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Abstract
This paper presents a new methodology for determining the thermal radiation of dynamic fireballs considering the presence of obstructions (i.e. safety barrier, topographic elevation). The specific type of obstruction considered is a flat wall. The key feature of the methodology is that, due to the presence of a barrier, the dynamic fireball evolves through different stages of relative visibility (i.e. null, partial or complete) during its transitional regime. A set of equations defining the boundaries of each region has been developed, which are required to calculate the configuration factor for each transient position of the fireball. According to the relative visibility, analytical or numerical methods must be used to determine the configuration factor between the fireball and the receiver. 
This methodology aims to achieve a more realistic modeling of the fireball elevation mechanism, enabling safety engineers to better estimate the fraction of thermal radiation received in common scenarios in the process industry and to improve the design of safety barriers to minimise the impact of radiation on vulnerable elements or critical infrastructures. The study is of particular interest for land use planning and plant location. 
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Research highlights
· A new mathematical model is presented for dynamic fireballs considering the shadow effect exerted by a planar wall.
· A fireball can evolve through different relative visibility stages (null, partial or complete) between the fireball and the receiver.
· Geometric boundary conditions governing the different regions of relative visibility are determined.
· Configuration factor calculation methods are provided for each transient position of the fireball according to the relative visibility conditions. 
· Tables and graphs are provided for a quick estimation of the configuration factor for static elevated fireballs considering the shadow effect.
· A case study is used to estimate the thermal dose received by people when a shadow effect is present.
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[bookmark: _Toc8632802]Nomenclature
	Distance between the flame and the target, m
	Fireball diameter, m
	Maximum fireball diameter, m
 	Thermal dose, kW4/3·s·m-8/3
	Thermal dose with the presence of a wall, kW4/3·s·m-8/3 
	Heat of combustion, kJ·kg-1
	Emissive power, kW·m-2
	Maximum emissive power, kW·m-2
	Radiant heat fraction, -
	Configuration factor, -
	Configuration factor for a vertically oriented target (theoretical), -
	Configuration factor for a horizontally oriented target (theoretical), -
	Configuration factor for a vertically oriented target considering the presence of a wall (numerical), -
	Configuration factor for a horizontally oriented target considering the presence of a wall (numerical), -
	Maximum value of the configuration factor between a fireball and a target (theoretical), -
	Maximum value of the configuration factor between a fireball and a target considering the presence of a wall (numerical), -
	Function of the locus that provides complete blockage in the first stage of a dynamic fireball, m
	Function of the locus that provides complete blockage in the second stage of a dynamic fireball, m
	Function of the locus that provides complete visibility, m
	Height from the ground (where the target is located) to the centre of the fireball, m
	Height from the ground on the hill (where the fuel tanks are located) to the centre of the fireball, m
	Height from the ground to the base of the fireball, m
	Fireball height factor, -
	Radiation intensity, kW·m-2
	Radiation intensity with the presence of a wall, kW·m-2
	Fireball mass, kg
	Burst pressure, bar
	Partial pressure of water vapor, Pa
	Fireball radius, m
	Fuel density, kg·m-3
	Shadow factor, -
	Fireball total duration, s
	Fireball instantaneous time value, s
	Fireball instantaneous time value representing the boundary between null and partial visibility, s
	Fireball instantaneous time value representing the boundary between partial and complete visibility, s
 	Thermal dose unit, kW4/3·s·m-8/3
	Atmospheric transmissivity, -
	Ground distance between the centre of the fireball and the target, m
	Target separation factor, -
	Ground distance between the centre of the fireball and the wall, m
	Distance between the target and the wall, m
	Sphere projection factor, -
	Height at which the projection line from the target and tangent to the wall intersects the vertical axis of the fireball, m
	 value from which visibility is null, m
	 value from which complete visibility is not achieved, m	Locus height that provides complete blockage, m 
	Locus of complete blockage factor, -
	Locus height that provides complete visibility, m
	Locus of complete visibility factor, -
	Wall height, m



