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Abstract	
There are several cases of tunnel fires that have led to terrible consequences, for example the 
fire in Mont Blanc tunnel in 1999 where 39 people died. What most fires have in common, 
tunnel fires included, is that fatalities are often caused by the smoke from the fire. Good 
emergency ventilation system and evacuation possibilities will lower the risk for fatalities and 
increase the chance for firefighters to save lives.  

Road Tunnel A is a highway tunnel that is a part of an infrastructure project and is adjacent to 
a car park with exists and entrances and exits directly in the tunnel. The main objective of this 
thesis is to compare natural emergency ventilation system and semi-transverse emergency 
ventilation system in Road Tunnel A and determine which ventilation type that is the most 
suitable method. This objective will be achieved by simulations using the computer software 
FDS (Fire Dynamics Simulator) for each emergency ventilation system with a worst probable 
case scenario. The fire scenario contained a combination of a bus and multiple passenger car 
with a heat release of 50 MW and a heat release peak after 10 minutes. 

Based on simulation results, semi-transverse emergency ventilation is recommended in Road 
Tunnel A. Furthermore, semi-transverse method allows a better control of the emergency 
ventilation system than natural ventilation method because it uses fans and does not depend 
heavily on the weather condition. 
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1 Introduction	
1.1 Background 
There are several cases of tunnel fires that have led to terrible consequences. For example, the 
fire in the Mont Blanc tunnel 1999 where 39 people died (Carvel & Marlair, 2012), the 
accident with a petrol truck in Skatestraum tunnel, Norway, where the roof was close to 
collapse in the 91 meter long tunnel that is located under water (Walderhaug & Mogen, 2015) 
or the fire in the Kitzsteinhorn funicular tunnel in Austria 2000 where 155 people died either 
in the train that was set on fire or by the smoke in the tunnel (Carvel & Marlair, 2012). What 
most fires have in common, tunnel fires included, is that fatalities are often caused by the 
smoke from the fire. In a tunnel fire, smoke spreads faster than in a regular compartment fire 
due to higher heat release and a ventilation system. Moreover, there is an unknown 
environment in a tunnel and smoke causes poor visibility which makes it very difficult for 
people to escape and for firefighters to make a rescue operation. Good emergency ventilation 
system and evacuation possibilities will lower the risk for fatalities and increase the chance 
for firefighters to save lives and extinguish the fire. (Carvel & Marlair, 2012). 

Road Tunnel A is a part of a major infrastructure project that consists of several tunnels, 
metro lines and bus terminals. Road Tunnel A will have entrance and exits to an adjacent car 
park in the tunnel. The tunnel will be a 389.7 meters long highway tunnel, with four lanes and 
will be used by cars, busses and trucks (COWI AB, 2016). 
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1.2 Objectives of thesis 
The main objective of this thesis is to compare two different methods of emergency 
ventilation system in Road Tunnel A and determine which one is the most suitable method. 
The emergency ventilation methods that will be compared are semi-transverse ventilation and 
natural ventilation. Questions that will be answered in this thesis: 

• Which main factors affect each emergency ventilation system? 
• How long time does it take before critical circumstances occur during a fire event 

with natural ventilation? 
• How long time does it take before smoke starts to spread to adjacent underground car 

park during a fire event with natural ventilation? 
• How long time does it take before critical circumstances occur during a fire event 

with semi-transverse ventilation? 
• How long time does it take before smoke starts to spread to adjacent underground car 

park during a fire event with semi-transverse ventilation? 
• Which method is the most suitable in the project? 

1.3 Methodology 
This thesis was carried out in collaboration with COWI. COWI is a consulting firm with more 
than 6400 employees worldwide and one of the leading firms in the world in designing 
infrastructure projects. 

The first step was to carry out a review on literatures on the two methods of emergency 
ventilation system to get an understanding on how they work. 

Next step was to understand regulations to follow when designing a tunnel and its emergency 
ventilation system. This is very critical to establish the design criteria. 

The final step was carrying out simulations using Fire Dynamics Simulator (FDS) software, 
which was used with the user interface PyroSim and Smokeview. Results of these simulations 
were then used to determine most suitable emergency system between semi-transverse and 
natural emergency ventilation method. 

1.3.1 Boundaries	
There will not be any real experiment made, neither full size or in model scale. Other 
variations of emergency ventilation system will not be compared rather than the semi-
transverse ventilation and natural ventilation. The data that will be used to compare the 
methods of emergency ventilation system will come from computer simulations. Only data 
regarding the infrastructure project is used and no other infrastructure projects are included.  
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2 Theory	and	data	
To answer the question “Which of semi-transvers ventilation or natural ventilation is best 
suited for Road Tunnel A?”, it starts with knowing what the purpose of an emergency 
ventilation system in a tunnel is. An understanding on how the different ventilation system 
works and what factors are affecting the emergency ventilation system and the fire gas is also 
needed. 

2.1 Emergency ventilation system 
An emergency ventilation system is different than the normal ventilation system. The latter is 
used during normal operation and the task is to keep toxic substances in the air on an 
acceptable level. The emergency ventilation system is used during an emergency event such 
as a fire to maintain safe environment in the tunnel during the evacuation of people (PIARC 
Technical Committee 3.3 on Road Tunnels Operation, 2007). Both emergency systems are 
dependent on the longitudinal velocity, the thermic- and the buoyancy force of the smoke to 
create a safe and healthy environment. The thermic force of the smoke is dependent on the 
difference between surrounding air temperature and the smoke temperature. The magnitude of 
this force is proportional to the difference between these two temperatures. The buoyancy 
force is dependent of the longitudinal air velocity, which may create a stable smoke layer on 
the upper part of the tunnel. This creates a “smoke free” environment under the smoke layer. 
Any change in the longitudinal velocity may cause the smoke layer to be instable and then fill 
the whole tunnel with smoke. This condition is dangerous because evacuated people will be 
exposed to the smoke (Ingason, et al., 2014).  

