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Abstract: An explosion occurred during the ignition process of a Class B fire at a firefighting training facility for ship firefighting in
N State, USA, resulting in injuries to an assistant instructor. Because this environment closely resembles fire scenarios on ships, it is
essential to quantify safety measures to ensure occupant protection and establish operational standards. To evaluate fire safety, vector
analysis was conducted using Pyrosim based on Fire Dynamics Simulator (FDS) to assess smoke and heat flow. The results were
quantified and visualized to analyze the smoke control performance and its impact on occupant safety. To evaluate the effectiveness of
the smoke control equipment, an automatic opening vent and exhaust nozzle were examined, and the smoke flow and temperature
changes corresponding to each system were analyzed. Their findings demonstrated that both systems effectively prevented smoke and
heat accumulation, thereby reducing additional risks. In particular, the automatic opening vents were confirmed to be more suitable for
emergencies.

Keywords: Smoke control equipment, Flow analysis, Fire, Pyrosim, FDS

1. Introduction Cho and Kim utilized Pyrosim and Pathfinder to assess the

On May 9, 2024, an explosion occurred during the ignition pro- progression of cable fires and evacuation times in the main con-

cess of a fuel fire at a ship firefighting training facility in N State, trol room of a thermal power plant [3].

USA. Consequently, an assistant instructor sustained severe burns Choi and Kim employed Fire Dynamics Simulator (FDS) to

. reconstruct explosion hazards and secondary explosion scenarios
and was rescued after a delayed evacuation [1]. P Ty exp

. . . . by incorporating the combustion characteristics of acetone and
According to the fire chief, the primary cause of the accident Y P & 4

. . o . L . dodecane, which have different flash points [4].
was insufficient ventilation, leading to the ignition of vaporized
.. . Building on these previous studies, herein, we simulate an un-
fuel gases. Additionally, the downward accumulation of smoke & P
. . . controlled fire scenario, similar to a facility in the N state, within
and heat hindered rescue operations and exacerbated the severity
L a facility designed and operated for the same purpose as the inci-
of injuries.
s o . . dent site.
This incident highlighted the necessity of establishing a safer
) ) ) This study investigates the dispersion behavior of heat and
operational environment to ensure the safety of occupants in fire- » ) )
. o . . . smoke under such conditions and analyzes the associated risks as
suppression training facilities. In this study, the effectiveness of ) )
o - ) the fire progresses. The effectiveness of smoke control equip-
the existing and additional smoke control equipment for manag- . . . . . .
ment in managing fluid dynamics during fire events is assessed
ing smoke and heat in uncontrolled Class B fires was analyzed. . . o
by reflecting on the specific characteristics of Class B fires.
Several previous studies have investigated fire dynamics using

computational fluid dynamics (CFD). Koo and Choi analyzed the 2. Research Method
causes of fire and explosion incidents in enclosed storage tanks

2.1 FDS Modeling Conditions

In this study, FDS was used to analyze the smoke and heat

by examining the wind direction and vaporized fuel gas behavior

using CCTV footage and CFD simulations [2].
flow behavior in fuel fires under various smoke control
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conditions. FDS is a CFD software optimized for fire, smoke, and
heat transfer simulations based on the Navier—Stokes equations.
The fire scenario was simulated for 300 s after ignition, and the
resulting smoke and heat were analyzed [5].

First, a portable fire-training facility at the Korea Institute of
Maritime and Fisheries Technology in the M region was selected
as the simulation environment. This facility, specifically de-
signed for shipboard fire response training, was modeled under
conditions in which Class B fires occur and smoke and heat are
not effectively controlled because of the non-operational state of
the dust collector, with only the smoke barrier wall being active,
similar to the situation at the facility in the N State.

In this study, a simulation scenario was developed assuming
that the dust collector, originally intended to extract smoke and
heat, was nonoperational, thereby replicating the uncontrolled
fire conditions observed at the incident site. This scenario was
designated as Case 1.

The research procedure is summarized in Figure 1. The sim-
ulation variables were set by adding two types of smoke control
equipment: vertically ventilated exhaust equipment and horizon-
tally ventilated exhaust equipment, in addition to the baseline
condition. Pyrosim, which is based on the FDS model, was used
to conduct simulations for each case, and numerical results such
as the detector response time and threshold time were derived.
Smokeview (SMV) was used to analyze smoke and heat re-

sponses.

