
Vol.:(0123456789)

SN Applied Sciences (2019) 1:685 | https://doi.org/10.1007/s42452-019-0700-4

Research Article

Review of common fire ventilation methods and Computational 
Fluid Dynamics simulation of exhaust ventilation during a fire event 
in Velodrome as case study

Sayed Mojtaba Tabibian1  · Maryam Khanian Najafabadi1 · Behzad Shahizare1

© Springer Nature Switzerland AG 2019

Abstract
The main purpose of fire engineering design is to ensure human safety in the situations of fire in buildings, car parks 
and tunnels. Toxic gases and carbon monoxide induced by fire get the life of many fire victims, hence, fire safety ele-
ments like velocity, heat and smoke dynamics have been focused by many researchers to facilitate safe exit in the case 
of fire. The goal of this paper is to review the fire ventilation methods in fire safety and measurement methods used as 
the performance of ventilation systems. Managing the smoke in case of fire can reduce the carbon monoxide that poses 
the deadliest risk to people. Thus, the control and removal of gases and smoke in the case of fire is crucial in human 
safety and saving a property. In addition, this paper conducts a case study on smoke propagation and removal of smoke 
from Velodrome environment in which fire occurred. To conduct this case study, Computational Fluid Dynamics (CFD) 
simulation of exhaust ventilation system for managing smoke in building’s environmental called Velodrome has been 
developed. The results were investigated and analysed in 3-dimensional plane. The results of these CFD simulations show 
that the source of fire can be removed by activating exhaust system, and thus, the risk of fire victims’ s life and damaged 
property can be reduced.
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1 Introduction

Effective smoke control system or ventilation systems dur-
ing fire events is very important for saving lives since that 
bifurcation flow of smoke can reduce smoke propagation 
rates and give more time for passengers to escape. The 
important parameters of smoke extraction in case of fires 
including characteristics of velocity or smoke layer thick-
ness are needed to be investigated by researchers in detail. 
Research done by [1] showed that most deadly factor in 
fire events is due to smoke where a huge quantity of toxic 
gases as a result of an incomplete combustion is released. 
Thus, the development of an effective ventilation system 
is a key element for personnel safety during evacuation 
in fire events. Hence, an increasing number of researches 

on smoke exhaust methods have been presented in 
recent years. Personnel safety in fire events is threatened 
due to various toxic gases, low oxygen content and high 
temperatures.

While the ability to firefighting and rescue as well as, 
high radiation heat, low visibility poses risk evacuation and 
high temperatures also result in an extension of the fire. 
Therefore, smoke management systems are necessary:

• To save lives by facilitating human evacuation and 
extinguishment;

• To reduce risk of explosions;
• To support firefighting operations and rescue;
• To decrease damage to structure, equipment and sur-

rounding facilities in fire environments;
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There are literature reviews on ventilation systems that 
have been published. However, these review papers focus 
only on a specific domain of fire events and specific envi-
ronments. None of these papers concentrate on the com-
prehensive analysis of fire ventilation systems in different 
environments with their influence on the air flow motion 
and the methods for fire schematization. For example, the 
study done by [1] provided an overview of road tunnel 
ventilation systems. It gives an overview on numerical 
aspects about fire in road tunnel. [2] presented an over-
view of ventilation strategies in buildings but their focus 
is not on fire events. It has been identified that there is 
no study so far that has been published or written that 
reviews fire ventilation systems in different environments 
such as car park, tunnels and buildings. It is hoped that this 
study provides the knowledge on fire ventilation systems 
for researchers in order to design a well ventilation system 
for the safety when a fire occurs. Hence, we have reviewed 
51 papers on fire events and cluster them on fire Ventila-
tion Methods with environments in which fire occurred 
and measurement methods used as the performance of 
proposed ventilation systems. The major contributions of 
this paper can be summarized as follows:

• Present an introduction of fire ventilation and smoke 
control systems in detail and survey of common fire 
ventilation methods.

• Give an overview on critical ventilation velocity about 
the cases of fire in car park, tunnels and buildings in 
order to raise safety when a fire occurs. This study pro-
vides valuable insights and acts as a guide for research-
ers and industrial practitioners.

• Computational Fluid Dynamics (CFD) simulation of 
exhaust ventilation system for managing smoke in 
building’s environmental called Velodrome is devel-
oped.

2  Literature review

The purpose of this section is to reveal literature related to 
particular area of study and shows some of the fundamen-
tal aspects of the fire ventilation systems.

