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A B S T R A C T

This paper presents new configuration factors for a fireball located at ground level, as radiation emitting source,
and a differential receiver, considering the shadow effect of a third finite area that stands between them. The
configuration factors were obtained with the combination of a numerical method and a ray-tracing algorithm
and are summarized in form of a practical single chart. This work contributes significantly to the knowledge of
configuration factors between a sphere and a differential receiver considering the shadow effect because so far,
there are no references in existing catalogs in the literature about this specific geometry. Configuration factors
serve as inputs for surface-to-surface radiation transport calculations and other like. In chemical engineering, the
radiant field produced by a fireball has a strong interest in consequences assessment. Current fireball models do
not consider the shadow effect, overestimating vulnerability by thermal radiation and leading to greater safety
distances. A case study has been performed to show the interference of a protection wall with respect to the
radiation intensity received by a target.

1. Introduction

Diffuse configuration factors play an important role in thermal ra-
diation exchange between surfaces. This parameter is commonly de-
fined as the radiative fraction that leaves a surface ‘i’ and directly
reaches a surface ‘j’. During the last century, radiation analysis has
produced an important set of configuration factors for many en-
gineering applications (Hamilton and Morgan, 1952; Landoni et al.,
1962; Dummer and Breckenridge, 1963; Puccinelli, 1973; Hankinson,
1986; Beard et al., 1993; Stasiek, 1998; Bopche and Sridharan, 2010;
Bao et al., 2011; Maor and Appelbaum, 2012; Vorre et al., 2015).

In the area of consequences analysis, the thermal radiation field
surrounding a fireball is a safety concern of greater relevance.
According to The Center for Chemical Process Safety (CCPS), a fireball
can be defined as ‘the atmospheric burning of a fuel-air cloud in which the
energy is mostly emitted in the form of radiant heat. The inner core of the
fuel release consists of almost pure fuel whereas the outer layer in which
ignition first occurs is a flammable fuel-air mixture. As buoyancy forces of
the hot gases begin to dominate, the burning cloud rises and becomes more
spherical in shape’ (CCPS, 2010).

The structure and lift dynamics of fireballs have been studied the-
oretically reporting a typical spherical shape (Hardee and Lee, 1973;
Fay and Lewis, 1977; Hasegawa and Sato, 1978; Roberts, 1981;

Moorhouse and Pritchard, 1982; IChemE, 1988; Johnson et al., 1990;
Prugh, 1991; Shield, 1993; Dorofeev et al., 1995; Maillette and Birk,
1995; Makhviladze et al., 1999a,b; Martinsen and Marx, 1999; Casal
et al., 2001; Casal, 2008; CCPS, 2010). But, according to Clay et al.
(1988), the shape of a fireball can vary depending on the type of tank
failure. In the case of rapid failures, spherical fireballs occur while
slower failures tend to produce cylindrical fireballs with high lift-offs.
Despite the fact that fireballs do not fit always exactly to the shape of a
sphere, the hypothesis of a spherical pattern is in accordance with many
of the observations performed in fireballs (Casal, 2008). Therefore, to
model and estimate the thermal effects of fireballs in hazard calcula-
tions, a spherical shape is usually assumed.

Most of the existing models consider an elevated fireball, with an
estimated height of 1.5 times the radius of the fireball (Clay et al., 1988;
Shield, 1995; Casal et al., 2001; Van den Bosch and Weterings, 2005),
based on the analysis of real accidents and on fireball dynamics. The
entraining air stream beside the turbulent increase in volume produces
the lift-off of the fireball, evolving towards a spherical shape generated
by the buoyancy of the expansion process.

However, fireballs can also be modeled as ground level spherical
emitters (Novozhilov, 2003; Stepanov et al., 2011) with its radius just
touching the ground throughout its duration (Mannan, 2012). This re-
presents the most conservative case, since the fire is closest to people
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and structures, engulfing them. Although hemispherical fireball slightly
settled on the ground is quite uncommon, it may occur if the lift-off
process of the fireball fails to fully develop for diverse circumstances;
such in cases where the initial expansion phase of the vapor cloud is less
rapid. In these situations, a larger quantity of liquid will burn at ground
level and the general tendency for the cloud to lift-off will be lower.
This pattern may occur in accidents where air has difficulties to pene-
trate into the cloud base, after catastrophic rupture of the container.

