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bstract

A study of the effects of thin-layer boilover on large hydrocarbon fires was carried out. In the experiments, diesel-oil was burned in pools with
iameters ranging from 1.5 to 6 m. Previous models used to predict emissive power during the stationary state were analysed and successively

odified in order to accurately predict thermal hazard during the water ebullition phase. It was discovered that the increase in emissive power during

hin-layer boilover is greater when the pool diameter is smaller. Furthermore, the required increases in safety distances in the case of accidents
nvolving this dangerous phenomenon are provided.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Thermal hazard assessment is without doubt the most impor-
ant precaution when one is considering pool fires and there are a
reat number of studies dealing with this matter [1–6]. Acciden-
al fires frequently involve a hydrocarbon burning above a water
ayer, creating a situation in which boilover can occur. In fact,
hen the fuel boiling temperature exceeds that of water, heat

ransfer from the flame can lead to violent-eruptive vaporisation
f the water layer, resulting in the ejection of burning fuel and
n increase in the turbulence of the fire, in turn increasing flame
ize and radiation.

Although the increase in thermal hazard during boilover is
well known phenomenon, there is little quantitative informa-

ion and it is difficult to find equations to predict such increases
n the literature. The aim of this work is to provide a tool
or estimating thermal radiation during thin-layer boilover and
o present a series of safety distances to be applied. Even if

he effects of a hot zone boilover – often referred to simply
s boilover – are more disruptive, this work was directed to
hin-layer boilover, since the impact in term of radiation is still
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mportant. In [7,8] discussions about the two type of boilover are
iven.

It should also be noted that thin-layer boilover has been stud-
ed mainly on a laboratory scale [9–12]. The results obtained
rom the present study are therefore even more representative,
ince the experiments were performed in pools with diameters
anging from 1.5 to 6 m.

Note that, unless otherwise stated, the term “boilover” shall
e used in the rest of the paper to refer to thin-layer boilover.

. Experimental facility

Two commercial hydrocarbons were used for the experi-
ents: gasoline REPSOL 98, unleaded, and diesel-oil REPSOL,
type. A total of 22 experiments were performed. This study

eals exclusively with the 15 diesel-oil experiments, as this was
he only fuel to exhibit boilover. Five concentric circular pools

ade of reinforced concrete (with diameters of 1.5, 3, 4, 5 and
m) were used. The facility was designed to measure the max-

mum number of fire properties. In order to determine flame
emperatures, thermocouples were fixed at different positions

n a metal structure built on a concrete base set 1 m from the
uter pool. The temperature of the two fuel and water phases and
he fuel/water interface was measured using another 10 thermo-
ouples of K-type, fixed on the pool axis at a distance of 2 mm

mailto:fabio.ferrero@upc.edu
dx.doi.org/10.1016/j.jhazmat.2006.09.062
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Nomenclature

D pool diameter (m)
E average emissive power of the flame (kW/m2)
F view factor between flame and target
g gravity acceleration (m/s2)
hb fuel thickness at boilover on-set (mm)
Ib,rad radiation intensity
ṁ burning rate (kg m−2 s−1)
q̇ heat flux received by a target at certain distance

from the pool (kW/m2)
Tl flame temperature (K)
u wind speed (m/s)
uc characteristic burning rate (m/s)

Greek letters
ε flame emissivity
ρa air density (kg/m3)
σ Stefan–Boltzmann constant

(5.67 × 10−8 W m−2 K−4)
τ atmospheric transmissivity

Statistical parameter
NMSE normalised mean square error
FB fractional bias
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sive power of the flame, E, and the view factor between flame
and target, F.

Atmospheric transmissivity represents the capacity of air to
absorb radiation and essentially depends on relative humidity,
b boilover
s stationary

ne from another. The tests were also recorded with two video
ameras, in order to study the flame height, and with a ther-
ographic camera (IR). These cameras were accurately fixed

o that the flames could be viewed in their entirety. The burn-
ng rate was determined by measuring the variation in the fuel
evel with a system of communicating vessels. The increase in
he sound level of the fire during boilover was used to detect
he start of the phenomenon [13]. Two heat flux sensors were
mployed to measure the external radiation on a target at spec-
fied distances. Meteorological parameters that could affect the
evelopment of the fire – particularly wind speed – were contin-
ously monitored. All data was collected on computer without
oss of synchronisation using a specially developed data acqui-
ition software package.