2.1  Introduction to fire ventilation and smoke 
control systems

The exhaust ventilation system is meant to eliminate 
contaminants. It provides the necessary control of the 
air which is full of contaminants and their sources. In this 
system, particulates, vapours and gases are managed by 
controlling the air. The components of a typical exhaust 
system usually include a hood, a duct, an air mover, an air 

cleaner and a vent or an outlet. Since the hood is where 
the air is drawn into the system and it is relatively close to 
the source of the contaminants, the design of the hood 
must be effective. The main categories of hood are the 
enclosed hood, the partially enclosing hood and the exte-
rior hood [3, 4].

The most mortal factor during fire events is smoke. The 
development of an effective design of ventilation systems 
and smoke exhaust method is the most important pro-
tection measures for human health during evacuation 
in fire events. In the context of this research, fire ventila-
tion systems including smoke production will be named 
fire ventilation. Smoke control during fire ventilation is 
achieved by dilution and evacuation of smoke. It is needed 
that smoke-filled air can be replaced by clean air, which 
is created mechanically in through the portals. Dilution 
can reduce the concentrations of toxic gases to improve 
tenability.

Fire ventilation system uses the extract ventilation to 
catch the contaminants from being breathed by personnel 
in workstations. The three main elements of Fire ventila-
tion system are hood, duct, fan and discharge as showed 
at Fig. 1.

2.1.1  Hood

The entry point of contaminants into the exhaust ventila-
tion system is the hood. The hood is designed to grant 
the necessary amount of air in order to control contami-
nants and draw them into the system. The hood can be 
of a simple round or rectangular opening or it can be 
specially designed for the mentioned purpose. There 
are three types of hood that can be fixed into an exhaust 
ventilation system. The first is the enclosed hood. In this 
type of hood, the amount and speed of air allowed into 
the enclosed cover prevents the contaminants and their 
sources to escape. As for the next type of hood, which is 
the exterior hood, it is usually installed outside and hence, 
far from the source of the contaminant. The right amount 
and speed of air is released to capture any contaminant at 
its furthermost distance from the hood and then, draws 
the contaminant into the system. This amount and speed 
of air is called the capture velocity of the hood. The next 
type of hood is the partial-enclosing hood or also known 
as the receiving hood. It can be defined as the hood that 
receives contaminants. In order for this type of hood to 
function properly, the flow of air must be accurate to 
remove contaminants so that they do not escape [3, 4].

Exhaust hood is widely utilized in many industries like 
metallurgy, mineral, mechanical, chemical, textiles medi-
cine, health and tobacco. Since exhaust hood is widely 
used in the tobacco industry like the other industries. It is 
apparent that exhaust hoods are only efficient when the 
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sources of contaminants are enfolded. Moreover, the effi-
ciency of the hoods decreases rapidly with the distance of 
the sources of contaminants. This is due to the non-direc-
tional of the airflow entering the hood and clean air within 
the hood is also sucked in at the same time. The exhaust 
hoods are often becoming inefficient since they are placed 
at the app position due to access requirement [3].

2.1.2  Duct

The purpose of a duct system is to surround and direct 
the flow of air in a ventilation system from one point to 
another. In an exhaust system, the duct prevents the con-
taminated air from mixing with the workroom air as it is 
removed. In a supply system, the duct directs the supply 
air to the point where it is required. The duct can be con-
sidered as a pathway which the air in a ventilation system 
travel. The most common duct used in ventilation systems 
has a round cross section because round ducts result in a 
more uniformed speed profile within the system. However, 
in certain situations, the other cross-section configurations 
can be used.

2.1.3  Fan

A machine used to generate Flow, be called Fan. The fan 
includes of a rotating arrangement of blades which act 
on fluid or any mass. The rotating assembly of blades and 
hub is known as an impeller, a runner or a rotor. Usually, 
it is placed in housing. This may conduct the airflow and 
also increase safety by preventing any object from con-
tacting the fan blades. The Majority of fans are powered by 
electric motor; however, other sources of power may also 
be utilized like hydraulic motors and internal combustion 
engines. General applications include personal thermal 
comfort and climate control e.g., floor fan or an electric 
table, vehicle engine cooling systems e.g. in front of a 

radiator, machinery cooling systems e.g., inside comput-
ers, ventilation, fume extraction, winnowing e.g., separat-
ing chaff of cereal grains, removing dust e.g. in a vacuum 
cleaner, provide draft for a fire. There are three main types 
of fans. They are axial, cross flow (also called tangential) 
and centrifugal (also called radial).

