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Summary

Tunnel fire simulations are a constant topic in the literature, where through CFD (com-
putational fluid dynamics) simulations the distribution of the temperatures and other
properties in a fire can be calculated, giving information capable of improving the
performance of tunnel ventilation and emergency management systems, among oth-
ers. But tunnels are domains difficult to simulate, due to their length, consuming high
amounts of calculation time and resources. Still this disadvantage can be mitigated by
using multiscale models.

Multiscale modelling are a kind of CFD simulation where the simulation is divided
into two submodels, one to simulate in 3D and other in 1D. The 3D model simulates the
more complex part of the domain, the zone close to the fire, and the 1Dmodel simulates
the distant areas, where the flow is almost homogeneous. The objective of using these
two models together is to save calculation time, as 1D simulations take only a small
fraction of the time consumed by 3D modelling, obtaining accurate results, as the 3D
manages the more complex areas.

This work continues the development of a multiscale model that uses FDS as its 3D
algorithm andWhitesmoke to calculate the properties distribution in the 1D part of the
domain. The model exploits the best capabilities of each one of the two submodels and
connects and compile them together in Fortran language.

The main goals of this thesis are to improve the multiscale model that has been
in development in Politecnico di Torino in the last years. This improvement include:
changes to the compilation to guarantee shorter calculation times, modifications to the
boundaries to respect the conservation laws in the boundaries, changes to the exchange
of data among the models to minimize perturbations due to their interaction and veri-
fication of the pressure calculating capabilities of the simulations.

The results of this work are divided among four chapters:
Chapter 3, shows the capabilities of the multiscale to reduce the calculation time

needed to complete tunnel fire simulations. The tests in the chapter use a small theo-
retical tunnel as test case and simulate a small fire (2 MW). The tests results exhibit a
simulation time reduction that is proportional to the percentage of the domain simu-
lated into the 1D.

Chapter 4, Examines FDS tunnel fire simulations and compares them to Fluent and
FDS heat source simulations finding that the pressure presented some inconsistencies.
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An equivalent model was developed to calculate an accurate pressure field using the
other properties provided by the FDS. The pressure results of this model where com-
pared with the other reference simulations proving that the properties obtained from
FDS were correct, but there was some source of error accumulating in the pressure.

Chapter 5, shows testing regarding the pressure model of the FDS. Reporting that
changes in the pressure solver of the FDS were capable of giving better results to the
simulations. Simulations modelling the Dartford tunnel were capable of demonstrat-
ing that using UGLMAT was capable of guaranteeing better pressure results across the
tunnel

Chapter 6 includes multiscale simulations compared to a tunnel fire test in a 2600
meters long tunnel and FDS simulations in the Dartford tunnel.

In the first tunnel, the simulations show trends similar for all the measurements and
maintain a low error for anemometer measurements and thermocouples 30 and 130 m
away from the fire, demonstrating that the multiscale model is capable of reproducing
a real life fire test.

In Dartford, the multiscale is compared to FDS simulations. The trends along the
tunnel and in 5 sections of the tunnel are analyzed, showing the same behavior and val-
ues as the FDS curves, with low error in some regions of the tunnel, and pressure curves
that were more steady than the ones observed in FDS. This tests confirm the capabil-
ity of the multiscale model of simulating long tunnels without introducing important
sources of error.
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Chapter 1

Introduction

1.1 Fires in tunnels
A fire can be defined as ”an unwanted or uncontrolled combustion process character-
ized by heat release and accompanied by smokes, flames or glowing” according to the
PIARC[55]. Fires in tunnels are exposed to a confined environment, increasing the
amount of variables involved in the behavior of the flames. These variables include the
fast heat feedback received by the fire from the gas and walls surrounding it (capable of
rising the fire intensity), and the limited availability of oxygen (capable of increasing the
health risks linked to incomplete combustion and the production of carbon monoxide).

The interest surrounding the fire and risk management in tunnels has grown over
the last decades after terrible accidents have been seen in European tunnels, as the Got-
thard tunnel (2011) [53], the Frejus tunnel (2005), and other tunnels around the world,
as it is listed by the National Academy of Sciences [50]. The concern about this subjects
should increase in the future considering the growing amount of kilometers of tunnels,
as shown by De Mulder[18], and the rising quantity of vehicles circulating in Europe,
as observed in the statistics presented by the European Automobile Manufacturers As-
sociation [3].

