1 - exp(-O.SDH)) (11)
Due to limited experimental data, FIRE2 uses a single value of mass burning

rate for other fuel types. The recommended maximum mass burning rate values for
a variety of fuels are given in Table 1.

3.3 Thermal Radiative Characteristics of the Flame

Experiments(5,6,8) have shown that in LNG pool fires, a relatively clean flame
is produced with some smoke emanating mainly from the top. However, higher
hydrocarbon pool fires produce a larger quantity of smoke which obscures part
of the flame(5,7), and are characterised by a lower region which is mainly
clear flame and an upper region consisting of smoke obscured flame. Most pool
fire models assume that the fires emit thermal radiation uniformly over their
surface, even though they may consist of regions of flame and smoke.

The radiative properties of a flame are usually represented by an average
surface emissive power (SEP), which is calculated from the flame area and
measurements of incident thermal radiation. It is therefore dependent upon the
flame geometry used to interpret the data. It is important when comparing data
on SEPs that the method of calculation is known.

Two different approaches can be used to obtain the SEP. In the first(7)
the SEP is based on the actual area of visible flame, whereas in the second the
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radiant emission is averaged over an idealised representation of the flame
shape(3,5) which may include portions of the flame shielded by smoke. For a
fire with any degree of smoke shielding, the latter method produces lower
values of SEP, and an under-prediction of the radiation levels in the near
field. In the 35m diameter Montoir LNG pool fires discussed by Nedelka et
al(8), the SEP based on the clear flame was 50 per cent higher than that
calculated using a simple cylindrical shape to represent the flame. Thus, for
receivers within a few bund diameters of a pool fire, models using an SEP based
on the simple shape are likely to underpredict the received radiation. Several
vorkers(7,20) have split the flame into two zones, a lower one with a high SEP
and an upper one with a lower SEP. These two zone models have not previously
been applied to LNG, although the Montoir 35m pool fires suggest a two zone

approach is appropriate.

In the FIRE2 model, the value of SEP which is adopted is based on
experimental values obtained using only the clear flame. For pool fires other
than LNG and ethane in small diameter bunds, this approach 1ea§s to the
adoption of a two zone approach to characterising the thermal raﬁiiatlve output
from a flame. This approach has been used previously(8,13), with the flame
split into two zones, the lower part having a higher SEP than'the upper part,
to allow for the smoke shielding. Therefore, to allow for fires where smoke
shielding occurs, two additional parameters are included, a cZ'Leailr flame length
and an unobscured ratio which defines the proportion of the Vlslb}e flame area
within the upper, partially smoke shielded portion of the flame (Figure 3).

The flame surface emissive power, clear flame length and unobscured ratio
are discussed in more detail in the following sections.

3.3.1 Flame Surface Emissive Power. The flame surface emissive powver dfaflnes
the radiant heat emission from a flame and in the case of black l?ody ezlt;eis
is related to the flame temperature by the Stefan Boltzman eql-‘atw“}-1 T ﬁ ZE;
for SEP obtained from LNG pool fire experiments suggest thatlalt Oltlglar o
initially increases with pool diameter, there is a llmlt%ng Vﬁ ugs adiame%er
diameters. This limit appears to have been _appr0§ched during t : . ']'.‘0 A i
pool fires(8), and as a result, an exponential fit was l'xsed in develop -
correlation for SEP which is used in FIREZ2. Thg correlat?on ‘fiol]; avei:gevisible
based on the assumption that thermal radiation is only emitte & l..”om

parts of the flame (i.e. not obscured by smoke), and is given by:

12
SEP = 265 ( 1 - exp(-0.149D_)) (12)
For fuels other than LNG, a single surface emissive power value ;iau:esa‘{;;h;?
FIRE2. To obtain a representative value for gach fuel type, an 3; Bgitish i
emissive power was obtained from the experiments carried o;t {ues R
The recommended values are listed in Table'l. As for Ir:NG t ?b‘{: ek
on the assumption that radiation is only emitted from the vis

s s i nce
3.3.2 Clear Flame Length. The clear flame length is clefmeg'gft ;2etgésziame
along the flame axis from the base of the flame to the upper ;rimental data(?h)
region vhich is unobscured by smoke (Figure 3). Thel :XPe Sl poolisine:
suggest that the clear flame length is dependent on fue 5 ygor a given fuel,
vith the length being shorter for higher hydrocarbons and,

