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Abstract: The Bleve is an explosion involving both the rapid vaporization of liquid and the rapid expansion of vapor in a vessel. The loss of containment results in a large fireball if the stored chemical is flammable. In order to predict the damage generated by a Bleve, several authors propose analytical or semi-empirical correlations, which consist in predicting the diameter and the lifetime of the fireballs according to the quantity of fuel. These models are based on previous experience, which makes their validity arbitrary in relation to the initial conditions and the nature of the product concerned. The article delves into uncertainty analysis associated with analytical and semi-empirical models of the BLEVE fireball. It could explore how uncertainties in input data, and the choice of a more or less inappropriate model, propagate into the model results. Statistical techniques such as global sensitivity analysis or uncertainty analysis are employed to quantify these uncertainties. In this paper, an attempt is made to evaluate and select reasonable models available in the literature for characterizing fireballs and their consequences. Correlations were analyzed using statistical methods and BLEVE data (experimental and estimated data by correlation) to determine the residual sum of squares (RSS) and average absolute deviation (AAD). Analysis revealed that the Center for Chemical Process Safety (CCPS), the TNO (Netherlands Organization for Applied Scientific Research), and the Gayle model revealed a high degree of satisfaction between the experimental and estimated data through correlation.
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Nomenclature



	C
	Heat capacity (J/m3·K)



	cp
	Specific heat (J/kg·K)



	h
	Latent heat of phase change (J/kg)



	k
	Thermal conductivity (W/m·K)



	M
	Molar mass (kg/kmol)



	q″
	Heat flux (W/m2)



	R
	Reflectivity



	Rg
	Specific gas constant (J/kg·K)



	t
	Time (s)



	T
	Temperature (K)



	u
	Interfacial velocity (m/s)



	x
	Coordinate (m)



	ε
	Total emissivity



	ρ
	Density (kg/m3)



	σ
	Stefan–Boltzmann constant (W/m2·K4)





1  Introduction

Industrial facilities involving chemical products or processes are subject to significant accident risks. A boiling expanding liquid explosion (BLEVE) is one of the most catastrophic accidents that can occur on a storage site for flammable products or superheated liquefied gas under pressure following the total or partial loss (complete burst or crack) of the containment.

To predict the thermal and mechanical consequences as well as the concentrations of gases or vapors generated by a BLEVE, and therefore to provide the most suitable operational response, several authors have proposed analytical or semi-empirical correlations for the determination of the diameter and the lifetime of the fireballs as a function of the mass of fuel [1–3].

Among the authors who have tried to solve the problem of choosing the appropriate model [4–7], we find K. Satyanarayana, who conducted a statistical study to compare 16 different correlations between fireball diameter and duration. The comparison of fireball characteristics according to their modes of generation by Dorofeev et al. [3], as well as the proposal of appropriate models for certain types of fuels. Abbasi and Abbasi who have made a synthesis of the mechanism, causes, consequences and modelling, empirical and analytical correlations of estimation of diameter D and duration t of the fireball.

This article attempts to evaluate and select reasonable models available in the literature to characterize fireballs and their consequences. Correlations were analysed using statistical methods and BLEVE data (experimental and correlation-estimated data) to determine the residual sum of squares (RSS) and mean absolute deviation (AAD).

2  Methodology

A literature review was carried out in the field of prevention and modeling of risks, generated by the thermal effects of Bleve fireballs, using search motors such as Google Scholar and scientific databases such as Wiley, IEEE Xplore, Scopus and Web of Science, setting the chronological search interval between 1980 and 2023. The search string included terms such as “Bleve thermal effect”, “Bleve fireball” and “radiative heat flux”. As a result of this first search, 45 full-text articles in English were found. Then, a snowball sampling was applied to the references of these articles. And 125 new full text articles in English were found.

The final selection of articles was made on the basis of the authors’ choices of inclusion by unanimity, according to the following criteria: modeling of the fireball, modeling of the radiative flux, dimensional and temporal characteristics of the fireball, consequences of the total loss of a hydrocarbon storage tank, identification and classification of the models used for the characterization of the fireball (analytical model, semi-empirical correlation, …) and the results of the experimental campaigns carried out for the understanding of the phenomenon. Prismatic diagram of Fig. 1.
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Figure 1: Literature review Prisma flowchart

The analysis of the 45 documents constituting the literature review allowed us to group together the different analytical and semi-empirical models that exist.

