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ABSTRACT

Fire behavior and smoke spread are influenced by various factors, including the amount and condition of
combustible material, ventilation openings, and ceiling height. A high amount of combustible material in
the auditorium poses a significant fire hazard, hence, efforts need to be made to minimize the risk. One
approach is to use Computational Fluid Dynamic software, such as Fire Dynamics Simulator (FDS), to
model fire combustion. In this research, it provides an overview of the heat release rate (HRR) of fires that
occur as well as the effect of differences in ceiling height and the effect of ventilation on fire spread. This
research employed Polyurethane foam, commonly used for auditorium seats, as the sample material.
Furthermore, it modeled two fire points, one on the 9th floor and the other on the 10th floor, in the middle
of seat rows. The development of fire in the modeling was described by the results of visualization, HRR,
burning rate, and temperature rise. These results provided insight into the speed at which fire and smoke
spread. The starting point on the 9th floor had the highest flame spread rate due to the ceiling jet
phenomenon, where a high amount of combustible material caused the ceiling temperature to increase,
producing a heat flux that could burn surrounding seats. In both scenarios, the smoke spread rapidly toward
the ventilation openings. However, it was denser on the 9th floor as the starting point was farther from the
ventilation openings, and the smoke on the 10th floor was less dense.
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I. Introduction

According to the Decree of the State Minister of Public Works with Number
11/KPTS/2000 concerning Technical Provisions for Fire Management in Urban Areas, the
auditorium falls under fire hazard risk classification 4. This classification signifies a high
fire hazard risk due to the presence of a large quantity and content of combustible materials
[1]. Based on data from the DKI Jakarta Provincial Statistics Agency, 429 buildings caught
fire in 2020. A significant number of these fire incidents were caused by electrical
disturbances or cigarette butts [2]. Unfortunately, fire has recently occurred in Indonesia,
particularly in auditorium, including the RRI Auditorium Building in Jember in 2022 due to
an electrical short circuit [3], the Nusa Cendana University Auditorium in Kupang in 2021
due to an electrical short circuit [4], and the PPOP Ragunan Auditorium Building in Jakarta
in 2019 caused by cigarette [5]. Based on the magnitude of activities and losses resulting
from fire, it is imperative to take measures to prevent its outbreaks by understanding the
characteristics of fire and smoke spread. Some of the factors influencing the characteristics
of fire and smoke spread include combustible material, structure, air openings, etc.
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With the development of technology, a device called the Fire Dynamics Simulator
(FDS) can be used to determine the characteristics of fire and smoke spread during its
occurrence in a particular location. This device provides information on the rate of heat
release, smoke spread, and temperature, which enables the prediction of the potential fire
phenomenon and can also help in conducting a review of the fire safety aspects of the
auditorium. Previous research supported the use of this technology, for example, Valasek
and Glasa (2017) modeled a fire in a cinema or auditorium with an area of 12 m x 16 m for
60 seconds. It was found that the temperature continued to increase beyond 370°C within 20
seconds, and the reat release rate (HRR) reached 400 kW, while smoke filled the ceiling of
the room [6]. Huang et al. (2018) discovered that the HRR in a cinema can reach 10.000 kW
within 900 seconds, and the polyurethane foam material poses a significant danger [7].
Research on this phenomenon, flame spread in motorcycle parking areas compiled by Nanda
Yola, concluded that the wind and the starting point of the fire can affect the speed of its
spread [8]. The research conducted by Ria Sari, difference in fuel location, indicated that the
number of combustible material sources, the distance between them, and the compartment
system influenced fire spread [9]. This practical engineering approach allows the modeling
of fire, which provides valuable insights into the level of danger posed and an additional
review of the safety aspects of Ki Hajar Dewantara Building Auditorium.

This research was conducted by modeling a fire in the Auditorium of Ki Hajar
Dewantara building, due to its very large capacity and various activities. In this research, it
will provide an overview of the HRR of fires that occur as well as the effect of differences
in ceiling height and the effect of ventilation on fire spread. The HRR obtained from each
simulation was also emphasized, accompanied by the visualization of the fire and smoke
distribution. Although various materials were in the room, limitations were considered for
the performance of this analysis. In this case, concrete, wood, gypsum, polypropylene,
acoustic panel and polyurethane foam were the materials used in the fire modelling data.
Polyurethane foam is used as a fuel due to its high flammability, compared to other materials.
This foam was the most abundant material in the room, leading to the possibility of
continuous fire distribution. In addition, this research will describe the level of fire hazard
and fire spread caused by differences in ceiling height. and will present the difference in full
development time due to differences in fire location with ventilation.