2.2  Common fire ventilation methods

The fire and smoke distribution in fire situations must be 
controlled by ventilation systems or smoke extraction 
system. Fire ventilation systems and fire situations have 
various philosophies in different environments such as car 
park, tunnels and buildings. Some researchers prefer to 
prevent movement of smoke upstream in fire to be called 
back-layering, others focus on keep low air velocities to 
decrease fire smoke movement. Among types of smoke 
extraction methods, jet fan is one of the most effective fire 
ventilation systems that suppression of the fire and ena-
bles early evacuation. Thus, a number of scalars encour-
age the fire brigades in equipment with a movable jet fan 
in order to improve the fire environment for rescue and 
extinguishment fires [5]. The studies on movable fans have 
showed that the functionality of them is better than the 
fixed fans located at the ceiling because its distance can be 
freely modified to adapt to the complicated fire situations. 
As you can see in Table 1 we summarise all ventilation sys-
tem and methods of measurement in three environment 
Tunnel, carpark, Building.

Figure 2 illustrate 5 categories for ventilation system in 
carpark and tunnel and building. Base on this research in 
the tunnel famous ventilation system is Longitudinal venti-
lation system and, in the building, and carpark Mechanical 
ventilation have high usage base on reviewed papers.

Figure 2 shows the distribution of papers based on their 
analysis tools applied for investigating of measurement 
method in tunnel, building and carpark. As you can see, 

Fig. 1  Common parts of venti-
lation system
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Table 1  Distribution 
of research papers by 
environment, ventilation 
methods, measurement 
methods

Environment Ventilation method Measurement method References

Tunnel Longitudinal ventilation CFD Zhong et al. [6]
Liu and Cassady [7]
Wang and Wang [8]
Li et al. [9]
Heidarinejad et al. [10]
Seike et al. [11]
Musto and Rotondo [12]
Guo and Zhang [13]
Gannouni and Maad [14]
Zhang et al. [15]
Muhasilovic and Duhovnik [16]
Fan et al. [17]
Wang [18]

Experimental Yi et al. [19]
Zhang et al. [15]
Zhong et al. [20]
Tanaka et al. [21]
Tang et al. [22]
Yao et al. [23]
Du et al. [24]
Chen et al. [25]

Water mist Beard [26]
Natural ventilation CFD Fan et al. [17]

Harish and Venkatasubbaiah [27]
Ji et al. [28]
Yuan et al. [29]
Weng et al. [30]

Experimental Kashef et al. [5]
Ura et al. [31]
Ji et al. [32]

Mechanical ventilation CFD Tilley et al. [33]
Weng et al. [30]
Muhasilovic and Duhovnik [16]

Experimental Zhou et al. [34]
Mei et al. [35]

Transversal ventilation CFD Vidmar et al. [36]
Hahm and Igor Maevski [37]

Experimental Du et al. [24]
Yi et al. [38]

Building Mechanical ventilation CFD Wahlqvist and Van Hees [39]
Hostikka et al. [40]
Zhang et al. [41]

Experimental Su and Yao [42]
Natural ventilation CFD Huang et al. [43]

Węgrzyński and Krajewski [44]
Xu et al. [45]

Experimental Su and Yao [42]
Hybrid ventilation Energy performance Yang and Li [46]

Lim et al. [47]
CFD Gao et al. [48]



Vol.:(0123456789)

SN Applied Sciences (2019) 1:685 | https://doi.org/10.1007/s42452-019-0700-4 Research Article

60% of papers used CFD for analysis and 35% of papers 
used experimental methods to do analysis.

There are the different techniques for smoke control 
depending on the type of fire ventilation system to be fol-
lowed at sub-sections:

2.2.1  Common fire ventilation methods in tunnels

Tunnels may require ventilation for different reasons. The 
reasons can be for example, to ensure a sufficient air qual-
ity, to manage the propagation of smoke in case of fire 
or to decrease temperatures to passable limits. Vehicular 
tunnels e.g. rail, metro and road usually require high air 
quality during smoke control and normal operation in case 
of fire, while cable tunnels require smoke control, cool-
ing and a certain amount of air exchange. Station tunnels 
and mine tunnels also require sufficient ventilation for 
physiological, smoke control and cooling requirements. 
Ventilation is essential in most road tunnels to limit the 
concentrations of contaminants to passable levels in tun-
nel. Ventilation systems are also used to manage heated 
gases and smoke that are produced during a tunnel fire 
emergency. Some short tunnels are ventilated naturally 
without applying fans; however, such tunnels could force 

a ventilation system to combat a fire emergency [53]. 
Common ventilation methods in tunnels are longitudinal, 
transverse, Mechanical as described as below:

