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Abstract
This contribution aims at systematically determining the extent of classified areas in two-phase releases of pure components. 
To this end, a novel algorithm is proposed to ensure all proper steps are taken toward accurately computing the required 
properties of the resulting cloud. The intended framework is based on a refined one-dimensional dispersion model that accom-
modates (1) the influence of the vapor component on the energy balance of the two-phase jet model; (2) new decay constants 
to calculate velocity, concentration, and temperature profiles; (3) a new normalization ratio to compute the temperature along 
the centerline; and (4) a new correlation for the entrainment coefficient in the two-phase region. It was found that the entrain-
ment coefficient ( �

1
 ) correlates linearly with the orifice Reynolds number ( Re

e
 ), with a coefficient of determination R2

> 0.98 . 
Altogether, these modifications produced results that are in very good agreement with (scarce) experimental data available in 
the literature. The calculated release rates were only (on average) 9% off from measured data. The temperature profiles at the 
centerline compared well with the experimental data, with very small relative squared error RSE < 0.10 . The hope is that this 
simple algorithm can predict within reasonable precision the reach of the hazardous cloud in open field situations. In particular, 
it was observed an average reduction of about 55% in the hazardous extent vis-à-vis the computations by the IEC 60079–10-1.

Keywords Two-phase dispersion · Area classification · Hazardous materials · Liquefied gas · One-dimensional model

Introduction

Dispersion of flammable substances is considered extremely 
dangerous in industrial settings due to the high risk of fires 
and explosions. The concern is not only related to large-scale 
releases resulting from catastrophic failures, but also to the 
occurrence of small leaks during normal operation that can 
lead to major accidents. Along these lines, it is paramount to 
accurately define the area where control of ignition sources 
is necessary to, e.g., safely install electrical equipment in 
the operational environment [1]. Area classification studies 
aim at determining the dimensions and volumes of hazard-
ous releases, ensuring that the specification and installation 
of electrical equipment meet the requirements of applicable 
technical standards [2]. It is important to note, however, that 
classified areas should have the smallest possible size, while 
maintaining some level of safety, avoiding situations that can 
generate unnecessary risks.

Understanding the mechanism of cloud dispersion is 
fundamental as it defines the properties needed for the 
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determination of the hazardous area extent. In some situ-
ations, the material released to the environment can only 
partially vaporize, giving rise to a two-phase flow system 
where the liquid breaks up into fine droplets producing an 
aerosol cloud, whose behavior in the atmosphere affects dis-
persion distances. This complex system is the result of such 
phenomena as expansion of the material released to ambi-
ent pressure, liquid atomization to form the aerosol cloud, 
and (possibly) rainout of liquid droplets. The use of rigor-
ous mathematical models capable of describing these pro-
cesses appears as a reliable alternative to empirical criteria 
described in specific standards [3]. In fact, the use of stand-
ardized diagrams, such as those found in the IEC 60079-
10-1 [4] and in the API RP 505 [5] standards, can produce 
dubious results due to the oversizing of the classified areas, 
increasing the cost of the project and sometimes creating a 
false impression of safety.

These mathematical models should be able to explain both 
the mechanisms at the origin of the release as well as the 
dispersion of the material into the environment. Thus, once 
the release scenario is defined, source models are used to 
describe how materials are released from an orifice. A dis-
persion model subsequently describes how the material is 
transported and dispersed, producing concentration profiles 
that ultimately determine the extent of the hazardous area [6]. 
Several models have been proposed in the literature to repre-
sent the two-phase dispersion phenomenon. Many of these 
originated from rigorous multidimensional mass, energy, and 
momentum balances applied to multicomponent, multiphase 
systems via Computational Fluid Dynamics (CFD). Others 
involve simplifications thereof, generating preferable easy-to-
understand low-dimensional models that can be solved more 
easily. However, the latter showed poor agreement to availa-
ble experimental data, probably due to the lack of adjustment 
of parameters inherent to the phenomenon, or the absence of 
important terms in the balance equations.

Taking that into account, this work proposes a systematic 
procedure to determine the extent of hazardous areas in two-
phase dispersions with important modifications to the math-
ematical modeling. Models applied to gas jets were adapted 
to two-phase releases by considering the expansion region 
characterized by the flashing phenomenon. In this sense, an 
alternative for the decay constants for the calculation of the 
velocity, concentration, and temperature profiles along the 
centerline was derived. Another important aspect was the gas 
temperature along the centerline. For far-field gas jets, it is usu-
ally determined by the normalization principle of Thring and 
Newby [7, 8]. However, for two-phase systems, this principle 
may not produce good results. Therefore, a new normaliza-
tion ratio for the centerline temperature was proposed, result-
ing in a model that conforms quite well to experimental data. 
Moreover, during construction of the model, it was observed 
that the degree of subcooling of the stored liquid influenced 

the entrainment of air in the single-phase region. By assuming 
the typical value of the entrainment coefficient, �1 , available in 
the literature for single-phase calculations, the model failed to 
predict experimental gas temperature profiles on the centerline, 
possibly because �1 did not generate the expected contribution 
to the heat exchange involved in two-phase flow dispersions. 
A new correlation for �1 as a function of the orifice Reynolds 
number was then obtained from those experimental tempera-
ture profiles. The results showed the model with the adjusted 
parameter estimated quite accurately the experimental data.

The remainder of this manuscript is organized as follows. 
Sect. “Background” gives an overview of the main results 
on two-phase flow releases related to this contribution. 
Sect. “Fundamental concepts” discusses some important 
definitions and concepts in hazardous area classification. 
Sect. “Methodology” describes the proposed systematic 
algorithm and the underlying mathematical model with the 
important modifications. Sect. “Results and discussions” 
elaborates on the novel correlation for the entrainment coef-
ficient, compares the relevant outputs of the tuned-up mathe-
matical model with available experimental data, and tests its 
applicability on a few pertinent cases. Conclusions and some 
future directions are considered in Sect. “Conclusions.”

Background

There are experimental as well as theoretical results in 
the open literature on two-phase flow releases of hazard-
ous materials. Though this work is not intended to give a 
thorough survey on the subject, this section provides a brief 
overview of some of the main results in the field that are 
somehow related to this contribution.

Kukkonen [9] proposed a mathematical model for the initial 
dispersion of two-phase jet releases of ammonia and water. 
The model predicted the mass fraction of materials deposited 
on the ground and the influence of water vapor in the ambient 
air was also considered. Fauske and Epstein [10] computed the 
release rate for subcooled, saturated, and two-phase flow con-
ditions, investigated the behavior of the expanded jet, including 
aspects of air entrainment, vaporization, and cooling, as well 
as calculated the size of the two-phase jet for ammonia and 
hydrofluoric acid under various conditions. Anjos [11] pro-
posed a systematic methodology based on the Homogeneous 
Equilibrium Model (HEM) and on the studies of Bakkum and 
Duijm [12], Fauske and Epstein [10], and Kukkonen [9]. The 
method did not make use of balance equations, but derived an 
analytical model based on empirical correlations to predict 
the size of the two-phase region coupled with a gas jet model.

