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Abstract: The storage of large numbers of batteries and accumulators is associated with an increased
risk of their ignition, which results in the release of significant amounts of hydrogen into the envi-
ronment. The aim of the study was to reconstruct hazardous zones after hydrogen and liquefied
propane-butane (reference gas) release for different industrial processes with the use of numerical
methods. Two numerical tools (Fire Dynamics Simulator and Ansys software) were applied for the
three-dimensional reconstruction of flammable gas release. Propane-butane was produced from
aerosol packages, and hydrogen was produced during battery charging. Emission was analyzed in an
industrial building, and both emissions were independent processes. The obtained results indicated
that the hazardous zones correspond to the lower explosive level concentrations for both analyzed
gasses. Moreover, the high-resolution computational fluid dynamic (CFD) model for flammable
gas emissions provided noninvasive and direct quantitative evidence that may influence the safety
procedures prepared by regulatory agencies in refining the safety limits in the cost-effective and

time-saving manners.
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1. Introduction

There are large quantities of hazardous materials in the manufacture, storage, usage
and transport industries, which can be accidently discharged from their containers, such
as tanks [1]. For several years, an increase in the application of liquefied petroleum gas
(LPG) has been observed. Liquefied petroleum gas is flammable and has risks of pool fires
during its transportation, storage, and applications [2]. At the same time, hydrogen energy
is expanding worldwide; however, safety issues associated with hydrogen use and storage
have drawn considerable attention [3,4]. The appearance of an increasing concern related
to the releases of industrial hazardous materials (either toxic or flammable) due to terrorist
attacks or accidental events in congested industry is observed [5,6]. Moreover, a hazardous
gas release can behave like a dense gas because of the low temperature [7], or the presence
of aerosols [8].

Air quality models are powerful tools to predict the pollution of gases released into
the atmosphere [9]. For gas cloud dispersion, which has a density is greater than ambient
air, it is commonly referred to as dense gas or heavy gas [10]. Atmospheric meteorological
parameters, such as temperature or humidity, may have significant effects on heavy gas
dispersion [11]. There are many general purposes of commercial use of computational
fluid dynamic (CFD) software packages capable of modeling and analyzing fluid flows
and heat/mass transfer processes useful in industry [12,13]. The development of numeri-
cal models that are currently used for loss prevention purposes in chemical and process
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industries are associated with three software packages: Phast [14], Aloha [15], and An-
sys [6,15,16]. CFD simulation method is popular to investigate the properties of different
fire scenarios [16,17]. Advanced CFD models of gas release and dispersion have been devel-
oped, tested, validated, and applied to the modeling of various industrial real-life indoor
and outdoor flammable gases, including hydrogen and methane [12,18]. The group of
CFD models includes three subgroups of the following models: RANS (Reynolds-averaged
Navier-Stokes equations), LES (large-eddy simulations) and DNS (direct numerical sim-
ulation) [19]. Moreover, the characteristics of the atmospheric boundary layer can have
an extensive effect on dispersion, because most of the transport, dispersion, and removal
of heavy gas occurs inside of an atmospheric boundary layer and, dense gas dispersion
usually occurs at the bottom of the atmospheric boundary layer [20]. Therefore, our study
aimed to use a CFD technique for the reconstruction of flammable gases emission in the
industrial hall. For this purpose, a three-dimensional simulation with the use of Fire
Dynamics Simulator (FDS) and Ansys software were prepared. FDS numerically solves
an LES form of the Navier-Stokes equations appropriate for low-speed, while ANSYS
Fluent uses the RANS subgroup. ANSYS Fluent uses k-¢ turbulence models. The improved
turbulent viscosity model, Deardorff (set as default) [21], is implemented in FDS version 6.
This model provides a more dynamic flow field range for coarse resolution and tends to
the correct result at high resolution. FDS is a Fortran program developed by the National
Institute of Standards and Technology (NIST). The CFD simulation enabled the determina-
tion of hydrogen and propane, as reference gases, distributed in a closed ventilated hall.
Finally, hazardous zones after the emergency release of fire gases in a closed industrial
building were prepared.