3  Results

This part will be divided into two parts (modeling the Bleve fireball and the synthesis of the different models characterizing the fireball), in order to simplify the presentation of the results obtained.

3.1 Modeling the BLEVE Fireball

The origin of the fireball formation starts with the release of the flammable vapor from the storage tank when it breaks. The volume of the ignited combustible vapor increases and expands, due to the turbulence and entrainment of the ambient air inside the cloud, creating a combustible mixture (fuel-air) and producing a wake [8–11]. The size and duration of the fireball depends on the mass of fuel consumed inside the fireball. The quasi-instantaneous nature of the phenomenon leaves us with two assumptions:

•   The amount of mass ejected upon rupture of the storage tank is the total flammable content in the tank prior to rupture;

•   At the moment of rupture and due to the temperature of the boiling liquid, a portion of the fuel ignites immediately (isentropic ignition fraction), while the other portion will form fine droplets which will vaporize as they fall;

•   During the formation phase some of the steam dissipates and forms a puddle on the ground, which will burn like a pool fire.

In the case of the BLEVE the total mass contained in the storage tank is consumed in the fireball. Then, the fireball will quickly reach its maximum diameter by rising from the ground level, until reaching the maximum height and then extinguish [3].

Regarding the prediction of the radiation intensity of a Bleve fireball, it lies in the modeling and determination of the following factors [12]:

•   The duration of the fireball;

•   The diameter of the fireball;

•   The surface emissive power of the fireball;

•   The geometric view factor;

•   The atmospheric transmittance.

The fireball’s characteristics modeling can be conducted from two perspectives, static or dynamic.

3.1.1 Static Modeling

The fireball behaves as a static event and does not take into consideration the time evolution, time being expressed by a function of the gas mass. The fireball is characterized by a constant size, by a radiant heat emission at a constant rate, and it is located at a fixed position with respect to the ground level [13–17].

The characteristics of the fireball (diameter, elevation, duration and radiation) are a function of the fuel mass M and can be written as follows [2,3,18–20]:

D,H,td,qs=A(M)(1)

•   Fireball Shape

The models treat the fireball as a sphere for most of its life.

•   Fireball Diameter

The fireball momentarily reaches its most extreme diameter and retains that same measurement throughout its life. The diameter of the fireball is calculated using an equation of the following form, which relates the mass of fuel in the fireball to the maximum diameter [14,15,21–24].

D=a⋅Mb(2)

•   Fireball Duration

Fireball duration correlates the duration or life of the fireball with the mass of fuel used in the fireball [14,15,21–24].

td=k⋅Mn(3)

•   Surface Emissive Power

The formulas used to calculate surface emissivity (SEP) typically relate the pressure in the vessel at the time it bursts (its rupture) to SEP. The following equation is proposed by Roberts [25] to predict the fraction of the total accessible thermal energy radiated by the fireball.

fh=0.27⋅PB0.32(4)

Once you have calculated the fraction of radiated heat, you can move on to the next step. The surface emissivity of a fireball is calculated using the following formula [14,21,23,26]:

qs=fh⋅M⋅Hc/π⋅D2⋅td(5)

where Hc is the heat of combustion of the fuel in kJ/kg,

M · Hc is the total amount of heat energy available, kJ,

π · D² is the surface area of the spherical fireball, m².

A direct relationship between surface emissivity and storage tank burst pressure is valid for burst pressures that do not exceed 2 MPa (~300 psi) [14].

qS=2.35⋅PB0.39(6)

•   The thermal flux

The heat flux intensity (Ith) received by a target is given by the following equation [21,27,28]:

Ith=τ(x)⋅F(x)⋅qS(7)

•   The thermal dose

The thermal dose is the exposure to thermal radiation during a certain period of time that coincides with the lifetime of the fireball or a fraction of that time. It depends on two variables, the intensity of the heat flux received and the duration of exposure [15,29]. The thermal dose is expressed as follows:

Idose=teff⋅(q)4/3(8)

where teff is the persons exposure time to heat flux.

