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Nomenclature

Veg  The total volume of the fireball (m?)

Vs Spherical volume (m?)

Ve Cylindrical volume (m?)

FL Filing level of the vessel

tq The fireball duration (s)

Ho The fireball Liftoff Time (s)

Dy Maximum fireball diameter (m)

Dgg  The fireball diameter (m)

TEB The fireball radius (m)

Hrg  The height of the center of the fireball (m)

rs The radius of the spherical part of the mushroom (m)

re The radius of the disk of the cylindrical part of the mushroom (m)

he The height of the cylindrical part of the mushroom (m)

my,  The mass of fuel involved on the liftoff time (kg)

0 The density (kg/ m?)

o The coefficient of proportionality or the volume ratio

L, The linear scale length

U, The linear scale velocity (the characteristic velocity owing to the buoyancy
force) (m/s)

1. The linear scale time

Vs Characteristic volume
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AHc Heat of combustion (kJ/kg)

My Mass of fuel involved (kg)

La The density of ambient air density (kg/ m?)
Cpa The specific heat capacity of air (kJ/kg)

T, The temperature of ambient air (K)
a Constant

Fr The Froude number

Uy The release velocity (m/s)

g Acceleration due to gravity (m/s)

X The distance (m)
Frp The max geometric view factor for a spherical emitter (—)
Cmax  The max geometric view factor for a cylindrical emitter (—)

Cvy The vertical view factor for a cylindrical emitter (—)

Ch The horizontal view factor for a cylindrical emitter (—)
q The radiative flux (kW/m?)

E; The emissive power of fire per unit surface area (W/m?)
fh The radiative fraction of the heat of combustion (—)

M The initial mass of fuel in the fireball (mass) (kg)

7,0 The atmospheric transmissivity (—)

R The fractional relative humidity

Pv The saturated vapor pressure of water at the ambient temperature (Pa)

1 Introduction

The prevention of risks associated with major industrial accidents is a necessity for
those responsible for site safety management. Since the slightest error in estimating
its dangers may have disastrous consequences on both people and structures, hence
the need to set up efficient and valid analytical models for estimating the effects of
these phenomena. This study is an attempt to model the thermal effects of a Bleve,
taking into consideration the numerous hazards that can influence this phenomenon,
namely the time and the distance from the source of the radiation, and finally the
behavior of the flaming gas cloud facing the upward entrainment of ambient air. The
mushroom Bleve model can be an alternative, making it possible to take into account
all its hazards by containing them in a single model, which varies throughout the
combustion duration.

2 Methods

During failure or total rupture of a storage tank for flammable chemicals or hydro-
carbons, the increased difference in the pressure of the products contained and the
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ambient pressure favors the evaporation the liquid almost instantaneously; the spread
evaporated liquid forms a cloud which gradually grows following the entrainment
of the ambient air toward the interior of the cloud. The operation accentuated by the
phenomena of turbulence and ascending velocity, as observed in different experi-
ments, gives a shape resembling mushroom to the fireball in the phase of volume
growth. These phenomena are not taken into account by the dynamic model which
claims that the shape of the cloud is almost spherical and that only its size varies
with time.

In this work, we calculate the radiative flux from a proposed mathematical model,
and then compare it with that obtained by using the dynamic forecasting model,
which assumes the fireball to have a spherical geometry. This proposed mathematical
model is applied to a reservoir with a total volume of 10,796 m?, with a filling
level of 40%, under a pressure of 15 bars, and then compared to Martinsen and
Marx’s dynamic model (Martinsen et al. 1999; INERIS 2017; Johnson and Pritchard
1990; https://www.aiche.org/resources/publications/books/guidelines-consequence-
analysis-chemical-releases).

3 Discussion of Results

3.1 The Real Fireball Geometry: “Mushroom Shape”

The model of fireball’s mushroom shape behavior is similar to the one described by
the following figure (Fig. 1); the total volume Vg is composed of a spherical volume
and a cylindrical volume denoted, respectively Vg and V.

So, we have:
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Fig. 1 Mushroom Bleve volume
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The volumes of the geometric shapes (spherical and cylindrical) obtained are
proportional to the volume of the initial fireball, considering that:

VC = VFB- (2)

Vs=(1—a)- Vs 3

where «: is a dimensionless constant between 0 and 1, it is introduced to express
the proportionality between the volume of the sphere of the Martinsen and Marx
model (Martinsen et al. 1999) and the volume of the spherical part of the considered
mushroom geometry.

3.2 Modeling of the Mushroom Shape Approach

As observed in several accidents and confirmed in various recent experiments (British
Gas experiments), the mushroom shape model illustrates a more realistic represen-
tation of the true behavior of fireballs. By employing adequate equations that take
into account the fireball growth, the lift-off, the changing radiation characteristics,
the visible cloud expansion velocity, the fuel properties (boiling temperature, heat
of evaporation), the uplift velocity time scale of the fireball (Makhvilade et al. 1996,
1997, 1999a, 1999b, 2000; Makhviladze and Yakush 2005; Gostintsev 2022), the air
entrainment as well as the turbulence associated to the ascendant air flux.

