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Abstract: Contamination of toxic and odorous gases emitted from stacks in buildings located in an
urban environment are potential health hazards to citizens. A simulation using the computational
fluid dynamic technique may provide detailed data on the flammable region and spatial dispersion
of released gases. Concentrations or emissions associated with garage sources and garage-to-house
migration rates are needed to estimate potential exposures and risk levels. Therefore, the aim of
the study was to use an original mathematical model to predict the most accurate locations for
LPG sensors in an underground garage for vehicles powered with LPG. First, the three-dimensional
geometry of an underground garage under a multi-family building was reconstructed. Next, two
types of ventilation, jet and duct, were considered, and different sources of LPG leakage were
assumed. Then, the Ansys Fluent software was applied as a solver, and the same initial value of
released LPG (5 kg) was assumed. As a simplification, and to avoid the simulation of choked outflow,
the emission from a large area was adopted. The results showed stagnation areas for duct ventilation
in which gas remained for both the jet and duct ventilation. Moreover, it was observed that the
analyzed gas would gather in the depressions of the ground in the underground garage, for example
in drain grates, which may create a hazardous zone for the users of the facility. Additionally, it was
observed that for jet ventilation, turbulence appearance sometimes generated differentiated gas in an
undesirable direction. The simulation also showed that for blowing ventilation around the garage,
and for higher LPG leakage, a higher cloud of gas that increased probability of ignition and LPG
explosion was formed. Meanwhile, for jet ventilation, a very low concentration of LPG in the garage
was noticed. After 35 s, LPG concentration was lower than the upper explosive limit. Therefore,
during the LPG leakage in an underground garage, jet ventilation was more efficient in decreasing
LPG gas to the non-explosive values.

Keywords: jet ventilation; duct ventilation; LPG leakage; LPG dispersion; underground garage air
flow simulation; CFD methods

1. Introduction

Residential and public buildings equipped with underground garages are becoming
increasingly popular in cities all over the world. The main problem of these constructions
is related to insufficient ventilation systems [1]. Therefore, the evaluation of air distribution
for these types of buildings is necessary to develop and offer new solutions that are able
to provide the desired thermal comfort and, at the same time, will meet the building
energy requirements [2,3]. The adequate air exchange rate should be provided to ensure
the safety of users during the normal operation of the facility. The gas emissions depend
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on the garage location and its usage profile [4]. High concentrations of volatile organic
compounds (VOCs) present in garages are often due to emissions of fumes by vehicles [5].
Also, combustion products from the fire are harmful to the respiratory system and eyes and,
in extreme cases, may lead to death [6,7]. Therefore, to keep the concentration of carbon
dioxide at a lower level, it is necessary to supply some fresh air flow to the garage [8]. For
this reason, enclosed parking garages require mechanical ventilation, which contributes to
energy use and peak electricity demand [9], and therefore, proper localization of fans at the
building design stage is required.

Understanding contamination with toxic and odorous gases emitted from stacks on a
building in an urban environment is critical for maintaining good air quality and a low level
of threat of combustion to citizens and firefighters [10]. It was experimentally estimated by
Buckland that the maximum explosion pressure should not exceed 21 kPa for an average
room-sized structure filled with an explosible gas mixture [11]. Moreover, Huo et al.
observed that the minimum amount of liquefied petroleum gas (LPG) required to generate
21 kPa in an empty garage with volume equal to 200 m3is3 kg [12]. This minimum amount
is less than 3 kg if the net free space is substantially less than 200 m® due to the presence of
objects in a garage [12]. For this reason, the transient gas explosion pressure has to be better
understood to protect people and firefighters during life-threatening operations [13,14].