3.1.2 Dynamic Modeling

Dynamic modeling uses the same formulations as static models, but taking into account the temporal evolution (time factor), based on a comparison with experimental results. Two dynamic models are used (Martinsen & Marx et Roberts) [30,31]. These models assume that the fireball reaches its maximum diameter at the end of the first third of its duration, and then remains constant until its extinction [32].

•   Fireball Duration

The burning time of the fireball is given by the following equation [33]:

td=0.9⋅M0.25(9)

•   Fireball Diameter and Location

During the early stages of a fireball’s life, the dynamic model treats it as a sphere whose diameter increases with time while remaining tangent to the slope.

During the first third of the fireball’s lifetime, the diameter of the fireball tends to reach its maximum. It is at this point that the fireball rises into the air and maintains its diameter until it disappears [29,34]. The formulation of the diameter of a fireball is given by the following system:

D(t)={8.664⋅M1/4t1/3→for0≤t≤13td5.8⋅M1/3→for13td≤t≤td(10)

where D(t) is in m, M is in kg, and t is in sec.

The height of the center of the fireball also depends on the time factor. The center of the fireball rises at a steady rate from its take-off position to three times that position [24], during the last two thirds of the fireball duration [29]. The formulation of the height of the center of the fireball is given by the following system:

HFB(t)={D(t)/2→for0≤t≤13td(3Dmax⋅t)/(2⋅td)→for13td≤t≤td(11)

•   Surface Emissive Power

The thermal radiation emitted from the surface of the fireball is time dependent. The flux emitted at the surface of the fireball is considered to be constant during the growth period, and then is assumed to decrease linearly from its maximum value to zero during the last two thirds of the fireball duration. The following system gives the formulation of the emissivity of the surface [15,32]:

E(t)={Emax=(fh⋅Hc⋅M0.8888⋅π⋅D2⋅td)→for0≤t≤13tdE(t)=32⋅Emax(1−ttd)→for13td≤t≤td(12)

The radiant heat fraction (fh) is calculated as follows [25]:

fh=0.27⋅PB0.32(13)

•   The thermal flux

The intensity of the thermal flux (Ith) received by a target is given by the following equation [35]:

Ith=τ(x,t)⋅F(x,t)⋅Es(t)(14)

•   The thermal dose

The physical injuries caused by a fireball BLEVE are determined by the thermal dose (Idose), which is the integral of the intensity of the heat flow during the duration of the fireball:

Idose(x)=∫0tdIth(x,t)dt(15)

3.2 Synthesis of the Different Models Characterizing the Fireball

Experiments have been conducted and analyzed over the years to arrive at empirical and semi-analytical relationships of fireball size and duration as a function of fuel weight consumed (Eqs. (1) and (2)). These models are exponential relationships based on the flammable mass consumed.

To analyze and compare them, we use the statistical tool. Based on the following measurements, the calculation of the sum of squares of the residuals (SSR), the deviation Dev(i), the absolute deviation Devabs(i), the percentage of the average of the absolute deviation (AAD), which indicates how close the calculated values are to the experimental values, and the (Bias) indicates the distribution of the experimental values on either side of the calculated values [22], which we translate into the following formulas:

RSS=∑(Dexp−Dest)2(16)

Dev(i)=[(Dexp−Dest)/Dexp]∗100(17)

Devabs(i)=|Dev(i)|(18)

AAD=1n∑Devabs(i)=1n∑|(Dexp−Dest)/Dexp|∗100(19)

Bias=1n∑Dev(i)=100∗1n∑(Dexp−Dest)/Dexp(20)

where Dexp is the diameter measured during an experiment or accident; and Dest is the diameter estimated by the listed estimation models.

The different models identified in our study are summarized in Table 1.
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The model that gives the lowest sum of squares of the residuals between experimental and estimated values (RSS), the lowest mean of the absolute deviation and the lowest bias is the most representative model.