[bookmark: _Toc8632803]Introduction 
The sudden release of flammable fuel into the atmosphere from the catastrophic rupture of a pressure vessel often leads to the formation of large fireballs (Bubbico and Marchini, 2008). Accidents such as the recent gas hub explosion in Baumgarten (Austria, December 12, 2017) (The Guardian, 2017) or the tanker truck BLEVE on a crowded motorway in Bologna (Italy, August 6, 2018) (The Guardian, 2018) are examples of how large fireballs continue to occur periodically, with severe consequences for the surrounding population. Radiative heat transfer from the flames associated with major fires can seriously endanger any nearby element. Fireballs can emit a great amount of energy, causing serious injury (or even death) and triggering secondary fires (Cozzani et al., 2006; Darbra et al., 2010; Hemmatian et al., 2015; Mishra, 2016). It is therefore vital to be able to assess the possible consequences of fireball events, which occur occasionally in the process industry, the transport of dangerous goods and the storage of hazardous materials. 
When conducting the risk analysis of pressure vessels or storage tanks containing flammable substances, several sequences are considered which can lead to diverse accidents, such as the explosion of the vessel, a pool fire, a jet fire or a fireball. In most cases, when the impact on people is considered, the radiation effects produced by a fireball reach further than the radiation generated by pool or jet fires and the overpressure generated during the explosion of a vessel. Therefore, in the event of a fireball, it is essential to be able to estimate as accurately as possible the thermal radiation that could reach a potential target.
Several models have been proposed in the literature to evaluate the main characteristics of fireballs (diameter, height, duration and emissive power) (Roberts et al., 2000; Makhviladze and Yakush, 2005; Abbasi and Abbasi, 2007; Blankenhagel et al., 2017; Blankenhagel et al., 2018). These models can be used to apply the solid flame approach when estimating the radiation received by a target located at a certain distance (Casal, 2018). Fireball models can be classified as either static or dynamic. Static models assume that fireballs instantly reach their maximum diameter and maintain that size for the duration of the event. Most static models consider the fireball to be at ground level, although others use a fixed elevated position. Ground-level models are based on conservative reasoning by which the fire is closest to people and structures, often engulfing them. Elevated models are based on the analysis of real accidents and usually provide more realistic results. It should be remembered, however, that a fireball is essentially a dynamic phenomenon (Demichela et al., 2004). Typically, a fireball starts as a small ball on the ground. After a few seconds, it increases in size, rising to a maximum height and reaching a maximum diameter. As the available fuel is consumed, the fireball decreases in size until it finally disappears.
To calculate the radiation received by a target using the solid flame approach three parameters must be known: the emissivity of the fireball, the value of the atmospheric transmissivity (which basically depends on the ambient relative humidity and the distance between the flame surface and the target) and the configuration factor between the fireball and the target. Although the configuration factor between a sphere and an object is well known and relatively easy to calculate, the situation becomes much more complex in the presence of an obstruction (i.e. safety barrier, terrain relief, wall).
Only one attempt to model the thermal radiation of fireballs considering the shadow effect induced by a blocking surface can be found in the literature (Vílchez et al., 2018), in which the static model of a sphere settled at ground level is considered. However, in order to obtain more accurate predictions of the potential consequences of the fireball, it is imperative to model the effects of an elevated fireball or even the more realistic case of a dynamic fireball pattern on the thermal radiation received by a target taking into account the shadow effect of an obstruction. 
This paper is structured in three main sections. The first section presents, for the first time, the configuration factors between elevated spheres at different heights and a differential target located at ground level, taking into account the shadow effect induced by an opaque barrier between them. The second section presents the methodology for calculating the thermal radiation of a dynamic fireball that, during its short life, can be subject to different visibility conditions. A set of equations describing the boundaries of each region has been defined, including the analytical or numerical methods to determine the configuration factor between the fireball and the receiver. Finally, the third section presents two case studies that compare the results of the static and dynamic models with and without considering the shadow effect.
This article is an important contribution to our understanding of the thermal radiation of dynamic fireballs with shadowing, a problem that has not yet been addressed in the literature. The study of this common scenario is extensively applicable in consequence analysis, with significant implications for land use planning (Török et al., 2011).
[bookmark: _Toc8632804]Static elevated fireball
A general formulation of the parameters of an elevated fireball in the presence of an obstruction is given in Figure 1. The fireball is represented by a sphere of radius  at height , which does not vary over time because the system is considered to be static in this section. The height of the sphere’s centre is defined by the sum of its geometric radius and the height off the ground of the bottom of the sphere, . A differential target is located at a distance  from the fireball’s vertical axis. The wall between the fireball and the target is characterised by its elevation, , and its distance from the fireball’s vertical axis, .
[image: ]
[bookmark: _Ref532077169]Figure 1. Elevated fireball parameters. Geometry yielding partial visibility.