During the first third of Bleve’s life, the analysis of the behavior associated with
phenomenon’s study is similar to that used in a dynamic model. The fireball has a
spherical shape.

Thereafter, during the beginning of the second third of the burning time, the
fireball stretches to take a new shape similar to that of a mushroom, formed by the
superposition of two geometric shapes, a spherical part above the cylindrical part.
The radius of this spherical part is less than that of the initial sphere; however, it
always remains proportional to it.

3.3 Determination of the Volume’s Characteristics Forming
the Mushroom and of the Volume Ratio A

The radius, the height of the cylindrical part of the mushroom, and its radius are
given by the following equations:

o

—.r
t—\3/1—a/3 e

_2 4
re=g3- “4)
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hc = Hpg — 15 )

rs=~1—a-rmp (6)

Determination of Alpha According to Makhviladze et al. (https://www.aiche.org/
resources/publications/books/guidelines-consequence-analysis-chemical-releases;
Makhvilade et al. 1996, 1997, 1999a), the characteristic volume V,, of the fireball
is determined by equating the total combustion energy of the fuel A HcM, to the
thermal energy of the cloud pyc,(Ty, — T,) Vi, where the subscript b corresponds to
the combustion products.

And using the dimensionless analysis, for the linear scale length and the
characteristic velocity owing to the buoyancy forces, we find:

Vi = AHCMO/ pacp,aTa @)
L, =03 ®)
U, = (L.g)"? ©9)

Reducing the initial Egs. (7-9), the Froude number which describes the buoyancy
of the phenomenon can thus be expressed by:

Up\> U2 T\/3
Fr=(20) = 20 (%a” (10)
U. 8§ \AHM,

After using the empirical relation which gives the maximum diameter of the
fireball as the mass’s function of the fuel entrained by ambient air:

Dy = a - M)? (11)
Then, the explicit form of the dimensionless constant « is as follows:

1

a=1- [Vo : (Uoz/a~gFr)3:| (12)

where « is the constant of the ratio between the maximum diameter of the fireball
and the mass to the power 1/3.
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3.4 Radiative Flux Measurement

The numerical values are calculated from the input data proposed in Sect. 2
methodology; the equations constituting the dynamic model are illustrated in
(Egs. 1-3).

First Step: 0 < t < t;/3 We calculated the heat flux ¢ at a certain distance from the
fire experienced by the receiver per m?, utilizing:

q:Es-FFB.-L-a (13)
E(t) =0.0133 - f,- H, - M"? 4
E(r) =359.347,for - 0 <t <2.127

Fpp(X, 1) = Dps(1)*/ 4 - [Hps(1)* + X°] (15)

L1\
8.664 - M 14;/3

RAY
4.1 (4332-M74:13) 4 x2

2 2
Frp(X,t) =3772.905 - ¢ /3/4. (943.226 4134 Xz)

—0.09
Ta(x, 1) = 2.02 - {RPV [,/HFB(t)2 +x2— ?“ (16)

3 1 —0.09
Ta(x, 1) = 1.03 - [\/943.226 73+ X2-30.712 ¢ /3}

Frp(X, 1) =

Second Step: t;/3 < t < t; The radiative flux ¢ at a certain distance from the fire
experienced by the receiver, using:

q = {spherical + gcylindrical a7

q=FEs- (Fspherical + Fcylindrical) *Ta (18)

3 t 1
E(t) = FEqnax-=|1—— ), for > =ty <t <14 (19)
2 171 3
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Eq(t) = 539 — 84.48 - 1, for — 2.127 <t < 6.381

1
a=1- [Vo (U] a- gFr)3:| (20)

a =34.25% ~ 34%

re = 15.353/«/r 029

® /ic = Hpg —rs = 18.570 - t — 34.388
e rs =0.871rpg = 34.388m

FMushroommax = I'gpherical + Fcylindrical (21)
Fopperical = Ds(1)* /4 - [Hrp (1) + X?] (22)

Fspherical = 4730103/4 - (344.852 - l‘2 + X2)

Fcylindrical = Cl%l + C\z/ (23)

1 1
o1 tanI(X—l-rc)/Z_Xz—ré—f-h%.tan1((X—rc)~A>/2
"7 X —rc JA. B (X +ro)-B
(24)
1
ool [ (f )" 2t
A X2 —r2 X-JVA B
1 1
tan~! M /z—h—ctan_1 X—re) " (25)
(X+rc)-B X X +rc

With:

A= (X +rc) +h2 (26)
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B = (X —rc)* +hi 27)

—0.09
(X, 1) =2.02 - {RPV |:,/HFB(I)2 + X2 — DST(I)]} (28)

—0.09
(X, 1) =1.03 - [\/344.852 24 X2~ 17.194 % 2]

3.5 Graphic Comparison Between the Two Models

Figures 2, 3, 4, 5, and 6 are plots of the same data calculated by the mushroom
approach compared to the measurements taken during British Gas test no. 4 and
Martinsen and Marx model, at several distance. These plots give us an overview on the
validity of the analytical predictions. who have been calculated from the mushroom
Bleve model, compared to the analytical prediction of Martinsen and Marx model
and to the measurements recorded during test no. 4 of the BG experience and this
at several times during the combustion time, depending on the distance of the target
from the tank. At the same time, it illustrates the variation of the incident thermal
radiation received as a function of distance and as a function of time. The variation
of the thermal radiation incident represented in Figs. 2, 3, 4, 5, and 6 shows a strong
similarity to the trend and a strong positive correlation almost perfect to the results
collected on the BG experiment no. 4.