Dunbar et al. [13] studied the dispersion and evaporation 
of droplets formed from accidental releases of materials to 
calculate the concentration profiles of the components into 
the environment. They concluded that proper correlations for 



1589A Systematic Algorithm to Compute Hazardous Area Extent for Two‑Phase Releases Based on an…

the formation of droplets were still an important source of 
uncertainty. Papadourakis et al. [14] examined the limits of 
evaporation of droplets of pure components in two-phase jets 
resulting from the release of superheated liquids by devel-
oping two models based on mass, momentum, and energy 
balances. The first model is used to calculate the upper limit 
of evaporation which assumes that liquid droplets travel 
through stagnant atmospheric air without back pressure and 
with a non-zero relative velocity. A second model is then 
used for the calculation of the lower limit of evaporation, 
assuming that the liquid droplets of the released material are 
transported along with the vapor phase and that there was no 
relative movement between the phases.

Lacome et al. [15] developed a new mathematical model 
to simulate a two-phase jet resulting from a leak in a pipeline 
containing a liquefied gas. The work focused especially on 
the effect of the vaporization and boiling process in the jet. 
They tested the model in a two-phase release of butane from a 
circular orifice. Lacome et al. [3] used experimental data and a 
mathematical model to investigate the two-phase jet resulting 
from any release of liquefied gases to deepen the understand-
ing of the flashing phenomena. The studies focused especially 
on the cooling effect evidenced by large-scale experiments on 
butane and propane releases carried out during the Flashing 
Liquids in Industrial Environment (FLIE) test project.

Coldrick [16] described the Computational Fluid Dynamics 
(CFD) modeling of small-scale propane flashing jets and com-
pared with experimental data and integral model predictions. 
Their results provided a good fit to experimental temperature 
and velocity profiles. Based on simulations of an experimen-
tally validated CFD model, Souza et al. [17] developed an 
analytical correlation to estimate the extent of the classified 
area applied to fugitive gas emissions. Oliveira et al. [18] used 
a parametrized CFD model to predict the extent and volume 
of the hazardous area resulting from two-phase releases. The 
influence of wind and release conditions on area classification 
was considered and they proposed a new formula based on the 
volume and length of the jet. Barros [19] employed CFD tech-
niques to obtain a model to predict the two-phase flow of pure 
components to compute the volume and extent of the resulting 
flammable cloud. Her work evaluated two different approaches 
to obtain release conditions for classification of hazardous 
areas: two-phase equilibrium jet, in which the homogeneous 
equilibrium model is assumed, and unbalanced jet, in which 
an orifice overheating condition is considered. More recently, 
Barros et al. [20] discussed the influence of the magnitude and 
direction of wind speed on the classification of hazardous areas. 
The authors evaluated the extent and volume of methane, pro-
pane, and hydrogen leaks using a CFD model and showed that 
these parameters, as well as the type of zone, were substantially 
influenced by wind speed. Lim and Ng [21] built a model to 
predict flashing leaks of liquefied natural gas. The leak model 
consisted of nine equations and quantified leak parameters for 

risk assessment. A potential use of the model was to provide an 
equivalent boundary condition for CFD simulations to predict 
gas dispersion properties. According to the authors, additional 
validation with risk analysis tools and actual experimental data 
was needed to confirm the suitability of the model.

Aiming at increasing accuracy, many works made use of 
CFD to model and consequently determine the extent and vol-
ume of classified areas. Although it is a reliable tool that in 
some cases can be used as an alternative to experiments, CFD 
modeling requires a lot of knowledge and user experience in 
the difficult subject of transport phenomena applied to two-
phase flow. In addition, CFD simulations can take a very long 
time to converge at a very high computational cost. In that 
regard, low-dimensional, simpler models capable of capturing 
the most significant aspects of the two-phase release phenom-
enon are an alternative to the more complex CFD counterpart. 
However, some works that propose these simpler mathematical 
models do not conform to experimental data, maybe because 
some parameters are not properly estimated or because some 
key terms are not considered in the balance equations.

Therefore, this original contribution proposes (1) a novel 
algorithm to compute the extent of hazardous areas; (2) an 
important modification to the energy balance of the two-
phase jet model that accounts for the influence of the vapor 
component; (3) new correlations for the decay constants to 
compute velocity, concentration of species, and tempera-
ture along the centerline; (4) a new normalization ratio for 
temperature on the centerline; and (5) a new correlation 
for the entrainment coefficient. Altogether, these important 
modifications produced a systematic algorithm based on an 
improved mathematical model that fitted quantitatively well 
to experimental data.

Fundamental Concepts

Area classification is key to maintaining safety and under-
standing the potential hazards arising from flammable 
releases into a given environment. Along these lines, experts 
assess and classify scenarios prone to generate explosive 
atmospheres, creating a framework for designing safety pro-
cedures to minimize risk levels.

According to the IEC 60079-10-1 [4] standard, a classi-
fied area is one in which an explosive atmosphere is present, 
or may be present, in such quantities as to require special 
precautions for the design, manufacture, installation, use, 
inspection and maintenance of equipment. The classification 
concerns internal and external areas of the process equip-
ment and is closely related to the release and dispersion phe-
nomena [22]. Schram et al. [2] defined classified areas as 
places, areas, or spaces where there is a likelihood of danger 
of fire or explosion due to the presence of gases or vapors, 
liquids, combustible dust, or flammable fibers in suspension.
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A substance can be released and dispersed in different 
ways, as can be seen in the flowchart of Fig. 1 [6]. The 
release scenario will depend on the physical state, the ther-
modynamic, fluid-mechanical and transport properties of the 
substance, as well as the storage conditions [23].

Initially, the vapor fraction of the release is determined. 
In the case of liquid release, evaporation can occur with 
consequent formation of aerosol. If that does not happen, a 
suitable model should be used either for two-phase or liquid-
only dispersion [24]. Particularly, the presence of droplets 
in the plume can form a pool from the phenomenon known 
as rainout [25–27]. If there is no rainout, then all droplets 
have evaporated, and hence a model of aerosol transport 
and evaporation must be used [14, 28]. Regardless of the 
type, all releases will eventually result in the formation and 
dispersion of a vapor cloud to which the related mathemati-
cal model will depend, among other factors, on the relative 
density of the gas. Thus, dispersion models can be used for 
dense, neutral, or light gases, depending on the properties of 
the cloud. Notice that if the cloud behaves as a free turbulent 
jet, a particularly specific dispersion model is required.