1.1.1 Review on Tunnel fire accidents
The concern focused in tunnel fires is centered in catastrophic events, as it was men-
tioned in the previous section. The data extracted from different sources regarding
tunnel fires [50, 4, 36] are synthesized into the Table 1.1, showing some severe fire
incidents in tunnels occurred in the last decades. The incidents shown are the ones
considered more relevant, due to the amount of victims or damages they caused to the
tunnel structure. In the table can be observed that the consequences of each tunnel fire
differ substantially. Many factors influence the aftermath of tunnel fires, among the
factors the stronger ones are the amount and type of vehicles (buses, sedans, tankers,
cargo trucks, among others) involved in the accident, the amount of people present, the
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Introduction

tunnel infrastructure, the ease of access for the firefighters and the speed of response
to the fire.

Year Tunnel Consequences

1949 Holland, USA
66 injured, more than 20 cars involved, seri-
ous tunnel damage.

1979 Nihonzaka, Japan
7 deaths and 2 injured, more than 160 cars
involved in a 159 hours firewith serious tun-
nel damage.

1982 Caldecott, USA
7 deaths and 2 injured, 8 vehicles involved,
and serious structural damage

1982 Salang, Afghanistan
more than 700 deaths in a tanker explosion
in a tunnel transited by russian soldiers

1983 Pecorila, Italy
9 deaths and 22 injured, 10 vehicles involved
and limited tunnel damage

1993 Serra Ripoli, Italy
4 deaths and 4 injured, 16 vehicles involved
and limited tunnel damage

1999 Montblanc,France/Italy
39 deaths, more than 30 vehicles involved,
resulting in the closure of the tunnel for 3
years

1999 Tauern, Austria
12 deaths and 49 injured, 40 vehicles in-
volved and 3 months of tunnel closure.

2001 Gotthard, Switzerland
11 deaths , 25 vehicles involved and serious
tunnel damages.

2003 Baregg, Switzerland
2 deaths and 21 injured, with 7 vehicles in-
volved and serious damages to the tunnel

2005 Frejus, France/Italy
2 deaths and 21 injured, 4 cargo trucks in-
volved, and consequent tunnel closure

2007 Santa Clarita, USA/Canada
3 deaths and 23 injured, more than 30 trac-
tors involved

2010 Wuxi Lihu, China
24 deaths and 19 injured, involving 1 shuttle
bus

2014 Yanhou, China
31 deaths, involving 2 tankers and other 40
vehicles

Table 1.1: Historic tunnel fire accidents of the last decades

The next subsections include the descriptions of the events in some of the tunnel
fires in the Table 1.1, with information extracted from the PIARC publication [54].

Nihonsaka tunnel, Japan (1979)

The tunnel is composed of 2 unidirectional 2km tubes. The accident originally started
as a rear-end collision that involved 4 trucks and 2 cars. The fixed deluge sprinkler

2



1.1 – Fires in tunnels

system installed in the tunnel was capable of controlling the fire, but after some time
the contents of some of the trucks started catching fire, producing a fire that would
require more than two days to be brought under control and approximately a week to
extinguish. The semi-transverse ventilation system, present in the tunnel, was unable
of exhausting enough smoke and gases to guarantee an optimum environment where
the firefighters could work.

Caldecott tunnel, USA (1992)

The tunnel was composed at the time of 3 tubes of 1.1 km of length approximately. The
fire occurred in the third and northernmost tube when a driver under the influence of
alcohol lost the control of his car crashing against the tunnel and producing an incident
with an empty bus and a gasoline tanker, with more than 30000 liters of gasoline. The
emergency measures for the extinction of this fire took 75 minutes to start, and approx-
imately 3 hours to extinguish the fire, due to lack of preparation and difficulty to find a
source of water as the fire fighting connections in the vicinity where non-functional.

Mont Blanc tunnel, France/Italy (1999)

The tunnel is composed by a single tube with two lanes in each direction, with a length
of 11.6 km. The fire started in a truck transporting 9 tons of margarine and 12 tons of
flour that was in front of other 13 trucks also transporting goods. The trucks were at 6.5
km of distance from the french portal making it difficult for the fire-fighters to reach
the fire, also losing two water tenders inside the smoke during the extinction labors.
The ventilation in the tunnel worked at its maximum output, having the downside that
it gave more oxygen to the fire to increase its heat output and increased the danger
in the vicinity of the fire due to the smoke and temperatures. Some incompatibilities
in equipment used by the firefighting services of the two portals and communication
problems among the services were registered during this incident. In the end the tunnel
was severely damaged and had to remain closed for 3 years.