2.1.1 Natural	ventilation	
Natural ventilation relies on the thermic force and the buoyancy force that the heated smoke 
has. The smoke rises and settles as a layer just under the roof. The smoke will then be 
ventilated through shaft in the roof or through the entrance and exit portals (Grant & Jagger, 
2012).  

Natural ventilation is dependent on metrological aspects, such as air temperature, pressure and 
wind. These metrological aspects are the factors that affect the longitudinal velocity in the 
tunnel. If the natural ventilation is ventilated through shafts it gets more effective if the wind 
in the tunnel is higher. More efficient shafts lead to higher mass flow rate through the shaft 
and more smoke is ventilated out from the tunnel (Ingason & Werling, 1999). 

The air temperature and length of the shaft affects the efficiency of the shaft. A higher air 
temperature and longer shaft makes it harder for the smoke to press through the shaft and the 
smoke are more likely to spread along the tunnel instead (Ingason & Werling, 1999). 
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2.1.2 Semi-transverse	ventilation	
Traditional semi-transverse ventilation uses a duct that runs along the tunnel axis and shafts 
with fans. In normal use the duct supplies the tunnel with fresh air, see Figure 1. In a fire 
event the system is used to extract smoke and gases by reversing the fans (Grant & Jagger, 
2012).  

 

Figure 1 Semi-transverse ventilation during normal operation, fresh air injection (PIARC Technical Committee 3.3 on Road 
Tunnel Operation, 2011). 

Studies of semi-transverse ventilation systems show that remotely controlled dampers are 
more efficient than traditional semi-transverse ventilation. In traditional semi-transverse 
ventilation, all the dampers in the duct are opened during emergency mode. When remotely 
controlled dampers are used only the dampers near the fire are opened. Instead of extraction 
over a longer section in the tunnel, where fresh air also is extracted and take up capacity, 
smoke can be extracted over a short distance near the fire, see Figure 2 (PIARC Technical 
Committee 3.3 on Road Tunnel Operation, 2011). The semi-transverse ventilation in Road 
Tunnel A is modified by not having a duct and letting the smoke extract directly through the 
shafts with help of exhaust fans. 

 
Figure 2 Semi-transverse ventilation during fire (PIARC Technical Committee 3.3 on Road Tunnel Operation, 2011). 

The longitudinal velocity affects the efficiency of the semi-transverse ventilation. By 
controlling the longitudinal velocity from the beginning of a fire, avoiding extensive smoke 
spread, the smoke can be extracted the smoke near the fire (PIARC Technical Committee 3.3 
on Road Tunnel Operation, 2011). There are no fans that can control the longitudinal air 
velocity in the Road Tunnel A. 
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2.2 Design criteria – NFPA 502 
National Fire Protection Association, NFPA, is an international code- and standard 
organization based in the United States. NFPA sets standards for constructions fire safety 
design that several countries use to determine laws and standards for fire protection in their 
buildings (National Fire Protection Association, 2016). The design criteria for “The Road 
Tunnel” follow the regulations of NFPA 502 – Standards for Road Tunnels, Bridges, and 
Other Limited Access Highways.  

The NFPA 502 states that there is no absolute need for an emergency mechanical ventilation 
for tunnels under 1000 meter long. The NFPA’s criteria for tenable environment are presented 
as a highest limit or as a formula where the time for exposure/time to evacuate is calculated. 
When one of the criteria for tenable environment is unsatisfied, evacuating people are 
exposed to critical circumstances (Technical Committee on Road Tunnel and Highway Fire 
Protection, 2016). 

For radiation heat the limit is 2.5	 𝑘𝑊 𝑚( for 30 minutes or longer. For short time exposure, 
the radiation can be over 2.5	 𝑘𝑊 𝑚(. The time for instantaneous heat exposure can be 
calculated, with a margin of error of +/- 25%, with equation 1  

𝑡*+,- = 4 ∗ 𝑞+,-23.45     (1) 

where 𝑡*+,- is the time for radiation heat exposure and 𝑞+,-  is the instantaneous radiation 
heat and with equation 2  

𝑡*6789 = (5.0 ∗ 102=)𝑇@,A24.B    (2) 

where 𝑡*6789 is the time for convection heat exposure and 𝑇@,A is the temperature for the gas 
in Kelvin (Technical Committee on Road Tunnel and Highway Fire Protection, 2016). 

The visibility limit is set by an evacuation sign that is internally illuminated with a luminance 
of 8.6 cd/m2 is noticeable at 30 meter and doors and walls are noticeable at 10 meter 
(Technical Committee on Road Tunnel and Highway Fire Protection, 2016). 
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The limit for carbon monoxide concentration in the air follows Table 1. 

Table 1 Table over accepted time criteria for a specific concentration of carbon monoxide in the air. Presented in part per 
million (ppm) (Technical Committee on Road Tunnel and Highway Fire Protection, 2016). 

Concentration of carbon monoxide Accepted criteria 

Maximum of 2000 ppm For a few seconds 

Average 1150 ppm or less For the first six minutes of the exposure 

Average 450 ppm or less For the first 15 minutes of the exposure 

Average 225 ppm or less For the first 30 minutes of the exposure 

Average 50 ppm or less For the rest of the exposure 

 

The gas temperature exposed to evacuated people shall not exceed 60 °C. These criteria shall 
be measured 2.5 meter above floor level, 30 meter from the fire and shall not be exceeded for 
at least one hour if not another time can be proved to be used. Another time could be used if it 
is proven that people have evacuated until the criteria is fulfilled (Technical Committee on 
Road Tunnel and Highway Fire Protection, 2016). 