Fireballs developed when fuel-air mixtures are ignited in the at-
mosphere are one of the major hazards in the chemical industry during
the storage, processing, and transport of hydrocarbon gases and liquids.
Ignition of such a cloud can lead to its explosion accompanied by the
generation of blast waves, or to a fire with a significant fraction of the
energy of combustion emitted in the form of strong thermal radiation.
The massive radiation fluxes from a fireball are capable to trigger
secondary ignitions, leading to other fires, loss of life and damage at
distances far greater than the size of the burning cloud (Prugh, 1994).

Major accidents, such as those occurred in road and rail transpor-
tation (Els Alfacs, Spain, 1978; Lac-Mégantic, Canada, 2013) and gas
processing and storage plants (San Juanico, México, 1984; Skikda,
Algeria, 2004) are examples of how dangerous the releases of hydro-
carbons into the atmosphere can become (Khan and Abbasi, 1999;
Abbasi and Abbasi, 2007).

These accidents, among others, revealed the huge hazards of large
open hydrocarbon fires that can result in several fatalities. Some work
has already been done for the assessment of the heat load exerted by a
fireball with respect to a target, i.e. the so-called point source model
and solid flame model (Ahlert, 2000). In order to evaluate the thermal
radiation reached by a target located at a certain distance from the
fireball, the solid flame model is the most commonly used model (Casal,
2008). The solid flame model assumes that the fire is a still, black or
grey body, encompassing the entire visible volume of the flames, which
diffusively emits thermal radiation from its surface. It requires the de-
termination of the atmospheric transmissivity, of the flame surface
emissive power and of the geometric configuration factor between the
fireball and the target. Therefore, the shape and size of the fireball and
its relative position to the target must be taken into account. When
conducting hazard or risk analysis of process vessels or storage tanks
that contain flammable liquids or gases, it is important to be able to
accurately compute the configuration factor (Makhviladze et al.,
1999a,b; Roberts et al., 2000; Novozhilov, 2003; Stepanov et al., 2011).

Current models do not consider the influence of the shade effect
exerted by an obstruction like could be the presence of protection walls
or the terrain reliefs (hills); thus overestimating the vulnerability by
radiation and giving conservative safety distances (i.e. farthest than
required).

The main objective of this article is to compute geometric config-
uration factors between a fireball at ground level and a differential
target, considering the shadow effect by a blocking third planar surface.
Numerical procedures are briefly presented. This work contributes
significantly to the knowledge of configuration factors between a
sphere and a differential receiver considering the shadow effect because
so far, there are no references to this particular configuration in existing
catalogs in the literature. The determination of configuration factors
between bodies is of great significance in the calculation of radiative
heat exchange, being used as inputs for surface-to-surface radiation
transport calculations and other like. In engineering projects related to
process, storage or transport of hazardous substances, the radiant field
produced by a fireball has a strong interest in consequences assessment.
However, very few exact or approximate solutions are available in the
literature for the configuration factors when obstruction surfaces must
be considered. Analytical solutions for the configuration factors invol-
ving spherical body and differential surfaces have been published
(Howell et al., 2011). The results are of great interest in various en-
gineering applications, as already indicated above. Nevertheless, these
formulations have the following restrictions:

1. In almost all cases, the configuration factor from a sphere to a dif-
ferential surface is limited to the case where the receiver has full
visibility regarding the sphere.

2. In all cases for incomplete visibility, the shielding effects from an
intermediate opaque surface are not considered. It is limited to those
cases where a surface cannot fully see to the other by virtue of their
relative geometrical position.

To the best knowledge of the present authors, the analytical or
numerical solutions for the configuration factor from a sphere (i.e. a
fireball) to a differential target when a shielding surface is present are
not still available in the literature. This article presents, in tabular and
graphical form, numerical solutions of the configuration factor for the
special case of a fireball located at ground level. Current models do not
consider the shadow effect of walls, hills, cliffs or similar structures,
overestimating the potential consequences due to the effects of thermal
radiation. A case study has been performed to show the interference of
a protection wall with respect to the radiation intensity received by a
target.