Select Location & Code & Scope & Case

Set parameter of each case

|

Pyrosim

Calculate response & limit time of each case

SMV

Analysis of Safety with result data
(Smoke dispersion, Thermal reaction)

Figure 1: Flow chart of analysis

Table 1: Variables in simulation

Variable Value Unit
Location size 1,795.20 m?
(x Xy x2z) (13.6 x 16.5 x 8.0) (m)
Mesh size 0.001 m3
(x Xy x2z) (0.1 x0.1x0.1) (m)
Number of grid 1,795,200
(xxyx2) (136 % 165 x 80) pes
Ambient temperature 293 Kelvin
Heat Release Rate per Area 142.93 kW/m?
Air density (at 20°C) 1.204 kg/m?
Gravity acceleration 9.81 m/s?
Specific heat of air 1.005 kJ/kg- K

Table 1 presents experimental conditions, including the di-
mensions of the simulation domain and specific heat capacity of
air at an ambient temperature of 20 °C.

Based on these conditions and the results of Equation (4),
1,795,200 computational grid cells were used for modeling. Pro-
truding structures were simplified during the modeling process

for optimization [6].

Q 2
= e’ o
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D _ cpToye
o = el )
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Here, Q represents the heat release rate per unit area, D is the
dimensionless characteristic diameter, dy is the grid cell size, T,
denotes the absolute temperature of air, p, is the air density, g
represents the gravitational acceleration, and Cp is the specific
heat capacity of air.

Owing to the computational nature of the software, the accu-
racy of the simulation was highly sensitive to the grid size, and
the computational time required for analysis varied significantly.
The grid resolution was defined based on the ratio between the
dimensionless characteristic diameter and the cell size.

To determine the appropriate grid size according to the heat
release rate, the following approach was applied. Equation (2)
was used to calculate the dimensionless characteristic diameter,

which was then divided by the grid cell size. The default value
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Figure 2: Optimization of grid size

Table 2: Specification of surface material

Material Variable Value Unit
Density 2000.0 kg/m?
Specific heat 0.75 kJ/kg' K
Concrete —
Conductivity 1.6 W/m-K
Emissivity 0.9 -
Density 750.0 kg/m?
. . Specific heat 1.04 kJ/kg- K
Fire brick —
Conductivity 0.36~0.45 W/m-K
Emissivity 0.8 -
Density 750.0 kg/m?
Specific heat 1.04 kJ/kg K
Steel —
Conductivity 0.36~0.45 W/m-K
Emissivity 0.8 -

was then applied to Equation (3) to estimate the optimal grid size
range for calculating the heat release rate.

The optimized grid size range for the heat release rate is shown
in Figure 2 [7].

The optimization process was conducted over 30 s, during
which the grid size was set as a variable under a fixed heat release
rate. The objective was to identify the grid size that converged to
the heat release rate value. Based on accuracy verification and
resolution optimization, a grid size of 0.1 m was selected for the
simulation.

Table 2 lists the materials and properties defined based on the
design drawings during the modeling process. The walls were
concrete, the interior walls of the fire chamber were fire-resistant
bricks, and the exhaust ducts were steel. The properties of iden-
tical materials were assigned their default values. In addition, the
height, thickness, and length of the smoke barrier wall, as speci-

fied in the design drawings, were implemented accordingly [8].

The simulation variables included two types of smoke control
equipment: a single automatic opening vent installed at the top of
the training facility, and four exhaust nozzles mounted on the up-
per sidewalls. For thermal fluid analysis within the space, Pyro-
sim 2024.2.1209 was used for preprocessing in FDS to calculate
the response and threshold times for each scenario, and SMV was
used for post-processing to visualize the results [9]. Finally, the
simulation results for smoke flow and heat response were ana-
lyzed to assess potential hazards with respect to the standard of

life safety for occupants and facilities.

2.2 Governing Equations for Pyrosim Analysis

Pyrosim is a software tool designed to seamlessly integrate and
enhance the capabilities of FDS. It is used to define fire sources,
configure smoke control equipment, and analyze various param-
eters, such as smoke flow, heat transfer, velocity, temperature,
carbon dioxide concentration, and toxicity. In this study, Pyrosim
was used to evaluate the impact of smoke control equipment on
smoke and heat flow behaviors during fuel fires [10].