The analysis of Fig. 7 gives us the following information:

The thermal dose of the spherical part during the last two thirds of the combustion
time of the Bleve is equal to the area s (104.112). While the thermal dose of the
cylindrical part during the same period of combustion of the Bleve is equal to the
area r (45.76).

Radiative flux as a function of time 50 m from receiver
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Fig. 2 Radiative flux as a function of time calculated at 50 m from receiver
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Radiative flux as a function of time 75 m from receiver

60
— * BG experience test n°4
50 7N
/ NS ====Dynamic Model
)
N,
40 / * \ — —=Mushroom Bleve Model a: 34%
i /x \\
H
2 / N
\‘g
w0 / '
SN
10 / RS
- Sane x
' -
1s 28 3s 4s 5s G5 Ts

Fig. 3 Radiative flux as a function of time calculated at 75 m from receiver
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Fig. 4 Radiative flux as a function of time calculated at 100 m from receiver

2 Radiative flux as a function of time 125 m from receiver
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Fig. 5 Radiative flux as a function of time calculated at 125 m from receiver
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Radiative flux as a function of time 200 m from receiver
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Fig. 6 Radiative flux as a function of time calculated at 200 m from receiver
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Fig. 7 Contribution of the cylindrical part of the Bleve mushroom in the calculation of the incident
radiative flux at 50 m—measured during the simulation of BG test 4

The contribution of the cylindrical part is almost 30% of the thermal dose received
by atarget moving away from 50 m from the center of the phenomenon and this during
the last two thirds of the combustion time of the Bleve, and more than 15% of the total
thermal dose received by a target exposed to the incident radiative flux throughout
the duration of the Bleve.
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3.6 Discussion

The mushroom Bleve model has a great similarity with the dynamic model of
Martinsen. It can be seen that, the radiative fluxes are calculated as a function of
time and can be split into two parts:

e The first part at any instant t of the first third of the Bleve duration:
The two models give the same values of the radiative flux.
e The second part at any instant t is greater than the first third:

At the start of the second third, the radiative flux calculated by the dynamic model
is greater than that calculated by the mushroom Bleve model, by few milliseconds
for receivers located at a short or medium distance that does not exceed 100 m from
the center of the geometric mushroom shape. In addition, the difference between
the radiative fluxes calculated by the two models does not exceed 2.6 kw/m?; this
translates in a negative variance which does not exceed 6% for the radiative flux
calculated by our approach. While this duration is extended to more than one second
for receivers placed at a greater distance, and the difference between the radiative
fluxes calculated by the two models does not exceed 1.6 kw/m?, this is transcribed
into a negative variance which does not exceed order of 7% for the radiative flux
calculated by our approach.

The ratio is quickly reversed, and the radiative flux calculated by the mushroom
Bleve model takes values higher than that calculated by the dynamic model and this
throughout the remaining existence time.

For receivers located at a short or medium distance, which does not exceed 100 m
from the center of the geometric mushroom shape, the difference between the radia-
tive fluxes calculated by the two models does not exceed 5 kw/m?; this translates
into a positive variance which does not exceed 24% for the radiative flux calculated
by our approach. While this variance does not exceed 1 kw/m?, i.e., an increase of
less than 5% of the radiative flux calculated by our approach. The magnitude of
the calculation difference margin between the two models dissipates as the receiver
moves away from the radiation source.

4 Conclusion

A In this study, two models relating to the effects of radiative transfers of a fireball
generated by a Bleve were compared:

e Martinson and Marx’s dynamic model, whose fireball geometry is considered to
be spherical;

e Andour proposed model, whose fireball’s geometry is considered to have a
mushroom shape.
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The comparison of the two models was made based to the experimental data for
medium-scale fireball tests realized by Johnson and Pritchard (1990) as part of the
experiments conducted by British Gaz and cited by INERIS (INERIS 2017).

The mushroom Bleve model is an attempt in which we made sure to take into
account the real behavior of the fireball through the combustion duration following
the analysis of the media library of the tests carried out, in order to define its temporal
behavior.

This attempt will allow us to minimize the margin of error relating to the calcu-
lation of the thermal dose received by an individual relative to its distance from the
radiation source. Thus, the effective distances and the impact on structure and people
are expected to be more severe.

Although the difference is not appreciable in terms of safety, it takes into account
the geometric reality of the Bleve phenomenon throughout its lifetime.
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