2.3 Design parameters 
The design parameters for emergency ventilation consist of geometrical characteristics of the 
tunnel, metrological aspects, traffic design and the design fire. 

2.3.1 Road	Tunnel	A	geometrical	layout	
The length of the tunnel is 389.7 meter, the minimum vertical clearance is 6.0 meters and the 
minimum horizontal clearance is 17.9 meter. The tunnel is linked in to an underground car 
park via two accesses. The entrance to the car park will be in the beginning of the tunnel and 
the exit of the car park will be at the end of the tunnel. There will be a passive smoke barrier 
between the tunnel and the entrance/exit to the car park that is placed 3 meter above road 
level. The smoke barrier is designed to prevent smoke spread to the car park from the tunnel 
in case of a fire and can withstand a fire for two hours (COWI AB, 2016). 

2.3.2 Traffic	design	
Road Tunnel A is designed to have only unidirectional flow with various of different type of 
vehicles as passenger cars, busses, trucks and more. The geometry of the tunnel allows big 
busses and trucks to enter the tunnel. The traffic flow in the tunnel is assumed to go smoothly. 
However, the traffic can at sometimes be expected to be significantly increased. Hazardous 
materials transportation in Road Tunnel A will be restricted during such times (COWI AB, 
2016). 
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2.3.3 Metrological	aspects	
The metrological aspects affect the ventilation efficiency, as mentioned before, such as the 
wind and the air temperature (Ingason & Werling, 1999). 

The annual average wind speed in the region is approximately 1.5-2.0 m/s but can reach even 
higher (Windfinder, 2016). The average monthly air temperature is between 19 °C as lowest 
and 44 °C as the highest (WMO, 2016). 

2.4 Computational Fluid Dynamics (CFD) simulation to design emergency 
ventilation system 

Computational Fluid Dynamics (CFD) simulations are used in several engineering disciplines 
to analyze fluid dynamics. The CFD calculations are a time-dependent, three-dimensional 
solution of the laws of the conservation off mass, momentum and energy, also called the 
fundamental conservation law (Karlsson & Quintiere, 2000).  

• Mass conservation: Rate of mass increase in a fluid element = Net rate of mass flow 
into the element (Rhodes, 2012).  

• Momentum conservation: Rate of momentum increase of fluid particle = Sum of the 
forces on the fluid particle (Rhodes, 2012). 

• Energy conservation: Rate of energy increase in the fluid = Rate of heat addition to 
the fluid element + Rate of work done on the fluid element (Rhodes, 2012). 

The volume that is under consideration is divided into a large number of sub-volumes and in 
each of these sub-volumes the fundamental conservation law is applied. Because of the 
conservation equation contains as further unknowns the viscous stress components in the fluid 
flow, so-called Navier-Stokes equations, are needed and the solutions are the central in any 
CFD code (Karlsson & Quintiere, 2000).  

Because of the wide range where fluid dynamics is involved no CFD code can single 
handedly cover all the physical and chemical processes of the assumed subject. Problems 
involving fire are solved by different sub-processes that need to be modeled and depending on 
which CFD-code that is used, different approaches of the modeling are required. The most 
important sub-processes are; turbulence modeling, radiation and soot modeling and 
combustion modeling (Karlsson & Quintiere, 2000).  

2.4.1 Fire	Dynamics	Simulator	(FDS)	
Fire Dynamics Simulator (FDS) is a CFD code that is developed by National Institute of 
Safety and Technology (NIST) in the United States. FDS is oriented on fire-driven fluid flow 
using couple of different models; 

• For the hydrodynamic model FDS uses Navier-Stokes equations for thermally-driven 
flow with weight on smoke and heat transport and Large Eddy Simulation (LES) to 
treat the turbulence in the fluid.  
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• For the combustion model FDS uses three lumped species (one lumped species 
represents a group of species) and those lumped species are air, fuel and products.  

• The radiation transport is calculated as a grey gas and the equation is solved using a 
similar technique to finite volume methods for convective transport. The radiative heat 
transfer is included in the model through the solution of radiation transport 
(McGrattan, et al., 2016). The radiation is calculated with help of 100 angels that are 
updated over several time steps. The finite volume methods use about 20% of the total 
CPU during the simulation (McGrattan, et al., 2017).  

When inserting the different yields and the heat of combustion in the CFD model an 
assumption is made, that the fire fuel is one material. This leads to an inconsistency in the 
results from the CFD calculations (Maevski, 2011). 

2.4.2 Smokeview	
Smokeview is a software developed by NIST and is used to visualize numerical predictions 
generated by FDS-models. It is written in the same code language as FDS, Fortran 2003, and 
in the code language C. Smokeview is primarily used to visualize fire phenomena during time 
but are not limited to fire simulation, it can for example also be used to visualize contaminant 
flow and evacuation flow. The data that is visualized is both static and dynamic. Static data is 
visualized by drawing 2D contours, vector plots and 3D level surfaces. Dynamic data is 
visualized by animating particle flow (such as smoke or water), 2D contour slices and 3D iso-
surfaces. 2D contour slice can be visualized as vectors to show the direction, speed and value 
from velocity data (Forney, 2016). 

2.4.3 PyroSim	
PyroSim is a graphical user interface for FDS. PyroSim simplifies and make the creation of 
the input file for the simulation more user friendly by having pre-processing options. Such as 
import CAD-files to create the model in FDS-code, by letting the user see immediate output 
from the creation of the model in both 3D and 2D and the possibility to add ventilation 
systems. Smokeview is also integrated in PyroSim (Thunderhead Enginering, 2016). 