Different mathematical models have been developed to design ventilation systems in
order to improve indoor air quality [15,16]. To assist decision making and planning of the
placement of hazardous gas tanks, computational tools are applied [17,18]. Calculations
may be performed analytically, using physical equations or by the implementation of those
equations into dedicated software to receive many important parameters [19]. Various
computational tools are applied for the description of the dispersion process, i.e., Phast
software [20], Aloha software [21], Ansys software [22] and FDS [23]. The computer
programs available at the moment are based on two types of models: zone models (single
or multi-zone) or more complex field models, which require high computing power [24].
For instance, computational fluid dynamics (CFD) is a useful tool to estimate the hazardous
zones after the release of flammable gases [12]. This approach uses Navier-Stokes equations
for CFD modeling, consisting of a set of non-linear mass conservation equations to estimate
pressure distributions in each zone and calculate the airflow through the zones [25]. A
simulation using CFD techniques can provide detailed data on the flammable region and
the spatial dispersion [26]. Concentrations or emissions associated with garage sources
and garage-to-house migration rates are needed to estimate potential exposure rates and
health risks. Therefore, the aim of the study was to predict the most useful locations of LPG
sensors for vehicles powered with LPG with the use of an original mathematical model.

The paper is organized as follows: In Section 2, a description of the analyzed case
study as well as material and methods applied in the research are presented. In Section 3,
the results of numerical simulations and a discussion are presented. Section 4 concludes
the manuscript.

2. Materials and Methods
2.1. Case Study

In our study, we investigated two types of ventilation systems (duct ventilation [27]
and jet ventilation [28]) in a designed underground garage under a multi-family building.
The dimensions of the mathematical domain were chosen based on an actual architectural
plan (Figure 1). The length of the analyzed garage was equal to 110 m, height was equal to
2.8 m, and 20 pillars were located inside. There was only one vehicle exit (width equal to
7.5 m), which was also a garage entry, and it acted as an air outlet.
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Figure 1. The scheme of analyzed object: (a) presents spatial configuration of pillars (yellow color),
walls (grey color) and entry and exit to the garage (black arrows). The red circle represents first source
of LPG dispersion, and the blue circle represents second source of LPG dispersion; (b) presents spatial
configuration of ducts (violet color) and duct ventilation system; (c) presents spatial configuration of
fans (green color) and jet ventilation system.

Two types of ventilation, jet (Figure 2) and duct (Figure 3), were considered. The total
area of the air outlet from the garage was equal to 17.25 m? and ten air diffusers were
mounted for duct ventilation. The total area of the air inlet for duct ventilation was equal
to 2.4 m?. The jet ventilation was composed of six jet-type fans with a cylindrical shape and
total length equal to 2 m. Two locations of the leakage source from the defective vehicle’s
tank powered with LPG fuel were considered (Figure 1). One source of leakage was in the
left garage corner and marked with a red circle (called “A source”), while the second source
of leakage was located in the middle and marked with a blue circle (called “B source”)
(Figure 1a). When designing a garage with a duct ventilation system, one had to design
diffusers that were localized in the middle of the garage in the part of the building with
elevators and the entrance to the staircase. However, for a garage with a jet ventilation
system, the air supply side was in the wall opposite to the exit gate.
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Figure 2. The scheme of applied jet ventilation.
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Figure 3. The scheme of applied duct ventilation.

2.2. Numerical Model

The purpose of our study was to analyze the risk posed by a vehicle with a dam-
aged LPG tank that was left in the underground garage. A numerical description of the
garage ventilation process was described with the use of the CFD technique. Numeri-
cal analysis was performed with the use of Reynolds Averaged Navier-Stokes equations
(Equations (1)—(4)) implemented into Ansys Fluent software (ANSYS, Canonsburg, PA
USA) [29]. The system was considered as compressible [30]. The SIMPLE algorithm
was used for pressure velocity coupling. Moreover, the pressure was described with a
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second-order interpolation, and second-order discretization schemes were used for both
the convection terms and the viscous terms of the governing equations.
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with:

vy, vy, vz—Velocity components for x, y, z directions, [m/s];

t—time [s]; g—acceleration in x, y, z direction, [m2/s];

u—fluid viscosity, [Pa s];

p—fluid density, [kg/ m3];

ut—turbulent viscosity, [Pa s];

h—enthalpy;

k—conductivity;

T—temperature;

S;—heat source.

In this work, the k—¢ model was used to represent the effects of turbulence [31]. The
kinetic energy was estimated with Equation (5) and dissipation rate with Equation (6),
while turbulent viscosity was calculated by Equation (7).

13 v
k= B Y (07F) ®)
with:
v—Xkinetic viscosity.
2]1,5
£ = <p>s;jsfi (6)
with:
S5—Reynold’s stress;
p—density.
K2
e = Pcy? )
with:
Cy =0.09.

