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SUMMARY

Through a review of available data for radiation from large pool fires to external targets, a
procedure for predicting the incident radiant flux to a target outside the flame is devel-
oped. The procedure is based on the classic cylindrical flame shape assumption and
uses the flame height expression developed by Heskestad. The ’effective’ emissive
power of the flame is found through direct comparison of model predictions with experi-
mental data. The ’effective’ emissive power is found to decrease with increasing pool
diameter. The results are compared to the method of Mudan and Croce described in the
SFPE Handbook of Fire Protection Engineering, and the present method is shown to pro-
vide more accurate predictions of radiant heat flux from large pool fires. A complete pro-
cedure for determining radiative heating of a target subjected to radiation from a pool fire
is presented.

The Orloff and deRis model for radiative heat transfer from the flame to the pool surface
is clarified and simplified.

INTRODUCTION
Radiation from pool fires is well known to domi-
nate other modes of heat transfer for pool diam-
eters of 0.3-0.5 m or more. There have been
many experimental studies of large pool fire
structure and radiationl-14. It is the purpose of
this investigation to develop simple methods for
the prediction of radiation from pool fires based
on pool fire radiation data available in the open
literature. Only data for pool fires in excess of
one meter diameter will be considered.

In this investigation experimental data for pool
fire radiation to external targets will be used to
test the classical cylindrical flame radiation
model and determine the ’effective’ emissive
power required in this model to achieve the best
fit with available data. A full algorithm for pre-
diction including required constants is devel-
oped and the method is compared with the
method of Mudan and Croce23.

A model for radiative transfer from the flame to
the pool surface will also be developed from the
model of Orloff and deRis25.

METHOD
The correlation of flame radiation to external

targets requires a simple yet realistic model of
the flame. Towards this end the flame is
assumed to be a cylindrical, blackbody
homogeneous radiator. The incident radia-
tive flux to a target outside the flame, q &dquo;, is

given by

where E is the ’effective’ emissive power of the
flame and F12 is the configuration factor
between the target and the flame. No explicit
correction for atmospheric absorption of radia-
tion will be made.

The configuration factor is solely a function of
the target location and the flame height and
diameter. The diameter of the cylinder is the
pool diameter, D, and the flame height, H, is
determined from the flame height correlation of
Heskestad5. For noncircular pools the ’effec-
tive’ diameter will be defined as the diameter of
a circular pool with an area equal to the actual
pool area, i.e.

Other models will be required for pools with
aspect ratios greater than 2.59.

Correlations, which describe the effect of pool
diameter and burning rate on flame height,
have been reviewed in Reference 16. Of the

available correlations, the Heskestad expression
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best fits the available large diameter, low H/D
pool fires. At the same time, this correlation
also reproduces the well known large H/D
asymptotic behavior, where the flame height is
dependent only on the heat release rate. Given
the excellent performance of the Heskestad cor-
relation over a wide range of conditions, it is
selected for use here in the form

where Q is in kW and D is in meters. This
equation requires that the heat release rate be
known.

Babrauskasl7 has reviewed pool burning rate
data and correlations. He recommends that the
heat release rate, Q , can be determined as fol-
lows

where m ’0:. and k[3 are properties of the fuel,
rn &dquo; is the mass volatilization rate per unit area,
A is the pool surface area, and Ahc is the lower
heat of combustion. This model is used here
with fuel parameters, m ’.:0 and k/3, taken from
References 17,18 as determined by Babrauskas.
For fuels for which these parameters have not
been tabulated, m ’.. may be estimated by the
Mudan expression 18

where Ahv is the heat required to heat the liquid
fuel to the boiling temperature plus the heat of
vaporization at the boiling temperature. For
pool diameters of several meters or more, it is
generally suitable to take m 11 = m ~.

Given the diameter and height of the flame, the
configuration factor can be determined using
widely published results for F12 from vertical cylin-
drical radiation sourcesls-2o. The formulas for hor-
izontal and vertical targets are reproduced below.

where,

The maximum configuration factor at a point is
given by the vectoral sum of the horizontal and
vertical configuration factors.

In this investigation all experimental results
are for vertical targets, so Equation 6b is used.

The ’effective’ emissive power of the flame will
be determined by comparison with a wide range
of experimental measurements of radiant flux
from pool fires to external targetsl-s. It is

important to note that the ’effective’ emissive
power of the flame is defined only in terms of a
homogeneous flame radiation model. It is not
the local emissive power which can be measured

directly with a narrow angle radiometer. The
determination of the ’effective’ emissive power
can only be made by the comparison of radiant
heat flux data with a fully specified radiation
model. It includes effects of smoke obscuration
of the flame as well as any deficiencies else-
where in the radiation model. Since emissive

power is generally measured in the center of the
flame with a narrow angle radiometer, the
’effective’ emissive power is generally less than
local measured emissive powers. These local
and ’effective’ emissive powers are very differ-
ent and cannot be used interchangeably.