for increasing pool diameters.
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Therefore, when producing a suitable correlation for the clear flame
length, it was important to include a term to allow for the effects of fuel
type and bund diameter. To achieve this, a fit of the same form as for the
maximum flame length was attempted, but incorporating a parameter to account
for different fuel types. The gas density, p , was substituted for the air
density, p , in Equation (4), but the fit obtained did not fully account for
the differefce between fuel types. It was then attempted to obtain correlations
using other fuel dependent parameters, i.e. an air density to gas density
ratio, and also a carbon to hydrogen ratio. The latter method was adopted
because it is more important in determining the degree of smoke formation in
the flame and gives a good fit for heavy hydrocarbons as well as for LNG. The
correlation is given by:

Fli13

L = 11.404 (m ) (U

'9)0.179 (C/H)—Z.-IQ DH (13)

Measured values of the clear flame length are shown plotted against predicted
values obtained from Equation (13) in Figure 7.

3.3.3 Unobscured Ratio. The wunobscured ratio of the flame is the parameter
used to take account of the amount of smoke obscuration of the upper region of
the flame. It is defined as the ratio of the total area of visible flame in the
upper region to the total area of the upper region. The unobscured ratio will
be dependent upon the flame shape adopted; in FIRE2, the normalised shape
described in Section 3.1 is wused. For fires which produce little smoke, for
example most LNG fires, the unobscured ratio will be high, whereas low values
will be obtained for fires involving significant soot production, for example,
kerosene fires.

Values of unobscured ratio were obtained from measurements obtained from
many of the experiments which have been conducted. The data show that there is
a strong dependence on pool diameter and fuel type. From the measured data
different values for the unobscured ratio vere selected for varying fuel type
and pool diameter. The data were divided into three categories based on pool
size; less than 10m diameter, 10 to 20 m diameter, and 20m diameter and above.
The values obtained are given in Table 2, and are intended to represent average
values for each fuel type and pool size category.

As the model calculates an SEP based on the extent of the visible flame,
for the wupper portion of the flame, where there is significant smoke
obscuration, this is multiplied by the unobscured ratio to give a lower,
'effective’ SEP.

3.4 Configuration Factor

Once a flame shape has been produced by the model, a configuration factor can
be obtained. The FIRE2 model uses an area integral method(18) to calculate the
configuration factor. The flame shape is split into 50 horizontal bands, each
of which is split into 336 small triangular elements. Conditions are then
applied to select only those elements on the flame surface which can be seen by
a receiver at a given position and orientation. A configuration factor is
obtained between each of these triangles and the receiver, with the sum from
all viewed triangles representing the overall configuration factor.
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4. FIRE2 VALIDATION AND CAPABILITIES

To be an effective model, it is important that FIRE2 provides accurate
predictions of incident thermal radiation levels generated by liquid pool fires
at receiver positions for a wide range of pool geometries, fuel types and
wveather conditions, both upwind, crosswind and downwind of the fire. In
reality, the predictions of the model for locations downwind of the fire are
likely to be used for safety assessments, so it is particularly important to
predict accurately the incident thermal radiation in that direction.

The ambient windspeed and pool diameter must be specified in order to
produce a representative flame shape for a particular scenario from the_general
normalised flame shape. These parameters, applied to the correlations discussed
in Section 3, enable FIRE2 to produce a flame shape that is a much better
representation of the observed flame shape than that given by a simp}e shape,
such as a cylinder (Figure 8). In zero wind conditions the.rgpresentatlye f}ame
shape has a circular cross-section and in wind blown conditions an ellipsoidal
one.

Validation of the model has been achieved by comparing predictio?s from
FIRE2 with a wide variety of data that have been obtained ?ro@ experiments.
This is achieved by calculating the incident theFmal radiation levels at
locations corresponding to positions where radiation 1eve1§ were measured
during the experiments. In this way, measured values can be directly compared
with predicted values of incident thermal radiation levels. ?he modgl has bgen
validated against data obtained from a large number of pool fires, Vlth Ya;ylng
fuel types and geometries, including experiments conducted by both British Gas

and other workers.