2.2.1.1 Longitudinal ventilation system Longitudinal ven-
tilation system can be installed in much longer tunnels, 
Depending on the maintenance and fire risk mitigation 
of sufficient air quality. For short tunnels that are three 
kilometres or less in length, longitudinal ventilation sys-
tem is usually applied due to lowest construction cost. 
Smoke movement using longitudinal ventilation involves 
extracting smoke through a predetermined route down-
stream of fire and preventing smoke from spreading 
upstream. Hence, the minimum air speed is needed to 
prevent smoke from spreading against longitudinal ven-
tilation flow. This is important in longitudinal ventilation 
mode. The critical speed should prevent smoke back-lay-
ering. Moreover, a suitable airflow velocity should prevent 
smoke from infiltrating the branches that are used for 
pedestrian evacuation [24]. The simplest form of ventila-
tion in tunnel is Longitudinal ventilation that consists of 
fresh air and exhaust air. The level of pollution raises along 
the tunnel due to air flow direction and vehicles pass from 
one end to the other with generating emissions.

Table 1  (continued) Environment Ventilation method Measurement method References

Car park Mechanical ventilation CFD Deckers et al. [49]
Enright [50]
Tilley et al. [33]
Viegas [51]

Experimental Merci and Shipp [52]
Deckers et al. [49]

Fig. 2  Summary of ventila-
tion system applied in Tunnel, 
Building, Car park
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2.2.1.2 Transverse or  semi transverse ventilation sys-
tem Transverse ventilation systems employ remote-
controlled dampers to extract the smoke close to the fire 
location. In these systems, the location of evacuating the 
concentrated smoke will be limited to the location of the 
smoke source. The effectiveness of these systems in con-
trol of air/smoke flow depends on confining smoke within 
a short region and on the capacity of smoke extraction. 
Monitoring of air or smoke movement in controlled oper-
ation of transverse ventilation related on correct air or 
smoke velocity readings, i.e. location of the sensors and 
their validity in fire situations [9, 15].

2.2.1.3 Natural ventilation systems In this method, the 
smoke produced by a fire was aerated through the open-
ings in the ceiling, providing a natural buoyancy of hot 
smoke. The distance from the fire to the incline position 
of the spreading smoke and the thickness of smoke layers 
along the ceiling were investigated by changing the heat 
release rate and using two types of median structures 
experimental parameters. It was clarified that the smoke 
spreading distance was constant and independent of the 
heat release rate of the fire under the experimental condi-
tions. Moreover, it was confirmed that the thickness of the 
smoke layers in the tunnel thinned out quickly due to the 
natural ventilation [23, 35].

2.2.2  Common fire ventilation methods in buildings

Ventilation systems move outdoor air into the buildings, 
and distribute the air within them. The building ventilation 
systems generate clean air for breathing by diluting the 
pollutants originating in the buildings and eliminating the 
contaminant from them. There are three basic elements in 
building ventilation systems:

1. Airflow path: the overall airflow path in a building 
which should be from clean zones to dirty zones;

2. Ventilation rate: the quantity of outdoor air provided 
into the space and the quality of outdoor air.

3. Air distribution or Airflow pattern: the external air 
should be delivered to each part of the space in an 
efficient method and the airborne contaminants pro-
vided in each part of the space should be eliminated 
in an efficient method.

Three ventilation systems are applied in buildings: natu-
ral, mechanical and hybrid (mixed-mode) ventilation as 
described here.