2.4.4 Output	data	from	CFD-codes	
To be able to examine the simulation and compare the result to the criteria and other 
simulations, some output data is needed from the simulations. The output data from FDS can 
be presented in Smokeview or Excel. In Smokeview, smoke mass fraction shows the smoke 
spread and the smoke layer height. Smokeview can also show slice files and vector slices. 
Slice file is a plane in the x-, y- or z-axis and shows a color scheme where different colors 
represent different values. Slice files can show for example visibility, air temperature and 
species concentration. Vector slices are good when velocity is presented. Vector slices are 
like slice files but instead of a plane it is based on arrows pointing a direction. For example, a 
vector slice showing the velocity of the air shows the speed value and the direction of the air 
at the same time. Slice files and vector slices are good when the need to see the big picture. 
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The negative about it is that it is hard to examine the exact results. The output data can also be 
point measured and these results are presented in an Excel file. Point measured devices 
measures, like its name, values that are in a specific point. Point measured values can for 
example be temperature, radiation heat flux, CO-concentration and more. The positive about 
point measuring is that exact result is given in the point. The negative about it is that some 
valuable results can be missed (McGrattan, et al., 2016).  
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3 Creating	the	FDS-model	
The FDS-model was created using the software PyroSim version 2016.1.0425. Pictures over 
the model can be seen in Figure 3. 

 
Figure 3 Screenshot obliquely from above and the front over the tunnel in PyroSim where the roof is hidden. Dark 
transparent boxes represent the shafts and the red box represent the fire. 

The height of the tunnel is 7.5 meters through almost the whole tunnel and the height of the 
model is 11 meters. Having a higher model than the tunnel is needed to be able to examine the 
smoke in the shafts and its efficiency. The road in the tunnel is not flat. The tunnel goes 
downward from the left portal to the middle with a change of 2.0 meters. From the middle to 
the right portal the tunnel goes upwards with a height difference of 1.0 meter. For detailed 
picture see Figure 4. 
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Figure 4 Screenshot over the longitudinal section to show the slope of the tunnel. Box represents the fire placement.The 
smoke barriers are also shown in the picture. 

The length of the model is 411.0 meters and the tunnel is 389.7 meters long, 388.5 meters 
measured straight line, which gives 22.5 meters of the model outside the tunnel to be able to 
examine the flows in and out from the portals. The whole car park is not designed in the 
model, this to shorten the simulation time. Not designing the whole car park can be done 
because the purpose is to examine when smoke is spread to the car park and not to examine 
the smoke condition in the car park. Therefore, only the entrance and exit to the car park is 
designed. The obstructions in the model are set to be inert due to that the exact material 
properties in the construction is not yet known. 8 meshes are used in the model. There are 14 
ventilation shafts and they have an area on 3x3 square meter each and can be seen in Figure 
5.. 

 
Figure 5 Screenshot over the tunnel from above. The yellow squares are the placements of the ventilation shafts. 

For the simulation with semi-transverse ventilation method the shafts are replaced with 9 
exhaust fans with an exhaust of 37.5	𝑚4 𝑠 each. In the simulation, it is assumed that one 
exhausts fan is malfunctioning which leads to a total air flow of 300	𝑚4 𝑠 in the simulation. 
This, to have a more durable system against fan faults. The ventilation exhaust and placement 
comes from already made calculations by COWI, the placements are presented in Figure 6. 

 
Figure 6 Screenshot over the tunnel from below. The yellow squares are the placements of the fans. 
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3.1 Simulation description 
The simulation shall be based on a worst probable case scenario where the fire is proposed for 
the specific scenario (Technical Committee on Road Tunnel and Highway Fire Protection, 
2016). In this case, it was an accident between multiple passenger car and a bus.  

3.1.1 Input	parameters	
When developing the simulation there are many input parameters to consider. The peak heat 
release rate (HRR) of the fire, fuel combustion products, mass burning rate and fire growth 
rate. For a tunnel, the emergency ventilation method, air speed and the cross-section are also 
parameters to have in consideration (Maevski, 2011).  

To estimate the peak HRR for the fire source, there are different methods, such as a given 
peak HRR from manufactures, calculated peak HRR or real size testing for different vehicles 
(Maevski, 2011). In this simulation, data from actual testing program were used, as shown in  
Table 2. 

Table 2 Fire data for typical vehicles in tunnels (Technical Committee on Road Tunnel and Highway Fire Protection, 2016). 

Vehicles 

Experimental HRR Representative HRR 

Peak HRR 
(MW) 

Time to peak 
HRR (minutes) 

Peak HRR 
(MW) 

Time to peak 
HRR (minutes) 

Passenger car 5-10 0-54 5 10 

Multiple 
passenger car 

10-20 10-55 15 20 

Bus 25-34 7-14 30 15 

Heavy god 
truck (HGV) 

20-200 7-48 150 15 

Petrol tanker 200-300 - 300 - 

Notes:  
Experiments shows that 60 % of the single passenger cars fire had reached the peak HRR within 20 minutes and 83% within 
30 minutes. Experiments shows that 70% of the multiple passenger cars fire had reached the peak HRR within 30 minutes. 
Few tests have been done with buses and real fires indicate that the HRR from experiments can be higher. 