Tauern tunnel, Austria (1999)

The Tauern tunnel is 6.4 km long, composed by one tube at the time of the fire. The
fire started 800m away from the north portal where some roadworks where placed and
a queue of cars and trucks formed. One articulated truck failed to stop and crashed
against the queue, resulting in some cars instantly catching fire. Afterwards the fire
would spread to a total of 16 trucks and 24 cars. The transversal ventilation system
placed in the tunnel was used to keep the back-layering at bay, but after 15 minutes the
fire release rate went over the capability of the ventilation system, the firefighters had
to withdraw and then it took close to 17 hours to extinguish the fire, with damages to
the tunnel and 16 trucks and 20 vehicles consumed by the fire.

3
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Gotthard tunnel, Switzerland (2001)

Is a tunnel composed by one bidirectional tube 16.5 km long. The fire was caused by an
inebriated driver in a articulated truck, as he steered his truck into the opposing direc-
tion lane causing a frontal crash with another truck driving in the contrary direction.
The two vehicles caught fire which expanded to the fuel tank of both trucks and the
cargo they were transporting. The load of one of the trucks consisted of car tires having
as a consequence the release of heavy smoke through the tunnel. The fire managed to
consume 7 trucks and the smoke produced by it took the life of 11 victims. It took 10
hours to control this fire, and caused severe damages to the tunnel ceilings and electri-
cal installations.

Nowadays, the vast majority of the tunnel fire incidents are smaller events that are
controlled with more efficacy due to the normative and safety measures that tunnels
have incorporated with the passing of the years. Still, every fire has some potential to
develop into a severe incident if they are not handled promptly or adequately.

1.1.2 Risks
The start of the tunnel fires are mainly the result of two types of incidents, a vehicle
collision or the malfunction of a vehicle (or its load). The amount of risk linked to both
of these scenarios changes from tunnel to tunnel, also increasing proportionally to the
amount of traffic and the length of the tunnel.

Collisions

For collisions, the risks has been statistically calculated for the different parts of the tun-
nels [55]. PIARC studies indicate that the entrance area, the first 150 m of tunnel length,
is the zone most likely to have incidents involving collisions among cars. Some factors
that change the frequency of collisions are the tunnel configuration (bidirectional or
unidirectional), the horizontal alignment (curves) and vertical alignment (inclination),
number of driving lanes, etc. The influence these factors have is:

• The tunnel configuration effect makes the unidirectional tunnels more risky, as
the drivers feel safer with no vehicles traveling in the opposite direction being
prone to commit more mistakes while driving.

• The horizontal alignment affects the field of sight of the drivers, giving them a
shorter time window to react to any eventualities in the road.

• The steepness, vertical alignment, seems to increase the risk as it lets the drivers
go faster, rising not only the vehicles speed but also the speed differences among
vehicles (in opposing directions).

4



1.1 – Fires in tunnels

• The number of driving lanes might have a negative effect if it promotes lane
movement. This happens when the amount of lanes is reduced in the entrance of
the tunnel, producing a funnel effect, or when there are too much lanes, allowing
lane changing.

The number of collisions have been calculated based in the amount of vehicles that
have used the tunnels multiplied by the length of the tunnel itself and are reported by
PIARC [55]. Statistically the analyzed nations have approximately from 3 to 11 colli-
sions for every hundred of millions of vehicles per kilometer. This would translate into
approximately 1 to 2 collisions, yearly, at the Frejus tunnel or Mont Blanc tunnel, or 6
or more in the St. Gotthard tunnel (due its larger length and daily traffic), calculated
with data extracted from Statista [63].

Vehicle Failure

The second main cause of incidents in tunnels are vehicle malfunctions, they can come
from different failures in the automobiles. Like Engine Fires, Electrical malfunctions,
braking systems fires, under-seat heaters failures, among others. According to data ob-
tained from the National Academy of Sciences [50] malfunctions are far more frequent
than vehicles collisions, being the origin of more than 2 thirds of the buses fires accord-
ing to french data, 70% of fires involving trucks, among others vehicles.