To summarize the model proposed here, the heat
release rate is estimated from Equation 4 which
is used in Equation 3 to find the flame height.
The flame diameter is taken equal to the pool
diameter or the ’effective’ pool diameter of noncir-
cular pools as given by Equation 2. Using the
flame diameter and height, Equation 6b gives the
configuration factor. No corrections for atmo-
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spheric absorption of radiation are made. The
’effective’ emissive power of the flame will be
determined using Equation 1 by fitting experi-
mental measurements of radiant flux from pool
fires to external targets from Referencesl-6.

DATA
The data utilized in this paper were the results of
experiments reported in the open literaturel-6.
These included a total of 18 experiments and 75
individual radiation measurements. The pool
diameters range from 1 to 50 m and fuels range
from LNG to JP-5. All measurements were
made with vertical targets at ground level.
Data were not used here if the pool diameter
was less than one meter, if less than three flux
measurements were made in a particular test,
or if large lip heights were employed. Table 1
summarizes the data utilized.

It is clear that other investigators have made
radiant heat flux measurements but have not
reported them in the open literature. In the

future it will be necessary to establish a mecha-
nism to obtain unpublished results from investi-
gators to expand the available database.

CORRELATIONS
For each experiment the best fit ’effective’ emis-
sive power was found. These results are shown
in Table 1. Figure 1 shows a comparison of the
incident radiant heat fluxes predicted using the
’effective’ emissive powers in Table 1 with the
measured heat fluxes. Since the ’effective’ emis-
sive powers were determined from the measured

data, it is not surprising that the data are cen-
tered about the 45° angle line which indicates
equality of the predicted and measured values.
However, the small magnitude of the scatter
about the line over two decades is a direct indica-
tion that the cylindrical flame shape is accurately
portraying the decay in radiant heat flux with
increasing distance from the pool fire.

Figure 2 shows a correlation of the data of Table
1 with the nondimensional distance from the

TABLE 1. Summary of Experiments
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Fgure 1. Comparison of calculated and measured inci-
dent radiant flux using the ’effective’ emissive powers
from Table 1. The solid line indicates equality of the
predicted and measured heat fluxes.

pool center to the target location, L/D.
Excluding the 50 m kerosene results, the data
are well fit by the expression

This expression is limited to vertical targets at
ground level. While its generality is limited and
it is not derived from any flame model, it may
be useful for preliminary assessments.

Figure 3 shows the variation in the ’effective’
emissive power with the ’effective’ pool diame-

Figure 2. Measured incident radiant flux at ground level
to a vertical target as a function of the distance from
the pool center to the target normalized by the pool
diameter. Solid symbols are 50 m diameter kerosene
data. The solid line is Equation 8.

ter. The decay in the ’effective’ emissive power
results from the increase in the amount of black
smoke enveloping the flame at larger pool diam-
eters. Additional data points derived from
Alger and Capner27 are included in the figure.
The data presented in Alger and Capner are in
the form of faired curves and representative
ranges for replicate tests. The range of results
for each test configuration was very wide with
variations in heat flux of a factor of two or more.
These variations appear to be due to wind
effects. The results from Alger and Capner
used in Figure 3 represent average values.
While Figure 3 shows significant scatter, there
is a definite trend in the ’effective’ emissive

power with the ’effective’ pool diameter. This
variation can be represented as

This expression is shown in Figure 3 as a solid
line. This expression, which results from a least
squares fit to the data, indicates that the ’effec-
tive’ emissive power reduces from about 60
kW/m2 at 1 m diameter to 20 kW/m2 at about 60
m diameter.

The measurements of Hagglund and Persson6 of
an emissive power of 20 kW/m2 in the obscur-

ing smoke clouds suggests that ’effective’ emis-
sive powers less than 20 kW/m2 are not appro-
priate. While the ’effective’ emissive powers for

Figure 3. ’Effective’ emissive power as a function of the
pool diameter. Solid symbols are LNG experiments.
The solid line is Equation 9, a curve fit to the present
results, and the dashed line is Equation 1023. The +’s
are results derived from Alger and Capner27.
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LNG included in Figure 3 are in good agree-
ment with other fuels, the amount of obscuring
smoke is known to be far less for LNG. Mizner
and Eyre7 found ’effective’ emissive powers of
about 200 kW/m2 for LNG pool fires. Since they
did not publish their heat flux data, it is not
possible to explore the reasons for the discrep-
ancies between the present results and the
Mizner and Eyre results. Until the discrepan-
cies are resolved, it would be prudent to use the
more conservative Mizner and Eyre values for
LNG.