From Table 2 the HRR value was taken and set to be a combination of a bus and multiple 
passenger car, 45 MW. To make the simulation more conservative the HRR was rounded to 
50 MW. In NFPA 502 the fire growth is set to that the heat release rate peak shall occur after 
ten minutes (Technical Committee on Road Tunnel and Highway Fire Protection, 2016). A 
widely-used fire growth is the T-squared fire (Föreningen för brandteknisk 
ingenjörsvetenskap, BIV, 2013). The T-squared fire has been found to fit well with the fire 
growth rate for different scenarios. The T-squared fire is expressed as 

𝑄 = 𝛼𝑡(      (3) 
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where 𝑄 is the HRR, 𝛼 is a growth factor and 𝑡 is the time from established ignition (Karlsson 
& Quintiere, 2000). When the HRR and the time is defined equation 3 is transformed to 

𝛼 = H
IJ

      (4) 

to decide the growth factor. The fire growth in this simulation was decided with equation 4: 

𝛼 =
50000
10 ∗ 60 ( = 0.139	 𝑘𝑊 𝑠( 

The HRR curve is pictured in Diagram 1. 

 
Diagram 1 Heat release curve for the design fire. 

When dimensioning the fire HRR in a FDS-model, the Heat Release Rate Per Unit Area, 
HRRPUA, is used. The total HRR in the simulation is dependent on the area of the fire source 
in the simulation, 𝐴. HRRPUA is decided by equation 5 (McGrattan, et al., 2016). 

𝐻𝑅𝑅𝑃𝑈𝐴 = H
R
     (5) 

The area of the fire in the simulation was estimated to be 50	𝑚(	(Caliendo, et al., 2013)	and 
equation 5 gives 

𝐻𝑅𝑅𝑃𝑈𝐴 =
50000
50 = 	1000 𝑘𝑊 𝑚( 
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When developing simulation, it is important to know some key parameters for the fuel. These 
parameters are: 

The heat of combustion/ Energy release per unit mass oxygen – The amount of heat 
produced per kg fuel or the amount of energy released per kg oxygen. 

The soot yield – The amount of soot produced per kg fuel. 

The carbon monoxide yield – The amount of CO produced per kg fuel. 

These parameters are important when analyzing the result from the CFD-model to compare to 
the design criteria. The heat of combustion/energy release per unit mass oxygen affects the 
production of combustion products, the soot yield affects the radiation and the visibility and 
the carbon monoxide yield is needed to estimate the tenability (Ingason, et al., 2014).  

Table 3 shows combustion products from several burned vehicles. These values come from 
actual testing in the EUREKA-program (Caliendo, et al., 2013). 

Table 3 Values of combustion products for typical vehicles (Caliendo, et al., 2013) 

Vehicle 

Yields of combustion products (kg/kg) 

CO2 CO Soot 

Two cars 2.1 0.084 0.08 

Bus 2 0.1 0.05 

HGV 3 0.15 0.025 

Petrol tanker 2.84 0.011 0.038 

 

For this simulation, highest values from two cars and a bus were used, in order to make the 
simulation conservative. The energy release per unit mass oxygen are used instead of the heat 
of combustion due to insufficient data about heat of combustion from vehicles. Fuel 
parameters used in the simulation presented in Table 4. 
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Table 4 The fuel parameters as the soot yield, the carbon monoxide yield from Table 3. Energy release per unit mass oxygen 
from (Karlsson & Quintiere, 2000) with an assumption that 100% of the oxygen consumed. 

Fuel parameters Value 

Soot yield 0.08	 𝑘𝑔 𝑘𝑔 

CO yield 0.1	 𝑘𝑔 𝑘𝑔 

Energy release per unit mass oxygen 13	100	 𝑘𝐽 𝑘𝑔 

 

The mass burning rate for the fire is dependent on the longitudinal velocity. When the 
velocity is at 0	𝑚 𝑠, the mass burning rate is as it highest and is as it lowest at a velocity of 
0.5 − 0.75	𝑚 𝑠. If the velocity is higher than 1𝑚 𝑠 the burning rate starts to grow again. 
Faster burning rate leads to more smoke which leads to reaching critical circumstances faster. 
The dependency of the velocity is mainly because of the radiation feedback from the walls in 
the tunnel and the flame itself (Ingason & Werling, 1999). The wind in a worst-case scenario 
for natural emergency ventilation system would be 0𝑚 𝑠 due to the higher mass burning rate 
of the fire and less efficient ventilation under such circumstances. The temperature should be 
over the average temperature since it is possible for higher temperatures then average and the 
fact that it will make the natural ventilation less efficient. It will also make the thermal force 
smaller and the risk for the smoke layer to sink closer to the ground rises. Therefore, the 
ambient temperature will be set to 46 °C. This temperature was also used in the calculations 
by COWI when designing the semi-transverse ventilation capacity.  

3.2 Grid size 
Like other CFD codes, FDS uses sub-volumes of the considerate volume. These sub-volumes 
are called grid cells and the considerate volume is called a mesh. It is in the mesh the 
calculations are done, everything outside a mesh are not considered (McGrattan, et al., 2016).  

When deciding the resolution of the mesh, the size of the grids, consideration most be given 
to the characteristic fire diameter,	𝐷∗, the height of the model, 𝐻, and the dimensionless HRR, 
𝑄∗ (Ingason, et al., 2014).  

The characteristic fire diameter can be calculated as in equation 6; 

𝐷∗ = H
XY6Z[Y @

(
\
     (6) 

there 𝜑^ is the density of the ambient temperature, 𝑐` is the specific heat for air, 𝑇  is the 
ambient temperature and 𝑔 is the gravity (Ingason, et al., 2014).  
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The dimensionless HRR with consideration to the height is calculated through equation 7; 

𝑄∗ = H
XY6Z[Y @∗ab J     (7) 

Equation 6, regarding the height, and equation 7 can be transformed to equation 8;  

𝐷∗
𝐻 = 𝑄∗

(
\     (8) 

If equation 8 is true, then the grid size cell can be decided with equation 9 

0.075𝐷∗ = 𝛿𝑥     (9) 

where 𝛿𝑥 is the grid cell size. Equation 7, 8 and 9 is specially designed for tunnel fires and 
therefore other similar equation can occur for other scenarios (Ingason, et al., 2014). 