Analytical expressions can be found in the literature for the configuration factor between a finite sphere and a differential area receiver oriented vertically and horizontally ( and , respectively) (Juul, 1979; Naraghi, 1988; Cabeza-Lainez and Pulido-Arcas, 2013). According to the nomenclature from Figure 1, the configuration factors  and  without the presence of a wall (i.e. if the wall has the value  = 0) can be calculated according to Eqs. 1 and 2, respectively:
	
	(1)

	
	[bookmark: Equation2](2)


The maximum value of the configuration factor for the same scenario is given by Eq. 3 (Van den Bosch et al., 2005).
	
	[bookmark: _Ref434317953][bookmark: Equation3](3)


The configuration factors shown in Eqs. 1-3 will be used in this paper for unshaded fireballs.
Similarly to Vílchez et al. (2018), the key parameter of the system is  (see Figure 1), which corresponds to the vertical projection on the sphere’s axis, referenced at ground level, of the line that starts at the target and passes through the point . By applying Thales’ theorem we can determine the relationship between the independent variables  and  (where  (see Eq. 4). As can be seen,  represents a set of different values of [] that produce the same shadow effect. We can also determine  directly through Eq. 5.
	
	(4)

	
	(5)


By defining the three dimensionless variables shown in Eqs. 6-8, configuration factor solutions for this type of system can be plotted as a universal set of charts for a selected number of fireball heights. Thus, we can obtain three types of charts, ,  and , specifying a priori  values. The superscript  denotes the presence of the wall.
	
	(6)

	
	(7)

	
	(8)



[bookmark: _Toc8632805]Fireball heights of interest
Even though configuration factors can be obtained for any desired fireball height, some characteristic heights are of particular interest in the field of risk analysis in the chemical industry. Most of the existing models, based on the analysis of real accidents and on fireball dynamics, consider an elevated fireball with an estimated height 1.5 times its radius (= 0.75) (Clay et al., 1988; Shield, 1995; Van den Bosch et al., 2005; Casal, 2018). There are two other characteristic heights of interest. The first corresponds to the most conservative case, in which the fireball is located at ground level (= 1/2) (Clay et al., 1988; HSE, 2003). Configuration factor results for this fireball height are provided in Vílchez et al. (2018). The second corresponds to the less conservative case, i.e. when the fireball is located at a height equivalent to its diameter (= 1). The latter is used in CPR 14E-Yellow Book (Van den Bosch et al., 2005) and is based on the work of Bagster and Pitblado (1989), who conclude that the fireball model that best fits the whole range of available data (from small-scale fireballs to large-scale events) is the one that places the centre of the fireball at a height above the ground equal to two times its radius.
[bookmark: _Toc8632806]Geometric boundaries of interest
For the specific case of elevated fireballs with shadowing there are certain geometric boundaries of interest, i.e. those portions of the sphere’s surface that, in the presence of a wall, have a specific relative geometric visibility with the target. These limits are explained below and summarised in Table 1.
[bookmark: _Toc8632807]Complete visibility
If there is no wall (),  is null, there is no shadow effect and the configuration factor is determined by analytical equations (Eqs. 1-3). In the presence of a wall, the shadow effect may also be null if the wall is not high enough to partially block the relative visibility between the sphere and the target. This lower bound is fulfilled whenever the line that joins the target with the top of the wall matches the tangent of the sphere at its bottom or when it has a lesser angle of elevation (see Figure 2). Specifically, for the range of  values between 0 and , provided by Eq. 9, there is no shadow effect.
[image: ]
[bookmark: _Ref532077402]Figure 2. Geometry that yields complete visibility.
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[bookmark: _Toc8632808]Partial visibility
When  is greater than, configuration factors are determined numerically according to the algorithm presented in Section 2.3 and partial visibility occurs. Given a specific value of , the partial visibility between the receiver and the fireball decreases for increasing values of .
[bookmark: _Toc8632809]Null visibility
This condition is met, for any , when the wall height completely blocks the energy exchange between the fireball and the receiver (Figure 3) and, consequently, the configuration factor is null. Using Euclidean geometry, it is possible to determine this value, , according to Eq. 10. The null visibility condition would imply .
[image: ]
[bookmark: _Ref532077508]Figure 3. Geometry that yields null visibility.
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[bookmark: Table1]A shadow factor () can be defined as shown in Eq. 11 by considering the relationship between  and . A value of 1 would imply complete shadowing; i.e., null visibility.
							(11)

Table 1. Visibility of the fireball and determination of the configuration factor according to  value.
	
