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Abstract – A virtual reality environment offers advanced
simulation abilities for training purposes to increase interactive
learning experience. The aim of this paper is the investigation
and designing of a virtual reality environment to simulate the
fire spread inside a room based on a well-known approach
called Fire Dynamic Simulator (FDS). FDS achieves a realistic
and accurate approach in describing any fire spread, due to its
advanced mathematics formulas and models. The visualization
of the fire spread in a VR system is more realistic by entering
accurate data, which could be provided by the FDS. This
virtual reality application could be used for fire extinguishing
simulations. Utilizing FDS technical scientific methods, we can
borrow and customize them so that we can make a more
comprehensive application in Unity in the future to create a full
environment with multiple possibilities. This might be
supportive for firefighting training and knowledge about how
fire evolves. This offers the opportunity to improve firefighting
training in an ecofriendly virtual environment with affordable
validity, leading in a safe evaluation of fire behavior in various
scenarios that would otherwise be very dangerous to examine.
Keywords – Fire Dynamics Simulator (FDS), Fire simulation,
Fire training simulator, Virtual Reality, Unity 3D
I. INTRODUCTION

Fire initiation and spread is a complicated and a
challenging operation. The simulation of indoor fire has
been rendered in several computational attempts. First
attempts to model such phenomena are the Zone models,
introduced by Jones [1]. The physical and computational
simplicity of these models in fire scenarios has contributed
to their widespread use. However, the rapid development of
computers, as well as the advances in Computational Fluid
Dynamics (CFD) led to the development of new tools,
widely used in indoor fire simulations. The utilization of
those tools allowed the explanation of fire propagation
processes through complex geometries, by integrating a
broad range of physical properties. Such methods are based
on time-completed Navier-Stokes equations and the average
Reynolds equation (RANS) [2].
Fire is a complex topic that can be explained
mathematically, physically, chemically and by various
elements and factors, such as fluid dynamics, combustion,
combustion of associated energy transfers such as radiation,
etc. All these components, which are mathematically
condensed, are part of the computational core of the software
utilized in the particular study. Throughout this time, FDS is
the most used software method by researchers around the
world to forecast fire phenomena [3].
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Fire Dynamics Simulator (FDS) is a powerful
Computational Fluid Dynamics (CFD) model developed at
the National Institute of Standards and Technology (NIST,
Gaithersburg, US). It is written in Fortran 90, which has
been used for modeling a variety of phenomena, such as
pyrolysis, combustion products by fire, spread of fire and
smoke. As its creators mention, ‘‘the model solves
numerically a form of the Navier-Stokes equations
appropriate for low-speed, thermally driven flows with an
emphasis on smoke and heat transport from fires’’ [4].
Our proposed approach, is based on the Fire Dynamic
Simulator (FDS) 6th edition simulation fire models. Our
study concerns simulating the spread of fire with FDS data
in virtual reality. Thus we make the system more accurate if
we rely on real features and data, so that the simulation is
even closer to reality. The outputs of FDS are used as inputs
in Unity 3D script. These measures boost Unity 3D fire
engine models resulting in a more effective simulation of
fire position and a more practical backfire model. In this
paper, we demonstrate that VR is a promising
complementary laboratory method for understanding the fire
behavior and enhancing fire safety. This paper explores the
development of a virtual reality program to teach nonprofessionals in the use of fire extinguishers. Virtual
Firefighting is beneficial compared to firefighting training in
a real environment in terms of health, simplicity and the
preference of training scenarios [6, 7].
II. RELATED WORK
Visualizing models for educational functions is neither a
new concept nor an idea tailor-made to the content material
of contemporary virtual reality. New opportunities for
continuous improvement are more and more arising. There
are few similar papers to ours written for simulated fire
spread. Each of them are operated in virtual surroundings