A change in the density was described by a perfect gas (Equation (8)) and the averaged
molecular weight of the gas mixture ingredients (Equation (9)). The enthalpy was calculated
by Equation (10).

= Moo ®)

1

Mavg = ; (9)

M;



Processes 2022, 10, 53 6 of 16
with:
p—pressure, [Pa];
R—gas constant, [J/mol KJ;
T—temperature, [K];
Y;—volume concentration of i-th species;
Mi—molar mass of the i-th species.
T
h= / cpdT (10)
T0
with:
cp—specific heat capacity, [J/kg K];
Mixture density was calculated with the use of Equation (11).
N
Pm = Z XiPj (11)
i=1

Moreover, the “species transport and finite elements chemistry” of the Ansys Fluent
option without reaction between mixed gases was selected for modeling of the air LPG
mixture (Equation (12)).

a(gty,) + v(pyj) = V(oD;VY;) + i (12)
with:

D;—the dispersion coefficient of i-th species.

First, a 3D model of the analyzed mathematical domain was prepared with the use of
SpaceClaim Ansys software (Ansys, Canonsburg, PA, USA). Next, with the use of Ansys
ICEM software (Ansys, Canonsburg, PA USA), a numerical mesh was generated. Initially,
mesh independent testing was performed for differently sized grid elements. The tested
range of elements for the whole analyzed domain was equal to 0.1-0.2 m (with a slope
equal to 0.05 m), decreasing the size of elements to 0.1 m around the wall. It was observed
that when the elements size was equal to 0.2 m and 0.15 m, errors appeared when the model
was started (Table 1). However, for the meshes composed of smaller elements (0.15 m
and 0.1 m), the CFD model presented converged results. Thus, to minimize the size of the
numerical grid and the time of calculations, the final mesh consisted of 5,00,000 tetrahedral
elements and was composed of elements with a size equal to 0.05 m for the areas where the
greatest gradients of analyzed parameters were expected (Figure 4). These assumptions
were performed, e.g., for the pillar areas.

Table 1. Results for the mesh independent test.

Mesh Range Achieved Level of Convergence

0.20-0.15m non converging results

continuity 1 x 1075
x-velocity 1 x 1073
y-velocity 1 x 1073
z-velocity 1 x 1073

0.15-0.10 m
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Figure 4. Numerical grid generated with the use of Ansys ICEM software.

Finally, the size of the applied elements was approximately equal to 0.1 m, while in
the areas where the greatest gradients of analyzed parameters were expected, the elements’
size was equal to 0.05 m.

A solver in the Ansys Fluent software (Ansys, Canonsburg, PA, USA) was composed
of a SIMPLE algorithm for pressure velocity coupling, second-order pressure interpolation
and second-order discretization schemes. A no-slip boundary condition was enforced
at the walls. Moreover, a standard k—¢ model was used because of its balance between
computational time and precision [32]. This model was successfully applied by others for
numerical simulations of LNG vapor dispersion and other gas dispersions with satisfactory
results [33,34]. For jet and duct ventilation simulation, different sources of LPG leakage
were assumed, and the same initial value of 5 kg of released LPG for both analyzed cases
was used (flow rate for the emission was set to 1.38 x 1072 kg/s). As a simplification,
the emission from a large area was adopted, with which we avoided the simulation of
choked outflow.

Additionally, it was assumed that the ventilation system for both analyzed cases was
active. The following boundary conditions were applied: (1) top (ceiling), bottom (floor)
and side surfaces (side walls and side surface of pillars) were treated as walls, where the
derivative of the velocity normal to the surface was zero; (2) for duct ventilation 10 diffusers
with a flow rate equal to 30 m?/h for each one were used; (3) for jet ventilation 6 fans with
a capacity equal to 100 m3/h for each one were used; (4) the garage gate was treated as
the outlet, and the outlet boundary was set; (5) the release of the analyzed substance was
described with a constant stream of a given gas in a direction normal to the surface.