Further details on the experimental set-up and procedures can
e found in [14,15].

. Results

.1. Radiation intensity

One of the ways of measuring the effects of boilover is

hrough the radiation intensity, as defined by Koseki [7]. Radi-
tion intensity is the increase during boilover – with respect to
he stationary period – in radiation emitted from the flame and
eceived by a target located at a certain distance from the fire. It
s Materials 140 (2007) 361–368

s expressed by Eq. (1):

b,rad = q̇b

q̇s
(1)

Average heat fluxes during the stationary and boilover phases
nd the resulting radiation intensities are shown in Table 1. It has
o be noticed that, since thin-layer boilover is a phenomenon with
ertain duration [13], the heat flux during boilover is an average
uring this period and the maximum value like in [7]. Although
ittle previous data is available for thin-layer boilover, the values
re of the same order of magnitude as the experiments of Koseki
7], with 30 mm of crude-oil as fuel.

In [13] it was observed that the thickness of the remaining
uel at the onset of boilover is the limiting factor of boilover
ntensity, a parameter that expresses the effects of boilover on
urning rate. In accordance with this observation, Fig. 1 shows
adiation intensity against the fuel thickness at the boilover
nset, for every pool diameter. Radiation intensity increases
ccording to the quantity of fuel remaining at the onset of
oilover. This means that if fuel thickness at the onset of boilover
ends to decrease with the diameter radiation intensity also
ecreases with diameter. This trend can also be observed in
7].

.2. Choice of model

In fire hazard assessments, it is common to use the solid flame
odel. This consists of assimilate the flame to a simple surface,

sually a cone or a cylinder, and determining the radiation that
its targets, using Eq. (2):

˙ = τEF (2)

This means that the heat flux on a target q̇ is calculated as
roduct of the atmospheric transmissivity, τ, the average emis-
Fig. 1. Radiation intensity vs. fuel thickness at the boilover onset.
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Table 1
Average heat fluxes and radiation intensity in the experiments performed

Experiment D (m) h0 (mm) hb (mm) xc/D q̇s (kW/m2) q̇b (kW/m2) Ib,rad

FOC3 22 D1.5 1.5 19.8 5.99 5.00 1.61 3.07 1.91
FOC3 01 D3 3 12.7 4.74 3.00 3.53 6.46 1.83
FOC3 02 D3 3 15.0 3.53 5.00 1.01 1.77 1.75
FOC3 02 D3 3 15.0 3.53 5.00 1.04 1.81 1.74
FOC3 04 D3 3 20.1 4.67 5.00 1.05 2.39 2.27
FOC3 05 D3 3 24.9 4.75 5.33 1.27 2.39 1.88
FOC3 05 D3 3 24.9 4.75 7.33 0.47 1.08 2.30
FOC3 18 D3 3 12.0 3.40 3.00 4.86 7.42 1.53
FOC3 18 D3 3 12.0 3.40 5.00 1.30 2.42 1.86
FOC3 20 D3 3 12.0 3.44 3.00 4.08 7.11 1.74
FOC3 20 D3 3 12.0 3.44 5.00 2.90 5.50 1.89
FOC3 14 D4 4 15.0 2.27 3.00 3.11 4.82 1.55
FOC3 15 D4 4 20.0 2.89 3.00 4.74 6.13 1.29
FOC3 15 D4 4 20.0 2.89 5.00 1.49 1.91 1.29
FOC3 16 D4 4 25.0 1.90 3.00 3.12 6.43 2.06
FOC3 16 D4 4 25.0 1.90 5.00 1.15 2.13 1.86
FOC3 09 D5 5 15.0 3.34 3.00 2.48 3.81 1.54
FOC3 10 D5 5 20.0 2.85 3.00 3.31 5.13 1.55
FOC3 10 D5 5 20.0 2.85 5.00 0.97 1.43 1.47
FOC3 11 D5 5 20.4 1.65 3.00 4.01 5.07 1.26
FOC3 11 D5 5 20.4 1.65 5.00 1.21 1.53 1.26
FOC3 07 D6 6 15.0 2.36 3.00 2.21 3.52 1.59
F
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OC3 12 D6 6 20.0 2.24
OC3 12 D6 6 20.0 2.24