Based on the above discussion, suppose now that a lique-
fied gas contained in a control volume is discharged through 
a small diameter orifice and that it partially evaporates, 
giving rise to a two-phase jet, as illustrated in Fig. 2. The 
escaping liquid is subjected to a sudden decrease in pressure 

resulting in the formation of a jet of vapor laden with drop-
lets. Previous studies [10, 29–32] showed that the configu-
ration of this release basically depends on the conditions 
of the jet at the orifice outlet (plane “e”), at the end of the 
expansion region (plane “f”), and after the total evaporation 
of the droplets (plane “j”).

In the expansion region between planes “e” and “f,” the 
liquefied gas at subcooled conditions expands as pressure 
decreases. When the pressure drops below saturation, a two-
phase cloud composed of vapor and liquid droplets (aerosol) 
of various sizes and speeds is formed: these are projected in 
different directions into the air. The expansion takes place 
until the pressure equals the ambient pressure. In this region, 
the process of formation of the first droplets is called primary 
separation. Subsequent rupture forms new particles from the 
collapse of previous ones due to high relative velocities in the 
vapor/liquid interface [33]. The available mathematical mod-
els for the expansion region do not consider the dynamics and 
evaporation of these droplets. It is believed that the breaking 
process overlaps that of evaporation since the droplets move 
with increasing speed, causing the size reduction effect. In 
addition, several authors assume that the size of this region is 
very small, the entrainment of air is negligible, and the vapor 
and the droplets have the same velocity and temperature [3, 
12, 34, 35]. Under these assumptions, the conditions at the 

Fig. 1  Configuration for release and dispersion of hazardous materials.  Adapted from CCPS [6]



1591A Systematic Algorithm to Compute Hazardous Area Extent for Two‑Phase Releases Based on an…

end of the expansion at plane “f” can be calculated from the 
initial conditions at plane “e.”

At the region between planes “f” and “j,” the moving 
cloud of vapor and liquid droplets is diluted by the entrain-
ment of ambient air. Due to the temperature difference 
between the air and the two-phase jet, heat transfer causes 
the evaporation of droplets and, hence, the cooling of the 
entrained air. Further cooling may also result by moisture 
condensation from the air inside the jet.

Droplets that only partially evaporate will eventually 
reach the ground (rainout) and form a liquid pool. This 
phenomenon is limited by the energy and mass transfer 
between the gas, composed of the component's vapor and 
the air drawn into the jet, and the dispersed particles. The 
most common consideration is to limit droplet evaporation 
to a critical diameter [28], i.e., rainout will only occur if 
the droplet size after flashing is greater than the calculated 
critical diameter. In this work, the occurrence of rainout is 
determined by solving a set of ordinary differential equa-
tions describing the transport of momentum, heat, and mass 
between the gas and the droplet surface. Droplets that do not 
reach the ground will continue to evaporate and decrease in 
size until they disappear completely, forming a vapor cloud 
that will ultimately disperse into the atmosphere (region 
beyond plane “j” in the Figure) [26].

These fundamental concepts are important for the under-
standing of the developments discussed in the next section.

Methodology

The proposed systematic algorithm designed to compute the 
extent of hazardous areas for two-phase releases is better 
depicted as the flowchart of Fig. 3.

It relies on an improved low-dimensional (simple) disper-
sion mathematical model that will be detailed in the next sub-
section. It starts by calculating all the relevant information 
at the release orifice corresponding to plane “e” in Fig. 2. 
Then, it moves on to compute the value of important variables 
after the expansion zone at plane “f.” These are the initial 
conditions for the set of balance equations that describes the 
spatial profiles of the droplets and gas of the two-phase jet 
in the entrainment region between planes “f” and “j.” Ini-
tially, an elevated jet, i.e., the one for which the y-coordinate 
at plane “f” is suitably above ground, is computed by con-
sidering droplet dynamics and evaporation, as well as the 
entrainment of air. If certain conditions are met, the jet may 
eventually touch the ground at some horizontal coordinate. 
From this point on in the two-phase region, the balance equa-
tions describing this new configuration must be adequately 

Fig. 2  Schematic of the two-phase jet release and dispersion into the environment



1592 D. A. Anjos et al.

adjusted. Rainout, or the complete evaporation of droplets, 
is always checked to determine the start of the single-phase 
region, corresponding to plane “j.” Like the two-phase region, 
it starts by computing information of the elevated jet, and if 
eventually the jet touches the ground, the describing equations 
must be switched. Regardless of the region where computa-
tions are conducted, the algorithm always checks whether the 
LEL is reached, in which case the process is halted, and the 
extent of the hazardous area calculated.

Modeling Approach

This section briefly describes the mathematical modeling 
of the two-phase release of pure substances used in this 

work. The focus is to describe the phenomena taking place 
at the orifice after the expansion of the two-phase jet, at the 
entrainment zone when air is dragged into the jet, and at the 
single-phase dispersion region. More details are given as 
Supplementary Information.

The variables of interest at the orifice are the mass flow 
rate, the release velocity, and the vapor fraction. These are 
computed via the Homogeneous Equilibrium Model (HEM) 
using the omega method [36–39]. This method applies to 
substances stored as saturated or subcooled liquid at various 
degrees. Algorithm 1 is a high-level overview description of 
its implementation.

Fig. 3  Proposed systematic algorithm to calculate the extent of hazardous areas for two-phase releases
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Algorithm 1. A high-level overview of the homogeneous equilibrium Model (HEM) using the omega method

//Get storage conditions:  and 

If Then //Saturated liquid computations 

,

, , ,

,

. (1) 

//Solve for : 2 1 2 ln

2 1 0.
(2) 

 //Critical pressure 

If Then //Critical flow 

. //Pressure at the orifice 

. (3) 

Else //Subcritical flow 

. //Pressure at the orifice 

.

1
1 1

2 ln 1 1 . (4) 

End If 
Else //Subcooled liquid computations 

, ,

,

. (5) 

. (6) 

2

1 2
. (7) 

If Then //Low subcooling 

2

2 1
1 1

1 2 1

2
. (8) 

. //Critical pressure 

If Then //Critical flow 

 //Pressure at the orifice .

.
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.

Else //Subcritical flow 

. //Pressure at the orifice 

.

End If 

2
,

1 . (10) 

End If 
End If 

. //Temperature at the orifice 

,

,

,

 .

,

1, , 0

0.62, .

, . //Flow rate at the orifice (release rate) 

,

,

,

,

. //Density at the orifice 

 . //Velocity at the orifice 

Store relevant information: , , , , , , . 

Else //Subcritical flow 

. //Pressure at the orifice 

.