In the same way, the results of the different experiments carried out have been grouped together as well as the conclusions of some accidents that have already occurred in Table 2.
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The number of models that we have listed since our literature review amounts to 31 static models and one dynamic model.

A double reading of the results grouped in Table 3, informs us on the following comparison conclusion:
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1/ If we classify the models of the fireball diameters, according to the values of the lowest RSS, AAD and the Biais of distribution indices, we find that the ranking of strength and adequacy between estimated model and measured values is as follows: models M22, M_CCPS, M19, M_GAYLE, M31, M10, M_TNO, M13, M9 and M16 show the lowest values respectively and their scores are of the same magnitudes, so they can be described as very strong models.

2/ Models M_CCPS, M19, M3, M_PHAST2, M18, M_TNO, M_PHAST1, M_GAYLE, M23, and M21, respectively, showed the lowest RSS, AAD and the Biais of distribution indices, and ranked as the best estimates of Bleve duration.

3/ If we filter the RSS, AAD and Bias of distribution indices values for diameter and duration simultaneously for each model, we manage to include the M_CCPS, M19, M_TNO and M_GAYLE models. The M_CCPS model gives a satisfactory agreement between the predicted and reported data of the fireball diameter and Bleve duration, compared to the other models. The M19 model proposed by Lihou and Maund, the M_TNO model and the M_Galye model are as good as the M_CCPS model, and can be selected for the prediction and estimation of the maximum diameter and duration of Bleve.

4/ The Martinsen and Marx model is a dynamic model that takes into account the dynamic evolution of the fireball over time, as well as the different phases through which the fireball passes. This model at the end of the expansion phase coincides with the values proposed by the CCPS model, which gives it a great ability to predict the maximum values of diameter and duration.

The results of the calculation of RSS and AAD indices are shown in Table 3.

To demonstrate the validity of the empirical and analytical equations modeling the defining characteristics of the thermal effects of the fireball, we have drawn a cluster of fireball diameters (Fig. 2) using the 31 statistical models already listed in Table 1, and comparing them to the experimental measurements in Table 3. It can be seen that as the mass of fuel involved increases, the diameter of the fireball grows exponentially for the entire cluster.
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Figure 2: Beam of fireball diameter as function of the fuel weight

The values of the measurements of the maximum diameters of the fireballs taken during the different experiments listed in Table 2, coincide with the graphs of the four models (M_CCPS, M19, M_TNO and M_GAYLE) that we found the most suitable for the estimation of the dimensions of the fireball through the calculation of the residues’ squares sums, the average of the absolute deviation and the bias of distribution.

Similarly, a graphical representation of the Bleve duration beam was plotted in Fig. 3, calculated on the basis of the statistical models in Table 1, and by comparing the experimental measurements in Table 2. The Bleve duration varies positively with the mass of the fuel involved, the more the mass increases, the more the Bleve duration extends for the whole beam. In addition, the experimental measurements coincide with the graphs of the four models (M_CCPS, M19, M_TNO and M_GAYLE) that we found best suited for estimating the dimensions of the fireball.
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Figure 3: Beam of fireball duration as function of the fuel weight

4  Discussion

This study was conducted to identify the theory of modeling the thermal effects of the Bleve fireball, to explore the possibilities of understanding and predicting its effects. The literature suggests a large number of static and dynamic semi-analytical correlation models and relationships that provide a wide choice for users. The formulation of this large number of relationships is due to the number of experiments performed on different types of fuels and products (LPG, LNG, Diesel, Flammable liquid, Hydrocarbons, 1,1 difluoroethane, propane, propylene, butane, rocket fuel, …).

Nevertheless, many authors have opted for the use of some models more than others, namely the Gayle, CCPS (Center for Chemical Process Safety of the American Institute of Chemical Engineers) and TNO (The Netherlands Organization of Applied Scientific Research) models which give very satisfactory prediction and estimation results [22], as well as a great adequacy and explanation of the experimental measurement results [22]. However, the thermodynamic nature and the physico-chemical properties of the studied product play a major role in the choice of the appropriate model as for LNG, Diesel and DBTP [1,8,23,36,43].