2.2.2.1 Mechanical ventilation system Mechanical ven-
tilation systems are driven by Mechanical fans. Fans can 
be installed in windows or walls, or exhausting air from 

a room or installed in air ducts for supplying air. The kind 
of mechanical ventilation systems related to climate. For 
instance, a positive pressure mechanical ventilation sys-
tem is used, in warm and humid climates. In these climates, 
infiltration needs to be prevented to decrease the intersti-
tial condensation. Conversely, in cold climates, negative 
pressure ventilation is used as exfiltration is prevented to 
reduce interstitial condensation. For a room with locally 
generated pollutants, such as a kitchen, toilet or bath-
room, the negative pressure system is often used [18, 23]. 
Ventilation systems are used in air-conditioned residential 
buildings in order to keep an acceptable indoor air quality. 
According to outcome of evaluating various ventilation 
strategies, it was finalized that the most appropriate venti-
lation strategy for air-conditioned residential buildings is 
short-term mechanical ventilation. However, there is still 
no a general design framework of short-term mechani-
cal ventilation strategy for determining the appropriate 
design parameters, including ventilation frequency, start 
concentration of ventilation and ventilation period based 
on  CO2 generation rate, various combinations of indoor, 
infiltration rate, net room volume, and mechanical venti-
lation rate [53, 54].

2.2.2.2 Natural ventilation system Natural ventilation sys-
tem due to reducing use of energy in building is efficient 
strategy. The effect of natural ventilation system is sig-
nificant for buildings with high internal heat generation, 
for example commercial office buildings. This is because 
naturally ventilated buildings are becoming increas-
ingly popular in Japan. According to review paper done 
by [55] the design of naturally ventilated buildings was 
analysed to compare the representative air change rates. 
The measurement results from studies shows that ventila-
tion performance depends highly on the design and no 
strong correlation is found between the air change rates 
and floor areas. It is noted that, the performance of natu-
ral ventilation systems is considerably dependent on the 
building shape, that during the early stages of building 
design is generally discussed. It is important to provide a 
clear target air change rate in range of achievable values 
for natural ventilation in early design stage and consider 
this target throughout the building design process. One 
of the best strategies for lessening the energy usage in 
building is designing of the natural ventilation [53, 55].

2.2.2.3 Hybrid ventilation system The active ventilation 
systems in building which eliminate excess contaminants, 
heat and humidity from indoor environment, could be 
large energy consumers. In order to provide desired venti-
lation flow rates for all of the floors of a multi-story building 
and reduce the energy consumption is proposed a stack-
based hybrid ventilation scheme. The most advantages of 
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this hybrid scheme are when the required ventilation flow 
rate is beyond the one that pure buoyancy-driven venti-
lation schemes or the building has many floors. the opti-
mal interface between the MVFs (mechanically ventilated 
floors), NVFs (naturally ventilated floors) and the vent sizes 
of different NVFs which guarantee a balance between the 
desired ventilation flow rate, room air temperature, and 
the heat inputs within the occupants’ spaces, are derived. 
The design procedure is presented for stack-based hybrid 
ventilation scheme [46]. These hybrid ventilation systems 
adjusting the use of each system based on the time of 
day or season of the year have drawn worldwide atten-
tion. Hybrid ventilation technology provides sustainable 
development and energy saving and fulfils high require-
ments for indoor environmental performance by optimiz-
ing the balance between energy use, indoor air quality, 
environmental impact and thermal comfort [47, 48].

2.2.3  Common fire ventilation methods in car park

Underground car parks are common in urban or densely 
populated areas. These car parks can be associated with 
being exposed to risks such as fire and explosions. As such, 
fire safety is an important issue in managing underground 
car parks. Studies related to this issue such as those con-
ducted on car park ventilation systems and available sta-
tistics on heat release rate from recent car fire experiments 
with modern cars and various setups show that fires in car 
parks should be a cause of concern even though car fires 
usually do not spread and therefore, there are less injuries 
and few deaths. However, a fire that consumes cars can 
bring detrimental effects to car owners and substantial 
structural damage can result in cases in which fire spreads 
between vehicles. The full-scale experiments on new cars 
have showed high fire HRR amounts which exceed 16 MW 
when three cars were on fire. The constant fire spread 
between cars and high heat release rates were due to the 
severe heat transferred to the neighbouring cars. However, 
there were several fires in various car parks in countries 
where these situations have been applied and the fire has 
extended to many cars. Ventilation systems effect in large 
car parks causes a decrease of the temperatures and thus, 
in order for a slower fire spread from the initial burning car 
to the neighbouring cars, the air flow must reach the fire 
source. Placing the position of fire in a recirculation zone 
shows that air flow will basically bypass it and effect of the 
ventilation will be very limited. In addition, fire sources 
near a wall provide a more challenging condition for heat 
control (SHC) system and smoke. This is because the fire-
induced flows are stronger, and the fire development is 
faster. These affects the forced ventilation in which the air 
flow can reach the fire source and the air flow momentum 

can be strong enough to defeat the flow resistance pro-
vided by the fire-induced smoke flow [5, 44].