End If 

,

2 1 2 ln 1

1 1
. (9) 

Else //High subcooling 

. //Critical pressure 

If Then //Critical flow 

. //Pressure at the orifice 
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In Algorithm 1, Ts and Ps are the storage temperature and 
pressure, respectively; �v,s is the storage mass vapor fraction; 
vlg,s is the difference between the specific volume of the vapor 
and liquid phases at storage conditions; vs is the specific vol-
ume of the material at storage conditions (with �s =

1

vS
 as the 

corresponding density); Cpl,s is the specific heat of the liquid 
phase; Lv,s is the latent heat of vaporization at Ts ; Pa is the 
room pressure; Te e Pe are the temperature and pressure at the 
orifice, respectively; G is the mass flux at the orifice; �l,s is the 
density of the liquid phase; �v,e is the vapor fraction at the 
orifice; Lv,e is the latent heat of vaporization at Te ; Cd,e is the 
discharge coefficient at the orifice; qe is the mass flow rate at 
the orifice; Ae is the orifice cross-sectional area; �e is the den-
sity at the orifice; �l,e is the density of the liquid phase at the 
orifice; �v,e is the density of the vapor phase at the orifice; and 
ue is the velocity at the orifice.

The velocity ( uf  ), vapor mass fraction ( �v,f  ), and cross-sec-
tional area ( Af  ) after expansion, corresponding to plane “f,” 
when Pf = Pa , are computed by solving steady-state momen-
tum, mass, and energy balance equations. At this location, the 
initial droplet diameter is also computed.

After the expansion zone, droplet dispersion can be 
described by momentum conservation balances in the x- and 
y-directions [14, 40] giving the droplet velocities and leading 
to equations for the droplet trajectory; by an evaporation model 
[41]; and by an energy balance to give the temperature profile 
[14]. Note that rainout occurs if there is some x-coordinate Xd 
such that the respective y-coordinate Yd = 0 and the droplet 

diameter dd ≠ 0 , and that the complete vaporization of the 
droplets occurs if there is some Xd such that Yd ≠ 0 and dd = 0.

Balance equations with respect to the centerline curvilin-
ear coordinate s applied to the two-phase jet after expansion, 
between locations “f” and “j” in Fig. 2, give profiles for (1) the 
two-phase jet flow rate, (2) the momentum in the horizontal 
and vertical directions, (3) the entrainment of air flow rate, (4) 
the centerline jet trajectory coordinates, and (5) the gas phase 
temperature, which is different from the droplet temperature 
[42–44].

The entrainment of air into the two-phase jet is given by 
[43]

where Rjet , �jet and ujet are the cross-sectional radius, den-
sity, and velocity of the two-phase jet, respectively; �a,∞ is 
the air density; uw is the wind velocity; and � is the (local) 
angle of the jet with respect to horizontal. Typical values 
for the entrainment coefficient and the coefficient for a ther-
mal plume are, respectively, �1 = 0.0806 and �2 = 0.5 [43]. 
Notwithstanding, �1 largely influences the gas temperature 
for liquids stored at high subcooling conditions and hence 
needs to be adjusted.

From the energy balance, it is possible to obtain an 
expression for the gas phase temperature ( Tg ) profile. To 

(11)

dqa
ds

= 2�Rjet�a,∞
(

�1

√

�jet
�a,∞

|

|

|

ujet − uwcos�
|

|

|

+ �2uwcos�|sin�|

)

,

Fig. 4  Trajectory of the two-phase jet as it touches the ground.  Adapted from Epstein et al. [46]
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the authors’ surprise, no model has considered the influence 
of the component vapor on the energy balance. For example, 
the model developed by Nikmo et al. [45] accounted only 
for the effect of droplet evaporation and entraining of air in 
the two-phase jet. Therefore, one very important original 
contribution proposed by the present work is to include the 
total enthalpy term due to the component vapor ( hvc,jet

dqv,c

ds
 ) 

in the energy balance equation yielding,

Note that the capacitance of the component vapor ( Cpv,cqv,c ) 
is also considered. In the above equation, ha,∞ is the air spe-
cific enthalpy calculated at the air temperature, Ta ; ha,jet , 
hvc,jet , and hlc,jet are the specific enthalpy of air and the com-
ponent in the vapor and liquid phases, respectively; qv,c and 
ql,c are the vapor and liquid phase mass flow rate of the com-
ponent; and Cpl,d , Cpv,a , and Cpv,c are the droplet, air and 
component vapor heat capacity, respectively.

The proposed refinement is particularly important for 
high volatile components since their increasing concentra-
tion in the vapor phase can significantly influence the char-
acter of the heat effect interactions between the gas and the 
droplet. As will be seen, this modified gas temperature pro-
file greatly improves the predictive capability of the model 
when compared to experimental data.

The two-phase jet touches the ground if the height with 
respect to the centerline is such that Yjet ≤ Rjetcos� , as illus-
trated in Fig. 4 [46].

According to Epstein et  al. [46], from that point at 
ground-level the jet cross section is rectangular, with height 
2Yjet and half-width Rjet . The ground-level dispersion is han-
dled in the same way as the elevated dispersion, except that 
the momentum and kinematic equations account for gravity 
compaction and the consequent sideways spreading. No heat 
exchange between the jet and the ground is assumed.

The balance equations for the elevated and ground-level 
single-phase dispersion region are similar to the develop-
ments for the two-phase region and are given as Supplemen-
tary Information.

The main purpose is to determine the size of the haz-
ardous area. Therefore, the concentration profile along the 
centerline (the curvilinear coordinate s ) is paramount. The 
correlations of Chen and Rodi [47] for the component con-
centration ( �vc,cent,TP(s) ) and gas velocity (ug,cent,TP(s)) in the 
two-phase region in the below equations are used.

(12)
dTg

ds
=

(
ha,∞ − ha,jet

) dqa

ds
+
(
hvc,jet − hlc,jet

) dql,c

ds
+ Cpl,dql,c

dTd

ds

Cpv,aqa + Cpv,cqv,c
.

(13)
�vc,cent,TP(s)

�vc,0

= C
�,TP

(
df

Xjet

)√
�f

�a,∞

,

 where �vc,0 and ug,0 are the initial component vapor mass 
fraction in the gas and the initial gas velocity corresponding 
to the conditions at the beginning of the two-phase region. 
Since at this location there is no entrainment of air, 
�vc,cent,TP(s)

||f = �vc,0 = 1 . Moreover, ug,0 = uf  , and the pro-
files can be simplified.

where df  is the diameter of the jet at location “f.”
The decay constants C

�,TP and Cu,TP can assume differ-
ent values for gas jets, especially in the range of 5 to 6.3 
[47–52]. These values, however, can produce unrealistic 
results for the concentration and velocity profiles in two-
phase jet flows. In this work, a new value for these con-
stants is therefore proposed. It goes like this: Since the 
Reynolds number is considered high at location “f,” the 
velocity profile is flat, which leads to ug,cent,TP(s)

|||f = uf  . 
Moreover, �vc,cent,TP(s)

||f = 1 . Hence,

In the above equation, the computation of Xjet
|||f  will make 

use of the concept of virtual source [53]. Laboratory inves-
tigations reveal that all circular turbulent jets have the same 
opening angle of 23.6°, regardless of the type of fluid, orifice 
diameter, or release velocity [53, 54]. Consequently, the ori-
gin of the x-coordinate must be counted not from the orifice 
but from a certain distance back from the orifice. This point 
of origin is called virtual source. Accordingly, Xjet

|||f  would 

be given by Xjet
|||f = tan

(
23.6

o

2

)
Rf ≅ 5Rf  . However, this last 

argument is valid only when neutral buoyancy occurs, i.e., 
when �f = �a,∞ , which may not be the case for two-phase 
jets. For this reason, the buoyancy correction proposed by 
Ricou and Spalding [55] is applied to this expression, lead-
ing to the following formula.