Through this literature review, which defines the state of the art and the progress of scientific research in this field, the following deductions and conclusions have been obtained:

1.    The heat released by the fireball is characterized by the emission of an intense thermal flux [21];

2.    The empirical correlation gives a constant estimate of the heat flux over time, which is not representative of the evolution of the fireball [21];

3.    The radiation model of the “solid flame”, the fire is idealized as a simple geometric shape (cylinder, cone, sphere, …) emitting thermal radiation from its sides [32,44];

4.    The solid flame model requires the estimation of the diameter and height of the geometric shape, as well as the emissive power by its surface [32,44];

5.    The influence of the weight of the liquid contained in the storage tank at the time of its release and the burst pressure, on the diameter, duration and intensity of the thermal radiation of the BLEVE fireball [26,45];

6.    The evolution of the thermal dose is proportional to the evolution of the quantity of fuel and the burst pressure [26,45];

7.    The intensity of the radiative flux is significantly reduced with increasing distance from the center of the fireball [26,45];

8.    Selecting the appropriate model for each fuel type improves simulation predictions [36];

9.    Existing models are only valid for a single BLEVE and fireball event scenario. Therefore, characterization of multiple BLEVEs and fireballs requires appropriate estimation of an equivalent mass that actually contributes to the overall hazard;

10.   The modeling strategy of the radiative effects allowed to evaluate the possible damages during a Bleve phenomenon, to anticipate the minimization and the damping of the consequences and the establishment of industrial safety;

11.   The evacuation of individuals is influenced by the short duration of the fireball, its ascent and the formation of updrafts, which creates a powerful airflow in a horizontal direction from the outside to the inside.

5  Conclusion

This paper presents a systematic review of the methods used in the literature for modeling the radiative flux, the characteristics and dimensions of the fireball generated during a Bleve phenomenon. Analytical methods that are based on suggested semi-analytical and empirical correlations have shown their usefulness in prediction and estimation, thus the adequacy of the models with the experimental data could be determined. Among the mathematical models, the CCPS, M19 (Lihou and Maund), TNO and Gayle models are the best to use.

Regarding diameter modeling, the RSS shows that the best-fitting model is the TNO model with an RSS equal to 4215 and an AAD of 12%, followed by the CCPS, M19 and Gayle models with values of 4507, 4829 and 5017 for the RSS and 10.6%, 10.7% and 10.8% for the AAD, respectively. Similarly, for the modeling of Bleve lifespan, the best-fitting model is the TNO model with an RSS equal to 28.8 and an AAD of 16.3%, followed by the CCPS, M19 and Gayle models with values of 42.8, 42.8 and 49.8 for the RSS and 15.45%, 15.45% and 17.9% for the AAD, respectively. The combination of the two models' parameters respects the same order of relevance.

Clearly, the importance of this work comes from its ability to select the most effective models, which combines simplicity and precision, since it brings together all existing models and confronts them with a large number of empirical results from experimental campaigns and reports of accidents that have already occurred. Compared with a similar study in 1991, which compared 11 models with data from a single experiment.

The studied models are based on two perceptions: source point and solid flame. However, they do not take into consideration the real shape of the fireball which does not have an ideal geometrical form, but rather, similar to a mushroom (superposition of a sphere and a cylinder). At the same time, they fail to take into account the time factor, which is the main determinant of the evolution of the geometric shape of the cloud of flaming vapor, through the phases it goes through during its existence.

It is imperative to point out that this work being one of the first steps of a larger project, several future perspectives are possible:

(i)   This work is the first step of a project aiming at improving the existing models;

(ii)  The analysis of existing models will allow us to develop basic techniques and tools for the determination of effect distances and lethality, which will be characterized by ease of use and the replacement of calculation and estimation models by graphic abacuses;

(iii) The realization of a new dynamic modeling approach, which will focus on the true shape of the fireball.
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Table 1: Summary of models for BLEVE