DISCUSSION
Over the years a number of investigators have
suggested ’effective’ emissive powers for use in
predicting radiation from pool fires to external
targets. These ’effective’ emissive powers, sum-
marized in Table 2, range from a low of 20
kW/m2 to high of 220 kW/m2.

Some of this divergence can be attributed to
variations in the ’effective’ emissive power with
pool diameter due to the increasing prominence
of black smoke clouds obscuring the luminous
flaming zones of the fire.

Emissive powers of luminous flaming regions
have been estimated by narrow angle radiome-
ter measurements to be in the 120-200 kW/m2

Table 2. Summary of ’Effective’ Emissive
Powers from the Literature

range. Narrow angle radiometer measurements
tend to be higher than the ’effective’ emissive
power because the narrow angle measurement
does not see the whole flame. In general narrow
angle measurements are made in the hottest,
most luminous region of the flame. One might
expect emissive powers measured by narrow
angle instruments to overestimate the ’effective’
emissive power. As such the narrow angle
radiometer measurements of emissive power
and ’effective’ emissive powers cannot be used

interchangeably.

Mudan and Croce23 suggest the following
expression for the ’effective’ emissive power of

gasoline, kerosene, and JP-4 flames.

where Emax = 140 kW/m2, Es = 20 kW/m2, and
s = 0.12 m-1. The results of this investigation
indicate that the variations with pool diameter
are far less than indicated by this expression.
In particular the ’effective’ emissive power
never approaches 140 kW/m2, even at diameters
as low as one meter.

It is significant that over half of the data used
to establish Equation 10 is included in the cur-
rent analysis. The differences in Equations 9
and 10 are the result of using different methods
of estimating the flame geometry. This points
out the importance of specifying a complete pro-
cedure for evaluating pool fire radiation. The
data must be correlated and applied using the
same procedures used to determine the ’effec-
tive’ emissive power. Hence, reported ’effective’
emissive powers are only useful if the methods
used to determine them are fully reported.

While further detailed study of the variation of
the ’effective’ emissive power with diameter
should be pursued, it is clear that previously
recommended effective emissive powers are
often far too high, some suggesting emissive
powers 2 to 4 times the actual ’effective’ emis-
sive power. One may argue that choosing emis-
sive powers conservatively is prudent in design.
However, such safety factors should be intro-
duced thoughtfully and explicitly.
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COMPARISON WITH THE MUNDAN
AND CROCE METHOD

In the SFPE Handbook of Fire Protection
Engineering, Mudan and Croce23 present a
methodology for estimating the incident heat
flux from a pool fire. In the case of no wind,
their methodology uses the same assumed flame
shape. They use a flame height correlation
developed by Thomas from wood crib experi-
ments, Equation 10 for the ’effective’ emissive
power, and explicitly use an atmospheric trans-
missivity correction. The present method and
the Mudan & Croce methods are summarized in
Table 2.

Figures 4 and 5 show comparisons of the pre-
sent method and the Mudan & Croce method

predictions,respectively, with the test results
of References 1-4, and 6. Reference 5 is omit-
ted because Mudan & Croce do not recommend
their method for LNG. These figures clearly
demonstrate that the present method better
predicts the data than the Mudan& Croce
method. This is to be expected since the pre-
sent method is based on these data sets and
the Mudan & Croce method is only partially
based on these data sets. However, the
Mudan & Croce method is overly conservative
in most cases with some predicted fluxes 4-5
times the actual fluxes. Of the 60 data points
in Figure 5, 20 were overpredicted by more
than a factor of two. These data points are
shown as solid symbols in Figure 5. The

largest errors are made in the predictions for
the 1 m diameter gasoline pool fire3. The

largest errors for the present method are for
the two near field data points for the 5.5 m
JP-4 pool fires4, where the prediction is only
about 60% of the actual value.

While the comparison of the two methods is
clearly biased by the use of data from
References 1-4 and 6, the present method clear-

ly performs better than the Mudan & Croce

method. The large errors produced by the
Mudan & Croce method can be reduced by the
use of the present method.

Figure 4. Comparison of the radiant heat flux predicted
by the present method with the experimental data from
References 1-4, 6. Solid symbols are data points which
are underpredicted by more than 35%.

Figure 5. Comparison of the radiant heat flux predicted
by the Mudan & Croce method with the experimental
data from References 1-4, 6. Solid symbols are data
points which are overpredicted by more than a factor of
two.

Table 3. Comparison of Methods.
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RECOMENDED ALGORITHM
The following procedure is recommended for the
evaluation of radiation from pool fires to exter-
nal targets.