mbient temperature and the distance between the flame surface
nd target. Of the various equations proposed for the estimation
f this parameter, the suggestions made by Bagster and Pitblado
16] and Wayne [17] were used. Note that, for the definition
f transmissivity, these correlations are applicable in both the
tationary and boilover phases of the fire.
Emissive power is defined as the thermal radiation emitted
y a body towards a target per unit of time and surface. A flame
s made up of a group of points, each one with a different emis-
ive power that can by determined by the Stefan–Boltzmann

z
p
a
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able 2
eneral overview of the models used to determine the emissive power of the flame

odel Reference Fuels Descrip

-SHOKRI [1] Previous experimental results This mo
diamete

-MUDAN [2] Diesel-oil, kerosene and JP5 This mo
(140 kW
decreasi

-REW MOD [3,4] Previous experimental results The mo
of the fl
two zon
between

-TNO/EFFECTS [5] This mo
maximu
average
of soot (

-MUÑOZ [6] Gasoline, diesel-oil This mo
the non-
occupie
for soot

-FRAC RAD [6,15] Gasoline, diesel-oil This mo
calculat
then sho
3.00 2.46 3.83 1.55
5.00 0.80 1.17 1.46

aw:

(i, j) = εσT 4
l (i, j) (3)

In large hydrocarbon fires, the parts of the flame that con-
ribute to radiation emission are essentially the continuous flame

one and the intermittent flame zone, since the emissions of a fire
lume are usually negligible due to low temperatures. The aver-
ge flame emissive power will therefore depend on the dimen-
ions of these two zones. The lower part (continuous flame) has

tion

del predicts an emissive power that decreases exponentially with pool
r, according to the increase in smoke production
del predicts an emissive power between that of the luminous flame
/m2) and that of the non-luminous flame (20 kW/m2), the values always
ng with pool diameter
del considers that portions of luminous flame can also appear in the upper part
ame. The height of the lower part decreases with the diameter. The original
e model is converted to a single zone model with an average emissive power
the two zones

del uses a fraction of energy irradiation equal to 0.35 to estimate the
m emissive power of the flame, which also depends on the diameter. The
emissive power is then valued between this maximum and the emissive power
20 kW/m2)
del predicts an emissive power between that of the luminous flame and that of
luminous flame (soot), according to the fraction occupied by smoke. Both the
d fraction and the luminous emissive power change with the diameter, while
a value of 40 kW/m2 is assigned
del uses a fraction of energy irradiation that varies with the diameter to
e the average emissive power of the flame. The values increase up to 4 m and
w a sudden decrease
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very high emissive power (around 120–140 kW/m2), while
he higher part (intermittent flame) is often partially obscured
y smoke and is assigned an emissive power of 20–40 kW/m2.
able 2 gives a brief description of the correlations chosen in
ur analysis to estimate the average emissive power of large
ydrocarbon fires during the stationary period. Since, as it was
bserved experimentally in all the diesel fires, the amount of
moke is reduced during boilover, it is reasonable to assume
hat the average emissive power will increase. The aim of this
ork is to quantify such an increase in order to obtain reliable
alues on which to base requirements for safety distances in the
ase of accidents involving thin-layer boilover.