Figure 9 shows measured incident thermal radiation (flux) values obtained
from eiperiments conducted with fuels other than LNG in low-wa}led ;ectasgxia:
bunds, plotted against values predicted by FIRE2. The qata.obtalned Ber. E G:s
and Cavin(ll) were for nominally 20ft square propane pit fires. Thg ritis o
data were obtained from fires burning in rectangular bun?s Ylth hygraut;c
diameters of approximately 7 and 14m. It is apparent from this f}guri ta:; Cag
model provides good predictions of the data obtained from experiments
therefore be used with confidence for fuels other than LNG.

The model has also been validated against a wide range of c1rc:1aré1§gg
fires in shallow bunds. Excellent agreement vas oytalned bet:esn ; ;elka *
predictions and data obtained from the 35m LNG pool f1r§ reporte ynoi el &
al(8), as shown in Figure 10, even though these experiments were

deriving the flame shape used in the model.

The FIRE2 model can be used for pool fires inv°1VinglLNGﬁ ezz:ﬁeéop;gzggi;
butane, naphtha and kerosene, and can be apPlled to'evab e zli rnatively, the
incident thermal radiation levels at any given P?Sltlog' 1 iadiation evel.
model can be used to predict the distance to a given t ermi Besgiek e e
Vhen applying the model to consider the ‘effect of al goot s reatves,
plant, it is important to be able to pred1c§ the tota ggz ki crn sk
in order to assess if fire protection is required. fue FId. t?on at different
this information by computing values ?f incident ra %ate bt (s TR
locations over the receiving surface, which can then be integ

the total heat load.
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For some applications it may be necessary to determine the orientation of
a receiver at a particular location which would be subjected to the maximum
level of thermal radiation. A technique to calculate the maximum radiation
levels and the corresponding orientation is included in the model. The model
can be applied to fires burning in both shallow and high walled circular bunds
and also to shallow rectangular bunds with aspect ratios of less than 2.5:1.

5. CONCLUSIONS

A nev model, FIRE2, has been developed by British Gas which accurately predicts
thermal radiation levels from liquid hydrocarbon pool fires burning in bunded
areas. A realistic representation of observed flame shape has been derived and
used with nev correlations for flame geometry parameters, to give good
agreement between thermal radiation levels measured in experiments and those
predicted by the'model. The model allows the extent of any pool fire hazard to
be assessed more accurately than existing approaches and hence, for example,
enables the need for fire protection or fire prevention systems to be
determined.

6. NOMENCLATURE

*

m, dimensionless mass burning rate
U dimensionless windspeed
L maximum flame length (m)
D" hydraulic bund diameter (m?
H . 2
m mass burning rate_(kgm “s )
p air density (kgm )
u® windspeed (ms™ ")
U characteristic windspeed (ms™h)
p gas density (kgm °)
g° acceleration due to gravity (ms™?)
L clear flame length (m)
(&/m) carbon to hydrogen ratio of fuel
(I flame tilt angle
Fr Froude number
Re Reynolds number
Y kinematic viscosity (m*s™)
D’/DH flame drag ratio
SEP surface emissive power (ka‘z)
F configuration factor
I incident thermal radiation (ka_z)
T atmospheric transmissivity
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TABLE 1. LIMITING MASS BURNING RATES AND EMISSIVE POWERS

Fuel Type » Mass Burning Rate Surface Emissive Power

(kgm_zs_1

) (kvm™?)
LNG 0.14 265
Ethane 0.14 250
Propane 0.12 250
Butane 0:12 225
Kerosene 0.10 200
Naphtha 0.10 200

TABLE 2. UNOBSCURED RATIOS FOR VARIOUS POOL DIAMETERS

Fuel Type DH<10m IOmSDH<20m DHZZOm

LNG
Ethane
Propane
Butane
Kerosene
Naphtha
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FIGURE 1a. LNG POOL FIRE FIGURE 1b. LPG POOL FIRE
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FIGURE 2. TYPICAL NORMALISED

FLAME PROFILE

FIGURE 3. TWO-ZONE FLAME REPRESENTATION USED IN
THE BRITISH GAS FIRE2 MODEL
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