This research is grouped into several categories, Section 1 described the introduction
and objectives of the research. Section 2 presents the experimental method, and section 3
describes the results and discussion of the analyzed fire modeling. Meanwhile, Section 4
focuses on the conclusions obtained from the experimental results.

I1. Material and Methods

1. Research Method

This qualitative research modeled a fire scenario involving Polyurethane Foam chairs
in Ki Hajar Dewantara Auditorium, State University of Jakarta, using FDS software is shown
in Figure 1. At the beginning of the process, a preliminary analysis was conducted to select
the room to be modeled. This was supported by identifying the problem with the
experimental location. To support the determination of appropriate methods for solving the
identified problems, a literature review was also conducted. Additionally, various
observations, such as room size, materials, and their respective values, were obtained.
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Fig. 1. Research Method Flowchart

FDS is a Computational Fluid Dynamics (CFD) model that utilizes numerical modeling
to solve the Navier-Stokes equations applicable to low-velocity fluid (Ma<0.3), smoke, and
heat movement flow caused by fire [10]. On the other hand, Smokeview is FDS companion
program that can generate images and animations from FDS literacy results. In recent years, this
program has advanced to be able to realistically visualize fire and smoke [11].

Input
(.fds)

Boundary (.0)

3d smake (.53d .
Smokezip [aralr:.‘c?ee((p:b \] Plot3D (.q) deve (.csv)
=llce,\eclur =6) har (Lcsv)
Smokeview

/ — Iso-surface {.isod
Input {.smv) I
g
Boundary {.blave)
2d smoke (.£2d.svz)
Particle (.part.svz)
Slice/vector { sfsvz)|
Iuo—suriacﬂ (iso.svz)

Smokeview

Display

Fig. 2. FDS workflow
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Figure 2 gives an overview of how data files used by the NIST Fire Dynamics Simulator
and Smokeview are related. A typical procedure for using FDS and Smokeview is to : (1)
Set up an FDS input file, a file with a .fds extension (e.g., a file named “casename.fds”). (2)
Run FDS. (e.g. by typing fds < casename.data at a command line). The fire model FDS then
creates one or more output files with extensions .smv, .part, .sf, .q, .bf, .iso . These files are
the Smokeview file, particle file, slice file, Plot3D file, boundary file and isosurface file,
respectively. (3) Run Smokeview to analyze the output files

2. Mesh

Meshing is the process of dividing the fluid component to be analyzed into small and
discrete elements [12]. In FDS, the mesh was calculated based on several parameters, namely
the total HRR (Q), air density (p), gravity (g), ambient temperature (Too), and the specific
heat of the air. Due to the large diameter of the fire and the HRR that could vary over time,
the mesh produced was relatively coarse. However, the mesh could be refined by considering
the size of the combustible material or obstruction in the modeling, leading to a smaller mesh
size without reducing the resolution of the object [10].

2

D x= (m)E ........................................................................... (1)

In this scenario, data with a domain of 24 m x 14 m x 11 m were used for mesh modeling,
and it consisted of a Total HRR (Q) of 559 kW for Polyurethane Foam material, measured
using a cone calorimeter that met the 1SO 5560 standards [13]. The air density (pe) at normal
temperature and not exceeding 50 km above the surface was 1,293 kg/m? [14], and gravity
(g) was 9.81 m/s2. The initial temperature in the room, or ambient temperature (Too), was
301 K. The calculation showed that the maximum mesh that could be used with a relatively
coarse resolution was 0.19 m. Due to the size of the room modeled, the rendering process
took a long time, implying that a mesh with a relatively coarse resolution of 0.15 m was used
to determine the possibility of fire phenomena occurring. It is crucial to note that the
rendering process for this model took up to 2 months.

3. Modeling

The State University of Jakarta auditorium had an area of 432 m2 and a height of 11 m.
The walls were 0.2 m thick, and there was only one inlet air ventilation opening measuring
2 x 0.7m, as well as three outlet air ventilation openings measuring 0.5x0.5 m. Fire in the
modeling was assumed to occur during the day when the doors were closed, and there were
no people inside. According to the ignition handbook, the fire could be caused by several
sources, including cooking equipment, heating equipment, electrical, smoking materials
(cigarettes), or other factors such as negligence and arson [15]. In addition, previous fire
incidents in the auditorium were caused by electrical and cigarette sources [3] - [5].