The paper is organized as follows: in Section 2, materials and methods applied in the
research are presented; Section 3 presents the results of computer simulations; in Section 4,
a discussion was proposed; finally, Section 5 concludes the paper.

2. Materials and Methods
2.1. Case Study

This study analyzed an industrial hall (length = 20 m, width = 20 m, height = 6 m),
in which the release of flammable gases was analyzed (Figure 1). Due to the specificity of
firefighters” work, which very often deals with this type of premise, an industrial hall was
investigated. The analyzed building was equipped with two ventilation hoods (length =1 m,
width = 1 m, height = 0.05 m). One was located in the center of the ceiling. The second
ventilation hood was located in the half of one side wall, 0.05 m above the ground.

Figure 1. An industrial building where two points of emergency release: blue tables (located on a
ground), and two ventilation hoods: dark grey squares (one on a ceiling and one on a wall) were located.
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Each time, for the purpose of the numerical simulations, the emission point (0.1 m x 0.1 m)
was located in the center of table’s top surface (Figure 2) in the mathematical domain. Moreover,
both tables, both ventilation hoods and both emission points were located on a center line
dividing the industrial building in half.

Figure 2. The top view of the analyzed building. Two blue squares represent the emission points.

To reconstruct the flammable gas (hydrogen and propane) release, numerical recon-
struction of emergency release included the following steps: (1) production of hydrogen
during battery charging when the process of water decomposition into oxygen and hy-
drogen appeared; (2) emergency release of propane during aerosol production. It was
assumed that both processes took place on a dedicated table (blue objects represented on a
Figures 1 and 2) with equal height (1 m). The following mass flow rates for the emis-
sion of analyzed flammable gases were set: (1) 4.612 x 10~* kg/s for hydrogen; and
(2) 6.667 x 10~* kg/s for propane. Emission for hydrogen was calculated with the use
of standard EN 50272-2, describing the safety requirements and proper installation of
reused stationary batteries. The emission was calculated for a forklift (each forklift had two
batteries composed of 72 cells with the capacity of one battery equal to 1300 Ah). Emission
was calculated on the basis of propane emissions from the area of one aerosol package. The
emission for propane corresponded to the boiling point from the pool’s surface formed
after damage of the aerosol’s container [22].

2.2. Numerical Description

The aim of this study was to determine the range of hazardous zones after an emer-
gency release of flammable gases on the example of hydrogen and LPG. However, the path
leading to its achievement consisted of many other tasks. One of the most important was
the development of boundary conditions and parameters for numerical calculations. It
also defined another goal of the work, which was the confrontation of the results of two
applications implementing computational fluid mechanics.

Numerical simulations were performed with the use of two approaches: FDS software
and Ansys-Fluent software.

The equations underlying the model implemented in the FDS are presented below.

Mass transport equation (flow continuity equation) (Equation (1)):

ap s m

- tV-pu=m

oy )

where p is the fluid density, u is the velocity vector,  is the time, and i1, is the rate of mass
appearance associated with evaporation.
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Momentum transport equation (Newton’s second law) (Equation (2)):

]
a(pu)%—V'puu-l-Vp:pg-l-fb-l-V-T ()

where p is the hydrostatic pressure 7 is the stress tensor, g is the gravity vector, and f, is
the other external forces.
Enthalpy transport equation (energy balance equation) (Equation (3)):

2 o) +V phau =P uVp g ©)
where #; is the specific enthalpy, and g; is the heat exchanged with the environment as a
result of chemical reactions, evaporating droplets and through dispersion, as well as heat
changes due to conduction and radiation.

Moreover, the following assumptions were additionally made in the algorithm of
the FDS software: (1) the fluid was a perfect gas; (2) the fluid was Newtonian (perfectly
viscous), which meant that the shear stress in the fluid was directly proportional to the
shear rate present in it; (3) heat was conducted according to Fourier’s law; and (4) gases
diffused according to Fick’s laws.

Next, cartesian mesh was prepared. Mesh was divided in two subdomains. One had
a higher mesh density, where cubic elements were 0.1 m in length. This part was 10 m in
length and included a table and two ventilation hoods (yellow rectangle on Figure 3). For
the rest of numerical grid, lower density elements (20 cm in length) were applied.