	Determination of the configuration factor
	Visibility

	0<≤
	Analytically using Eqs. 1-3
	Complete

	<<
	By numerical calculation
	Partial

	≥
	Is null
	Null



[bookmark: _Toc8632810]Configuration factor results for partial visibility 
Configuration factors for elevated fireballs in partial visibility conditions have been determined using the numerical method described in Vílchez et al. (2018), dividing the flame surface of the fireball into 2500 triangular elements.
The low limit for the target separation factor was  (i.e. ), which means that the first receiver position with respect to the fireball was outside the vertical projection of the sphere. The wall was placed at a distance equal to  to allow its height to be varied without intersecting the sphere. 
Figures 4 and 5 provide the maximum configuration factors () versus the target separation factor () for two fireball heights (= 0.75 and 1.0). Vertical and horizontal configuration factors are also provided (Figures 6-9). Tabulated numerical values of the maximum, vertical and horizontal configuration factors for the characteristic heights referred to here are provided as Supplementary Material.

[image: ]
Figure 4. Maximum configuration factors of elevated fireballs ( = 0.75) for diverse blocking scenarios.

[image: ]
Figure 5. Maximum configuration factors of elevated fireballs (=1.0) for diverse blocking scenarios.
[image: ]
Figure 6. Vertical configuration factors of elevated fireballs (= 0.75) for diverse blocking scenarios.
[image: ]
Figure 7. Horizontal configuration factors of elevated fireballs (= 0.75) for diverse blocking scenarios.
[image: ]
Figure 8. Vertical configuration factors of elevated fireballs (= 1.0) for diverse blocking scenarios.
[image: ]
Figure 9. Horizontal configuration factors of elevated fireballs (= 1.0) for diverse blocking scenarios.

In qualitative terms, an increase in ,  or  will decrease the maximum configuration factor. We can justify the observed behaviour based on the definition of the non-dimensional variables. An increase in  leads to an increase of the distance between the centre of the fireball and the target, and the same applies for increasing  values. An increase in  increases the wall height, decreasing the visible surface of the fireball.
[bookmark: _Toc8632811]Dynamic fireball 
The scenarios in which the fireball is at ground level (Vílchez et al., 2018) or elevated (Section 2) are based on a static model of the phenomenon with the following assumptions:
· The fireball acquires its maximum diameter instantly
· The diameter of the fireball remains constant for the duration of the event. 
· The fireball emits thermal radiation at a constant rate
· The fireball is located at a fixed position relative to the ground
Martinsen and Marx (2000) proposed a dynamic model for fireballs in which the main attributes vary over time. The main features of this model are as follows:
· The fireball size varies over time
· The rate of thermal radiation emitted by the fireball varies over time
· The height of the fireball’s centre relative to the ground varies over time.

[bookmark: _Toc8632812]Description of the dynamic fireball model
The goal of the dynamic model is to more accurately model the lift mechanism of a fireball in the presence of barriers, determining the thermal radiation received by a vulnerable target.
The dynamic approach allows the fireball phenomenon to be modelled more accurately, providing better predictions and avoiding the overestimation obtained using the static model. Martinsen and Marx (2000) and Casal (2008) offer detailed information about this model and its limitations.
The equations governing the dynamic model are listed below.
Fireball geometry:
	
	(12)

	  
	(13)

	
	(14)


Thermal properties:
	
	(15)

	
	(16)

	   
	(17)

	   
	(18)

	   
	(19)

	   
	(20)



[bookmark: _Toc8632813]Description of the dynamic configuration factor approach
An expression for calculating the configuration factor is given in the dynamic model for fireballs proposed by Martinsen and Marx (2000). However, in this paper the numerical method described by Vílchez et al. (2018) is used because it can be used to model the shadow effect of obstructions. 
The main feature of the present approach is that the fireball, during its transitional regime, goes through different stages in which the relative visibility with respect to the target (null, partial or complete) changes over time. 
In the case of a static elevated fireball (Section 2), three geometric boundaries are of interest in describing the behaviour of a dynamic fireball. Analytical relations were established by combining the equations of the dynamic model (Eqs. 12-20) with the locus obtained in Section 2 for elevated fireballs.
The non-dimensional variables defined in Section 2 are also used in this case but taking into account that the diameter and the height of the fireball vary over time (; ). For this reason, the variable  is considered instead of .
[bookmark: _Toc8632814]Null visibility
For a specific period of time the configuration factor is zero if the barrier hinders all relative visibility between the receiver and the fireball. The characteristic equation is Eq. 21, considering the  definition of  from Eq. 10.
	
	(21)


During the first period of interest in the dynamic fireball model (I) (i.e., ), Eq. 21 is simplified to Eq. 22 because . 
	
	(22)


In this way, we obtain an implicit equation for  (Eq. 23) that must be solved iteratively, in order to know which  value makes the function equal to 0. At the calculated instant,  and  are exactly equal for the first period.
	