The view factor between flame and object is defined as the
atio between the radiation emitted by the flame and that which
irectly (without reflection) hits the object. This parameter is
ntirely geometric and, as such, varies according to the shape of
he flame selected. In order to determine the view factor between
nite surfaces, it is necessary to use a double integration that
an prove extremely laborious when the shapes are irregular.
evertheless, for the most common geometries, pre-calculated
iew factors can be found in the literature. In this study – as can
e seen in the video recording of the experiments – a cylindrical
ame was used, either straight or tilted depending on whether

he fire developed without or with wind. It should be noted that
he heat flux sensors were placed upwind in all experiments
erformed, in case of presence of wind. The view factor formulae
iven in [18] were used for both the straight and tilted cylinder.
The flame length and, consequently, the view factor increase
uring boilover. Thus, the increase of radiation during boilover
s caused by two factors: the increase of the view factor and the
ise in emissive power.

t

N

able 3
iew factors in the experiments

xperiment D (m) xc/D us (m

OC3 22 D1.5 1.5 5.00 0.80
OC3 01 D3 3 3.00 1.62
OC3 02 D3 3 5.00 1.75
OC3 02 D3 3 5.00 1.75
OC3 04 D3 3 5.00 0.00
OC3 05 D3 3 5.33 0.51
OC3 05 D3 3 7.33 0.51
OC3 18 D3 3 3.00 1.32
OC3 18 D3 3 5.00 1.32
OC3 20 D3 3 3.00 0.86
OC3 20 D3 3 5.00 0.86
OC3 14 D4 4 3.00 0.81
OC3 15 D4 4 3.00 1.65
OC3 15 D4 4 5.00 1.65
OC3 16 D4 4 3.00 0.79
OC3 16 D4 4 5.00 0.79
OC3 09 D5 5 3.00 0.57
OC3 10 D5 5 3.00 1.35
OC3 10 D5 5 5.00 1.35
OC3 11 D5 5 3.00 1.96
OC3 11 D5 5 5.00 1.96
OC3 07 D6 6 3.00 0.81
OC3 12 D6 6 3.00 0.20
OC3 12 D6 6 5.00 0.20

a Values obtained using maximum flame length equations.
s Materials 140 (2007) 361–368

Through the definition of radiation intensity, Ib,rad, and taking
nto account Eq. (2), it is possible to express:

b,rad = q̇b

q̇s
= τEbFb

τEsFs
= EbFb

EsFs
(4)

here sub-indexes b and s refer to the boilover and stationary
eriods, respectively. The view factors Fb and Fs can easily
e determined when the flame length and tilt are known. The
verage emissive power in the steady state Es is determined from
revious correlations in the literature. Therefore, since the values
f Ib,rad were calculated from the experimental measurement of

˙b and q̇s, the average emissive power during boilover Eb can
e estimated.

In order to determine flame length and tilt angle for both
he stationary and boilover periods, the correlations established
rom the experimental data were used; these correlations are
iven in [19]. The resulting view factors are shown in Table 3.
ote that in some cases, since the inclination of the flame was
reater during boilover, the value given may be lower than in the
tationary phase.

Because of the large number of possible equations for pre-
icting the emissive power of the flame during the stationary
eriod, a study was carried out in order to determine which of
hem presented the smallest deviations from the experimental
alues. In order to perform this analysis, two statistical parame-
ers were employed: the normal mean square error (NMSE) and

he fractional bias (FB), defined as

MSE = 1

n

n∑
1

(x0 − xp)2

x0xp
(5)

/s) ub (m/s) Fs
a Fb

a

0.71 0.037 0.036
2.28 0.100 0.102
1.37 0.023 0.030
1.37 0.023 0.030
0.39 0.029 0.033
0.41 0.027 0.033
0.41 0.015 0.018
1.00 0.117 0.118
1.00 0.038 0.046
0.22 0.080 0.072
0.22 0.033 0.033
0.64 0.066 0.071
1.05 0.108 0.073
1.05 0.035 0.030
1.45 0.076 0.118
1.45 0.030 0.041
0.62 0.065 0.070
2.08 0.064 0.056
2.08 0.025 0.022
1.50 0.095 0.111
1.50 0.030 0.038
0.75 0.065 0.067
1.15 0.065 0.081
1.15 0.029 0.034
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Table 4
Comparison between various combinations of the different equations of atmo-
spheric transmissivity and average emissive power