Figure 3. Numerical mesh created in Fire Dynamics Simulator (FDS) with two subdomains. Yel-
low rectangle indicates the main part of analyzed industrial hall where tables and ventilation hoods
were located.

For Ansys software, a similar approach was used. Firstly, a three-dimensional domain
was reconstructed with the use of Ansys SpaceClaim software (ANSYS, Canonsburg, PA,
USA). In the analyzed domain, four side walls, one ground, and one ceiling were set.
Moreover, two emission points located on dedicated tables and two ventilation hoods (one
on the ceiling and one on a side wall) were applied. Next, a digital hexagonal grid (with
elements 0.01 m length) with the use of Ansys Meshing software (ANSYS, Canonsburg,
PA, USA) with a boundary layer was created. After independent mesh tests, the number of
numerical grid elements was established at approximately 2,000,000 for ANSYS Fluent and
approximately 1,600,000 elements for FDS software, with the boundary layer composed
of five layers. Finally, for the reconstruction of propane and hydrogen emission, Ansys-
Fluent software (ANSYS, Canonsburg, PA, USA) was applied [23,24]. The following
boundary conditions were applied: (1) vertical and horizontal partitions were treated as
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wall boundaries, where the derivative of the velocity normal to the surface was zero; (2)
vents describing the air movement were described with a constant stream in a direction
normal to the surface; and (3) release of analyzed substance was described with a constant
stream of a given gas in a direction normal to the surface. For both tables at the top, the
mass flow inlet was set.

Continuity (Equation (4)), momentum (Equations (5)—(7)) and energy (Equation (8))
equations for ANSYS Fluent were as follows:

Vu=0 4)

Reynolds-averaged Navier-Stokes equations (Equations (5)—(7)) were applied [25,26]:

(80Y +Uxav,( +Uyavx +vzavx> = pgx — %+

2 (Gt @) + 4 () (%4 20) 1 2 (e 4 3)

Jv Jv Jv 9
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)

2(+m) 2 +2) + & () 5) + 2 ((n+ u) (G2 + %)) ©
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where vy, vy, v; are the velocity components for x, y, z directions (m/s); t is the time (s); g is
the acceleration in the x, y, z directions (m? /s); y is the fluid viscosity (Pa-s); p is the fluid
density (kg/m?); y; is the turbulent viscosity (Pa-s); 1 is the enthalpy; k is the conductivity;
T is the temperature; and Sy, is the heat source.

In this work, the k-¢ model was used to represent the effects of turbulence [27].

Results were presented as iso-surfaces with lower explosive level (LEL) values as-
signed. In the first step, stationary results for particular LEL values in FDS were presented.
For Ansys-Fluent software, the RANS model was applied. Next, transient results illustrated
the flammable gas concentration distribution as a function of time.

3. Results

Numerical reconstruction of dispersion process enabled the analysis of two flammable
gas emissions. Two substances were analyzed, propane and hydrogen.

3.1. Propane Dispersion

In order to illustrate the distribution of propane as a gas heavier then air, an iso-
surface with a concentration of 5% LEL was presented. For these conditions, propane
flowed towards the floor and spread throughout the room (Figure 4).

ANSYS software analysis of propane concentration distribution corresponding to 25%
LEL indicated that it was directed into one side of the analyzed building (Figure 5a). After
reaching the level of the floor, propane began to spread across the surface. Furthermore, the
concentration of propane was within a radius of about 2.5 m from the center of the release
source. The FDS software indicated a uniform distribution of propane, shaped around the
table (Figure 5b).
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(@) (b)

Figure 5. Iso-surface for propane representing 25% concentration of LEL for (a) Ansys software and
(b) FDS.

The iso-surfaces describing the concentration corresponding to 50% LEL are character-
ized in Figure 6. In the ANSYS software, propane dispersion was directed to one side and
spread more intensively in one direction, falling towards the floor (Figure 6a). In the FDS
program, the concentration distribution was quite uniform, and filled the entire surface of
the countertop (Figure 6b).