It is important that the mesh have a high resolution near the fire and the fire plume and where 
the activity is high in the simulation; high velocities of air and temperature increases. Far 
away from the fire where the activity is low the grid size can be bigger due to save computer 
capacity and shorten the simulation time (Föreningen för brandteknisk ingenjörsvetenskap, 
BIV, 2013). 

Defined values of input that is needed to calculate the grid size for the mesh near the fire are 
presented in Table 5.  

Table 5 Input that is needed to calculate the grid size. 

Input Symbol Value 

Heat release rate 𝑄 50	000	𝑘𝑊 

Ambient temperature 𝑇  46	°C	(319	𝐾) 

Ambient density1 𝜑^ 1.127	 𝑘𝑔 𝑚4
 

Gravity constant1 𝑔 9.81	𝑚 𝑠( 

Specific heat for air1 𝑐` 1.00	 𝑘𝐽 𝑘𝑔𝐾 

Height of the tunnel 𝐻 7.5	𝑚 

Note 
1 Values from (Elfgren, 2016). 

From equation 6 the characteristic fire diameter is 

𝐷∗ =
50000

1.127 ∗ 319 ∗ 1 ∗ 9.81

(
\
= 4.56 
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From equation 7 the dimensionless HRR is 

𝑄∗ =
50000

1.127 ∗ 319 ∗ 1 ∗ 9.81 ∗ 7.5\ (
= 0.288 

Equation 8 gives 

4.56
7.5 = 0.608 = 0.288( \ 

and therefore, equation 9 can be used 

0.075 ∗ 4.56 = 0.342	𝑚 

and gives the recommended grid cell size on 0.342 meter in the mesh where the fire is in. The 
grid cell size was set to 0.25 meter instead of 0.342 meter to simplify the tunnels construction. 
The fire mesh was the biggest mesh with 2.125 million cells. The grid cell size was doubled 
in the other meshes to shorten the simulation time. This produced total of 3.388 million grid 
cells in the model. 

3.3 Output parameters 
The output data consist of slice files, vector slices and point measured values. Slice files for 
temperature, visibility and CO-concentration is put in the model. Those slice files are on the 
z-axis, on a height from 2.0 meter till 7.5 meter with an interval on 0.5 meter, on the y-axis 
and on the x-axis. Point measured devices is set in some of the shafts to calculate air 
temperature and air velocity. 30 meter from the fire, downstream the tunnel, point measured 
devices is set on a height from 0.5 meter till 7.5 meter, on an interval on 0.5 meter, to measure 
the air temperature. Radiation is point measured along the floor on a height on 1.8 meter and 
5 meter from the fire till 30 meter from the fire with an interval on 2 meter. FDS collects data 
every 5th second from the simulation.  
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4 Result	
Results from the two simulations are presented in this chapter. The simulation with natural 
ventilation system is called simulation 1 in this section and the simulation with semi-
transverse ventilation system is called simulation 2. The two simulations are simulated in 
1200 seconds which took about 12 days each to simulate. 

The following criteria from NFPA 502 are used to analyze simulation results, as shown in 
Table 6. When these criteria are met, people must be evacuated from the tunnel. 

Table 6 Criteria from NFPA 502 for tenable evacuation from the tunnel 

Criteria Value till evacuation is unsatisfied  

Visibility 10 meter at a height of 2.5 meter 

Temperature 60 °C at a height of 2.5 meter 

Radiation 2.5	 𝑘𝑊 𝑚( 

CO concentration 

Maximum of 2000 ppm For a few seconds 

Average 1150 ppm or less For the first six 
minutes of the 
exposure 

Average 450 ppm or less For the first 15 minutes 
of the exposure 

Average 225 ppm or less For the first 30 minutes 
of the exposure 

Average 50 ppm or less For rest of the exposure 
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4.1 Heat release rate 
The heat release rate for the simulation 1 and for simulation 2 is presented in Diagram 2. 

 
Diagram 2 Heat release rate curve for simulation 1 and simulation 2. 

The heat release rate peaks after 10 minutes for both simulations and follows the presented 
heat release curve in the method. In simulation 2 there is an outlier after roughly 415 seconds 
and one after 900 seconds. The outliners will not affect the simulation due to that it is only in 
two points far apart from each other. The heat release follows the heat release curve from the 
method closely except for the outliners. 
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4.2 Visibility 
In Figure 7 and Figure 8 the visibility in the tunnel is shown as a plan view for both 
simulations after 390 and 450 seconds. The view is at 2.5 meter above the tunnel floor. 

 
Figure 7 Snapshot over the tunnel from simulation 1 (top picture) and simulation 2 (bottom picture) after 390 seconds. The 
visibility is measured and shown in different slice files. 

 
Figure 8 Snapshot over the tunnel from simulation 1 (top picture) and simulation 2 (bottom picture) after 450 seconds. The 
visibility is measured and shown in different slice files. 

 

Evacuation criteria are met after 450 seconds for natural ventilation method, and after 390 
seconds for semi-transverse ventilation method. The evacuation is triggered before the fire is 
fully developed. At this stage, the fire has a heat release rate around 25 MW. 

 

(m) 
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4.3 Air temperature 
The air temperature, which is shown at 2.5 meter above the tunnel floor, is shown in Figure 9 
for both simulations.  

 

 

Figure 9 Snapshot over the tunnel from simulation 2 after 1200 seconds. The temperature is measured and shown in different 
slice files at a height of 2.5 meter over the floor. 