Still, it continues to be difficult to quantify the frequency of fires in tunnels, a fire
rate per amount of vehicles per kilometers of tunnels is approximated by PIARC in the
manual [55]. The amount is around 10 fire incidents per every 109 vehicles per kilo-
meter. This amount changes from country to country, because of the particularities of
the tunnels and the evaluation of what can be considered a tunnel fire in each country.
Evaluating the Frejus and others trans-alpine tunnels the amount of fire incidents sta-
tistically should be close to one incident every 10 years for the Frejus and Mont Blanc
tunnels, and close to one every 2 or 3 years in the St. Gotthard Tunnel. These numbers
justify the precautions and safety measures taken in the tunnels as Fire incidents are
no so unlikely to happen in any moment.

1.1.3 Interactions with ventilation systems
Ventilation systems have different duties during the operation of a tunnel. The manage-
ment of the clean and vitiated air of a tunnel is its functionmost of the time, maintaining
the carbon monoxide, soot and nitrogen oxides levels under healthy margins. The sec-
ond task of the ventilation systems is linked to the safety during emergency conditions.
Safety measures oriented towards the prevention and control of tunnel fires can take
different shapes, from fire detection cameras or linear heat detectors (fibrolaser) to fixed
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extinction systems. But the most frequent and versatile emergency measure continues
to be the use of the ventilation system of the tunnel, capable of managing the back-
layering, smoke extraction, among others.

Ventilation systems for tunnels work based in two main approaches: Natural and
Mechanical ventilation [68].

Natural Ventilation

The natural ventilation is the process of moving the air through the tunnel without
direct mechanical assistance. The most common method to produce natural ventilation
is by designing a tunnel with a pressure difference between the two portals produced
either by a difference of temperature (climate) or height (geographic).

Another phenomenon that induces natural ventilation through a tunnel is the ”pis-
ton” effect. The ”piston” effect originates from the air flow pushed by the vehicles
circulating through the tunnel and then it becomes more important if the dimensions
of the tunnel cross section are similar to the vehicle dimensions. The ”piston” effect
is more important in structures like train tunnels and less important in long roadway
tunnels, because of the dimensions of the tunnel and the machines.

These two natural convection effects can be enough to maintain operative air veloc-
ities in tunnels, mostly if the tunnels are relatively short and if there is enough traffic
through them. Still, it might not be enough to keep the required ventilation conditions
for smoke control during fires, so the tunnels often add fans, or others mechanisms, to
increase their ventilation capabilities.

Mechanical Ventilation

There are 3 kinds of mechanical ventilation systems when it comes to the method used
to move the air through the tunnel.

Longitudinal systems, (A) in Figure 1.1, use fans and jet-fans to move the air along
the longitudinal axis of the tunnel. Under regular conditions the longitudinal venti-
lation system produces a flow of air at a velocity that guarantees that the amount of
contaminants in the air are not harmful to the health through the whole tunnel (where
the area with the higher concentration of contaminants is the downstream portal of the
tunnel). Under emergency conditions the fans can increase their output to guarantee
adequate conditions, managing the back-layering length of the smoke and the heat in-
tensity of the fire. The positioning of the fans has few essential requirements, first, the
fans should be at least at 100 m of distance to the portals, and second, the fans should
be placed with at least 50m of longitudinal distance among them.
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Figure 1.1: Tunnel ventilation types, A) longitudinal, B) semi-transversal, C) transversal

Transversal systems, (C) in Figure 1.1. These systems use air ducts, transversal to
the tunnel tube, to extract and introduce air into the tunnel. These systems receive their
denomination according to the amount of exhausted and inserted air that is handled,
fully transversal systems handle the 100% of the exhaust and fresh air flow transversely,
relaying minimally in the longitudinal flow of the air in the tunnel.

The last type of ventilation system are semi-transversal systems, (B) in Figure 1.1,
these ventilation systems use air ducts to exhaust and insert fresh air into the tunnel,
but not all the air is handled transversely. It can both use only air ducts or also use
fans to handle better the air in the longitudinal direction of the tunnel. Some semi-
transversal systems can even go further and change the amount of air that is handled
transversely and longitudinally with extractions and fans that can change their output
and direction according to the situation in the tunnel.