(a) (b)

Figure 6. Iso-surface for propane representing 50% concentration of LEL for (a) Ansys software and
(b) FDS.
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Moreover, the dispersion of propane as a function of time was analyzed. Due to
the spatial configuration of the table from which gas was released, and the properties of
propane, numerical simulations included the time it took for propane to flow from the
ground level to the surface of a table, where the concentration of propane was equal to
25% of the LEL. It lasted approximately 10 s in Ansys software. To achieve the above
conditions in Ansys software, it took 20 s (Figure 7a), while in FDS it lasted only 10 s
(Figure 7b). Therefore, in further analysis a 10 s shift between the results from Ansys
software and FDS appeared. Gas was continuously emitted during the first 10 s. This
would have resulted in more gas being released overall in the computational domain;
thus, lower concentrations around the table could have been reached faster. This was an
acceptable circumstance because the main purpose of the comparisons was to confront
higher concentrations. Moreover, the concentration at the level of 5% LEL was measured,
located on the central axis of the table. Such a small value allowed the spread of the
substance to be accurately observed.

(b)

Figure 7. Comparison of propane dispersion for 5% concentration of LEL for time 10 s: (a) propane

release calculated with Ansys software; (b) propane release calculated with FDS software.

In Ansys software, it was observed that after 25 s propane was directed vertically
downwards and only after reaching the floor level did it move in the parallel direction
(Figure 8a). However, in FDS software, propane was moved downwards and horizontally
after leaving the top surface of the table (Figure 8b).

After 50 s, propane was observed across the floor surface within a radius of about 3 m
from the source of the release (Figure 9).

In the hundredth second of the simulation, propane had already filled the majority of
the floor area. This situation is shown in Figure 10. It should be noted that the concentration
corresponding to 5% LEL in the ANSYS program was present only within a radius of about
1.5 m from the source of the release. At further distances, the propane concentration
was lower. These conditions did not occur in the FDS program, in which the desired
concentration occurred almost in the entire area filled with propane (Figure 11).



Processes 2021, 9, 307 8 of 17

Figure 8. Comparison of propane dispersion for 5% concentration of LEL for time 25 s: (a) propane
release calculated with Ansys software; (b) propane release calculated with FDS software.

(b)

Figure 9. Comparison of propane dispersion for 5% concentration of LEL for time 50 s: (a) propane

release calculated with Ansys software; (b) propane release calculated with FDS software.
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Figure 10. Comparison of propane dispersion for 5% concentration of LEL for time 100 s: (a) propane
release calculated with Ansys software; (b) propane release calculated with FDS software.

Figure 11. Comparison of propane dispersion for 5% concentration of LEL for time 250 s: (a) propane
release calculated with Ansys software; (b) propane release calculated with FDS software.
3.2. Hydrogen Dispersion

Results from FDS software for 25% of hydrogen LEL indicated that gas was concen-
trated near the source of the emission at a height equal to 30 cm (Figure 12). There was a
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high agreement between the results from FDS and Ansys software. For both approaches, a
similar shape and high of dispersion was observed.

(b)

Figure 12. Iso-surface for hydrogen representing 25% concentration of LEL for (a) Ansys software
and (b) FDS.

The iso-surface representing the 50% of LEL concentration for hydrogen in the FDS
software appeared only around the source of the emission (Figure 13b). The results from
Ansys software appeared in the same place, however reached a higher level (approximately
0.2 m) (Figure 13a).

5.000e-003

0.000e+000

(b)

Figure 13. Iso-surface for hydrogen representing 50% concentration of LEL for (a) Ansys software
and (b) FDS.
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In order to illustrate the differences in the rate of hydrogen propagation, a comparison
of the gas concentration as a function of time for 1.5% of LEL was performed. It was
observed that hydrogen distribution after 10 s presented a similar height of released
gas for both approaches (FDS and Ansys software). However, distribution of hydrogen
concentration in Ansys software indicated a wider area of gas comparing to FDS software.
For Ansys software, it was equal (approximately 1 m; Figure 14a), while for FDS software
it was approximately 10 cm (Figure 14b).

(b)

Figure 14. Comparison of hydrogen dispersion for 1.5% concentration of LEL for time 10 s:
(a) propane release calculated with Ansys software; (b) propane release calculated with FDS software.