Model E τ NMSE FB

1 E-SHOKRI Wayne [17] 0.106 −0.171
2 E-MUÑOZ Wayne [17] 0.138 −0.183
3 E-FRAC RAD Wayne [17] 0.149 0.219
4 E-REW MOD Wayne [17] 0.152 0.248
5 E-TNO/EFFECTS Wayne [17] 0.270 0.394
6 E-MUDAN Wayne [17] 0.665 −0.697

7 E-REW MOD 1 0.077 0.180
8 E-FRAC RAD 1 0.073 0.137
9 E-SHOKRI Bagster and Pitblado [16] 0.044 −0.064
1
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0 E-MUÑOZ Bagster and Pitblado [16] 0.065 −0.076

B = 1

n

n∑
1

2
x0 − xp

x0 + xp
(6)

here x0 and xp are the experimental and calculated values,
espectively. NMSE measures the accuracy of the correlation:
he closer to 0, the better the correlation. By contrast, FB gives
he degree of deviation: a negative value means that the corre-
ation overestimates the experimental values, while a positive
alue indicates an underestimation.

Results are shown in Table 4. As stated, maximum flame
ength values were used in the calculations, since most of the
missive power models were also determined in this way. As a
rst approximation, Wayne’s formula for τ determination was
sed for all the selected models (models 1–6). Table 4 shows
hat the values given by models 5 and 6 differ greatly from the
xperimental data; in fact, model 5 dramatically underestimates
he data, while model 6 gives an overestimation. Consequently,
hese two models were immediately discarded.

In all other cases, the models were enhanced by the use of
ther values of atmospheric transmissivity. For models using the
quations of E-REW MOD and E-FRAC RAD – which under-
stimate the experimental data – the value of τ was always
qual to 1, giving a reasonable increase in accuracy. For mod-
ls employing the equations proposed by E-SHOKRI and E-
UÑOZ, Bagster and Pitblado’s formula for τ gave the smallest

eviation from the experimental data.
Models 7–10 offer reasonable approximations of experimen-
al heat fluxes in the stationary period. Consequently, the emis-
ive power during boilover, Eb, from Eq. (4), was calculated for
ll of these cases before selecting the most adequate.

r
b
d

able 5
verage emissive power values, for every pool diameter, during both stationary and b

(m) Model 7 Model 8

Es (kW/m2) Eb (kW/m2) Es (kW/m2) Eb (kW/m2)

.5 37.60 73.17 25.13 48.89
36.42 60.28 36.32 60.12
34.86 49.38 39.92 56.56
33.93 47.49 36.70 51.37
32.46 43.22 32.90 43.81
ig. 2. Ratio between average emissive power during boilover and stationary as
function of diameter.

For each model, values of Es and Eb were determined in all
he experiments and were then averaged with diameter (Table 5).
ue to the strong influence of wind on heat flux sensor measure-
ents, only those fires in which the wind speed was lower than

.5 m/s were included when calculating averages; this value,
elected by observing the fluctuation in the values of Eb, had
lready been used as the limit for measurements of burning rate
n previous studies with the same experiments [14,15].

By examining Table 5, it can be seen that even if the four mod-
ls give heat flux estimates that match experimental values in
he stationary state (Table 4), the average emissive power values
re noticeably different between models. Nevertheless, it should
e noted that since Eb was determined from Eq. (4), the ratio
etween Eb and Es does not vary across all cases. This means
hat the methodology can be extended to other operational con-
itions (type of fuel and pool diameter), in which other models
or the estimation of Es might be considered more appropriate.