For the prepared CFD model, the following assumptions were made: (1) the simulation
was considered as transient; (2) each time numerical simulation was performed until the
concentration of LPG was not higher than the lower explosive limit of 2% of LPG in the air;
(3) the time of hazardous substance release was equal to 10 s. Results were presented as
iso-surfaces with assigned values for the lower explosive limit (LEL) and upper explosive
limit (UEL), respectively. Moreover, transient results illustrated LPG distribution as a
function of time.

3. Results and Discussion

In the design and construction of ventilation systems, an energy efficient air distri-
bution method is a crucial element [35]. In this chapter, duct and jet ventilation systems
were analyzed. Two locations of LPG leakage were considered, and a 10 s leakage of LPG
was considered.
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3.1. Duct Ventilation

For the duct ventilation analysis, it was observed that gas dispersion described with a
lower explosive limit for the first 10 s for both LPG leakages was similar (Figures 5 and 6).
At the beginning of the simulation, the gas spread symmetrically, and each time, the area
represented by the LEL of the LPG concentration was stuck to the wall. For A source th
LEL area initially took up approximately 1.5% of the garage zone (time step equal to 2.5 s).
Next, the LEL area expanded up to 2.4%, 3.2% and 3.85% for 55, 7.5 s and 10 s, respectively.
While for B source of the LPG leakage, the initial area was similar (1.6%). However, for the
next time steps, the area of the LEL of LPG was more extensive (2.7%, 3.9% and 4.7% for
5s,7.5sand 10 s, respectively).

on of C;Hg
’ [ ] L] ' L] / a L) L ' o
L ° 2 : h‘__l (] o ©
' L a l o .ll a o . o
»_’ ] ] ’ / (] e
h . " : _l . R sy
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Figure 5. Lower explosive limit of LPG distribution in an underground garage after gas dispersion
for A source for different time steps: 2.5s,5s,7.5s and 10s.

Figure 6. Lower explosive limit of LPG distribution in an underground garage after gas dispersion
for B source for different time steps: 2.5s,55,7.5sand 10s.

For longer times, differences in gas dispersion were observed. For A source, a greater
area occupied by gas compared to B source was observed. For the A leakage source, the
LEL area initially took up approximately 4.4% of the garage zone (time step equal to 15 s).
Next, the LEL area expanded to 6.1%, 5.6% and 5.1% for 35 s, 55 s and 70 s, respectively.
For B source of LPG leakage, the initial area was not similar (4.7%). However, for the next
time steps, the area of the LEL of LPG was further extended, and its amounts were 6.4%,
5.2% and 4.7% for 35 s, 55 s and 70 s, respectively. After 70 s for A source, approximately
two parking areas were covered with the leaking LPG (Figure 7); while for B source of
gas leakage, almost the whole LPG, represented as the low explosive limit, was blown
(Figure 8).
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Figure 7. Lower explosive limit of LPG distribution in an underground garage after gas dispersion
for A source for different time steps: 15s, 355,55 s and 70 s.

Mole fraction of C,H,
1x10°

7.5x107

5x10"
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Figure 8. Lower explosive limit of LPG distribution in an underground garage after gas dispersion
for B source for different time steps: 15s, 35 s, 55 s and 70 s.

At the end of the dispersion process, there appeared areas with lower LPG concentra-
tion represented with transparent areas bounded with blue boundary gas. Moreover, when
gas was dispersed from A source (Figure 9), the range represented by the blue boundary
was smaller compared to the gas leakage from B source. However, the thickness of the
blue boundary for B source of gas leakage (Figure 10) was wider compared to A source of
LPG leakage.

Mole fraction of C,H,
1x10°

7.5x10"
5x107

2.5x10"
0x10°

Figure 9. Trace amount of LPG near the end of dispersion for A source.
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Mole fraction of C;H,
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7.5x10"
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2.5x10"|

0x10°

Figure 10. Trace amount of LPG near the end of dispersion for B source.

Moreover, the upper explosive limit indicated that after 35 s, LPG was observed only
for A source of leakage (Figure 11); while for the B source, LPG was not detected (Figure 12).

Mole fraction of C,H,
1x10°
7.5x10"
5x10

2.5x10"
0x10°

Figure 11. Upper explosive limit of LPG dispersion for A source for different time steps of 15 s, 355,
55sand 70 s.