The chair geometry was assumed to be 0.5x0.5 m in size with a depth of 1.5 m, and the
straight rows of chairs did not follow the original slope because FDS software could only
model objects with straight or rectilinear geometry. The chair material was made of
polyurethane foam and followed the modeling geometry standard specified, with a two-
cushion chair shape [16].

The determination of the starting point of fire was crucial and was based on certain
criteria that posed the highest level of risk in the event of fire outbreak. According to the fire
triangle theory, the presence of oxygen and combustible materials were the primary factors
that contributed to the growth of fire. Furthermore, Drysdale and Macmillan reported that
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fire spread could be significantly exacerbated by blocked airflow caused by walls [17]. Since
this building housed numerous people, the accessibility of the exit route was a critical
consideration when determining the fire modeling scenario for the starting point of the fire.
Consequently, the fire modeling scenario for this origin is described in Table 1.

Table 1. Fire Modeling Scenario

Scenario Starting POint Of Fire Model Name
1 Close to the exit and in the middle of a row of Modeling 1
seats on the 9th floor 9
Close to ventilation and access doors and in the .
2 Modeling 2

middle of a row of seats on the 10th floor

4. Data Collecting

Polyurethane foam was the recommended choice for combustible material due to its
highly flammable nature compared to other materials and also because of the limitations of
FDS, which could only simulate one combustion reaction at a time. Additionally,
polyurethane foam fell under the category of fast-spreading materials [18]. HRR
experimental calculations discovered that a polyurethane foam chair could burn completely
in less than two minutes [13], [19]. The material data used are highlighted in Table 2.

Table 2. Material Data

. Specific L. . Reference Heat of Heat of
Material ICI)—ieat Conductivity - Density Temperature Reaction ~ Combustion
Concrete 0.880 1.40 2300

Polypropylene 1.9 0.24 940 43300
Wood 2.38 0.17 800 19500
Acoustic Panel 1.0 0.06 200 18965
Foam 2.0 0.04 100 295 847 27000
Gypsum 1.0 0.50 500
Plaster

Source: [17],[19],[20]

After all, data had been recorded in Notepad, the command prompt that appeared on the
desktop during FDS installation was used.

I11. Results and Discussions

1. Data Analysis of Fire Modeling |
Heat Release Rate

The Figure 3 is the HRR in Fire Modeling 1. Modeling 1 showed the stages of fire,
which included growth, flashover, full development, and decay. The figure also supported
the discovery of Drysdale that in a compartment of fire with limited ventilation, the full

development period was shorter than the ones with sufficient ventilation [17]. This was due
to the depletion of combustible material or oxygen, which reduced the combustion rate. The
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HRR in Figure 5, the growth period occurred from 5 to 574 seconds, with a range of 45-700
KW. The pre-flashover period in this modeling took longer because the smoke layer
temperature, concentration, and HRR reached a quasi-steady state [21],[22]. When the
conditions were sufficient, a flashover occurred, leading to a significant increase in heat due
to the concentration of monoxide, which reached a peak of up to 70,000 kW. During the
post-flashover or decay period, the HRR returned to a quasi-steady-state phase but did not
reach 0 kW. This was because the burning combustible material was still generating heat,
and the combustion continued until the combustible material and oxygen available in the
room were exhausted [22].

80000
70000
60000
50000
40000
30000

20000

Heat Release Rate (kW)

10000

Fig. 3. HRR Graph of Modeling 1

Fire and Smoke Spread

In Table 3, it was observed that the fire spread followed the shape of the ceiling. The
fire occurred on the 9th floor, with a ceiling height of 2.7 m. In a multi-story building with
a low ceiling height, the fire could rapidly spread from the floor to other open rooms [21].

Table 3 shows the final phases of the ceiling jet, namely the Pre-Flashover and Post-
Flashover Vented periods. During the Pre-Flashover period, the smoke layer had descended
to fire source and suppressed it due to oxygen depletion in the smoke layer. Conceptually,
smoke is the residual combustion product of pyrolysis or a hot plume. At 585 seconds, as
the smoke continued to accumulate, the temperature significantly increased because the
smoke layer temperature around the ceiling had reached a critical value of around 600°C
[22]. This temperature increase caused a heat flux of 20 kW/m, igniting objects with surfaces
directly facing the smoke in a short time in the room [20]. At 630 seconds, the fire reached
the Fully- Developed HRR period at its peak, where unburned gas had accumulated on the
ceiling, causing flames and heat in the compartment ranging from 700°C-1200°C. In the
absence of any extinguishing efforts, fire tended to burn continually until the available
combustible material and oxygen had been exhausted [23]. When the vent opening had not
contained sufficient oxygen, fire entered the Decay period. The HRR decreased
proportionally to the decrease in oxygen concentration, but the temperature continued to
increase for some time because the compartment contained smoke from the combustion
pyrolysis, which had a high concentration and heat and could become a new combustible
material [24].
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Table 3. Fire Spread in Modeling 1

Spread

Sec
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(o))
ol
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oo
ol

630

The visualization of the smoke spread in line with the fire is presented in Table 4.