Fig. 2 shows the evolution of the ratio between emissive
ower in the boilover and stationary periods and the pool diam-
ter; a lesser increase in emissive power is observed when the
imension of the fire is increased. This can occur for two reasons:
n the one hand, the fuel left to be burned at boilover decreases
ith diameter [13] and less fuel can therefore be dragged into

he flame by the vapour. On the other hand, the bigger the fire
arely reach the centre of the fire; thus, the increase in fire tur-
ulence produced by boilover is much more efficient for small
iameters, as shown in Table 5.

oilover period

Model 9 Model 10 Ratio

Es (kW/m2) Eb (kW/m2) Es (kW/m2) Eb (kW/m2)

56.37 109.70 40.00 77.84 1.95
54.79 90.71 50.04 82.83 1.66
53.77 76.16 56.36 79.84 1.42
52.76 73.84 62.99 88.16 1.40
51.77 68.93 59.43 79.14 1.33
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ig. 3. Graphical representation of the determined values of average emissive
ower as a function of the diameter.

In order to decide which of the four models is more appropri-
te for determining the necessary increase in safety distances,
he following analyses were performed:

The values of average emissive power were represented
graphically against the pool diameter, both for stationary and
boilover phases, in order to establish which model presents
an evolution representative of a real scenario (Fig. 3).
For all models, the experimental and predicted heat flux data
were compared graphically and numerically. The results are
shown in Fig. 4 and Table 6, where accuracy was again
assessed using the NMSE and FB parameters.
The following conclusions were reached:

Models 9 and 10 provide more accurate values of NMSE and
FB.

•

able 6
ccuracy of the predictions of incident heat fluxes, both for stationary and boilover

odel E τ

7 E-REW MOD 1
8 E-FRAC RAD 1
9 E-SHOKRI Bagster and Pitblado [16]
0 E-MUÑOZ Bagster and Pitblado [16]
ig. 4. Comparison between the experimental and calculated data of incident
eat flux.

The correlations of emissive power made by E-REW MOD
and E-SHOKRI give values for the stationary period that
consistently decrease with diameter. However, recent stud-
ies including [6] have demonstrated that the emissive power
in diesel-oil and gasoline fires grows slightly with pool size
until a certain diameter and then decreases rapidly. The ini-
tial increase is caused by the rise in flame temperature with
the dimension of the fire. Nevertheless, as the diameter of
the fire/pool increases, smoke production becomes increas-
ingly significant and generates a well-known effect by which
the smoke blocks the emitted radiation. A combination of
these two effects leads to the evolution described above. The
equations for emissive power given by E-FRAC RAD and E-
MUÑOZ therefore appear more appropriate, as they consider

the mechanism described.
Models 7 and 8, since they disregard the influence of atmo-
spheric transmissivity (τ is always equal to 1), give smaller
emissive values, which leads to an underestimation of the heat

Stationary Boilover

NMSE FB NMSE FB

0.077 0.180 0.104 0.154
0.073 0.137 0.101 0.126
0.044 −0.064 0.081 −0.074
0.065 −0.076 0.102 −0.085
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Table 8
Safety distances for a 1.5 m fire

u (m/s) u* xc (m) Ratio

Stationary Boilover Stationary Boilover

<0.75 <1.00 <1.00 2.58 4.29 1.66
1.20 1.54 1.24 3.65 5.30 1.45
1.35 1.73 1.39 3.74 5.32 1.42
1.50 1.92 1.55 3.80 5.30 1.39

Table 9
Safety distances for a 4 m fire

u (m/s) u* xc (m) Ratio

Stationary Boilover Stationary Boilover

1.05 0.89 0.95 7.25 9.50 1.31
1.20 1.02 1.09 9.14 11.86 1.30
1
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flux in proximity to the fire. Conversely, models 9 and 10 give
higher heat flux values at these distances and only underes-
timate radiation at points located comparatively far from the
fire, which are of no interest in a study of safety distances.
Finally, the emissive power during boilover estimated in
model 10 is practically constant with pool diameter. This is
quite plausible if we consider that the smoke decrease dur-
ing boilover is the smaller the bigger the diameter, due to the
difficulty of air penetration [19]. It is reasonable to assume,
therefore, that the average emissive power of the flame during
water ebullition will not depend excessively on diameter, but
will have a maximum value corresponding to the emissive
power of the external surface of the flame.