Analysis of hydrogen distribution after 25 s indicated that the 1.5% LEL area was
approximately 3 m above the table. As previously presented, Ansys software (Figure 15a)
indicated a much larger lower concentration area compare to FDS software (Figure 15b).

After 50 s, hydrogen reached the ceiling level and spread parallelly. It was observed
that FDS software simulated more hydrogen near the ceiling with higher concentration
(Figure 16b). The results from Ansys software indicated no appearance of hydrogen at
the level of 1.5% LEL (Figure 16a). In the FDS software, it was presented in the area of
approximately 1 m radius.

Results after 100 s indicated that hydrogen occurred below the ceiling in the area equal
to approximately 10 m for both FDS and Ansys software (Figure 17).

After 250 s, hydrogen was presented below the entire ceiling zone. However, similarly
to the previous time step, the concentration of 1.5% LEL hydrogen was presented only in
the center axis of the table from which emission had started (Figure 18).
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(b)

Figure 15. Comparison of hydrogen dispersion for 1.5% concentration of LEL for time 25 s:
(a) propane release calculated with Ansys software; (b) propane release calculated with FDS software.

Figure 16. Comparison of hydrogen dispersion for 1.5% concentration of LEL for time 50 s:
(a) propane release calculated with Ansys software; (b) propane release calculated with FDS software.
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Figure 17. Comparison of hydrogen dispersion for 1.5% concentration of LEL for time 100 s:
(a) propane release calculated with Ansys software; (b) propane release calculated with FDS software.

Figure 18. Comparison of hydrogen dispersion for 1.5% concentration of LEL for time 250 s:
(a) propane release calculated with Ansys software; (b) propane release calculated with FDS software.

4. Discussion

The usually applied size for the hazardous zones for forklift battery charging stations
cover the area within 0.5 m from the battery pack and up to the ceiling [28]. The presented
results indicate that the size of the hazardous zone is much smaller; the concentration
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corresponding to the LEL of hydrogen is located in the area located directly above the
source of release (about 0.2 m). In the case of aerosol production, the following explosion
hazard zones are designated: zone 0—in a container; zone 1—at a distance of 1 m; zone
2—from the border of zone 1 at a distance of 1 m to the floor. It was observed that
concentrations within the explosive limits occurred only within a radius of about 0.25 m at
a height of up to 0.2 m from the emission source.

The methodology presented in this study provides a mathematical tool to assess
whether the emission of flammable gases in an industrial hall to a given fire scenario can be
deemed safe. The analysis of the case studies enabled quantifying of the effect of different
gases and geometrical conditions on the emergency release.

With the use of iso-surfaces, it was possible to present the existence of LEL values
in the analyzed industrial hall. It was in line with Scarponi et al. who, with the use of
pressurization curves and temperature maps obtained from CFD calculations, performed
stress analysis for predicting if and when a vessel would fail [29]. Moreover, Bi et al.
analyzed turbulent flow with the use of a standard k-¢ model, which was in line with the
approach presented in our paper [30].

Analysis of hydrogen distribution for the emission process indicated that hydrogen was
present at the upper part of the industrial hall. Contrary to our results, Hwang et al. observed
horizontal cloud transport at low height [31]. Similarly, Rigas and Sklavounos who indicated
that a spreading hydrogen cloud is similar to that of liquefied natural gas [32].

The main factor influencing the difference in modeling results is the use of different
turbulence models. The LES model allows for a detailed reflection of the processes of
turbulent mixing of gases with air and, unlike the RANS models (e.g., k-epsilon) which use
values averaged over time, more precise determination of instantaneous concentrations of
substances. Additionally, the assumptions of the research space geometry have an influence
on small differences in the results. In Ansys Fluent, the inlet of the gas emitter takes place
through a channel that allows stabilization of the flow, while in the FDS, the gas emission
is realized directly as emission is perpendicular to the selected surface.