Regardless of the system type, ventilation systems are very important in the case
that a fire breaks out inside a tunnel. Emergency management and the upgrade of
existing fire control systems have been the object of numerous European projects, like
Uptun (project to promote new measures to lower the probability of tunnel fires and
their incorporation in existing tunnels) [28], SafeT (guidelines to prevent incidents and
mitigate its effects)[60], VIRTUALFIRES (project to make a virtual fire simulator for
training and performing fire safety and ventilation testing)[15]. These projects and the
academic research, have incorporated progressively CFD as an aid to tunnel testing,
which have proven useful to reduce the cost and increase the availability of tunnel
tests.
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1.2 Tunnel Fire Research
The research regarding tunnel fires relies in analytical models and in different tests that
serve as a validation for the proposed researches. Still, the difficulty involved in making
tests in real tunnels makes it necessary to introduce additional tools for the validation
of the research. Therefore, different test methods have been implemented to aid the
research, among them scaled tunnels and computational CFD models.

Fire modeling, using Computational Fluid Dynamics (CFD) is capable of replac-
ing tests or complementing them with additional information. These models have
been researched across the years, focusing on different topics as 1D models, mono-
dimensional models that have as main objective the calculation of tunnel network fires
and their interaction with ventilation, like MFIRE [8], SPRINT [61], FSSIM [23] and
WHITESMOKE [16, 17, 12]. Also zone models, like BRANZFIRE [72] and CFAST [57,
41], where BRANZFIRE uses a zone model for fire in room corners and CFAST simu-
lates zones linked to approximate more complex buildings.

Fire modeling has also focused in 3D simulations, with software capable of simu-
lating complex fire scenarios, here we can mention FDS (Fire dynamics simulator)[30,
33], OpenFoam [25] and Fluent. Among these three software the first 2 are open source
codes that can bemodified freely (making it more accessible for the research community
in general) and the last is a private software part of the Ansys package. These software
have been used to simulate fire under different circumstances. Some examples are,
Trouvé et al. [67] simulating confined fires using FireFOAM and FDS, also, Jenft et al.
[39] where the extinction of confined fires, using mist sprinklers,was simulated using
FDS and Hees et al. [73] using FDS to simulate confined fires in mechanically ventilated
scenarios, testing the Heat Ventilation Air Conditioning (HVAC) calculations.

1.2.1 Review of Tunnel fire research
As it has been remarked the tunnel fires research, and the fire research in general,
has been evolving in the past decades. Several literature works have added fragments
of knowledge to the understanding that we have in this moment of tunnel fires, its
characteristics and the effect of the different variables related to them. Several of these
works have been reviewed during my research to get a grasp on the nature of tunnel
fires and the methods to simulate them.

Literature with experimental and scaled tunnel tests

An important part of these works use tunnel fire data to compare with CFD or develop
physical models. Among these works figure the contributions from prof. Ingason an
other authors:
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Ingason et al. [38], in 2012, used data obtained in fire test at the runehamar tunnel to
study the flow reduction in a tunnel caused by the fire effect, a 1D model was developed
that matches the experimental data for low HRR fires, but is less accurate as the HRR
increases. This inaccuracy is concluded to be due to the difficulties to calculate all the
3D effects of the fire in a 1D model.

Ingason et al. [37], in 2015, used data from 5 experimental tests in the runehamar
tunnel, and previous researches, to build simple theoretical models to estimate param-
eters of tunnel fires like the back-layering, visibility, among others.

Ingason et al.[48], in 2016, studied the influence of the tunnel geometry in the HRR
of tunnel fires, finding that, for heptane pools, the HRR rises if the tunnel has a lower
height, until it arrives to a limit value, and that for solid fires it has barely no effect.

Also, Ingason et al.[46], in 2017, studied the relationship between a tunnel cross
section and the critical velocity, providing a formula to calculate the critical velocity.
In addition, this research compared model scale tests with FDS simulations obtaining
agreement for small fires and some overestimation for bigger fires.

Hwang [35], in 2005, compared experimental tests and FDS simulations for tunnel
fires, focusing in the back-layering length, the research also focused in the parameters
that influence the back-layering length and found a good degree of agreement between
FDS and the available test results.

McGrattan et al. [52], in 2006, used FDS to simulate a reconstruction of the Howard
street tunnel fire, first the model was compared to some experimental tests, agreeing
with them, and afterwards the results of the simulations were capable of indicating the
values of the temperatures inside the Howard street tunnel in the time of the fire.