2. Evaluation of configuration factors

The configuration factor between a differential area element and a
finite area such as represented in Fig. 1 and equation (1) can be ob-
tained from energy balances (Howell et al., 2011). In the mathematical
formulation of the configuration factor the surfaces are considered to be
isothermal and diffuse (absorbs and emits diffusively, i.e. the intensity
leaving or reaching a surface is independent of direction).

∫=−F θ θ
π r

dAcos ·cos
·dA A

A

1 2
2 12 1

1 (1)

Different methods exist to accurately determine configuration fac-
tors (Cohen and Greenberg, 1985; Modest, 2013), which broadly can be
classified into analytical, numerical, graphical, experimental and other
methods. The graphical and experimental methods were developed
when techniques of computation and numerical calculation were not
available. Do not allow modeling the shadow effect, require the use of
instrumentation and are generally less accurate than the numerical
methods. In other methods, we can highlight the radiosity technique
and its variants that consist in simulating how light interacts with an
environment or scene, calculating the exchange of light between diffuse
surfaces. This technique is intended to be used in computer graphics
and is not the most suitable for the problem that concerns us, because of
the high computational cost of these algorithms. The methods most
commonly used in heat transfer calculations are the analytic and nu-
merical methods. Analytic methods such as area and contour integra-
tions are very tedious and, in many cases, it is not possible to get an

Fig. 1. Scheme for configuration factor definition.
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exact analytical solution. This is because it implies the resolution of the
canonical equation (1). For this reason, only a few geometrical ar-
rangements have been derived by direct integration. In the particular
case of solving the calculation with obstructions, the process may not be
further carried out analytically, and numerically means are necessary.
Therefore, it becomes imperative the use of numerical computation
techniques such as finite elements (Chung and Kim, 1982;
Krishnaprakas, 1998), contour integration (Rammohan Rao and Sastri,
1996), Gauss Legendre integration (Mazumder and Ravishankar, 2012)
or stochastic Monte Carlo method (Hoff and Janni, 1989) among others.
However, it should be mentioned that it does not exist a unique and
general method to compute configuration factors for any geometry. It is
therefore necessary to use the most appropriate set of techniques that
are best suited to each particular problem.

Some authors have applied numerical methods to thermal radiation
hazard assessment. Chung and Kim (1982) developed a method com-
bining Gaussian quadrature integration with finite elements, which
works very well for irregular geometries. Davis and Bagster (1989,
1990) predicted flame and target geometries for pool and jet fires,
calculating configuration factors for both finite and differential target
objects, by means of contour integration techniques. Meiers (1998)
calculated the radiative impact of flames on three-dimensional surfaces
(cylinders) rendering the surfaces according to the radiation they are
receiving, taking advantage of the numerical solution suggested by Rein
et al. (1970). Other relevant papers are those published by Mudan
(1987) and Kay (1994), which provide solutions for geometries usually
found in the process industry.

3. Fireball configuration factors

Several authors have contributed to the development of configura-
tion factors between a differential area element and a finite sphere,
which can be used to model a fireball event. The simplest case is a
differential target perpendicular to the sphere. Crocker and Napier
(1988) obtained analytical expressions for the configuration factor of a
fireball at ground level in three cases, vertical finite receiver, horizontal
differential receiver and vertical differential receiver. Applying it to the
particular case at hand, fireball is placed at ground, therefore
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Derivations for these equations can be found elsewhere (Juul, 1979;
Naraghi, 1988; Cabeza-Lainez et al., 2013).

Satyanarayana et al. (1991) drew on the work done by Clay et al.
(1988) to predict quantitatively the thermal effects of a fireball. The
CCPS (2010) has also provided configuration factors for the case when
the differential target is tilted with respect to the sphere. To estimate
the thermal radiation from hydrocarbon fireballs, Beyler (2016) also
provided these same expressions. This author also studied a case in
which the receiver sees the sphere (fireball) partially, providing an
analytical expression for the configuration factor. This particular case of
incomplete visibility corresponds to the situation in which the receiver's
tilt does not allow fully seeing the fireball and does not represent the
obstruction caused by a surface.