with simulated fireplace scenarios, even as they face various
obstacles and have different objectives and expectancies.
Thus, we summarize various studies and research carried out
on the simulation of fire and the corresponding training
environments based on virtual reality. Most of the studies
emphasize the benefits of this approach compared to
conventional training methods.
D.L.Tate et al. highlights the importance of virtual reality
in the simulation of fire for training purposes, as opposed to
conventional training [8]. Similarly, studies have been
conducted on the basis of serious games fire-scenario
training to develop user skills in evacuation scenarios [9],
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education for victims 'rescue [10] and children's education
in possible high-risk scenarios [11]. These studies relied on
gaming technology, serious-game, not so much on the
entertainment side as on the leisure side of this technology.
They have thus shown that simulations in a virtual
environment can and do play an important role in the field
of training, much more in fire protection. However,
precisely because they focus on this part of the research, they
leave a large part that needs to be improved and developed,
that of realistic fire simulation based on true fire behavior
data.
The first attempt to simulate fire in a virtual environment
was made by Richard et al. in the Walkthru-CFAST system
[12]. Prior to the advent of Computational Fluid Dynamics
(CFD) and Fire Dynamic Simulator (FDS), this system was
widely used in studies and research if one considers the
simplicity of the system and the quick results it generates.
The weakness was the limited ability to capture geometries,
but also the ability to capture them in 3D depiction.
Another study from Julien et al. (FCTVE), focuses on the
development of a firefighting training system where users
used avatars to execute user commands [13]. The aim of this
study was a home scenario that set fire to rescue training in
certain situations. Fire protection companies were to use this
research, thus they needed a realistic simulation. As a result,
they relied on the simulation of FDS using dynamic data to
spread fire and smoke. However, no further development has
been made in the processing of these data and, accordingly,
accurate data on physical characteristics represented only
the spread of smoke. Another paper [14], presents a
different approach, in which they only use smoke effects.
Smoke Coordinates based on FDS Simulation and they do
not interpret the movement of the fire as it spreads.
An important difference between the particular work and
the related proposals is that we consider other outputs such
as burning time and Mass Loss Rate (MLR), not just the
smoke produced while we use Unity directly without any
simulation technology that can be integrated into real-time
graphics engines and allows physics calculations. Based on
this work we can appreciate that although these approaches
have seen excellent results, they can also achieve more
outcomes based on actual data, by applying FDS, that is fire
modelling software to virtual reality instead of simply
portraying or expanding the fire, thereby bringing it closer
to expression.
III. PROPOSED APPROACH
This paper guides through the development of a virtual
fire training application to offer an insight on designing a
practical training alternative with an immersive learning
practice in virtual reality. Applying VR methods to the
firefighting helps the training process through the
simulations and the potential they offer for easy alternation
of fire scenarios [15]. A good training experience can help
to recall right choices in emergency situations fast. Due to
safety security requirements of real fire training, nonprofessional trainees are learning within limited
circumstances and are not dealing with the impact of smoke
development and the enormous fire growth in indoor rooms.
Nevertheless, the lack of actual fire greatly improves
protection and thus the protective precautions can be

drastically decreased. There is a key iterative aspect from the
point of view of such a VR simulation method for training
firefighters: the simulation of how the fire progresses for
simulation advances. When the trainees are given a rather
unrealistic action of the flames, the immersiveness and
reliability of the simulation will be drastically diminished,
and the training objectives compromised. This is where the
value of the FDS lies in the implementation of mathematical
models describing the propagation of fire with high accuracy
and thus giving the approaching VR system functionality
(Figure 1).