Ref. Model Combustible a b k n
[21,22,26] datal: M1 5.33 0.327 1.089 0.327
[36] data2: M2 LNG 4.8 0.333
[30] data3: M3 LPG 3 0.333 0.45 0.333
[23] datad: M4 DTBP (C8H1802) 5.1 0.325 0.82 0.34
[1] data5: M5 Gasoline 4.68 0.34 4.77 0.186
[1 data6: M6 Diesel 5.2 0.33 4.63 0.177
[21,22,26] data7: M7 3.80 0.333 0.300 0.333
[15,37] data8: M8 Flammable liquid 5.45 0.333 1.34 0.167
[3€] M_PHASTI 3.24 0.325 0.852 0.260
[15,29,37] data9: M9 Propane 6.28 0.333 2.53 0.167
[15,21,22,26,37] datal0: M10  Hydrocarbons, 6.36 0.325 2.57 0.167
Methane
[21,22,26] datall: M11 3.68 0.326 0.245 0.356
[21,22,26,37] M_GAYLE 6.14 0.325 0.41 0.340
[37] datal2: M12  Propane 5.55 0.333 -
[21,22,26,29,37] datal3: M13  Propellant 6.24 0.333 1.11 0.167
[15,21,22,26,37] datal4: M14  Pentane 5.28 0.277 1.099 0.097
[21,22,26,37] datal5: M15  N-Pentane 5.25 0.314 1.07 0.181
[21,22,26] datal6: M16 6.45 0.333 5.530 0.333
[37] datal7: M17  Propane 3.46 0.333 0.31 0.333
[21,22,26,37] datal8: M18  Rocket fuel 6.20 0.320 0.49 0.320
[29,37] datal9: M19  Butane 5.72 0.333 0.45 0.333
[15,21,22,26,37] data20: M20  Propylene 3.51 0.333 0.320 0.333
[21,22,26,37] data21: M21  Hydrocarbons 5.5 0.333 0.38 0.333
[15,37] data22: M22  Propane 5.88 0.333 1.09 0.167
[32,33,37] M_M.M 8.664-MO-25 10333 't < t4/3 0.9 0.25
5.8,t4/3 < 0.333
t<ty
[24] data23: M23  1.1-difluoroethane 4.39 0.3 0.64 0.28
[21,22,26] data24: M24 5.33 0.327 0.923 0.303
[15,37] data24: M25  Flammable liquid 5.33 0.327 1.09 0.327
[21,22,26,37,39] M_TNO Flammable liquid, 6.48 0.325 0.852 0.260
LPG
[15,21,22,37] M_CCPS Flammable liquid, 5.80 0.333 0.45M <3 x 10* 0.333 M <3 x 10*
Hydrocarbons 2.60M >3 x 10* 0.167M > 3 x 10*
[21,22,26] data25: M26 6.00 0.333 -
[40] M_PHAST2 LPG 29 0.333 0.45 0.333
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Table 3: Evaluation of the adequacy and strength of Bleve’s models