The maximum value of the configuration factor from a fireball
(Fig. 2) is given by equation (4) (Van den Bosch and Weterings, 2005):
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It can be demonstrated that equation (4) is equivalent to the square
root of the sum of squares of vertical and horizontal configuration
factors defined in equations (2) and (3). In this paper, the maximum
configuration factor from equation (4) will be used to compare shaded
vs unshaded thermal radiation from a fireball.

Additional configuration factors between a sphere and a differential
element are available in Howell's catalog of configuration factors
(Howell et al., 2011). Recently, Cabeza-Lainez et al. (2013) have de-
veloped an analytical expression providing configuration factors be-
tween a sphere and a differential element placed at a random position.
These factors differ from those obtained by Crocker and Napier (1988)
in the relative position of the differential element with respect to the
sphere and could be used to determine calculations of fireballs for
targets at different positions and orientations.

The only work found in the literature dealing with configuration
factors with the presence of a wall is from Papazoglou et al. (2003). It
provides a model for estimating heat radiation around pool tank fires in
the presence of a protection wall. In this case, the effect of the wall is
calculated between a differential target and a cylindrical pool fire. Two
positions of the cylinder are considered: aboveground and elevated. The
proposed method takes advantage of the configuration factor provided
by Raj (1977) and of energy conservation relations instead of numerical
calculations.

The literature review revealed that currently, no configuration
factors exist to describe the shadow effect induced by a planar surface
(wall) and the thermal radiation blockage effect for ground-level fire-
balls.

The new factors obtained in this survey, previously unpublished in
the literature, are presented in a simple graph form for the first time.
This paper also provides a versatile tool to radiative consequence
analysis as it allows determining the thermal radiation dose for targets
at an arbitrary position partially obstructed by a planar wall. On this
basis, it will be possible to determine the configuration factor for geo-
metries of practical interest without using numerical calculation tech-
niques.

4. Mathematical model

Fig. 3 shows a representation and general formulation of the system.
A sphere of diameter D defines the fireball and is placed on the ground.
Its radius R defines, therefore, the height of the sphere center. A dif-
ferential target is located at a distance X0. In between, the firewall
obstruction is characterized by its elevation, Zw, and its distance with
respect to the sphere's vertical origin, Xw. Nevertheless, an intermediate
key variable Zp is defined, representing the vertical projection of the
wall height, from the target to the sphere axis.

Applying Thales’ theorem, the relationship between the in-
dependent variables X0, Xw and Zw can be found:

Fig. 2. Scheme of the geometry of a ground level fireball.
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As it can be inferred from equation (5), Zp represents a set of dif-
ferent combination of X X Z[ , , ]w w0 values producing the same shade
effect. When Zw values become very small, the interference induced by
the wall is not a controlling effect, and for the limit case of =Z 0w , the
maximum configuration factor is determined by the well-known equa-
tion (4). On the other hand, when the height of the wall approaches the
diameter of the sphere, the configuration factor tends to zero, whatever
the value of X0. Now let's define two new dimensionless variables:
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In this manner, four independent variables X X Z D( , , , )w w0 can be
transformed in only a pair Z X( , )d d , simplifying considerably the
mathematical treatment of the problem and allowing to draw the
configuration factor solutions in a universal set of charts

=F f Z X( , )max
w

d d .
The method used here to determine the configuration factor be-

tween a differential element and a sphere is shown in Fig. 4. It is based
on the discretization of the sphere in small differential triangles and
then performing the numerical integration. The algorithm was devel-
oped by Hankinson (1986), to calculate configuration factors between
flames and receiving targets for a wide range of geometries involved in
large-scale fires. The application of this method to the particular case of
a spherical emitter located on the ground leads to the following

equation of the configuration factor for each triangular element i:
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The previous condition allows distinguishing between those ele-
ments that are viewed by the receiver (in which case both angles must
be less than or equal to 90°) and those which are not. The overall
configuration factor is then obtained considering the individual con-
tribution of each element:
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Subsequent mathematical development is based on vector calculus.
The accuracy of the method depends on the number of discretization
elements of the flame (Ne). More elements imply smaller size of the
faces forming the flame, achieving a better accuracy. Another factor to
consider is the separation between emitter and receiver. The shorter the
distance, the greater should be the number of elements to achieve an
acceptable accuracy.