	(23)


For the second period (II) (i.e., ), proceeding in the same way, we obtain Eqs. 24-25.
	
	(24)

	
	(25)



[bookmark: _Toc8632815]Partial visibility
In this region the the fireball is partially blocked by the wall and the configuration factor is determined by the numerical method provided in Vílchez et al. (2018). The region is governed by the following inequation:
	
	(26)


[bookmark: _Toc8632816]Complete visibility
During a certain period of time, the configuration factor is identical to the theoretical value, as visibility is complete and the barrier has no effect.
For the first period in the dynamic fireball model (I) it holds that , so the fireball is at ground level and the tangent at its base fulfills the equation: . Therefore, the function is defined only for (Eq. 27). The corresponding implicit equation (Eq. 28) can be specified as in Section 3.2.1 and is valid for values .
	
	(27)

	
	(28)



For complete visibility conditions, the configuration factor can be calculated using the analytical equations (Eqs. 1-3).
[bookmark: _Toc8632817]Summary of configuration factor scenarios for a dynamic fireball
In summary, the time-dependent functions  and (t) are defined for each interval by different equations, according to the dynamic model of the fireball. If we define a set of values , we can determine the values of  at which  and (t) are above or below , a variable that represents wall features.
While  is above , the configuration factor is zero. If it is below , there is partial visibility until the  curve equals . At the point at which  drops below , complete visibility is achieved. 
Figure 10 shows the different regions depending on the relative visibility. The time values   and , representing the boundaries between regions, can also be observed.
The value from which there is no complete visibility can be seen in Figure 10 and corresponds to  values above the maximum value reached by the function  for . Substituting  in Eq. 27 we obtain Eq. 29.
	
	(29)



Figure 10 is defined for  values greater than zero and less than . corresponds to the maximum value of  for  and can be calculated by substituting  in Eq. 24 (see Eq. 30). For  values above , calculations are not necessary because the configuration factor is zero.
	
	(30)


[bookmark: _Ref532079939]
[image: ]
Figure 10. Regions of visibility versus time for dynamic fireballs with shadowing.

Figure 10 clearly shows that the fireball could pass through a maximum of three different visibility regions during its life cycle, depending on the value of the parameter . For the particular case shown in Figure 10:
a) Until ,  (red line in Figure 10) is above  (green line in Figure 10) and visibility is zero. Consequently, the configuration factor would also be zero.
b) If ,  is below  and above  (black line in Figure 10), and visibility is partial. Consequently, the configuration factor would be calculated using the numerical method described by Vílchez et al. (2018). As observed in Figure 10, for this particular period of interest  . Therefore, equations associated with the dynamic fireball model would be those for the second period.
c) From ,  is below  and visibility is complete. Consequently, the configuration factor would be calculated using the analytical equations (Eqs. 1-3).
Figure 11 shows a schematic representation of the calculation methodology. The use of this procedure in combination with the solid flame model allows to estimate radiation intensity of dynamic fireballs with shadow effect. 
[image: ]
[bookmark: _Ref532079998]Figure 11. Calculation method for the variables in the thermal radiation model for dynamic fireballs with shadowing.

[bookmark: _Toc8632818]Case studies
The following case studies are presented to compare the results obtained using different fireball models and the effect of passive barriers. The effects of thermal radiation on people are also assessed. 
Case study 1
This case study is based on a real incident. However, it did not occur exactly as described here because, although there was a fuel leak, it did not trigger a fireball.
A company dedicated to the reception, storage and distribution of liquefied petroleum gas (LPG) has a plant in Alumbres, a municipality of 3371 inhabitants located next to the Valley of Escombreras (62 m above sea level, south-east Spain). The area is a major centre of the Spanish chemical industry. The storage facility consists of six propane spheres with a maximum useful capacity of 5865 m3, with an external diameter of 23.6 m. Its design pressure is 7 bar and the design temperature is 65 °C. Propane is maintained semi-refrigerated at 5 °C, at its vapour pressure. Figure 12 shows a schematic representation of the topography of the area (not to scale). 
During routine maintenance, propane leaked from the pipes that transfer the product into the tanks. Subsequently, the gas came into contact with an unknown ignition source and was inflamed, forming a pool fire that engulfed the sphere. Here we hypothesise what would have happened if, after several minutes, a fireball had occurred. The local population was located 650 m from the storage area. 

[bookmark: _Ref532082407]Figure 12. The case study scenario.