Mole fraction of C;H,
1x10°

7.5x10"

5x10"

2.5x10"
0x10°

Figure 12. Upper explosive limit of LPG dispersion for B source for different time steps of 155,35 s,
55sand 70 s.

According to LPG distribution after the duct ventilation application, it was observed
that LPG sensors should be located at the pillars; while for both cases, these locations
appeared inside the leakage areas.

3.2. Jet Ventilation

Jet ventilation was a second analyzed system. The same points of LPG leakage were
investigated. Similar to duct ventilation, gas dispersion described with the lower explosive
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Mole fraction of C,H,

limit for the first 10 s for both cases was not similar (Figures 13 and 14). The comparison
of the duct and jet ventilation for the first source of LPG release indicated a similar shape.
However, for B source of LPG release, gas was stuck to the wall instead of covering the
corner. It was observed that gas dispersion described with the lower explosive limit for
the first 10 s for both LPG leakages was similar (Figures 13 and 14). Initially, gas spread
symmetrically. Moreover, in line with duct ventilation, each time the area represented by
the LEL concentration of LPG was stuck to the wall. For the A leakage source, the LEL area
initially took up approximately 1.8% of the garage zone (time step equal to 2.5 s). Next, the
LEL area expanded to 2.6%, 3.5% and 4.2% for 5 s, 7.5 s and 10 s, respectively. For B source
of LPG leakage, the initial area was similar, and the amount was 1.6%. However, for the
next time steps, the area of the LEL of LPG was more extended, and the amount was 2.7%,
4.1% and 4.5% for 55, 7.5 s and 10 s, respectively.
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Mole fraction of C;H,

Figure 13. Lower explosive limit of LPG distribution in an underground garage after gas dispersion
for A source for different time steps of 2.5s,55s,7.5sand 10s.
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2.5x10—1| O o PP

ox100 =

Figure 14. Lower explosive limit of LPG distribution in an underground garage after gas dispersion
for B source for different time steps of 2.5s,55,7.5sand 10s.

For additional times, differences in gas dispersion were observed. For A source, a
wider area occupied by gas compared to B source was observed. For A leakage source, the
LEL area initially took up approximately 4.6% of the garage zone (time step equal to 15 s).
Next, the LEL area decreased to 5.5%, 5.1% and 3.3% for 35 s, 55 s and 70 s, respectively. For
B source of LPG leakage, the initial area was not similar, and its amount was 4.9%. However,
for the next time steps, the area of the LEL of LPG was more extensive and resulted in 6.7%,
5.5% and 4.4% for 35 s, 55 s and 70 s, respectively. After 70 s for A source, most of the gas
was blown (Figure 15). A similar phenomenon was observed for the second source of gas
leakage (Figure 16). These observations were different from the duct ventilation results,
where after 70 s, LPG released from both sources was still present.
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Mole fraction of C;H,
1x10°

7.5x10"
5x10”"

2.5x10"

0x10°

Figure 15. Lower explosive limit of LPG distribution in an underground garage after gas dispersion
for A source for different time steps of 15s,35s,55s and 70 s.

Mole fraction of C;Hg
1x10°

7.5x10"

5x10"

2.5x1 0-1’ ¥

0x10°

Figure 16. Lower explosive limit of LPG distribution in an underground garage after gas dispersion
for B source for different time steps of 15s,35s, 55 s and 70 s.

At the end of the dispersion process, the blue boundary bounded transparent area
spread wider for both sources of LPG release compared to the duct ventilation system
(Figures 17 and 18). However, the thickness of the blue boundary for both sources of gas
leakage was wider compared to the duct ventilation.

Mole fraction of C;H,
1x10°

7.5x10"

5x10°

Figure 17. Trace amount of LPG near the end of dispersion for A source.
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Mole fraction of C H,
1x10°

7.5x10"
5x10"

2.5x107|
0x10°

Figure 18. Trace amount of LPG near the end of dispersion for B source.

Moreover, the upper explosive limit indicated that after 70 s, LPG was observed for
both sources of LPG release in opposition to the duct ventilation system (Figures 19 and 20).