Table 4. Smoke Spread in Modeling 1

Spread

Sec.
(6]

100 630

Table 4 shows how quickly the smoke spread, contributing significantly to the
destruction of specific building components, such as structures, equipment, and stored goods
with low fire resistance [25]. Within the first five seconds of fire plume/ceiling jet, the smoke
moved horizontally along the shape of the ceiling, and the buoyant gases spread radially
beneath the ceiling in a relatively thin layer. After hitting the wall at 100 seconds, the smoke
began to turn downward, accumulating under the ceiling until it pressed towards the fire
source, with some of the smoke moving towards the 10th floor. At 630 seconds, the smoke
had filled the entire room, and its temperature had risen to 600°C, causing the post-flashover
phase and igniting surrounding objects on fire [20].

2. Data Analysis of Fire Modeling 2
Heat Release Rate

The HRR in Fire Modeling 2 (Figure 4) shows the HRR value rose from 50 kW to 5000
kKW between 5 to 238 seconds, and also increased rapidly to 1300 kW at 259 seconds. The
HRR peak point in this modeling occurred at 410 seconds, with HRR exceeding 30,000 kW.
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This was followed by a decrease to 10,000 kW at 432 to 900 seconds. Notably, during this
decrease, there was a brief spike due to the complex combustion behavior of the
polyurethane foam composite material [26], [27].

Figure 4 also validated the discovery of Drysdale (2011) that compartment fire with
sufficient ventilation or close to its source had a longer fully-developed phase. In Modeling
2, the fully-developed phase occurred between 260 to 432 seconds, with an HRR range of
12000-3000 kW. This was in contrast to Modeling 1, which had a relatively short fully-
developed period of 60 seconds. The time from the growth period to flashover was shorter,
taking only 250 seconds compared to Modeling 1, which took up to 560 seconds. Although
the HRR in Modeling 2 was not higher than in Modeling 1, the fire did not spread through
the ceiling because its height on the 10th floor was higher than on the 9th floor [21].
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Fig. 4. HRR Graph of Modeling 2

Spread of Fire and Smoke

In Table 5, the distance between fire source and the ventilation was relatively small, and
the ceiling height was 5.5 m. In the event of fire, the spread was not extensive and could be
contained within the room or only spread to the area adjacent to its source [21]. In this
scenario, fire tended to move towards the chair that was higher than the burning chair, then
spread towards the wall and reached the ceiling. Although the temperature of fire reached
700°C, it did not spread to burn all the seats on the 10th floor due to the ceiling height being
high enough to prevent heat propagation.

In Table 6, the speed and density of smoke accumulation were only observed on the
10th floor, which was different from Modeling 1 where smoke rapidly filled the entire
auditorium with high density due to the proximity of ventilation to fire source. The smoke
was emitted through the roof opening, and at 5 seconds, the thin smoke reached the ceiling,
continuously growing until it covered the ceiling on the 10th floor along with the number of
burning seats. The smoke continued to build up and filled the 10th floor until 500 seconds.
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Table 5. Fire Spread in Modeling 2
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IVV. Conclusions

Flame spread is influenced by factors such as the location and amount of combustible
material, ceiling height, etc. Specifically, the ceiling jet phenomenon causes fire spread, and
a room with a low ceiling height experience faster and more extensive fire spread following
the shape of the obstacle. Meanwhile, in a room with a high ceiling height, the fire only
spreads in the room and is easier to extinguish. In case a room has poor ventilation or a large
distance between fire source and ventilation, fire tends to take longer before reaching the
flashover period, but the fully-developed period is shorter. This leads to denser smoke spread
and increased room temperature as the smoke fills the room faster and traps the burning
room. In an area with good ventilation or ventilation close to the fire source, fire can quickly
reach the flashover period, but the fully-developed period is prolonged. The room
temperature is not too high due to the influence of outside air, and the smoke can escape
through ventilation, reducing the smoke density.
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