For turbulence modeling, direct numerical simulation (DNS)
can be used to resolve all eddies at all scales. However, consid-
ering computational efficiency, large eddy simulation (LES) was
adopted in this study because it focuses on analyzing large-scale
turbulent structures while modeling smaller eddies to optimize
computational performance. In LES, eddies larger than the des-
ignated grid size are explicitly resolved, whereas smaller eddies
are modeled to enhance computational efficiency. The governing
equations used for turbulence analysis are presented in Equa-

tions (5)-(9).
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Here, u; represents the velocity vector, u; denotes the trans-
formation vector, T; is the turbulent stress, T57 i ¥ refers to the sub
grid scale turbulent stress, fq; is the fluid resistance force,

my’ represents the particle evaporation rate, fy, is the external
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force, hg denotes the enthalpy associated with temperature
changes, q'" is the heat release rate per unit volume, qj," refers
to the particle heat release rate, and q'' represents the heat flux
due to conduction and radiation.

Equation (5) is the LES momentum equation, a fundamental
equation in CFD that is used to analyze the flow behavior within
the grid-based computational domain.

Equation (6) is the continuity equation, which is the basic
equation used in the analysis, and represents the relationship be-
tween the mass flow rates. It models fluid flow based on the prin-
ciple of mass conservation.

Equation (7) is the momentum conservation equation that de-
scribes the changes in momentum as a product of fluid mass and
velocity. This equation is used to analyze the fluid flow behavior
caused by fire-induced conditions.

Equation (8) is an energy conservation equation that analyzes
the total energy changes resulting from the heat and smoke gen-
eration during a fire. It is used to calculate the fluid velocity and

assess changes in fluid behavior owing to energy variations [11].

p=2 9)

Here, P represents pressure, p denotes density, R is the gas
constant, T represents temperature, and W refers to the molecu-
lar weight of the gas mixture.

Finally, Equation (9) shows the ideal gas equation used for
the chemical reaction analysis. It describes the inversely propor-
tional relationship between pressure and volume. This equation,
which incorporates the molecular weight of the gas mixture, is
particularly applicable under low-pressure and high-temperature
conditions that are common in fire scenarios [12].

Table 3 summarizes the main functional models applied to the

computational dynamics simulations. LES was used to resolve

Table 3: Main functional models

Model / Method
Turbulence modeling LES

Category

Based on mixture fraction
Finite volume method (FVM)
Buoyancy driven flow

Combustion model

Radiation model

Smoke movement

Ventilation modeling
Wall heat transfer
Grid resolution

Natural only

Solid Material heat conduction

Uniform cartesian grid

Boundary condition Based on fixed and vent

large-scale turbulent structures while modeling smaller eddies for
computational efficiency. A mixture fraction-based combustion
model was employed to calculate the combustion reactions based on
the fuel-air mixing ratio. Radiative heat transfer was simulated using
the finite-volume method, and smoke movement was modeled as
buoyancy-driven flow induced by temperature-dependent density
differences. Ventilation model was used natural only to simulate
smoke and heat behavior, similar to actual uncontrolled fire environ-
ments. The heat conduction through the compartment boundaries
was considered using solid-material conduction models. To ensure
sufficient resolution, a computational grid was constructed using a
uniform Cartesian mesh determined based on the characteristic fire
diameter.

The boundary conditions were defined to reflect the geometry and
airflow configuration of the training facility. Fixed boundaries were
applied to the walls and ceilings, whereas vents and openings, such
as skylights and fans, were set as pressure or velocity boundaries,
depending on their operational state. The fire source was specified
with defined heat release parameters to reproduce realistic fire be-

havior under uncontrolled conditions.

2.3 Parameter Conditions

In this study, three scenarios were established to analyze and
compare smoke and heat flow behaviors under various smoke
control conditions during a fire. To achieve this, scenarios were
designed to simulate an emergency in which the dust collector
had failed, leading to a loss of fire control. Under these condi-
tions, the installation of additional smoke-control equipment was
set as a variable.

Table 4 presents the three cases used in the analysis. Case 1
represents an incident in which the dust collector is not opera-
tional, leaving only the smoke barrier wall.