[bookmark: _Ref532080098]Table 2. Values for the variables needed to characterise the fireball and its effects.
	Variable
	Value

	Ambient temperature
	293 K

	Partial pressure of water vapor ()
	1169 Pa

	Heat of combustion ()
	48000 kJ/kg

	Fuel density ()
	560 kg/m3

	Content of the vessels at the moment of explosion
	1360 m3

	Burst pressure ()
	19 bar



In order to compare the methodology presented in this paper, calculations have been performed for the following fireball models:
· Static elevated fireball with and without shadow effect. The fireball’s height has been taken as  (from the ground level of the hill where the spheres are located to the centre of the fireball) or, equivalently, (from the ground level of the target to the centre of the fireball).
· Dynamic fireball with and without shadow effect.
[bookmark: _Toc8632819]Static elevated fireball approach
According to the values in Table 2, 761.6 Tn of fuel were involved in the explosion. Therefore, the fireball diameter was estimated to be 530 m and its duration 26.6 s. Eqs. 12-13 were used to compute these values (see Eqs. 31-32).
	
	(31)

	
	(32)



The dimensionless parameters of the system, as defined in this study, are shown in Eqs. 33-35. The shadow factor, according to Eq. 11, takes a value of , so the population can only partially view the fireball. The maximum configuration factor for this system is 0.028 (Eq. 36), according to the results of the algorithm.
	
	(33)

	
	(34)

	
	(35)

	
	(36)



The approximate value of the configuration factor can also be obtained from Figure 5. In this case a slightly lower value of 0.025 is obtained due to graphical interpolation errors, but the calculation itself is very simple and quick.
The atmospheric transmissivity was calculated according to Eq. 17:
	
	(37)


Where  is the distance between the target and the fireball according to Figure 1 and Eq. 18.
The maximum emissive power can be determined according to Eq. 16, having previously calculated the radiant heat fraction according to Eq. 15 (see Eqs. 38-39): 
	
	(38)

	
	(39)


As suggested by Casal (2018) if the emissive power obtained from Eq. 39 is higher than 400 kW·m-2, as in this case, then 400 kW·m-2 must be taken. The radiation intensity is calculated as shown in Eq. 40. The thermal dose under these conditions () would be given by Eq. 41.
	
	(40)

	
	(41)


According to Rew (1997), the calculated  level would not cause significant injury, probably first-degree burns. 
Without the influence of the hill, the thermal dose would rise to 1842 TDU (see Eqs. 42-43).
	
	(42)

	
	(43)


Rew (1997) considers a value of 1000 TDU to be a dangerous dose due to infrared radiation. This thermal dose would cause third-degree burns, considering the static behaviour of people. O’Sullivan and Jagger (2004) also agree that these levels of radiation would cause severe third-degree burns.
Comparing the maximum configuration factors,  and , we can state that the effect exerted by the barrier would be equivalent to placing the receiver at = 2.84 or, equivalently, at 1504 m. Thus, this example shows the influence of the wall effect on safety distances, which would be higher (more conservative) but less realistic. 
[bookmark: _Toc8632820]Dynamic fireball approach
The approach described in Section 3 for calculating the configuration factor in the event of dynamic fireballs has been applied to this case study. With respect to dynamic calculations without shadow, those mentioned in Casal (2008) can serve as a reference. Similarly, dynamic calculations with shadow effect were made according to the algorithm shown in Figure 11. In all cases, the thermal dose received by a person exposed to the calculated radiation is directly related to the area under the curve, using Eq. 20. A summary of the results is shown in Table 3; for the purpose of comparison, the results obtained from the static elevated approach are also presented in tabular form.
[bookmark: _Ref532080179]Table 3. Results obtained for the dynamic fireball together with results from the static elevated approach.
	Parameter
	Static, Elevated
(
	Static, Elevated Shadowing
(
	Dynamic
	Dynamic
Shadowing

	 (m)
	530
	Variable

	 (s)
	26.6

	 (s)
	-
	-
	7.4

	 (s)
	-
	-
	-

	 (kw·m-2)
	400
	Variable

	
	0.572
	Variable

	
	0.105
	0.028
	Variable

	 (m)
	497.5
	Variable

	 (kw·m-2)
	24
	6.4
	Variable

	Thermal dose –  (kW4/3·s·m-8/3)
	1842
	316
	960
	62

	Lethality
	Pr1
	6.44
	1.93
	4.78
	-

	
	%2
	92.5
	< 1
	41.2
	0

	2nd-degree burns
	Pr1
	7.36
	2.03
	5.39
	-

	
	%2
	99.1
	<1
	65.2
	0

	1st-degree burns
	Pr1
	10.7
	5.35
	8.7
	0.42

	
	%2
	100
	64
	100
	0


1. Probit equations from Casal (2018)
2. Equations proposed by Vílchez et al. (2001)


[bookmark: _Ref532080281]Figure 13. Time dependence of thermal radiation for different fireball models.