The temperature in the air reaches 60 °C close to fire. However, in other parts of the tunnel, 
the temperature is lower than 60 °C for both ventilation methods. Since people inside the 
tunnel will stay away from the fire spot and move to other parts of the tunnel the evacuation 
criteria is not triggered. 

The temperature is also point measured on different heights and is shown in Diagram 3 for 
simulation 1 and in Diagram 4 for simulation 2. The y-axis is the height over the floor and x-
axis is the temperature scale. 
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Diagram 3 Temperature on different heights over the floor. Measured after 300 seconds, 450 seconds, 600 seconds and 1200 
seconds from simulation 1. The temperature is measured 30 meter away from the fire. 

 
Diagram 4 Temperature on different heights over the floor. Measured after 300 seconds, 450 seconds, 600 seconds and 1200 
seconds from simulation 2. The temperature is measured 30 meter away from the fire. 

In the tunnel the highest temperature is around 160 °C at the celling and down closer to the 
floor the temperature has only raised less than 20 °C. From the two temperature diagrams, it 
can be seen a significant rise of the temperature around 4 meters in simulation 1 and 3.5 meter 
in simulation 2 over the floor. From the temperature rise, sometimes an assumption can be 
made that the smoke gas layer is near the temperature rise and would in this case be over the 
evacuating people.   
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4.4 Radiation heat 
The radiation is point measured on different distances from the fire at a height of 1.8 meter 
above the tunnel floor and is shown in Diagram 5. 

 
Diagram 5 Diagram over the radiation heat on different lengths from the fire. Point measured on a height of 1.8 meter. 

Diagram 5 shows that the radiation heat does not reach the limit on 2.5	 𝑘𝑊 𝑚(, even close 
to the fire, in both simulations. The maximum radiation heat is about 0.09	 𝑘𝑊 𝑚(, measured 
at 5.0 meter from the fire in simulation 1. This means that the evacuation criteria is not 
triggered.  
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4.5 CO-concentration 
The CO-concentration for simulation 1 and simulation 2 is shown in Figure 10 and Figure 11 
at 2.5 meters above the tunnel floor. 

 
Figure 10 Snapshot from simulation 1 over the tunnel after 860 seconds. The figure shows the CO-concentration in the 
tunnel at a height of 2.5 meter. The black area represents a CO-concentration of 225 ppm. 

 
Figure 11 Snapshot from simulation 2 over the tunnel after 860 seconds. The figure shows the CO-concentration in the 
tunnel at a height of 2.5 meter. The black area represents a CO-concentration of 225 ppm. 

The CO-concentration in both simulations are approximately equal along the tunnel. The CO 
is under 225 ppm except for one point, near the exit of the car park. During these 
circumstances people have 30 minutes to evacuate before the tunnel considered to not have 
tenable environment. In the red area, the CO-concentration is 300 ppm or less. In these areas, 
people must be evacuated after 15 minutes. The CO-concentration does not get significantly 
higher during the simulations than in Figure 10 and Figure 11. 

  

(ppm) 



Ludwig Jerräng Carlstedt 

25 

4.6 Smoke spread 
In Figure 12 the smoke spread in the tunnel can be seen for simulation 1 and in Figure 13 for 
simulation 2. 

 

Figure 12 Smoke spread in the tunnel from simulation 1. 1st picture is after 300 seconds, 2nd after 450 seconds, 3rd after 650 
seconds, 4th after 850 seconds and 5th after 1200 seconds. 
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Figure 13 Smoke spread in the tunnel from simulation 2. 1st picture is after 300 seconds, 2nd after 450 seconds, 3rd after 650 
seconds, 4th after 850 seconds and 5th after 1200 seconds.The green squares represents the exhaust fans. 

In the natural ventilation method, smoke spreads throughout the tunnel just over 450 seconds, 
whilst it spreads slower over time with semi-transverse method. This is because in semi-
transverse method, some of the smoke is exhausted via eight exhaust fans, whilst there are no 
exhaust fans in natural ventilation method. After 850 seconds the smoke has spread 
throughout the tunnel in both simulations. After 1200 seconds the smoke seems not to be 
spreading to the connected car park.  
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4.7 Airflow in ventilation shafts 
The quantity through the shafts in both methods is shown in Diagram 6. It is obvious that the 
airflow in semi-transverse method is more stable than that in natural ventilation method . This 
is because airflow in semi-transverse method is controlled by exhaust fans, whilst in natural 
ventilation method, it depends on air temperature and barometric pressure of the atmosphere 
inside and outside the tunnel. Furthermore, a fire inside the tunnel can alter the buoyancy of 
the airflow inside the tunnel and therefore alter the airflow in the shafts. When this happnes, 
the airflow can be partially controlled in semi-tranverse method, but is impossible to control 
in natural ventilation method. 

 
Diagram 6 Airflow through the shafts in simulation 1 and through the fans in simulation 2. 
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5 Discussion	
Table 7 summarizes the comparison between results of FDS simulations and NFPA 502 
criteria for a tenable environment during an evacuation. 

Table 7 Time till the criteria from NFPA 502 is unsatisfied and people must have been evacuated from the tunnel. 