(14)
ug,cent,TP(s)

ug,0
= Cu,TP

(
df

Xjet

)√
�f

�a,∞

,

(15)�vc,cent,TP(s) = C
�,TP

(
df

Xjet

)√
�f

�a,∞

,

(16)
ug,cent,TP(s)

uf
= Cu,TP

(
df

Xjet

)√
�f

�a,∞

,

(17)C
�,TP = Cu,TP =

⎛⎜⎜⎝
df

Xjet
���f

⎞⎟⎟⎠

−1�
�f

�a,∞

�−1∕2

.

(18)Xjet
|||f = 5Rf

√
�f

�a,∞

.
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Upon substitution in Eq. 17, C
�,TP = Cu,TP =

5

2
 . This is the 

new value for the decay constants. This simple result greatly 
improves model predictions when compared to experimental 
data.

The gas temperature profile along the centerline in the 
two-phase region is calculated by an adaptation of the 
normalization principle of Thring and Newby [7, 8]. This 
principle was originally developed for gas jets but does 
not conform well to two-phase jets. The present work then 
proposes a new normalization strategy that considers the 
intrinsic characteristics of the two-phase axisymmetrical 
jet. Accordingly, the maximum gas temperature is the 
component’s bubble temperature, and the minimum is the 
droplet’s temperature at the same curvilinear location s . 
Therefore, the expression for the gas profile temperature 
becomes:

The decay constant CT ,TP assumes the same value as 
C
�,TP = Cu,TP . As will be seen later, this corrected normali-

zation substantially improves model predictions when com-
pared to experimental data.

For the single-phase region, the dispersion region 
beyond location “j” in Fig. 2, the centerline profile expres-
sions are analogous to the correlations for the two-phase 
region, namely,

(19)
Tg,cent,TP(s) − Td(s)

Tb − Td(s)
= CT ,TP

(
df

Xjet

)√
�f

�a,∞

.

(20)
�vc,cent,SP(s)

�vc,cent,TP,j

= C
�,SP

(
dj

Xjet,g

)√
�j

�a,∞

,

(21)
ug,cent,SP(s)

ug,cent,TP,j
= Cu,SP

(
dj

Xjet,g

)√
�j

�a,∞

,

The conditions that �vc,cent,SP(s)
||j = �vc,cent,TP,j  and 

ug,cent,SP(s)
|||j = ug,cent,TP,j ensure seamless transition through 

plane “j.” Therefore, the concentration and velocity decay 
constants in the dispersion region are given below.

where Xjet,g
|||j is simply the final value of the x-coordinate of 

the two-phase region. Similarly, Tg,cent,SP(s)
|||j = Tg,cent,TP,j , 

and the decay constant related to temperature is easily 
obtained.

From Eqs. (15) and (20), the hazardous area extent 
( hae ) can be calculated at the x-direction location XLEL 
( Xjet or Xjet,g ), for which �vc,cent(s) = LEL . Assuming an 
elevation h0 of the point of release, the extent is given 
below.

where YLEL is the vertical coordinate corresponding to XLEL.
An equally important variable to represent the size of 

hazardous areas is the volume of the flammable gas cloud. 
In the present work, it is the volume of the geometric shape 
of the jet bounded by the isopleths at the LEL. An isopleth 
is the line connecting points of equal concentration around 
the cloud boundary [56]. The geometric shape of the jet is 
assumed to have circular cross-sectional area, for which the 
radius Rc is given by the following equation.

where �isopleth is the concentration of interest and Cc = 5 
[57]. Integration of Rc along the curvilinear coordinate s 
gives the required volume.

All physical property correlations and parameters of 
the mathematical model are given as Supplementary 
Information.

(22)
Tg,cent,SP(s) − Ta

Tg(s) − Ta
= CT ,SP

(
dj

Xjet,g

)√
�j

�a,∞

.

(23)C
�,SP = Cu,SP =

⎛⎜⎜⎝
dj

Xjet,g
���j

⎞⎟⎟⎠

−1�
�j

�a,∞

�−1∕2

,

(24)CT ,SP =
Tg,cent,TP,j − Ta

Tg(s) − Ta

⎛⎜⎜⎝
dj

Xjet,g
���j

⎞⎟⎟⎠

−1�
�j

�a,∞

�−1∕2

.

(25)hae =

√
(h0 − YLEL)

2 + X2

LEL
,

(26)Rc(s) =
s

Cc

√
ln

(
�vc,cent,SP(s)

�isopleth

)
,

Table 1  Initial conditions for the DAE model of the two-phase region

Differential variable Initial value

ud,x(s) ud,x(0) = uf cos�f = uf

ud,y(s) ud,y(0) = uf sin�f = 0

md(s) md(0) = �l,f
4

3
�

(
SMD

2

)3

Td(s),Tg(s) Td(0) = Tg(0) = Tb

Xd(s),Xjet(s) Xd(0) = Xjet(0) = 5Rf

√
�f

�a,∞

Yd(s),Yjet(s) Yd(0) = Yjet(0) = h

Px(s) Px(0) = Af �f u
2

f
cos�f = Af �f u

2

f

Py(s) Py(0) = Af �f u
2

f
sin�f = 0

qa(s) qa(0) = 0
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Solution Strategy

Implementation of the algorithm boils down to the solution 
of decoupled systems of algebraic or differential algebraic 
equations (DAE).

The variables at the release orifice are computed by 
Algorithm 1, which is basically a structured way to solve a 
set of explicit nonlinear algebraic equations. Some of these 
variables, namely Pe , Te , �v,e , qe , �e , and ue , are then passed 
to the nonlinear set of algebraic equations describing the 
phenomena at the expansion zone, to which the solution is 
implicit in nature.

The solution of the model equations of the expansion 
zone produces the initial conditions for the DAE system 
describing the behavior of the two-phase region. These val-
ues are given in Table 1.