1. Determine the heat release rate. If

direct experimental data are not available,
Equation 4 and parameters given by
Babrauskasl8 are recommended for this
determination. If parameters are not avail-
able in Babrauskasl8 for the fuel in ques-
tion, Equation 5 may be used.

2. Flame Geometry. The flame is taken to be
a cylinder with the diameter of the pool. The
height of the flame is given by Equation 3.

3. Configuration Factor. Use Equations 6
and 7.

4. Effective Emissive Power. Use Equation
9. In design situations it is appropriate to
introduce a factor of safety into the ’effec-
tive’ emissive power. A safety factor of two
will give predicted heat fluxes in excess of
any measurements used in this paper.

5. Radiative Flux to Target. Use Equation
1, q &dquo; = E F12.

Note that this procedure does not include the
effects of wind. Mudanl9 recommends the use
of a tilted cylinder flame shape for wind blown
flames. See Reference 19 or 23 for methods of

determining flame angle and the tilted cylinder
configuration factor.

RADIATION TO THE POOL SURFACE
Orloff and deRis25 have proposed a model for
the prediction of radiation to the pool surface as
a part of a methodology for the prediction of the
pool burning rate. In order to facilitate calcula-

tions, it would be useful to streamline the exist-
ing model. The goal of this section is to develop
a simple yet accurate alternative to the Orloff
and deRis model.

The working equations for the Orloff and deRis
model, Equations 11-13, form the starting point
for the development.

where

In these equations, T=1200K is recommended
by Orloff and deRis. It can be easily demon-
strated that the results are completely indepen-
dent of this choice. Combining Equations 11
and 12 yields

The mean beam length, Lm, is given by

where V f is the flame volume and Ab is the
bounding surface area of the flame.

Substituting Equation 15 into Equation 14

yields

Equation 16 simply says that the radiant flux to
the pool surface is the total radiative output
divided by the surface area of the flame.

The total radiation output of the flame can be

easily determined. It remains to determine Ab.
Equations 13 and 15 can be used for this pur-

pose, but an explicit expression cannot be found

for Ab by this approach.

Atreya26 has developed an alternative curve fit
to Orloff and deRis’ data for L&dquo;z:

Equation 17 more simply and accurately repre-
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sents Orloff and deRis’ data than Equation 12.
Combining Equations 15 and 17 yields

Substituting Equation 18 and

into Equation 16 gives

where Q III = 1200 kW/m3 and xR, xA, Qa are

properties of the pool fire. Equation 19 substi-
tutes for the Orloff and deRis model (Equations
11-13). We see that the Orloff and deRis model
is effectively qp = QR/Ab and an experimental
correlation which gives Ab as a function of the
flame volume and pool radius.

The Orloff and deRis model was developed from
pool fire data with D < 1 m. As such the use of
Equation 19 should also be restricted to pools
with diameters less than 1 m.

CONCLUSIONS
Through a review of available data for radiation
from large pool fires to external targets, a proce-
dure for predicting the incident radiant flux to a
target outside the flame has been developed.
This procedure is based on the classic cylindri-
cal flame shape assumption and uses the flame
height expression developed by Heskestad.
There is a reduction in the ’effective’ emissive
power with increasing pool diameter. The
method developed here is shown to yield more
accurate results than the Mudan & Croce
method23.

The Orloff and deRis model for radiative heat
transfer from the flame to the pool surface has
been clarified and simplified.
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NOMENCLATURE

A - pool surface area, [M2]
D - pool diameter, [m]
E - ’effective’ flame emissive power, [kW/m2]

F12 - configuration factor between the flame
and target, [-]

H - flame height, [m]
k - flame extinction coefficient, [1/m]
L - distance from the pool centerline, [m]

Lm - mean beam length of the flame, [m]
m &dquo; - mass volatilization rate per unit area of

pool, [kg/m2s]
moo m&dquo; in the limit of large D, Ekg/m2s]

q &dquo; - incident radiative flux to the target,
, , 

[kW/m2]
qp - incident radiative flux to the pool sur-

face, [kW/m2]
QA - actual heat release rate, [kW]
QR - radiative output of the pool fire, [kW]

Q - heat release rate of pool fire, [kW]

Q ’&dquo; - actual heat release rate per unit volume
of flame, 1200 kW/m3

R - pool radius, [m]
T - effective radiation temperature of the

pool fire, [K]

V f - flame volume, [m3]

xR - radiative fraction, [-]

XA - combustion efficiency, [-]

4h~ - lower heat of co>nbustion of the fuel,
[kJ/kg]

dhu - heat required to heat the fuel to the
boiling temperature and volatilizing the
fuel, [kJ/kgl