Our interpretation of the analysis performed suggests that
odel 10 is the most suitable for determining the required

ncrease in safety distances, since it gives a clearer illustration of
missive power evolution, both for the stationary and boilover
eriods.

.3. Safety distances

The results from model 10 were used to estimate the increase
n safety distances required during boilover. Wind speeds rang-
ng from 0 to 1.5 m/s, an ambient temperature of 20 ◦C and a
elative humidity of 50% were employed. The value of the heat
ux limit for a possible domino effect was set at 8 kW/m2, in
ccordance with to Spanish legislation [20].

The formulae proposed in [19] were used for flame length and
ilt estimation. It should be noted that the correlation for flame
ilt determination presupposes that the flame is tilted only at
alues of u* greater than 1. The adimensional wind speed u*, as
hown in Eqs. (7) and (8), depends on the burning rate, meaning
hat the stationary and boilover periods can give different values
f u* even with the same wind speed.

∗ = u

uc
(7)

c =
(

gṁD

ρa

)1/3

(8)

This implies that the flame is considered tilted for different

ind speeds. Table 7 shows the limits below which the flame can
e considered straight in the two characteristic phases of the fire
nd the required increase in safety distances during boilover. It
an be clearly observed that safety distances must be increased

able 7
afety distances for straight flames and wind speed limits

(m) u (m/s) xc (m) Ratio

Stationary Boilover Stationary Boilover

.5 0.75 0.90 2.58 4.29 1.66
1.05 1.05 5.29 7.74 1.46
1.05 1.05 7.25 9.50 1.31
1.20 1.05 9.40 12.17 1.29
1.35 1.05 10.50 13.13 1.25

w

4

l

1

2

.35 1.15 1.23 9.43 11.94 1.27

.50 1.27 1.36 9.65 11.98 1.24

urther for smaller diameters, due to a greater increase in emis-
ive power.

When wind speed exceeds such limits, it can generally be
tated that the higher the wind speed the smaller the increase
equired in safety distances, as Tables 8 and 9 show for fires of
.5 and 4 m, respectively. This behaviour is consistent with the
act that flame length decreases more rapidly with wind speed
uring boilover than in the stationary period [19].

The analysis performed therefore showed that, should
oilover occur, safety distances must be increased with respect
o the stationary period, with or without wind. According to
able 7, when wind speed is negligible, this increase must be
reater than 65% for the small diameters (1.5 m) and between
5 and 30% with respect to the stationary for diameters of more
han 6 m.

It should be noted that the model presented here was devel-
ped for diesel-oil fires in the case of boilover and is therefore
ifficult validate with previous experimental data, since little
nformation is available. Nevertheless, as we have mentioned,
xperiments performed in Japan with 30 mm of crude oil [7] pro-
uced similar radiation intensity data (Ib,rad) to our own results,
uggesting that the increases in safety distances presented in this
ork may also be suitable for other fuels.

. Conclusions

The study of the thermal hazards of pool fires during boilover
ed to the following considerations:

. Radiation intensity – the boilover effect on the radiation emit-
ted by the flame and received by a target at a certain distance
from the pool – decreases according to the thickness of fuel
at the onset of the phenomenon.
. Emissive power during boilover increases as expected, due to
a reduction in smoke production. The effect is smaller when
the pool diameter is greater, since less fuel is left to be burned
at the onset of boilover and it is harder for air to penetrate.
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. Using experimental data for heat flux increase during
boilover, the most common models for predicting flame radi-
ation in the stationary were modified, in order to also predict
thermal radiation during the water ebullition phase.

. In our opinion, the model proposed by Muñoz, combined
with the formula devised by Bagster and Pitblado for pre-
dicting atmospheric transmissivity, is the most appropriate
when trying to predict the necessary increase in safety dis-
tances in pool fires that could involve boilover.

. According to our results, the increase in safety distances
must be greater than 65% for the small diameters (1.5 m)
and between 25 and 30% with respect to the stationary for
diameters of more than 6 m.
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