Integration of this DAE system proceeds until rainout is 
detected, i.e., for all remaining droplets when Yd = 0 with 
dd ≠ 0 , or after complete evaporation when Yd ≠ 0 and 
dd = 0 , for all droplets. If either of these two conditions 
is met, the model equations switch to those of the single-
phase region, and the state of plane “j” is ultimately defined. 
Note that the model equations describing the behavior of 

Table 2  Experimental parameters for the test cases

Allen [61] FLIE Case 1 FLIE Case 2 FLIE Case 3 FLIE Case 4 FLIE Case 5 FLIE Case 6 FLIE Case 7 FLIE Case 8
Material Propane Propane Butane Butane Butane Butane Butane Butane Butane

Orifice 
diameter 
(mm)

4 10 10 10 10 10 10 10 5

Storage tem-
perature 
(K)

289.0 297.0 296.0 298.0 296.0 292.3 293.7 291.9 292.5

Storage 
pressure 
(Pa)

748,510 957,100 400,550 594,580 915,540 760,450 493,530 345,210 356,090

Room tem-
perature 
(K)

289.0 297.0 296.0 298.0 296.0 296.0 298.0 296.0 296.0

Release 
height (m)

1.0 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5

Release 
angle (o)

0 0 0 0 0 0 0 0 0

Wind 
velocity 
(horizontal 
direction) 
(m/s)

– 1 1 1 1 1 1 1 1

Storage 
condition

Saturated 
liquid

Slightly 
subcooled 
liquid

Highly 
subcooled 
liquid

Highly 
subcooled 
liquid

Highly 
subcooled 
liquid

Highly 
subcooled 
liquid

Highly 
subcooled 
liquid

Highly 
subcooled 
liquid

Highly 
subcooled 
liquid

Orifice 
Reynolds 
number 
( Ree)

1174 2854 1520 2216 3039 2639 1900 1339 689

Optimal 
entrain-
ment 
coefficient 
( �1)

0.0806 0.0806 0.4410 0.3890 0.3210 0.3590 0.4110 0.4490 0.5020

Fitted 
entrain-
ment 
coefficient 
( �1)

0.0806 0.0806 0.4389 0.3858 0.3231 0.3536 0.4099 0.4527 0.5022
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the two-phase region switches if the jet touches the ground, 
which happens if the condition that Yjet ≤ Rjetcos� is met.

The initial conditions for the DAE model of the single-
phase region correspond to the final values of the respective 
variables from the two-phase region. Namely, Tg,g

(
sj
)
= Tg

|||j , 
Xjet,g

(
sj
)
= Xjet

|||j  ,  Yjet,g
(
sj
)
= Yjet

|||j  ,  Px,g

(
sj
)
= Px

||j  , 
Py,g

(
sj
)
= Py

|||j , and qa,g
(
sj
)
= qa

||j . Here, sj is the curvilinear 
coordinate at location “j.” Likewise, if the jet touches the 
ground, i.e., if Yjet,g ≤ Rjet,gcos�g , then the equations switch 
to model ground-level jets.

Despite the region where computations are conducted, 
the DAE solver must be able to detect when the LEL is 
reached, and flag, within reasonable accuracy, where it hap-
pens. In other words, it should halt solution whenever 
�vc,cent = LEL , for some curvilinear coordinate sLEL . For best 
accuracy, the solver should (ideally) automatically adjust the 

integration step size as �vc,cent(s) → LEL , which could be 
implemented by defining a neighborhood around �vc,cent(s) 
such that ‖�vc,cent(s) − LEL‖

p
≤ � , for some suitable � ∈ ℝ . 

In case this strategy is not doable, simply create the event 
‖�vc,cent(s) − LEL‖

p
≤ � under the current integration step 

and try reducing tolerances to improve accuracy. Alterna-
tively, place an upper bound on the step size.

One very powerful option to the full numerical solution of 
the DAE system described above is the use of the Adomian 
Decomposition Method (ADM) [58]. This very efficient 
strategy solves the underlying DAE system in a semi-ana-
lytical manner. The fundamental concept behind the ADM 
is to break down the unknown equation Fu = g(t) , which 
encompasses a wide array of linear and nonlinear equations, 
ranging from ordinary and partial differential equations to 
integral equations, into a series of constituent solutions, each 
corresponding to varying degrees. Subsequently, the objec-
tive is to determine these solutions at each order. By sum-
ming up these solutions, one can then achieve an approxi-
mation of the actual solution with a precision tailored to 
the desired level of accuracy [59]. A highly efficient and 
user-friendly algorithm has been devised, drawing upon a 
hybrid analytical–numerical approach known as the Multi-
stage Adomian Decomposition Method (MADM). This tech-
nique proves invaluable for tackling nonlinear differential 
equations, especially in cases where the conventional ADM 
struggles to yield precise and convergent solutions across 
the entire semi-infinite time spectrum. By incorporating two 
finely tuned precision adjustment parameters, the MADM 
excels at providing solutions of optimal accuracy for both 
transient and steady-state temporal domains. This versatil-
ity empowers the MADM to seamlessly deliver solutions 
tailored to the specific degree of accuracy required [60].

Fig. 5  Entrainment coefficient �
1
 as a function of the orifice Reynolds 

number Re
e
 for the FLIE project test cases

Fig. 6  Location of thermocou-
ples for the FLIE test cases [3]



1600 D. A. Anjos et al.

Results and Discussions

In this section, the main results of the application of the pro-
posed algorithm to compute the extent of hazardous areas for 
two-phase releases are discussed. The purpose is to compare 
important output variables of the algorithm with the rather 
scarce experimental data available in the open literature. The 
algorithm was implemented in Matlab® version R2019b.

The experimental data are those of Allen [61] and the 
ones of the Flashing Liquids in Industrial Environments 
(FLIE) test series described in Ichard et al. [62] and Lacome 
et al. [3]. The experimental conditions are given in Table 2, 
in addition to some relevant information.

Note the row of Table 2 that defines the storage condi-
tion of the material. Recall that, according to Leung [36], 
when a liquid is subcooled, there are degrees of subcooling 
to consider, namely, if �

sat
≥ �

sc
 then the liquid is on a low 

subcooling state; otherwise, it is said to be on a high sub-
cooling state, where:

For materials stored as saturated or slightly subcooled 
liquids, the entrainment coefficient of 0.0806 suggested 
by Muralidhar et al. [43] is used in this work. For highly 
subcooled liquids, however, this value for �1 results in poor 
agreement with the experimental data. Ricou and Spalding 
[55] established that the entrainment rate correlates with the 
orifice Reynolds number ( Ree ), and since �1 can be chosen 
to match these experimentally entrainment rates [43], it was 
decided to seek a relation between �1 and Ree.

(5)�s =
Cpl,s ⋅ Ts ⋅ Psat(Ts)

vs

(
vlg,s

Lv,s

)2

.

(6)�sat =
Psat(Ts)

Ps

.

(7)�sc =
2�s

1 + 2�s

.

Fig. 7  Temperature profiles at the centerline against experimental data. Blue line: model with the important modifications. Red line: model with 
no changes. Small circles: experimental data

Table 3  Calculated length of 
the expansion region

Test case Length (m)

Allen [61] 0.067
FLIE case 1 0.178
FLIE case 2 0.342
FLIE case 3 0.376
FLIE case 4 0.403
FLIE case 5 0.405
FLIE case 6 0.379
FLIE case 7 0.348
FLIE case 8 0.174
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Entrainment coefficients were found to best fit the tem-
perature profiles in the experiments for highly subcooled 
liquids of the FLIE project (see Table 2). In such manner, 
cases 2, 3, 4 and 8 were chosen as the training set used to 
build the regressed line of Fig. 5, and cases 5, 6, and 7 were 
defined as the test set.