2.2.3.1 Mechanical ventilation system Jet fan ventilation 
systems are preferred over traditional ducted systems as 
ventilating pollutants from large spaces such as car parks. 
This ventilation system induces additional airflow within 
the environment by producing a high discharge thrust 
and velocity using the axial fans located at the ceiling of 
environment. Smoke and heat will be discharged from 
exiting portal within environment. It is very important 
to consider the selection and situation of jet fans inside 
environment for controlling the smoke/air velocity and 
avoiding smoke penetration through open cross-passage 
doors. Jet fan ventilation systems induce the turbulence 
in air and smoke movement. Thus, installed fans destroy 
the existing smoke layer within the smoke-filled zone. Jet 
fan ventilation systems activate upstream fans by activa-
tion of fans downstream of the fire location [5, 23]. These 
ventilation systems provide a low-pressure region down-
stream and an overpressure upstream of the fire.

3  Design methodology and parameters

Previous section reviewed the various types of ventilation 
systems and the existing common fire ventilation meth-
ods. It discussed the basic ideas behind ventilation sys-
tems with a centralize on the methodologies as well as on 
the requirements for systems of fire ventilation in various 
environmental for example car park, tunnel, and building. 
As result, one of the objectives of fire engineering design is 
life safety in the case of tunnel, buildings and car park. The 
fire events and its effects to the fire environments should 
be controlled, usually by ventilation systems. These sys-
tems play a key role in human safety and provide tenable 
environment. Ventilation system should provide passable 
air quality for the safe passage of users in order to simplify 
rescue situations during fire event. This Section describes 
the fire simulation and smoke spread using the CFD model 
in a Velodrome environment.

In order to optimize a smoke-control system, a CFD 
simulation for modelling requires multiple input param-
eters, a geometric setup and related physical models rep-
resenting physical phenomena that will be used with focus 
on the safety issue. The simulation of the smoke spread 
using CFD in case of fire in Velodrome will be done due to 
human safety. Therefore, the obtaining trust in CFD and 
boundary conditions and grid size are important. CFD 
models usually need large capacity computer worksta-
tions or mainframe computers. In CFD models, the space 
is divided into many cells and uses the governing equa-
tions to solve the move of mass and heat between the 
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cells. The governing equations include the equations of 
conservation of momentum, mass and energy. These 
partial various equations can be solved numerically by 
algorithms specifically developed for that purpose. For 
smoke management applications, the number of cells is 
generally in the range from tens of thousands to millions. 
Due of the very large number of cells, CFD models avoid 
the more generalized engineering equations used in zone 
models. Through the use of small cells, CFD models can 
test the situation in much greater detail and account for 
the impact of irregular unusual air movements and shapes 
that cannot be addressed by either algebraic equations or 
zone models [53].

4  Numerical simulation set‑up

A schematic presentation of set-up for simulations set-up 
has been shown at Fig. 3. As seen at Fig. 3, we have 4 points 
that fresh air jet fan and also fresh air doors come from 4 
side of Velodrome. We have installed exhaust systems as 
longitudinal in Velodrome in 4 zone. Fire cases were cre-
ated in two positions for simulating behaviour of smoke 
propagation in various times.

5  Mesh generation

Total number of the elements in mesh generation is 
reached up to four million. The Fig. 4 show that 3-D View 
of mesh generation respectively in Velodrome Model. As 
you can see in these views, mesh cell near fire are very 
small to create accuracy of model for simulation.

6  Boundary condition

The most integral section of any Computational Fluid 
Dynamics (CFD) problem is the description of its bound-
ary conditions. Therefore, it is required that the user 
understands and uses the boundary conditions correctly, 
wisely and effectively and also comprehend its role in 
the numerical algorithm. If the boundary conditions are 
not determined correctly, then the solution might result 
in blunders and if they are not applied wisely, then the 
problem-solving time may increase multiple. Different 
types of boundary conditions are used in CFD for Various 
conditions and purposes are as follows:

• Inlet boundary condition
• Outlet boundary condition
• Wall boundary conditions
• Constant pressure boundary condition.

The design fire is assumed to be 4 MW by rectangular 
duct with 3  m3 with mass flow rate of 11.8  kg/s and 
with density 1.165 kg/m3 and velocity of fire 3.376 m/s 
as shown at Table 2. In this model created the model 
of fire as a fluid zone with heat generation source with 
amount of 4 MW. The properties of fire fluid as illustrate 
in Table 2 in two different positions in Velodrome as we 
set it accordingly.