Mole fraction of C,H,
1x10°

7.5x10"
5x107

2.5x10"
0x10°

Figure 19. Upper explosive limit of LPG dispersion for A source for the following time steps 20 s,
355,55 sand 70 s.

Mole fraction of C;Hg
1x10°

7.5x10"

5x10"

2.5x10
0x10°

Figure 20. Upper explosive limit of LPG dispersion for B source for the following time steps 20 s, 35 s,
55sand 70 s.

Effective air pollution prevention and control measures are required when designing
ventilation systems [36]. The results obtained from this study predict the nature of LPG
dispersion from the chosen source (illegal car parked in an underground garage equipped
with LPG installation), which plays a crucial role in the estimation of proper places for the
sensors [37].
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A comparison of both sources of LPG leakage (A and B) for duct ventilation indicated
that for the time range from 2.5 s to 35 s, the area of LEL concentration for B source of
leakage was higher (6.7%, 21.5%, 21.9% and 22.1% for 2.5s,5s, 7.5 s and 10 s, respectively),
while for 55 s and 70 s the tendency was opposite (Figure 21). It was observed that the
area of LEL concentration for B source of leakage was smaller (7.1% and 7.8% for 55 s and
70 s, respectively), while a comparison of both sources of LPG leakage (A and B) for jet
ventilation indicated that for only 2.5 s the area of the LEL for B source of leakage was
smaller (11.1%). Meanwhile, for the time range from 5 s to 70 s, a higher area of LEL
concentration for A source of leakage was observed.

A-duct 4 B-duct —A-jet «B-jet
8.00

6.00

Area [%]
B
o
o

2.00

0.00

0 20 40 60 80
Time [s]

Figure 21. Comparison of both analyzed systems. Blue plus sign presents A source of leakage for
duct ventilation; Orange triangle presents B source of leakage for duct ventilation; Purple minus
sign presents A source of leakage for jet ventilation; Green circle presents B source of leakage for
jet ventilation.

Furthermore, a comparison of both ventilation systems for the same source of leakage
indicated that, for A source of leakage, a higher area of LEL was observed for the jet
ventilation system for the time range from 2 s to 15 s (20%, 8.3%, 9.4%, 9.1% and 4.5%
for2.5s,5s,7.5s and 10 s, respectively), while an opposite trend was observed for the
time range from 35 s to 70 s (9.8%, 8.9% and 35.3% for 35 s, 55 s and 70 s, respectively).
Additionally, for the time range from 2.5 s to 5 s, there was no difference in the LEL area
for B source of leakage. At a time equal to 7.5 s, and the time range from 15sto 55 s, a
higher LEL area for B source of leakage was observed for jet ventilation (5.1%, 4.3%, 4.7%
and 5.8% for 7.5 s, 15 s, 35 s and 55 s, respectively). Meanwhile, for the times 10 s and
70 s, the opposite trend was observed for B source of leakage (4.3% and 6.4% for 10 s and
70 s, respectively).

3.3. Limitations to the Study

The numerical model was based on one underground garage with three-dimensional
geometry. Moreover, two ventilation systems, jet and duct, were analyzed. LPG emission
was reconstructed from two different points, simulating vehicles in their parking space.
The turbulence model, k—¢, was selected. It must be noted that it was crucial to understand
how LPG flows for different spatial configurations of ventilation systems, so as to indicate
the practical aspect of our model.



Processes 2022, 10, 53 15 of 16

4. Conclusions

Comparing jet to duct ventilation for gas movement, stagnation areas in which gas
remained were observed for duct ventilation only. Moreover, it was noticed that the
analyzed gas would gather in the depressions of the ground, for example in drain grates,
which became a hazardous zone for the users of the facility. The turbulence presence for
the jet ventilation indicated gas flow in an unexpected direction. Therefore, the proposed
CFD model indicated the areas required for LPG sensor application for LPG leakage
detection. The analysis of the blowing ventilation around the garage showed that higher
LPG leakage caused a higher cloud of gas, which increased the probability of ignition and
LPG explosion. For jet ventilation, a very low concentration of LPG in the garage was
present. After 35 s, LPG concentration was lower than the upper explosive limit. Therefore,
jet ventilation proved to be more effective in blowing up dangerous gas to the level of
non-explosive values.
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