This case study analyzes the natural spread of smoke within
the training facility. Case 2 applies the same conditions as Case
1 but adds an automatic opening vent installed at the top of the
training facility to assess the effectiveness of the vertical smoke
flow control. To optimize the size and number of vents, the area

where heat and smoke leaked from the fire chamber in Case 1,

Table 4: Variables in 3 cases

Case Additional setting of smoke control equipment
1 None
2 Automatic opening vent(AOV)
3 Exhaust nozzle(EN)
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which formed a laminar flow that accelerated upward, was meas-
ured. Based on the measured area and location, a single automatic
opening vent with a size of 1.0 m? was installed at the vertical
smoke flow path. The vent was designed to open automatically
when triggered by the smoke detector. [13].

Case 3 also applies the same conditions as Case 1, but utilizes
horizontal smoke flow control by installing exhaust nozzles
along the upper sidewalls of the training facility. To optimize the
location and number of nozzles, the heat and smoke flow patterns
analyzed in Case 1 were used to identify the areas where the re-
verse pressure gradients were formed.

Based on this analysis, four exhaust nozzles with 0.25 m? of
total area were installed, resulting in the same total exhaust area
as the automatic opening vent in Case 2. Similar to Case 2, these
exhaust nozzles were designed to open automatically when trig-
gered by the smoke detector at the top of the training facility. The
performance of this equipment was analyzed and compared

against that of other cases [14].

2.4. Evaluation Criteria for Risk Assessment

In this study, the performance of smoke control equipment was
evaluated based on the Performance based design evaluation
standard guidelines provided by the Korea Fire Agency [15].

Table 5 summarizes the occupant safety criteria specified in
the guidelines. The key risk factors are categorized into four
types: respiratory safety limit, thermal effects, visibility reduc-
tion, and toxicity effects [16]. The respiratory safety limit was set
at a height of 1.8 m above the floor, where smoke detectors with
an obscuration rate of 5 %/m were installed as fire-training facil-
ities to measure the presence of smoke. At the same position, heat
detectors and oxygen (O:), carbon dioxide (CO2), and carbon
monoxide (CO) sensors were also installed to measure risk of
respiratory exposure to toxic substances due to the presence of
hazardous gases in smoke, concentration levels of these sub-

stances and the risk of inhalation burns caused by heat exposure.

Table 5: Standard of occupant life safety

Category Performance criteria
Respiratory limit 1.8m from the floor
Effect of temperature 60°C or less
Effect of visibility Smor less
Component | Standard of toxicity
o CO 1,400 ppm
Effects of toxicity
CO2 5% or less
()] 15% or more

3. Results and Discussion

3.1 Risk Assessment by Case

The quantified results of the smoke detection timing for each
case are presented in Table 6. These results represent the time at
which smoke detectors were activated in each scenario. The nu-
merical differences between the smoke control equipment applied in
each case were quantified based on the smoke detection timing to
demonstrate the effectiveness of each smoke control equipment.

In Case 1, in which the dust collector was shut down during a
fuel fire, a smoke detector was installed near the ceiling at a
height of 6.5 m from the floor detected smoke at 19.8 s. The
smoke then gradually descended, eventually reaching the detec-
tors installed at the respiratory safety limit height of 1.8 m, where
smoke was detected at 124.2 s.

In Case 2, the automatic opening of the vent was triggered
based on the activation time of the ceiling detector as that in Case
1. In Case 3, the exhaust nozzles were similarly triggered at the
same detection time. The smoke detectors installed at the respir-
atory safety limit height (1.8 m) and placed 1.0 m along the X
axis from smoke barrier wall responded in both cases detected
smoke after 249.8 and 145.5 s in Cases 2 and Case 3, respec-
tively.

To further analyze the smoke and heat flow characteristics and
visualize the differences caused by the smoke control equipment,
the smoke flow was visualized at each detection time for the ceil-
ing and respiratory safety limit detectors.

Visualizations were generated using SMV, with the viewpoint
fixed to a 2D frontal cross-section for all cases. Using the Vector
function of SMV, the heat distribution at each detection time was
compared across cases, focusing on the temperature range from
20°C (ambient temperature) to 60°C, which is the threshold for
inhalation burns.

Figure 3 shows the temperature distribution for Case 1 at each
critical time point, as viewed from the 2D frontal cross-section.