Figure 1. FDS simulation flow

The FDS code function is the estimation of several
physical measurements (temperature, velocity, pressure,
density, chemical composition, etc.) for each time step in
each grid cell. It should also be mentioned that the amount
of quantities that can be defined in each cell is considerably
higher than the quantities that can be measured in an
experiment [4]. The results of the simulation are represented
using Unity 3D.
IV. SYSTEM DESIGN
In general, FDS code uses the 'mixture fraction' model.
This model assumes that combustion is controlled by fuel
mixing and oxidizing phenomena and that the reaction of the
fuel with the oxidant becomes instantly fast. The basic
characteristics of all materials and geometries used in the
test room are based on prototype standards extracted from
experimental studies and measurement of real objects and
ISO standards. The basic characteristics of the materials we
use were measured and modeled in a cone calorimeter
heating system (ISO 5660) [16]. To use in mathematical fire
models, such as Fire Dynamic Simulator (FDS), appropriate
values for the material properties of heat capacity, thermal
conductivity, surface emissivity and ignition temperature are
given.
FDS usage must be legitimate and allow conveniently
enhancing the parameters of the fire script they want to
study. This means that the user only specifies a limited
number of parameters for computations, based on the
physical nature of the problem. The possibilities for data
input mainly concern the geometry of the space required to
be studied, the time in which it is desired to simulate the
phenomenon, the properties of the materials being used (e.g.
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to describe the furniture material), the combustion properties
of such materials (density, temperature of ignition, etc.), and
the computational domain initial external boundary
conditions (e.g. density, temperature, air speed, etc.).
The user defines rectangular objects which are placed in
specific locations, and which should be integrated
harmoniously into the grid. The most important numerical
parameter in the FDS code is the size of the grid, since this
defines the degree of space accuracy. A &MESH is a single
parallelepiped box. The coordinates of the grid follow the
rule of the right hand. The starting point of a grid is defined
by the first, third and fifth values of the integer number
sextuplet, XB, and the opposite angle is defined by the
second, fourth and sixth values. For example, in our test
room we use the following:
&MESH IJK=10, 20, 30, XB=0.0, 3.0, 0.0, 3.0, 0.0, 4.0 /
This defines a mesh that spans the volume starting at the
origin and extending 3 m in the positive direction (x), 3 m in
the positive direction (y), and 4 m in the positive direction
(z). The mesh is subdivided into uniform cells via the
parameter IJK [4]. In this example, the mesh is divided into
10 cm cubes.
The FDS uses time and space calculations with second
order precision. This means that if we reduce a cell's size to
half the equation error will be decreased 4 times, while the
simulation time will be increased 16 times. Consequently,
the denser the grid, the greater the precision of the system,
which is based on the ' high vibration simulation ' process
[3]. In the FDS code, the dimensions of the grid must be
2l 3m 5n, where l, m and n are integers [4]. Via the
parameter T_END the duration of FDS simulation is
defined. For the particular experiment’s test room the
following command line is used to designate the time
execution to 3000 seconds. Time step size has been specified
with DT command
&TIME T_END=3000. DT = 0.01/
We define the properties of each material via the character
string MATL_ID. The character MATL_ID is assumed to be
a list of the materials in multiple layers, each layer consisting
of only a single material component. These properties
describe the velocity of heat and burn corresponding to a
specific material. Each input of the MATL_ID character
gives information about materials thermal properties. The
following example (Figure 2) shows blocks of code material
description used as input in FDS.

to a particular SURF command with the common element
name or ID. The SURF command also helps one to evaluate
the thickness of a wall or material which is a very useful
element that can be used in Unity 3D plugin.
The command & OBST is inserted to describe the walls
as for every solid object which occupies a dimension. In this
particular case we explain the apartment's south wall. The
volume filled by the wall begins for example (Figure 3),
from the point 1.23 of the x-axis and expands towards 1.77.