The shadow effect induced by a third surface may be modeled with
a ray-tracing technique, combined with the former algorithm. In this
case, the algorithm used is the one proposed by Badouel (1990), which
is a method easy to implement and highly efficient in determining when
a connection line intersects a triangle in space. The application of this
method is restricted to convex polygons. Fig. 5 shows the algorithm
used to determine the configuration factor for the particular geometry
of on-ground fireball obstructed by a convex polygon.

Thus, the application of the algorithm to this particular case consists
in tracing precise rays from the points on the center of visible triangles
to the target, checking whether there is an intersection between the
emitting and obstructing surface. For those cases in which there is an
intersection, the configuration factor will be zero. Conversely, if the ray
bypasses the obstacle and reaches the target area, the computed con-
figuration factor will be determined from a geometrical relationship
based on the numerical method explained so far.

For the system considered, the configuration factor can be sub-
divided into three sections. A first one, when =Z 0d , there is no ob-
stacle and the result corresponds to the theoretical value provided by
equation (4). A second one, when >Z 0d , configuration factor is de-
termined by numerical calculation and it decreases with increasing Zd

and Xd. Finally a third one, when =Z Zd sd and the configuration factor
becomes null. According to Fig. 6, it is possible to derive analytically,
using Euclidean geometry, the limit value, Zsd:
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−

∀ >Z Z
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s

X

d1
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Equation (10) is only valid for Xd values greater than one-half since
when it tends to that value; the slope becomes vertical and Zsd grows
asymptotically to infinity. For a very remote receiver ( ≫X 1/2d ), Zsd
value tends to unity.

Based on equation (10), for each Xd, it is possible to know the
minimum value of Zd providing a complete blockage of vision between
the fireball and the target.

Once, Zsd is known, either the wall height or the separation that is
necessary to protect a given target located at a distance X0 from the
fireball can be determined. The wall geometric factor that yields null
configuration factor can be defined by:
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Equation (11) has great utility in terms of planning and protection
of vulnerable elements in the process industry. A design fireball can be
established for each process vessel and therefore, the location and

Fig. 3. Scheme of ground level fireball and target with the presence of a wall.

Fig. 4. Triangular finite elements used to represent fireball geometry.
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settings of the protection firewall can be estimated.
When Zd is less than the limit value Zsd, a given portion of the

fireball surface will be seen by the target.

5. Results and discussion

Different calculations have been performed for the fireball at
ground level. Results corresponding to the maximum configuration
factor (Fmax

w ) are shown in Fig. 7, with a double logarithmic graph for
better data representation. Moreover, values are calculated from
Xd =0.55, which corresponds to a receiver located outside the vertical

projection of the fireball. Concerning the upper limit of Xd value, au-
thors like Crawley (1982), Baker et al. (1983) and Birk (1996) consider
a minimum distance 4R (Xd=2) safe enough for LPG fireballs. This
value considers emergency responders equipped with personal protec-
tive equipment. For the general population, they suggest a distance

Fig. 5. The algorithm used to calculate the con-
figuration factor between the ground level fire-
ball and a differential target with an obstructing
wall.

Fig. 6. System geometry configuration that yields a null configuration factor.

Fig. 7. Ground level fireball configuration factors representation for diverse obstacle
configurations (Ne=2.500).
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between 15 and 30R ( ≤ ≤X7.5 15d ), being the value of 30R very
conservative, especially for volumes lower than 5m3. For calculation
purposes, the maximum value of Xd has been set to 7.5.