(a) illustrates the flow behavior at 19.8 s, which is the detection

time of the ceiling smoke detector in Case 1. In this scenario,

Table 6: Smoke detector detection point for each case

Detection point of smoke detector (sec)
Case Ceiling
(6.5m from floor)

Respiratory limit line
(1.8m from floor)
124.2
19.8 249.8
145.5
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Y Smoke
.| detected |

(a) 6.5 m SD detected at 19.8 s

temp
©

d Smoke detected 4 I

(b) 1.8 m SD detected at 124.2 s

Figure 3: Case 1 smoke and heat dispersion

when the dust collector installed at the top of the fire chamber
was inactive, the fire-induced upward flow caused heat and
smoke to accumulate at the height of the smoke barrier wall. Ow-
ing to this accumulation, vortices were formed near the inner up-
per boundary of the fire chamber. As the descending smoke flow
crossed the smoke barrier wall, it formed a vertical laminar flow
with increasing temperature, pressure, and velocity, eventually
reaching the upper part of the facility.

(b) illustrates the flow behavior at 124.2 s, the detection time
of the smoke detector installed at the respiratory safety limit (1.8
m above the floor). At this point, the accumulated smoke reached
the breathing zone, and the temperature exceeded 50°C, indicat-
ing that thermal exposure posed a secondary hazard to occupants.

Figure 4 shows the pressure and temperature distributions for
Case 2 viewed from both the top and front 2D cross-sections at
each critical time point.

(a) illustrates the flow behavior at 19.0 s, which represents the
condition before the automatic opening vent was activated. This
visualization, captured at a height of 6.5 m, shows the formation
of a reverse pressure gradient area. The laminar flow was formed
when the fire-induced airflow reached the upper part of the train-
ing facility. It collided with the ceiling, generating a pressure-rise
zone. Based on this analysis, the automatic opening vent was in-

stalled at this location. (b) shows the flow behavior at 124.2 s

after the vent opened, to compare with Case 1. At this point, the
smoke layer lifted, and the air temperature decreased compared
to Case 1. (c) shows the flow behavior at 249.8 s, after the auto-
matic opening vent was triggered and the smoke descended to the
respiratory safety limit. Heat and smoke were discharged at a
high flow rate through the vent, which was installed at an optimal
location to minimize flow resistance.

The overall flow characteristics were similar to those in Case
1 except for the upward flow through the vent. However, because
of'the installation of the dust collector, the temperature was lower
than that in Case 1, and an additional 125.6 s of evacuation time
was secured, demonstrating the performance improvement
achieved by the system.

pres
[

fﬁ
] i
“i Concentrated
' pressure 4

ed smoke layer |
Decreased temp' )

(¢) 1.8 m SD detected at 249.8 s

Figure 4: Case 2 smoke and heat dispersion
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Figure 5: Case 3 smoke and heat dispersion

Figure 5 shows the pressure and temperature distributions for
Case 3 viewed from both the top and front 2D cross-sections at
each critical time point.

(a) illustrates the flow behavior at 19.2 s, which represents the
condition before the exhaust nozzles were activated. This visual-
ization, observed at a height of 6.5 m, focused on the reverse
pressure gradient areas, where four exhaust nozzles were in-
stalled symmetrically.

The upward flow first collided with the ceiling, spread hori-
zontally along the ceiling surface, and then collided with the side-
walls, forming pressure-rise zones at these locations.

(b) shows the flow behavior at 145.5 s, after the exhaust nozzle
were activated and the smoke descended to the respiratory limit
line.

According to the numerical results, an additional 21.3 s of
evacuation time was secured compared to Case 1.

The analysis also revealed that at the respiratory safety limit,
the smoke reached the detectors 104.3 s earlier than in Case 2.
This numerical difference indicates that under identical exhaust
areas, the vertical smoke flow generated by the automatic open-
ing vent in Case 2 was more effective than the horizontal smoke
flow induced by the exhaust nozzles in Case 3.

The flow analysis demonstrated that under the same exhaust

area conditions, the vertical flow was more efficient for smoke
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Figure 6: Smoke temperature of each case

exhaust than the horizontal flow.

Figure 6 shows the temperatures at the respiratory safety limit
height (1.8 m) measured at the same position as the first smoke
detector that detected the smoke in each case. This allowed for a
direct comparison of temperatures across different cases.

In Case 1, in which no dust collector was installed, the temper-
ature reached a maximum of 102.8°C, and the respiratory limit
exposed to risk of inhalation burns was 65.7 s.

In Case 2, where the automatic opening vent was installed, the
temperature remained at approximately 40°C, confirming that
there was no risk of inhalation burns throughout the 300-s dura-
tion.