We defined 5 zone of boundary condition as you can 
see in Table 3 and named: Outlet, Fire-Inlet 1, Fire-Inlet 
2, Fresh-air-doors, fresh-air-in. By considering to bound-
ary condition, velocity inlet is adopted for fresh air inlets 
form doors. Outflow was chosen for exhaust ducting 

Fig. 3  Schematic presentation 
of Velodrome as modelled in 
the simulations
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system. The wall boundary condition was taken to be 
adiabatic, and was applied on the solid walls of Velo-
drome. A velocity boundary condition was prescribed 
at the Velodrome Inlet. A free pressure outlet boundary 
condition was used for the Velodrome Outlet. The tem-
peratures of the ambient air were assumed to be 300 °K.

Velodrome consist floors, ceilings, walls, was assumed 
as the concrete. Four unit of jet fan were defined as 
showed in Fig. 5 to blow air inside and air velocity was 
defined at each fan is 31405 CFM and velocity 3.66 m/s 

and temperature of 300 k as depicts that conduct through-
out duct with Area of 4 m2 into Velodrome. There are four 
doors can assist to intake fresh Air that assumed velocity 
of each door 0.2 m/s and Temperature of 300 K was speci-
fied as an air inlet in the natural ventilation situations as 
shown Table 3 we assumed eight-unit exhausted system 
to remove smoke from Velodrome with each fan capac-
ity 22175 CFM and extracted smoke throughout Duct as 
outlet. Besides, the mechanical ventilation included smoke 
exhaust mode and air supply mode. A rectangular duct 
protrudes from the wall to create a velocity initiated close 
to the fire. This duct-mounted makeup air vent serves as 
the makeup air that will produce the maximum interaction 
between the flame zone and the fire. The magnitude of the 
velocity, as well as the location and size of the duct vary in 
each simulation configuration.

Fig. 4  3-D Mesh generations in 
Velodrome

Table 2  Fire parameters

Mass flow 
rate of 
smoke 
(kg/s)

Area of fire 
 (m2)

Density (kg/
m3)

Velocity of 
Fire (m/s)

Smoke 
tempera-
ture (k)

11.8 3 1.165 3.376 629.9

Table 3  Parameters of Velodrome configuration and ventilation 
system

Parameter Value

Velodrome cross section area 85.5 m (width)_124 m 
(length)_13.5 m 
(height)

Volume properties: 
1.2327e+014 mm3

Velodrome ceiling height above ground 13 m
Design fire heat release rate (HRR) 4 MW
Smoke extraction rate 22175 CFM
Air flow generated with each jet fan 31405 CFM
Effective opening area per duct 4 m2 for duct
Velocity fresh air from each door 0.2 m/s

Fig. 5  Summary of measurement methods tools applied in Tunnel, 
building and car park
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Ducting system in Velodrome throughout jetfans that 
velocity of fan inlet is 31405 CFM and each outlet has 2000 
CFM. CFM stands for cubic feet per minute (airflow). The 
measurement is taken when the ceiling fan is on its high-
est speed and uses both the volume of air and the rate at 
which it moves.

The computational area includes a generic Velodrome 
segment with a dimension of 85.5 m (width)_124 m (length) 
and 13.5 m (height) with Total number of the elements in 
mesh generation is reached up to four million. Boundary 
conditions are assumed for the four side of the Velodrome 
segment that was modelled. Total effective extraction rate 
achieved at the fire location was calculated based on the 
velocity and the downstream air flow as well. Four unit 
of jet fan were defined to blow air inside and air velocity 
was defined at each fan to be 31405 CFM, with the velocity 
of 3.66 m/s and temperature of 300 °K that is conducted 
throughout duct into the Velodrome. There are four doors 
that assist to intake fresh Air with assumed velocity of each 
door to be 0.2 m/s and temperature of 300 °K was described 
as the air velocity inlet of the natural ventilation system. 
Eight-unit exhaust system is assumed to remove smoke 
from Velodrome with the fan capacity of 22175 CFM to 
extract the smoke throughout the duct as outlet. Besides, 
the mechanical ventilation included for smoke exhaust 
mode and air supply mode. This model is analysed in plac-
ing fire far from exhaust ducts that is being analysed below.