The system behavior keeps certain likeness to the exponential decay
model, although the law is not completely fulfilled and therefore the
configuration factor cannot be obtained by multiplying the previous
one by a constant coefficient less than 1. The data correlation is nearly
linear until ≈Z 0.8d . As Zd increases from 0.8, the influence of the wall
becomes quite important so that the configuration strongly decreases.
When the wall height is zero, i.e. no obstruction is present, the con-
figuration factor obtained numerically can be compared with the ana-
lytic value provided by equation (4) (see Table 1). Note that even with a
relatively small number of triangular elements, the error is always kept
below 0.05%.

Tables 2 and 3 provide, respectively, the values of the vertical and
horizontal configuration factors obtained using Ne =2.500 elements.

The influence exerted by the wall regarding the configuration factor
can be summarized in Fig. 8. The ratio of configuration factor in the
presence of a wall with respect to the theoretical value without a wall is
illustrated in Fig. 8 for different Zd values. This graph shows, as ex-
pected, the reducing trend of the configuration factor ratio with in-
creasing the height of the wall. Data shown correspond to the mean
configuration factor ratio to Xd in the range 0.55–5, with the error bars
representing the mean standard deviation. For =Z 0d , the wall height is
zero and the configuration factor is calculated by equation (6). For this
scenario, there is no reduction and the value is equivalent to the the-
oretical one, getting 100% value. For instance, if we increase the wall
height up to =Z 0.4d , the configuration factor diminishes a 40%. The
increase of 0.2 Zd units represents approximately a decrease of an ad-
ditional 20% of the factor until Zd approaches the value 1.0. In this
region, the relationship between variables is nearly linear, as can be
appreciated in the graph. When Zd =0.9, the factor is only 10% of the
theoretical value, which means an almost total blockage of the target by
the fireball. Above Zd =1, the configuration factor ratio decreases
asymptotically to zero.

The above relationship can be fitted to a curve =F F f Z· ( )max
w

max d , so
that a gross estimation of configuration factor could be determined
from the calculation of the theoretical value and solving the projection
factor function, for a particular shade effect:
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with the following values of the coefficients, ai:
a1 =0.8052; a2 =−4.1954; a3 =7.4713; a4 =−4.6899;

a5 =0.3165; a6 =−0.675; a7 =1.0006.
Rsquared =0.9998.

6. Case study

Consider a railway accident of dangerous goods in an urban area
that as a result, causes a fire in a 110m3 tank car, 85% filled with LPG.
After a time, the vessel collapses and a fireball occurs. The content of
the vessel just before the explosion was three quarters the initial one,
which represents a mass of 34,250 kg. Closest houses are 185m away
from the rail line. This residential area is separated about 10m from the
railroad zone of influence by a solid fence panel 2m high.

Data: Ambient temperature: 298 K; =HR 50 % (partial pressure of
water vapor, 1.155 Pa); =H 45,000c kJ/kg.

Solution:
Fireball diameter, its duration, and related parameters can be esti-

mated, according to several correlations collected by Casal et al.
(2001):

= =D M m6.14· 1830.325

= =t M s0.41· 14.30.340  

= −τ P d2.02( . )w f
0.09

Before continue, we must determine the distance between the flame
and the target (Fig. 2). Using basic Pythagoras, we get a quadratic
equation:

+ − = + − =d Rd X d d2 183 34225 0f f f f
2

0
2 2

Which positive root is df =114m. Thus, atmospheric transmissivity
is:

=τ 0.69

The emissive power can be determined, assuming =η 0.25:
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Now we get the dimensionless parameters of the system:
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Table 1
Relative error provided by the numerical
method.

Ne ε %( ) 

100 3.32·10−2

500 1.32·10−3

1000 3.31·10−4

2000 8.25·10−5

3000 3.67·10−5

4000 2.06·10−5

5000 1.82·10−5

6000 1.26·10−5

Table 2
Vertical configuration factors Fv

w, for a ground level fireball (Ne=2.500).