Models Diameter Duration Simultaneous models
RSS AAD BIAS RSS AAD BIAS RSS AAD Avg of abs Bias
M1 11362,74 13,27 11,74 732,70 100,37  —99,70 1209544 56,82 55,72
M2 14802,78 16,83 16,79 14802,78 16,83 8,40
M3 67647,65 48,00 48,00 42,80 15,45 13,85 6769045 31,72 30,92
M4 16393,79 16,94 16,82 352,65 67,88 —65,08 16746,44 42,41 40,95
M5 11429,25 14,82 14,41 2629.44 221,98 —221,98 14058,69 118,40 118,20
M6 10994,12 13,18 11,90 1951,12 193,45 —193,45 12945,24 103,32 102,68
M7 38714,55 34,13 34,13 149,40 42,57 42,57 3886395 38,35 38,35
M3 6561,83 11,27 5,53 83,12 26,06 20,80 664495 18,67 13,16
M_PHAST1 6788530 47,16 47,16 28,83 16,34 3,11 67914,13 31,75 25,14
M9 4401,87 13,78 —8,86 118,59 50,63 —49,53  4520,46 32,20 29,20
M10 439425 11,25 -3,73 129,43 52,82 —51,90  4523,68 32,04 27,81
M1l 50856,51 39,52 39,52 158,01 44,66 44,66 51014,52 42,09 42,09
M_GAYLE 5157,66 10,84 —0,14 49,88 17,93 17,46 5207,55 14,39 8,80
MI12 5804,61 11,04 3,79 5804,61 11,04 1,90
M13 4290,82 13,37 —8,17 140,27 35,33 34,40 4431,09 24,35 21,28
M14 66087,89 40,07 40,07 319,89 60,04 60,04 66407,78 50,06 50,06
M15 23951,27 21,24 21,24 117,20 31,64 30,26 24068,48 26,44 25,75
Ml16 5116,84 15,51 —11,81 6432525 958,70  —958,70 69442,09 487,10 485,25
M17 49946,33 40,02 40,02 138,72 40,65 40,65 50085,05 40,34 40,34
MI18 6711,73 11,20 2,66 43,93 15,99 14,54 6755,66 13,60 8,60
M19 4829,81 10,76 0,84 42,80 15,45 13,85 4872,61 13,11 7,35
M20 48195,88 39,15 39,15 128,55 38,74 38,74 48324,42 3895 38,95
M21 6166,20 11,12 4,66 78,24 27,25 27,25 624444 19,18 15,95
M22 4271,82 10,62 -1,93 146,22 36,28 35,58 4418,04 23,45 18,75
M23 60787,66 40,76 40,76 49,36 18,07 16,11 60837,01 29,42 28,44
M24 11362,74 13,27 11,74 143,51 46,07 —42,54 11506,25 29,67 27,14
M25 11362,74 13,27 11,74 735,25 100,55  —99,88  12098,00 56,91 55,81
M_TNO 4215,32 12,15 —5,68 28,83 16,34 3,11 4244,15 14,25 4,40
M_CCPS 4507,24 10,63 —0,54 42,80 15,45 13,85 4550,04 13,04 7,20
M3l 4082,08 11,04 —4,01 4082,08 11,04 2,00
M_PHAST2  71877,01 49,73 49,73 42,80 15,45 13,85 7191981 32,59 31,79
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Table 2: Summary of measurements from Bleve’s experiments and accidents

Ref. Test Product Tank  Filling Rejected Maximum Maximum Duration Extin- Average  Average
volume rate massin  diameter  height (m) (s) guishing emittancex emittances
m) % ke (m) time (s) (kW/m?) (kW/m?)
400 600
m m
[41] d26: BG-1 Butane  5.659 77 2000 76 90 5.8 6,3 368
[41] d27:BG-2 Butane  5.659 39 1000 60 45 43 4,5 347
[41] d28:BG-3 Butane  5.659 68 2000 69 70 7.9 8,4 306
[41] d29:BG-4 Butane  10.796 40 2000 74 85 6,1 6,5 356
[41] d30:BG-5 Propane 5.659 80 2000 65 90 8,6 9,2 344
[41] d31:JIVE.1 Propane 4.546 20 279 45 43 3 415
[41] JLVE.2 Propane 4.546 41 710 45 70 5 >195
[41] d32:JI.VE.3 Propane 4.546 60 1272 75 85 6,5 320
[41] d33:JI.VE.4  Propane 4.546 85 1708 85 105 7 360
[41] d34:BAM Propane 45 22 5141 100 100 7,2 7,6
[41] d35: Accde GPL 1600 50 300-500 20 20 812 5
Mexico
[41] d36: Accde GPL 18000 200 150
KamenaVourla
[41] d37: Accde Los GPL 45 90 23500 <200
Alfaques
[42] d38: Birkl 4001 80 160 32 2.4
[42] d39: Birk2 40001 80 1600 70 53
[42] d40: Birk3 400001 80 16000 150 11,3
[41] d41: Lewisl Propane 35000 230 230
[41] d42: Lewis2 Ethylene 80000 225 225
[41] d43: Lewis3 Propyléne 50000 250 250
[36] d44: Schell-1 GNL 0.935 66 247 32 7
[36] d45: Schell-2 GNL 5.055 37 681 42 50 4,5 5
[36] d46: Schell-3 GNL 5.055 67 1306 55,5 61 7 7,5

[36] d47: Schell-4 GNL 5.055 69 1251 52 52 5 5,5
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