7  CFD modeling and analysis

In this section, the effects of ventilation airflow field as well 
as CO concentration inside Velodrome have been analysed 
and presented. Simulations were also executed for CO con-
centration, Velocity and Temperature, to simulate of growing 
environment in Velodrome is done to design and propose an 
improved air circulation system that provides a desired aver-
age air current speed. The design of air circulation system 
with perforated air tubes is able to improve the air move-
ment at Velodrome. The four units of air jets on the perfo-
rated air tube have helped to expand the coverage of air 
flow at Velodrome.

CFD simulations are analysed to show the effects of duct 
mounted ventilation on the fire. This analysis concentrates 
on the effect of the increased air velocity on the mass flow 
rate of the fire as well as the smoke layer interface height 
within the Velodrome.

8  Smoke analysis of case study

The position of fire is located in far from exhaust system 
ducts in ceiling and Centre of Velodrome that smoke prop-
agation, velocity and Temperature are analysed according 
to exhaust system.

To study the effect of variations of each individual 
parameter, only one parameter is changed between each 
case. This rolling baseline scheme, where a single param-
eter is modified in a simulation case, is used to identify 
unique impacts of each parameter. Variation sequences 
for the analysed cases are summarized in Table 4.

The engineering analysis employed Computational 
Fluid Dynamics (CFD) modelling techniques to simulate 
and visualize the smoke flow behaviour for the cases 
described above. Case A was different from Case B with 
the different position of fire. Figures 6 and 7 shows smoke 
pattern and propagation in different times 0–90 min when 
exhaust system turned “OFF” (a), and exhaust systems 
turned “ON” (b).

Compared to a fire located at the Velodrome, for a fire 
on the lane near the Velodrome wall that is far from the 
exhaust duct, as shown in Fig. 6, the required critical veloc-
ity to maintain the Velodrome visibility and tenability was 
required to be increased by 20%. Supplemented by smoke 
extraction, a modified critical velocity of 3.0 m/s can con-
trol the smoke back layering, which is an increase com-
pared to the case with the fire cantered in the Velodrome.

9  Conclusions

This paper presents a review of the literature that analyses 
the use of fire ventilation methods in fire safety and meas-
urement methods used as the performance of ventilation 
systems. We conclude that ventilation system can play a 
main role in the ensuring human safety in Tunnel, Building, 
Carpark. Hence, ventilation systems have attracted huge 
attention of academics and practitioners. In this research, 
we have identified longitudinal, mechanical, transitive, 

Table 4  Summary of simulation cases developed

Case ID Case description

Case A Mechanical ventilation system with smoke 
exhaust, fire is assumed located at the cen-
tre of Velodrome far side from exhausted 
system

Case B Mechanical ventilation system with smoke 
exhaust, fire is assumed located at the 
corner of Velodrome between exhausted 
system
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natural, hybrid ventilation as ventilation methods in Tun-
nel, Building, Carpark and around 60% of papers used CFD 
method to analysis their works.

In additional, the behaviour of fire in building’s envi-
ronmental named Velodrome and the effect of ventila-
tion system were studied. We proposed a Computational 

Fluid Dynamics (CFD) simulation of exhaust ventilation 
system for controlling smoke and air flow pattern dur-
ing fire condition in Velodrome. The CFD model would 
give a clear picture on smoke movement and control in 
the case of fire. Performance of our ventilation system 
in two different location of fire sources (case A and B) 

Fig. 6  View of the smoke propagation in PPM, Exhaust system “OFF” (a) and Exhaust system “ON” (b) in case A after 10, 20, 50, 90 min
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were evaluated and the result showed that the effect 
of fire plumes on case B is better due to near opening 
of exhaust system and critical ventilation velocity is 
related to fire location in the Velodrome. As result, based 
on analysis of case A and B, higher performance of the 
exhaust system has been achieved with Case B.

It is important to consider the fire location in design of 
smoke ventilation system. The smoke ventilation system 
can be designed to slow down the smoke layer descent 
rate or keep an acceptable smoke layer height to extend 
the smoke filling time. By considering the overall per-
formance of our ventilation system, a critical velocity of 

Fig. 7  View of the smoke propagation in PPM, Exhaust system “OFF” (a) and Exhaust system “ON” (b) in case B After 10, 20, 50, 90 min
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2–3 m/s, and operation of 20 duct with a total face area of 
80 m2 was discovered that it is able to manage the smoke 
within a fire zone.
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