Zd Xd

0.55 0.75 1.0 2.0 3.0 4.0 5.0 6.0 7.0 7.5

0.0 0.3348 0.2560 0.1788 0.0570 0.0266 0.0152 0.0098 0.0069 0.0051 0,0044
0.2 0.2423 0.2008 0.1460 0.0483 0.0227 0.0130 0.0084 0.0059 0.0043 0,0038
0.4 0.1492 0.1336 0.1011 0.0348 0.0165 0.0095 0.0061 0.0043 0.0032 0,0028
0.6 0.0907 0.0823 0.0619 0.0209 0.0098 0.0056 0.0036 0.0026 0.0019 0,0016
0.8 0.0570 0.0482 0.0329 0.0090 0.0040 0.0022 0.0014 0.0010 0.0007 0,0006
0.9 0.0459 0.0363 0.0222 0.0044 0.0017 0.0009 0.0005 0.0004 0.0003 0,0002
1.0 0.0373 0.0269 0.0138 0.0011 0.0001 4.6E-5 1.5-E5 6.5E-6 3.0E-6 2.1E-6
1.1 0.0307 0.0195 0.0074 Null
1.2 0.0254 0.0138 0.0029
1.4 0.0179 0.0060
1.6 0.0129 0.0017
1.8 0.0095
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Then, from Fig. 7, the maximum value of the configuration factor
can be obtained:

= =F X Z F( , ) (1.0, 0.2) 0.169max
w

d d max
w   

The radiation intensity will be:

= = = −I τ F E kW m· · 0.69·0.169·257 30 ·w max
w

p
2   

The fatality rate can be estimated using the Probit function pro-
posed by Eisenberg et al. (1975):

⎜ ⎟= − + ⎛
⎝

⎞
⎠

= − + =I tY 14.9 2.56·ln 14.9 18.4 3.5w
4
3  

Which represents a 7% of the population affected.
A fireball is a transient event, and its impact should be assessed in

terms of thermal dose rather than thermal intensity. The level of in-
tensity, duration of exposure and percentage of exposed bare skin result
in a received thermal radiation dose (TDU), which can be calculated
and used to estimate these effects by the following equation:

= = = −I t kW m sD 30 ·14.3 1333 ( · )wtw

4
3 4

3 2 4
3 

Eisenberg et al. (1975) established the value of 1000 TDU as a
dangerous dose, which would give rise to a small probability of fatality
for an average population, with second-degree burns (1% Fatality).

We can also estimate the wall height that provides a null config-
uration factor:

= =
−

= ==Z Z X
X

X
X

m( )
2 2

10 6.66w F
sd s

d

s

d X

0 1
2

3
2d

As a result, the engineered protection barriers in process plants and
urban areas are suitable as an effective system to reduce the levels of
thermal radiation for a given objective.

7. Conclusions

This paper provides a new and important contribution to config-
uration factor's literature, as up to date a factor for fireballs (spheres)
with shadowing has not yet been published. The algorithm used pro-
vides results with a great accuracy for a small number of divisions and
short execution time.

The geometric configuration for which the factor is null has been
analytically determined. With the increasing height of the wall, the
relative sight between the fireball and target decreases, until the re-
ceiver is eclipsed and the configuration factor becomes zero. This
condition could be used to protect areas vulnerable to thermal radia-
tion, for different hypotheses of fireball design.

In terms of methodological utility, this paper provides a re-
producible strategy for similar scenarios. Opens new research lines in
three different ways: configuration factors of spheres with blocking
surfaces, which can be exploited for the development of new factors;
modeling thermal radiation of fireballs with the presence of barriers
and design of protective barriers in the vicinity of the process in-
dustries. Specifically, it can be used to get the optimal location of the
storage tanks and the design of engineered barriers for the protection of
persons and property near the industries that store or transport flam-
mable substances.

As a practical tool it can solve a common problem in risk analysis,
allowing a more realistic engineering modeling, providing knowledge
and tools about an effect not considered so far. Through diagrams
reading, configuration factor is obtained immediately without per-
forming the numerical calculation, an issue that is very useful for
analysts in technological risks.
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Appendix A. Supplementary data

Supplementary data related to this article can be found at http://dx.
doi.org/10.1016/j.jlp.2017.12.010.