The linear relation of Eq. (26) was then used to predict 
�1 for the test set.

Note from Fig. 5 that the regressed line matches fairly 
well the observed values (with a coefficient of determina-
tion R2

> 0.98 ), particularly the unseen data, indicating 
that values of �1 obtained by the above equation should 
considerably improve model predictions.

(27)�1 = 0.5547 − 7.6203 ∙ 10−5Ree.

Fig. 8  Comparison of center-
line temperature profiles of 
the Allen (1998) test case for 
different models. Small circles: 
experimental data

Fig. 9  Temperature profiles at the centerline against the model by Ichard et al. [62]. Blue line: model with the important modifications. Red line: 
model of Ichard et al. [62]. Small circles: experimental data
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With this relation for �1 , the model is now complete 
and ready for application to predict relevant experimental 
information as per the test cases in Table 2. The focus is 
on temperature profiles and comparison with other model 
implementations. Particularly, for the FLIE test cases, 
Fig. 6 depicts the position of the thermocouples placed in 
three lines along the jet axis, where each line contains six 
thermocouples. The temperature field on the background 
of Fig. 6 is just to give an idea of the relative locations.

Figure 7 depicts the temperature profiles at the centerline 
of the model without and with the important changes pro-
posed on this contribution against the experimental data. In 

that Figure, the relative squared error, RSE =
∑n

i=1
(Yi−Ŷi)

2

∑n

i=1
(Yi−Y)

2  

(where Yi is the experimental data and Y  its mean, and Yi is 
given by the algorithm), computed on unseen data is a good-
ness-of-fit measure. The closer to 0, the better the predictive 
capacity of the underlying algorithm. The x-distance is the 
distance from the plane “f” in the horizontal direction. Actu-
ally, the distance between planes “e” and “f” is quite small 
if compared to the hazardous extent, and therefore can be 
safely disregarded [3, 12, 35]. The data in Table 3 confirm 
this hypothesis, where the length of the expansion region 
given by 5Rf

√
�f

�a,∞

− 5Re was computed based on the con-
cept of virtual source, with Re as the radius of the orifice.

The inflection points of the blue lines in Fig. 7 flag the 
transition to the single-phase region. As expected, the model 
with the proposed modifications is in very good agreement 
with the experimental data with very small relative squared 
error RSE < 0.10 , while the model with no changes does not 
correctly describe the jet behavior up to the end of the two-
phase region, and barely fits the data after that. In special, 
the extent of the two-phase region is accurately predicted by 
the proposed algorithm.

The sharp drop in temperature observed in all cases is due 
to the evaporation of droplets created by jet fragmentation, 
and by the entrainment of air, which, according to Lacome 
et al. [3], contributes to reducing the partial pressure of the 
released material. Thus, the system formed by air, vapor, and 

Table 4  Measured against calculated release rates for the test cases in 
Table 2

Release rate (kg/s)

Test case Experimental Calculated

Allen [61] 0.110 0.080
FLIE Case 1 1.096 0.599
FLIE Case 2 0.704 0.685
FLIE Case 3 1.009 0.977
FLIE Case 4 1.330 1.369
FLIE Case 5 1.330 1.238
FLIE Case 6 1.010 0.878
FLIE Case 7 0.690 0.631
FLIE Case 8 0.130 0.161

Fig. 10  Diameter and elevation profiles of the droplets for the test cases as a function of the x-distance
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liquid droplets tends to reach equilibrium as the temperature 
decreases. Moreover, there is a competing effect between the 
endothermic process of droplet evaporation and the heating 

of the jet by the entrained air: The spray jet cools down 
until the vaporization of the liquid no longer influences the 

Fig. 11  Droplet diameter vs. elevation plots to detect rainout for the test cases

Fig. 12  Gas and droplet temperature profiles along the centerline
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flow, and then the temperature eventually increases toward 
ambient.

The deviation of the proposed algorithm relative to the 
two-phase region of the FLIE Case 1 data is due to measure-
ment saturation [62]. However, the temperature is dropping 
below the normal boiling temperature of propane due to the 
evaporation of liquid droplets. For the remaining cases with 
butane, the experiments predicted a minimum temperature 
of approximately -42°C, which is also predicted by the simu-
lations carried out in this work.

Coldrick [16] reported CFD and Phast results applied to 
the Allen [61] test case, as seen in Fig. 8. Phast is a pres-
tigious commercial software package for consequence 

modeling of accidental releases of toxic or flammable chem-
icals to the atmosphere [35].

Notably, the algorithm proposed in this contribution 
better fitted the experimental data. In addition, the model 
used by Coldrick did not reach the minimum temperature 
obtained by the experiments of Allen [61]. The Phast model 
with no moisture predicted a smaller extent of the two-phase 
region and considerably missed the profile of the single-
phase region. The other Phast model improved prediction on 
this region at the expense of poor estimation of the complete 
evaporation of droplets.

Ichard et al. [62] developed a model and simulated FLIE 
cases 1 to 4, and Fig. 9 gives a comparison of the results. It 

Fig. 13  Concentration profiles along the centerline for hazardous extent computations

Table 5  Computed volume of 
flammable gas clouds for the 
test cases in Table 2

Extent (m) Extent by the IEC 
60079-10-1 (m)

Flammable volume  (m3)

Test case LFL LFL LFL 1/2 LFL 1/4 LFL

Allen [61] 3.26 13.08 0.66 5.36 40.89
FLIE Case 1 8.51 36.67 12.84 101.68 753.34
FLIE Case 2 19.25 36.83 213.87 1437.40 7541.93
FLIE Case 3 21.20 44.23 285.31 2016.73 12,082.44
FLIE Case 4 22.62 52.29 344.36 2642.08 17,071.25
FLIE Case 5 22.61 49.69 313.31 2408.79 16,677.93
FLIE Case 6 21.57 41.90 303.77 1977.94 11,149.66
FLIE Case 7 21.35 35.34 211.73 1314.53 7514.65
FLIE Case 8 10.54 17.73 27.32 174.28 1129.66
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can be seen that the proposed algorithm performs better. In 
fact, the model by Ichard et al. [62] considered thermal equi-
librium between the phases, while the model proposed in 
this contribution assumed the droplet and gas temperatures 
were calculated from two different energy balances, which 
is a more realistic assumption.

The measured release rates can also be compared with 
the algorithm’s predictions, as shown in Table 4. The differ-
ences are in general within what one would expect for such a 
complex phenomenon: the calculated release rates were only 
(on average) 9% off from measured data. Note that release 
rates in such systems are inherently difficult to measure in 
practice, which may produce inaccurate results.