Figure 3. &OBST command

In the FDS code it is possible to calculate a plurality of
physical sizes (ignition time, HRR, MLR, pressure,
chemical composition, etc.) in each grid cell for each time
step. Typical amounts of output data are radiation or syncope
heat flux, burning time, combustion rate, mass of liquid
droplets per unit volume etc. All output quantities must be
specified at the start of the calculation. In our simulation, the
variables we decided to focus on are the burning time and
the MLR Total (Table 1).
TABLE 1. I.E OF ATTRIBUTES AND VALUES EXTRACTED BY THE FDS
Time
(s)
2.59E+00

Q_TOTAL
(kW)
5.21E+01

2.62E+00

5.83E+01

2.65E+00

5.64E+01

MLR_TOTAL
(kg/s)
9.00E-07

ZONE_1
(Pa)
7.62E+04
7.74E+04

4.19E-07
0.00E-07

7.86E+04

We focused mainly on the aforementioned characteristics
because these two variables define the amount of mass each
material loses over a predefined time step. Each time step in
the output file corresponds to a specific mass loss of
geometry. Hence the total time of burning is subtracted from
the time that MLR has now reached zero and corresponds to
that particular time. Similarly, for the MLR we can conclude
that the average of the values gives us the average mass loss
rate of the material. After the model experiments, it is
reasonable to conclude that as we increase some variables,
such as density, the burn time of the material increases and
the rate of MLR decreases. On the other hand, if we retain
the variables of geometry constant and adjust the runtime of
the model, or the time step, we observe a slight divergence.
This is vital because in the second case if we increase the
timing step, the precision provided by the model decreases.
These two variables (MLR and burning time) along with
atmospheric conditions, orientation and air velocity are the
key elements needed to visualize the spread of fire through
Unity 3D.

Figure 2. &MATL_ID, &SURF_ID character

V. SYSTEM INTERACTION

The SURF command describes the properties of the
boundary conditions (color, thickness, etc.). The MATL
Command defines the thermal properties of each component
(conductivity, density, etc.). Each MATL_ID is connected

The purpose of the development is to provide an
immersive learning application, which should also be
customizable for further development. For the design, we
chose Unity 3D, which is a high-level game engine and
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supports a fast-developing process. So from the CSV file of
FDS, we mostly use burning time (the time required to burn
the material completely) and the Mass Loss Rate (MLR)
while we keep the same integers for Unity 3D plugin about
the geometry of the room and the materials we want to
include inside the room. In Unity3D engine, several
functionalities are already implemented and ready to use.
Particle systems are available and come with great
adjustment possibilities. For identifying and developing 3D
geometries, we used BlenderFDS [3], which is a tool that
allows the graphical creation of simple or complex
geometry. Specifically we created a chair, a sofa and a table
for our experiment and the values we used for each one are
presented in table1. [17].
TABLE 2. FURNITURE VALUES
Furniture

Dimension
(cm)

Density
(Kg/m3
)

Temp.
ignitio
n
(C)

Thermal
conductivi
ty
(W/m/K)

Specific
heat
(kJ/kg/K)

chair
sofa
table

52x48x96
80x38x39
23x23x19

510
48
630

390
435
400

0.113
0.054
0.12

2301
1900
1700

After the data is submitted, the FDS displays us something
identical to the image (Figure 4).

VI. FUTURE WORK
For our current research, Unity 3D was very useful at
guiding us for the first simulation attempt. It appears, of
course, that the Unity script is capable of developing for
future research and so the test room. Since virtual reality
systems and technology are increasingly developing, Unity
is likely to increase the complex of geometers used and the
complexity of the room materials. This means the incoming
FDS data would be increased to provide the data needed for
each material and geometry.
Yet another aspect of further research is the inclusion of
expertise on the reaction of the system and even its
interaction with humans in the process of firefighting
training. The experts but perhaps more, the trainees
themselves will help examine how user-friendly even
practical the program would be, as well as data on
firefighting training progresses. Finally firefighting experts
will be interested in examining and modifying more virtual
objects except extinguishers to dampen the fire, such as
towels, blankets etc.
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Figure 4. FDS depiction

We have inserted the thermal characteristics for this
geometry into the algorithm, and FDs allocate us the time
spreading of the fire and the resulting MLR for this
geometry's combustion process. It seems like 3D
visualization here can be further developed and improved
through unity.
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