Moreover, the main problem in outdoor simulations is the modeling of atmospheric
turbulence for various classes of atmospheric stability. However, for the most stable
atmosphere where there is almost no turbulence (class F), which is also the most dangerous
due to the farthest ranges of clouds, modeling without taking into account turbulence
provides good results. This problem does not occur indoors. Krauze conducted a series
of experiments aimed at checking the suitability of FDS in modeling the spread of gases
and vapors in closed spaces as well as in open spaces; the spread of methane, propane and
gasoline vapors was investigated. The results were satisfactory for methane and gasoline,
while for propane the concentrations were slightly higher than the real ones [33].

Limitations to the Study

The CFD model was used within one industrial building, and only two gases (propane
and hydrogen) were analyzed. Emissions were reconstructed from one type of flat surface.
In the future, we would like to analyze different spatial configurations of emission surfaces.
Moreover, we analyzed the process under constant temperature. In the future, we would
like to include different environmental temperatures, which may reflect different seasons.

5. Conclusions

The purpose of this study was to designate hazardous zones after the emergency
release of flammable gases (LPG and hydrogen). Currently, liquefied propane-butane gas
is widely used on a global scale, while intensive work is being undertaken with hydrogen
to implement it as the fuel of the future. Therefore, one should be aware of the existence
and size of hazardous zones created by them. In order to determine the searched areas,
the ANSYS and FDS software using computational fluid mechanics were applied. For the
purposes of this study, a total of several dozen simulations were made. Most of them were
not configured well enough, which forced the application of corrections and restarting the
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calculations. During the analysis of the results, eight final simulations were used, which
included corrections of all previously committed errors. Six of them were made for the
ANSYS software, and two for the FDS software. The maximum available time in the FDS
was considered as the final simulation time. The observation in ANSYS software was
adjusted to this value.

It was observed that, for the adopted mesh resolution, the results from FDS software
presented a lower accuracy of mapping the outflow next to the point of the factor release,
compared to the simulation performed in the Fluent software. However, further from the
source of the emission, the flow of the released substance was more precisely mapped than
in the Fluent software. This was due to the more accurate modeling of turbulence using
the LES method implemented in the FDS software, compared to the RANS method used in
the Fluent software.

It was observed that hydrogen, as a lighter gas than air, concentrated on the top of
the analyzed building, under the ceiling. The concentration corresponding to the LEL of
hydrogen was achieved only in the ANSYS software, and it covered a cubic shape (length
10 cm). A concentration of 50% LEL of hydrogen occurred above the emission source and
reached a height of about 20 cm, while the concentration of 25% LEL reached a height of
about 30 cm and was located directly above the source.

For propane gas, the concentration of 25% of LEL in the FDS software was distributed
evenly around the axis of the table; ANSYS software directed the spread in one direction,
in which this concentration was visible even at a distance of 2.5 m from the source of
the emission. For 50% of LEL concentration, propane was directly above the tabletop.
Moreover, in the case of ANSYS software, there was an area outside the table, directed
towards the ground. Furthermore, for propane, the following explosion hazard zones
were designated: zone 0—in the container; zone 1—at a distance of 1 m; zone 2—from
the border of zone 1 at a distance of 1 m from the floor. Analyzing the simulation results,
it can be concluded that, as in the case of hydrogen, the zone sizes were overestimated.
Concentrations within the explosive limits occurred only within a radius of about 25 cm at
a height of up to 20 cm from the emission source.

Moreover, the high-resolution CFD model for flammable gas emissions provided
noninvasive and direct quantitative evidence to enhance the fundamental understanding
on the safety procedures, which can assist regulatory agencies in refining the safety limits
in the cost-effective and time-saving manners.

In conclusion, it should be noted that the release values adopted in this study resulted
in the formation of hazardous zones with a value corresponding to the concentration of the
lower explosive level. In addition, the predictable behavior of lighter- and heavier-than-air
gases, which rose to the ceiling or fell towards the ground, respectively, was confirmed.
Moreover, on the basis of the analysis of the results, the compliance of two software
packages implementing CFD techniques was found. Computational fluid mechanics offers
great opportunities to simulate phenomena governed by the laws of fluid motion. As
never before, we are faced with the possibility of conducting very accurate and relatively
fast processes, leading to reliable results being obtained. The operation of the software
is relatively simple; therefore, every production plant or other place where the release of
hazardous gases is possible should apply the simulation.
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