Fauske and Epstein [10] suggested that, for subcooling 
conditions, the flow in the orifice can be obtained based 
on the Bernoulli equation adjusted for two-phase releases 
[12]. Therefore, the mass flux is calculated by the follow-
ing relation.

where Pe is given by Algorithm 1 and �e by the below 
equation.

(28)G =

√
2�e

(
Ps − Pe

)
,

(29)
�e =

1

(1−�v,e)
�l,e

+
�v,e

�v,e

.

For the Allen [61] case, the release rate of 0.0614 kg/s 
computed by the method of Leung [36] resulted in a larger 
deviation than the release rate determined by the proposed 
algorithm. For the low subcooling FLIE case 1, the release 
rate by Leung’s [36] method was equal to 0.4766 kg/s, 
even far from the experimental estimation. For the other 
(high subcooling) cases, both methods gave similar results 
and compared well with experimental data.

Rainout is determined by evaluating the diameter and 
elevation profiles of the droplets: If the droplet reaches 
the ground before complete evaporation, then rainout 
with possible formation of a pool has occurred. Figure 10 
presents these profiles for the test cases as a function of 
the x-distance. Figure 11 provides a clearer picture of the 
phenomenon.

Clearly, for all test cases, no rainout was detected by 
the proposed algorithm, which is in accordance with the 
experimental findings. The effect of the degree of sub-
cooling on the distance required for the evaporation of 
the droplets was also examined. As the degree of subcool-
ing increased, so does the distance required for complete 
evaporation. This was evident for the Allen [61] and first 
FLIE cases where the droplets completely evaporated at the 
initial height. Note also from Fig. 9 that for the case with 
the highest degree of subcooling, the model by Ichard et al. 
[62] underestimated the evaporation distance compared to 
the more accurate prediction of the proposed algorithm.

Fig. 14  Cross-sectional isopleths at the orifice plane. The red, blue, and green contours refer to the isopleths at the LFL, 1/2 LFL, and 1/4 LFL, 
respectively, and the black line is the centerline trajectory
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In the present work, the dispersion model did not 
assume thermal equilibrium between phases, which rep-
resents a more realistic description of the phenomenon. 
Figure 12 shows that the gas temperature is always higher 
than the droplets’ because of the entrainment of warmer 
air.

From the gas concentration profiles at the centerline, 
the extent of the classified area can be estimated with 
respect to the LFL ( XLEL ) by Eq. (25).

Figure 13 depicts the concentration profiles and the 
extents at the UFL (upper flammability limit), LFL, 1/2 
LFL, and 1/4 LFL. The UFL and LFL for propane and 
butane are, respectively, 9.5 and 8.4%, and 2.1 and 1.8% 
by volume in air.

The hazardous extents in Fig. 13 coincided with the 
x-distances because the jet elevation changed very little. 
However, it is reasonable to conclude that as the elevation 
gets higher, the extent of the classified area can be signifi-
cantly greater than the x-distance. For the propane cases, the 
estimated extent in Allen [61] was considerably lower than 
that obtained in the FLIE test because the release rate was 
small, and no wind was considered. The extents are other-
wise larger for the remaining cases because of the amount 
of component released and the influence of wind velocity in 

the direction of the dispersion. Also notice the sharp drop of 
concentration as a result of the dilution with air.

Another important measure of the hazardous area is the 
volume of the flammable gas cloud. For the nine cases tested 
in this contribution, the calculated volumes at the LFL, and 
also at 1/2 LFL and 1/4 LFL are shown in Table 5. An aver-
age reduction of about 55% in the hazardous extent vis-à-vis 
the computations by the ubiquitous IEC 60079–10-1 was 
observed.

Note that, in general, the volume does not necessarily 
increase with the extent. It depends on the shape of the 
cloud, especially if it touches the ground. A look at the 
isopleths in Figs. 14 and 15 helps to better understand 
this lack of relation: some clouds (FLIE Case 2 and 3) are 
wider than others (FLIE Case 7), producing larger volumes 
with smaller extents

It can be seen from Fig. 14 that for the Allen [61] case 
and the FLIE cases 1 and 8, the ground up to the hazardous 
extent is not considered classified area. For the other cases, 
the cloud touched the ground at the LFL. Another impor-
tant observation was that for the Allen [61] case and the 
FLIE cases 1, 7, and 8 the cloud rose after some distance 
from the origin due to the reduced gas density as compared 
to the air density. When touching the ground, the isopleths 
for butane tended to increase the critical radius resulting in 

Fig. 15  Top view isopleths at the orifice plane. The red, blue, and green contours refer to the isopleths at the LFL, 1/2 LFL, and 1/4 LFL, respec-
tively
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a larger contour at 1/4 LFL. It is reasonable to assume that, 
since the cross-section is rectangular for the situations 
where the cloud touches the ground, the plume should also 
have approximately the same rectangular shape.

The importance of the isopleths cannot be underempha-
sized as these contours help establish the locations in the 
flammable volume where equipment that may cause sparks 
should be avoided. In addition, they are beneficial in identi-
fying possible situations of side wind that could otherwise 
change the trajectory of the jet.

Table 5 also shows the hazardous extents as given by the 
IEC 60079-10-1 [4] standard calculated for heavier-than-air 
vapors since for all cases the density of the cloud is greater 
than the air, as evidenced by the isopleths spreading along 
the ground. As seen in Table 5, the extents are much larger 
than the ones computed by the proposed algorithm, oversiz-
ing the classified areas, and possibly increasing the cost of 
the project.

Conclusions

This contribution proposed a novel algorithm to determine 
the extent of hazardous areas for two-phase releases of pure 
components based on a one-dimensional model that took 
into consideration: (1) the influence of the vapor compo-
nent on the energy balance of the two-phase jet model; (2) 
new decay constants to calculate velocity, concentration, and 
temperature profiles; (3) a new normalization ratio for the 
temperature along the centerline; and (4) a new correlation 
for the entrainment coefficient in the two-phase region. Were 
it not for the meager experimental data available in the open 
literature, one would expect a better fit for the entrainment 
coefficient that could result in a model with even broader 
predictive capabilities. Be that as it may, those improve-
ments resulted in a simple model that fitted well to measured 
release rates and temperature profiles. It is therefore believed 
that the algorithm can compute hazardous extent, volume, 
and shape of the resulting dispersions with satisfactory accu-
racy. However, more work should be done toward fitting in 
a methodology for pool computations to be coupled with 
the existing model as this is important when considering 
releases that produce significant rainout. Adapting the pro-
posed algorithm for multicomponent systems is also a most 
desirable result. Just as important is the availability of more 
experimental data in the open literature, particularly the 94 
cases and related profiles of the FLIE test series [62].
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tary material available at https:// doi. org/ 10. 1007/ s11814- 024- 00093-6.
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