Table 3
Horizontal configuration factors, Fh

w for a ground level fireball (Ne=2.500).

Zd Xd

0.55 0.75 1.0 2.0 3.0 4.0 5.0 6.0 7.0 7.5

0.0 0.3043 0.1706 0.0894 0.0142 0.0044 0.0019 0.0009 0.0006 0.0004 0.0003
0.2 0.2855 0.1622 0.0856 0.0137 0.0042 0.0018 0.0009 0.0006 0.0003 0.0003
0.4 0.2357 0.1355 0.0721 0.0117 0.0036 0.0015 0.0008 0.0005 0.0003 0.0002
0.6 0.1835 0.1017 0.0527 0.0082 0.0025 0.0010 0.0005 0.0003 2.1E-4 1.7E-4
0.8 0.1412 0.0703 0.0326 0.0041 0.0011 0.0004 0.0002 1.5E-4 9.2E-5 7.5E-5
0.9 0.1241 0.0567 0.0235 0.0021 0.0005 0.0002 0.0001 6.0E-5 3.7E-5 3.0E-5
1.0 0.1093 0.0449 0.0155 0.0005 6.1E-5 1.1E-5 3.1E-6 1.1E-6 4.4E-7 2.9E-7
1.1 0.0966 0.0346 0.0088
1.2 0.0857 0.0258 0.0037 Null
1.4 0.0680 0.0125
1.6 0.0545 0.0039
1.8 0.0441

Fig. 8. Ratio between maximum configuration factor with and without wall as a function
of Zd.(Standard deviation error bars)
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Nomenclature

ai Coefficients of curve fitting, -
Ai Area of element ‘i’, m2

d Distance between the center of fireball and the target, m
df Distance between the flame and the target, m
dA2 Differential area of surface 2, m2

D Fireball diameter, m
Dt Thermal dose, kW4/3 s m−8/3

Dtw Thermal dose with the presence of the wall, kW4/3 s m−8/3

Ep Emissive power, kW·m−2

ε Relative error, %
η Fraction mass involved in the explosion, -
F Configuration factor,-
Fi Configuration factor of element “i”,-
Fv Configuration factor for a target-oriented vertically, (theo-

retical), —
Fh Configuration factor for a target-oriented horizontally, (the-

oretical), —
Fv

w Configuration factor for a target-oriented vertically con-
sidering the presence of the wall (numerical),-

Fh
w Configuration factor for a target-oriented horizontally con-

sidering the presence of the wall (numerical),-
−FdA A1 2 Configuration factor between differential area element and

finite area, -
Fmax Maximum value of configuration factor between fireball and

target (theoretical), -
Fmax

w Maximum value of configuration factor between fireball and
target considering the presence of the wall (numerical),-

Hc Heat of combustion, kJ·kg−1

HR Relative humidity, %
I Radiation intensity, kW·m−2

Iw Radiation intensity with the presence of the wall, kW·m−2

θ θ,1 2 Vision angles between the surface normals and the line of
length r between them, radians

θi Vision angle of element ‘i’
M Fireball mass, kg
Ne Number of elements of the flame, -
ni Normal vector of triangle ‘i’, -
n2 Normal vector of target, -
Pi Cartesian coordinates of triangle barycenter, m
Pw Partial pressure of water vapor, Pa
r Distance between differential and finite area elements, m.
ri Distance between differential element ‘i’ and target, m.
R Fireball radius, m
Rsquared Coefficient of determination, -
t Fireball duration, s
TDU Thermal dose unit, kW4/3 s m−8/3

τ Atmospheric transmissivity, -
→ ⎯→⎯v w, Vectors defining two edges of the triangle, m
X0 Ground distance between the center of fireball and the target,

m
Xd Target separation factor, -
Xw Distance at which wall is placed, m
Xs Distance between the target and the wall, m
Zd Sphere projection factor, -
Zp Height at which the projection line outgoing the target and

tangent to wall intersects the sphere vertical axis, m
Zs Locus height (relative to the ground) that provides complete

blockage, m
Zsd Locus of sphere projection factor, -
Zw Wall height, m
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