Figure 13 represents the time dependence of thermal radiation for different fireball and configuration factor models. In static elevated models, radiation intensity remains constant and therefore the thermal dose would be overestimated, even considering the shadow effect. Under the dynamic approach, the presence of a barrier significantly reduces the energy transmitted to the target with respect to the energy transmitted using the classic dynamic model without shadow effect.
The shape of the radiant intensity curve under dynamic and shadowing conditions shows that, in the first instants, the wall blocks the fireball and the radiation intensity is zero. This region is shown in grey in Figure 14. 

[bookmark: _Ref532081412]Figure 14. Transient regime of relative visibility.

In Figure 14 the orange region represents the partial visibility period. We can observe in Figure 13 that during this period (between 7.4 s and 26.6 s) the radiant intensity curve does not exhibit the same behaviour as the equivalent curve from the dynamic model without shadow effect. This is fundamentally because the configuration factor increases monotonically with time as the fireball rises, whereas it behaves completely differently under dynamic conditions without shadowing (i.e. a maximum at 8.8 s, after which the configuration factor decreases linearly) (see Figure 15).

[bookmark: _Ref534381581]Figure 15. Evolution of the configuration factor in case study 1 considering a dynamic fireball model with and without shadowing.

When the  value is reached, the bottom of the fireball exceeds the barrier and visibility is complete. This region is not shown in Figure 14 because in this case study the visibility of the fireball is never complete. In those situations where the visibility becomes complete, then the curves of both dynamic models overlap, since they are governed by the same equations.
In this case study the different dose levels provided by each model have been calculated (Table 3). When barrier effects are not considered, the dynamic model transmits almost half the dose of the static elevated model. The thermal dose in the dynamic model with shadowing is reduced by a factor of thirty with respect to the static model without shadowing, and by a factor close to five with respect to the static model with shadowing. Finally, the dose of the classic dynamic model is fifteen times greater than the dose from the dynamic model with shadowing. This is a very important overestimation that can directly influence threshold limit distances associated with vulnerable areas. According to the regulations established by recognised agencies (NFPA, API, HSE), a value of 5 kW/m2 is an acceptable threshold of heat radiation flux for public exposure (Raj, 2008). Figure 13 shows that radiation intensity never exceeds this threshold value in the dynamic model with shadowing. The rest of the models exceed this threshold value, resulting in more severe injuries.
In terms of fatality probability for unprotected targets, Probit functions provide rates close to 100% for the static elevated model. Lethality is negligible for models in which a barrier is taken into consideration, whether static or dynamic. The lethality rate with the classic dynamic model is 41 %. With regard to first-degree burns, the dynamic model with shadow reduces the percentage of people affected by 100% compared to the classic dynamic model.
In this case study the fireball radius (Rmax = 265 m) would be larger than the values established in API Standard 2510 (API, 2001) and in NFPA 58 Liquefied Petroleum Gas Code (NFPA, 2004) as the minimum distances between containers and any adjoining property. In these two regulations the largest minimum distances are 61 mm and 122 m, respectively. The fireball radius would be of the same order of magnitude than the distance established by the Catalan Government, Spain, through the IRP/971/2010 Resolution of 31st March (Generalitat de Catalunya, 2010), in which barriers are considered and a distance of 250 m is set. Therefore, it is obvious that these regulations were not designed for fireball events.
This case study illustrates the potential of the methodology presented in this paper for consequence assessment in fireball accidents. The protection of vulnerable elements can be achieved with the presence of a barrier. By designing the barrier and optimising the relative visibility, fireball radiation can be kept at acceptable levels, both for existing and new sites.  
[bookmark: _Toc8632821]Case study 2
This case study provides a comparison of the calculated thermal effects that a fireball would produce whether the classic dynamic model or the dynamic model with shadowing were considered. Data used to perform the comparison has been set according to the values shown in Table 4. A cargo road tank of approximately 20000 kg, and a wall 6 m high and separated 10 m from the target have been considered in this comparison exercise. A maximum diameter of 157.4 m has been calculated for the fireball.
[bookmark: _Ref8632050]Table 4. Values for the variables needed to characterize the fireball and compare its effects.
	Variable
	Value