Criteria Value till criteria is unsatisfied  Time till criteria is 
unsatisfied  

Natural 
ventilation 
method 

Semi-transverse 
ventilation 
method 

Visibility 10 meter at a height of 2.5 meter ~450 
seconds 

~390 seconds 

Temperature 60 °C at a height of 2.5 meter Never 
during 
simulation 

Never during 
simulation 

Radiation 2.5	 𝑘𝑊 𝑚( Never 
during 
simulation 

Never during 
simulation 

CO-
concentration 

Maximum of 
2000 ppm 

For a few seconds Never 
during 
simulation 

Never during 
simulation 

Average of 1150 
ppm or less 

For the first six 
minutes of the 
exposure 

Never 
during 
simulation 

Never during 
simulation 

Average of 450 
ppm or less 

For the first 15 
minutes of the 
exposure 

Never 
during 
simulation 

Never during 
simulation 

Average of 225 
ppm or less 

For the first 30 
minutes of the 
exposure 

~560 
seconds 

~560 seconds 

Average of 50 
ppm or less 

For rest of the 
exposure 

  

From Table 7 the criteria that are unsatisfied during the simulations are the visibility and the 
CO-concentration criteria. They are met within an hour and therefore another adequate time 
for evacuation is needed. The visibility criteria are met before the CO-concentration criteria. 
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The only difference between the two methods is that the evacuation is triggered 60 seconds 
faster in semi-transverse method than in natural ventilation method, based on visibility. 
However, the time difference is insignificant as virtually not many efforts can be done within 
60 seconds. The visibility slices from both simulations, shown in Figure 7 and Figure 8, 
indicates that the smoke gas layer sinks around 100 meter away from the fire. This could be, 
because of cooling of the smoke gas from the ambient temperature and walls in the tunnel that 
leads to the smokes buoyancy- and thermal force gets lower. With a lower buoyancy- and 
thermal force the smoke starts to sink from the roof to the floor. Therefore, the visibility 
criteria are unsatisfied about 100 meters from the fire, instead of close to the fire where the 
fire gases are still hot. This also follows the CO-concentration where the higher CO-
concentration is found far away from the fire. CO is a combustion product from the fire and 
follows the fire gases. 

When comparing the two different visibility slices, as shown in Figure 7 and Figure 8, the 
natural ventilation gives a better result than the semi-transverse ventilation. When analyzing 
the first 300 seconds of the smoke spread in Figure 12 and Figure 13, the two simulations 
look similar, only a slight less smoke spread with natural ventilation. When the exhaust fans 
in the semi-transverse ventilation starts after 300 seconds the smoke spread decreases and 
semi-transverse ventilation seems more efficient than the natural ventilation. This can be seen 
in Figure 12 and Figure 13. The difference between the smoke spread figures and the slice 
files could be because the natural ventilation is active form the beginning of the simulation, 
which is shown in Diagram 6, and leads to a less dense smoke gas layer compared to the 
semi-transverse which becomes active after 300 seconds. Because of the denser smoke gas 
layer the exhaust fans are not able to extract enough smoke and the smoke gas layer sinks to 
the floor. 

The simulations were made as a worst-case scenario for the natural ventilation and with one 
malfunctioning exhaust fan in the semi-transverse ventilation. This is to test the system in the 
most unfavorable situation and have a safety margin in the result.  
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6 Conclusions	
The main factors that affect both emergency ventilation systems are the longitudinal air 
velocity, such as wind or mechanic longitudinal fans, and the fire and its amount of 
combustion products, such as soot. With a lower longitudinal air velocity for the natural 
ventilation the ventilation becomes less efficient. With a controlled longitudinal air velocity 
for the semi-transverse ventilation it is easier to extract the smoke effectively. 

In both simulations, the smoke barriers are working and no smoke spreads to the car park. 
After 1200 seconds the smoke gas layer is stabilized for both simulations and it can be 
concluded that the smoke will not spread to the car park during the 2 hours that the smoke 
barriers are designed to effectively work during a fire. 

Based on when NFPA 502 criteria are met, the natural ventilation system is better than semi-
transverse method because the evacuation is triggered 60 seconds later than that in semi-
transverse. However, the time difference is insignificant because virtually not many different 
efforts can be done within 60 seconds. In term of smoke spreading, semi-transverse method is 
better because the whole tunnel is filled with smoke after just over 450 seconds if natural 
ventilation method is used, whilst it is not the case with semi-transverse method where it takes 
roughly 200 more seconds for the whole tunnel to be filled with smoke. The exhaust fans in 
this method slow down the smoke spreading, which is critical in the success of evacuating 
peoples from the tunnel. Furthermore, the weather is an important factor in natural ventilation 
method because wind direction, wind speed and air temperature affects it greatly and these are 
hard to predict. The exhaust flow for the semi-transverse ventilation is more stable which 
makes it easier to calculate and to dimension the emergency ventilation than for the natural 
ventilation. 

Therefore, in total the semi-transverse emergency ventilation is recommended in Road Tunnel 
A in the infrastructure project. Furthermore, semi-transverse method has less ventilation 
shafts than natural ventilation method, which makes the excavation of the tunnel simpler.  
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7 Further	research	
A FDS-simulation takes a lot of computer power. When designing a FDS-simulation it is 
essential that the simulation and parameters that are used are correct, for example the heat 
release rate, growth rate, yields for the combustion products and more, according to laws and 
real-life fires. If this is not set correct in the first try the simulations must be redone and the 
cost for the project could rise, which is never good. When doing this thesis, a resolution 
occurred that there are no collected information or standards about how a simulation for a 
tunnel shall be done or how to simulate a vehicle fire. This could lead to big differences 
between simulations, depending on who is doing the simulations and what theory is being 
used. This can lead to a fire protection and emergency ventilation that is over dimensioned or, 
in worst case, under dimensioned. To overcome this problem further research should analyze 
already made comparisons between FDS-simulations and full scale test. From these analyzes 
a detailed standard for how to make a FDS-simulation for different scenarios in a tunnel shall 
be made. By having a standard that can be used for simulation-scenarios, time and cost for 
fire protection and emergency ventilation can be reduced and the designs can be quality 
secured. This have successfully been done by the Swedish chapter of the Society of Fire 
Protection Engineers (SFPE), called BIV, for simulations of compartment fires according to 
Swedish laws and standards.  
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