In Case 3, where exhaust nozzles were installed, the tempera-
ture exceeded 60°C after 145.8 s, eventually reaching a maxi-
mum of 84.0°C.

Figure 7 shows the smoke layer with the temperature and op-
timized EN, viewed from the front 2D cross-sections at the de-
tection point of each case.

(a) Illustrates the flow behavior with smoke layer at 145.5 s
for comparison with Case 3. At this point, the smoke layer lifted
with a more stable condition than (b) of Figure 5.

(b) shows the stabilized smoke layer with flow behavior at
249.8 s, representing the condition after the optimized exhaust
nozzle is triggered, compared with (c¢) of Figure 4.

Figure 8 shows the temperatures at the respiratory safety limit
height (1.8 m) for each case, similar to that shown in Figure 6,
but with the exhaust nozzle area set to optimize the smoke tem-
perature. To achieve an effect similar to vertical flow, the total
area of the exhaust nozzles was set to be 4.8 times larger than that

of the automatic opening vent. The results confirmed that the

Journal of Advanced Marine Engineering and Technology, Vol. 49, No. 2, 2025. 4 68



Do-Yeong Park *

H5S

(a) Smoke and heat dispersion of optimized EN at 145.5 s
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Figure 7: Smoke and heat dispersion of optimized EN
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Figure 8: Smoke temperature with optimized parameters

exhaust nozzles achieved comparable thermal performances in
terms of temperature and response time. However, the efficiency
was lower than that when the area was increased.

This suggests that horizontal-flow-based exhaust systems can
be considered in situations where the design makes it difficult to

apply vertical-flow-based exhaust systems.

4. Conclusion

This study simulated emergency situations that could occur at

a portable firefighting training facility, and analyzed smoke and

Myeong-Ho Song * Jun-Ho Kim

heat flow behaviors under different smoke control conditions us-
ing additional smoke control systems as variables. The results
obtained from these simulations were compared and evaluated to
assess the performance of each system. Fire and smoke flow
analyses were conducted using Pyrosim based on the FDS to con-
firm the effect of each smoke control system on smoke dispersion
and temperature rise control.

1. In Case 1, in which no smoke control system was installed,
the smoke spread rapidly and the smoke detector at the res-
piratory safety limit was triggered at 124.2 s. This case pro-
vided a baseline evacuation time for occupants under emer-
gency conditions in which the dust collection system fails.

2. In Case 2, in which an automatic opening vent was installed,
smoke was exhausted using a vertical upward flow. The
smoke detector at the respiratory safety limit was triggered
at 249.8 s, securing an additional 125.6 s compared with
Case 1. Furthermore, Case 2 demonstrated a 104.3s im-
provement compared with Case 3, in which exhaust nozzles
were applied.

3. In Case 3, exhaust nozzles were installed, and smoke was
exhausted using a horizontal flow. The smoke detector at
the respiratory safety limit was triggered at 145.5 s. The
temperature at the respiratory safety limit exceeded 60°C
after 145.8 s, indicating that horizontal flow control was rel-
atively less effective than vertical flow control.

4. The performance comparison between the automatic open-
ing vent and exhaust nozzles (with a total area 4.8 times
larger) revealed that both equipment exhibited similar ther-
mal and temporal performances. However, the automatic
opening vent achieved this performance with a considerably
smaller area, confirming that vertical flow-based smoke ex-
haust was more efficient and effective as emergency smoke
control equipment.

This study quantitatively assessed the safety of a portable fire-
fighting training facility in emergency scenarios, demonstrating
the performance of existing smoke control equipment and sug-
gesting potential risk reduction through the application of addi-
tional equipment. Furthermore, the findings of this study can be
applied not only to firefighting training facilities, but also to en-
gine room fires on ships, particularly in scenarios involving sky-
lights and exhaust fans. A comparison between vertical and hor-
izontal flow behaviors is expected to contribute meaningfully to
the development and improvement of onboard fire suppression

systems and related research.
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As a numerical analysis using software under idealized condi-
tions and restricted cases, this study may involve discrepancies
from actual scenarios. Therefore, future studies incorporating ex-
perimental comparisons are necessary to enhance the applicabil-
ity and validity of these findings. However, it can serve as a base-
line reference for understanding smoke and heat flow behaviors
in fuel fires, evaluating the performance of smoke control equip-
ment, and proposing additional equipment. These findings can
also be applied to improve the design of existing training facili-

ties or develop new firefighting training facilities.
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