	Fireball mass
	20000 kg

	Zw
	6 m

	Xs
	10 m

	Ambient temperature
	293 K

	Partial pressure of water vapor (pw)
	1155 Pa

	Heat of combustion (ΔHc)
	46000 kJ/kg

	Burst pressure (p)
	19 bar


The ground distance between the center of the fireball and the target () has been varied. Correspondingly, Zp has also varied in case of considering the dynamic model with shadowing (see Eq. 4). Zp in the classic dynamic model is 0 because there is no wall.
Three types of thermal radiation effects have been considered: First degree burns, second degree burns and lethality. The level of intensity and the duration of exposure have been calculated to obtain an integration of the received thermal radiation dose. Probit functions from Casal (2018) have been used and the fatality probability has been determined according to the equations proposed by Vílchez et al. (2001).
The results are shown in Tables 5-6. It can be observed that a distance of 200 m is enough to assure that the probability of first degree burns, second degree burns and lethality is zero. On the contrary, according to the results obtained with the classic dynamic model, at the same distance (200 m) the probability of the three types of fatality would be >3% yet, getting still a considerably high probability of first-degree burns.
[bookmark: _Ref8632773]Table 5. Probit function values (Pr) and fatality probabilities (%) obtained using the dynamic model with shadowing for the case study set in Table 4. Four different  values (100, 150, 175, 200 m) have been considered.
	
	Dynamic with shadowing

	
	= 100 m
	= 150 m
	= 175 m
	= 200 m

	
	= 60 m
	= 90 m
	= 105 m
	= 120 m

	
	 = 0.15 s; = 6.8 s
	= 0.52 s; = 8.23 s
	= 0.83 s; = 8.91 s
	 = 1.24 s; = 9.59 s

	1st-degree burns
	9.28
	100
	5.03
	51.47
	2.92
	1.90
	0.5
	0

	2nd-degree burns
	5.97
	83.47
	1.72
	<1
	-
	0
	-
	0

	Lethality
	5.27
	60.70
	1.67
	<1
	-
	0
	-
	0

	
	Pr
	%
	Pr
	%
	Pr
	%
	Pr
	%


1. Probit equations from Casal (2018)
2. Equations proposed by Vílchez et al. (2001)

Table 6. Probit function values (Pr) and fatality probabilities (%) obtained using the classic dynamic model for the case study set in Table 4. Four different  values (100, 150, 200, 250, 300 m) have been considered. 
	
	Dynamic

	
	 = 100 m
	 = 150 m
	 = 200 m
	 = 250 m
	 = 300 m

	1st-degree burns
	11.25
	100
	8.83
	100
	6.86
	96.86
	5.22
	58.82
	3.83
	12.04

	2nd-degree burns
	7.94
	99.83
	5.52
	69.75
	3.55
	7.35
	1.91
	<1
	0.52
	< 1

	Lethality
	6.94
	97.41
	4.88
	45.42
	3.22
	3.73
	1.83
	<1
	0.64
	< 1

	
	Pr
	%
	Pr
	%
	Pr
	%
	Pr
	%
	Pr
	%


1. Probit equations from Casal (2018)
2. Equations proposed by Vílchez et al. (2001)
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A new series of configuration factors for static elevated fireballs with shadow effect has been presented in tabular and graphical form. Using the numerical methods described in Vílchez et al. (2018) we have computed configuration factors at two specific fireball heights, and for a wide range of distances to the target and shade parameters. A universal solution, valid for any value of the variables defining the system, has been provided through the use of non-dimensional variables.
A mathematical algorithm has been proposed for dynamic fireballs considering the shadow effect exerted by a planar wall. This approach introduces new equations to describe the transient regime of the event, which evolves through different stages of relative visibility between the target and the fireball (null, partial and complete). 
In this article, geometrical boundary conditions governing different regions of relative visibility between the fireball and the receiver have been analytically determined for static elevated fireballs and dynamic fireballs. In the case of a dynamic fireball, configuration factor calculation methods have been provided for each transient position of the fireball according to the relative visibility conditions.
The case study highlights the importance of considering passive barrier performance when assessing the thermal radiation consequences of fireballs.
This approach provides tools to protect vulnerable areas by placing safety barriers that limit the radiation intensity received. The results are mainly applicable to chemical plants, railway and roadside infrastructures, offshore gas platforms, storage and process industries sited in or near urban areas. The approach can also be used in the selection of sites for new plants to determine the protection (or lack thereof) afforded by the terrain (e.g. soil embankments).
The methodology can be used to determine the influence of passive barriers in reducing the thermal radiation emitted from fireballs. Further research is required to develop the design of engineered safety barriers, which could be studied in isolated events or taking into account the domino effect.
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