Kim et al. [45], in 2008, tested FDS 4.0 using a sensibility analysis and comparing the
results to a 100MW tunnel fire test, the conclusion of the research points out that the
FDS results are qualitatively accurate but that they lack some precision under certain
circumstances.

Binbin et al. [5], in 2011, used Fluent and FDS in simulations of smoke spread in
subway tunnels, comparing the simulation results to measured data, the results indicate
that the FDS simulations are closer to the measured data than the fluent simulations,
even if the geometries FDS is capable to create is not as accurate.

Guo et al. [26], in 2014, presents a 1D model for tunnel fire calculations, and com-
pares its results to FDS and experimental data, concluding that the three data sets agree
in the results, still for narrow tunnels FDS shows some inaccuracies.

Wang et al. [75], in 2016, compared Fluent CFD results to experimental tests, finding
good agreement between the two results, also the effects of vertical shafts in tunnel fires
were researched finding that they have a positive effect fighting the fire consequences.

Chang et al. [7], in 2017, shows a series of tests made in a mock-up tunnel, were a
fire of 25MW is suppressed using mist sprinklers placed in the walls of the tunnel, as a
result the spray system is capable of reducing the temperature in the tunnel and ceiling
and increasing the visibility upstream of the tunnel.

Scaled tunnel are also capable of providing good data sets, but they are far less
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common. Some examples of scaled tunnels are in the works of:
Chow et al.[10], in 2015, studied horizontal and tilted tunnels with forced ventilation

using both scaled tunnels and CFD calculations, finding equivalent formulas for back-
layering distance and a modified expression for the critical velocity of tilted tunnels.

Weng et al. [76], in 2015, proposes an expression that uses the hydraulic diameter to
calculate the back-layering length and critical velocity, the expression is found through
studying tunnel fires using scaled tunnels tests and FDS simulations.

Tang et al. [64], in 2017, made a scaled tunnel to test the influence of air extractions
upstream of the fire, it concluded that increasing the velocity of the extraction made the
fire tilting smaller increasing ceiling temperatures, some expressions were modified to
account for this.

Wang et al. [74], in 2017, investigated the relationship between the tunnel ventila-
tion, the HRR, and the fire spread in tunnels related to the ventilation velocity, compar-
ing to other empirical relations and testing the spread in a scaled tunnel pool fire.

CFD tunnel modeling literature

The scientific articles presented in the previous section were able to compare their re-
sults with full or scaled tunnel tests, using this data to validate the capabilities of the
models used. This is a great advantage that, as mentioned before, is not always possible
to have. The works in this section focus in the development of CFD tools, by comparing
the models among them, to find the advantages and disadvantages of the methods used
in regards to others.

The work of Jiang et al. [40], in 2004, validated and compared the results of differ-
ent models for solving fires in tunnels, he compared RANS (Reynolds Averaged Navier
Stokes) and LES (Large Eddy Simulations), obtaining that LES is more accurate but re-
quires a longer amount of calculation time compared to RANS.

VanMaele et al. [69], in 2008, simulated a tunnel of reduced dimensions with RANS,
in Fluent, and LES, in FDS, and compared both simulations to experimental tunnel fires,
concluding that the data obtained from RANS can be useful for the LES parameters and
that LES is more accurate, but much more dependent of the mesh resolution.

But most of the works have used the models directly to understand some character-
istics of the tunnel fires in different kinds of tunnels (horizontal or tilted), for different
kinds of ventilation system (natural, forced and transversal) and focusing in different
phenomena of the fire (heat release rate, back-layering, fire spread and extinction)

Hu et al. [34], in 2008, studied the critical velocities for tunnels when the fire is not
centered but close to the walls of the tunnel, his research concluded that for low HRR
the critical velocity increases as the fire moves to the sides (based in CFD simulations),
but that for higher heat release rates the critical velocity difference between the center
and the wall is close to zero.

Lin et al. [49], in 2014, studies numerically tilted tunnels focusing in semi-transversal
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ventilation systems, affirming that for this kind of ventilation the amount of air ex-
tracted by the ventilation has to increase proportionally to the tunnel tilt angle.

Chow et al. [9], in 2016, continue the study of horizontal and tilted tunnels, now
with natural ventilation, using both scaled tunnels and CFD calculations, the tests and
simulations agree in their results and the study proposes a relationship to calculate the
smoke velocity decay.

Weng et al. [77], in 2016, continues its research in critical velocity and back-layering
length, the work focuses in sloped tunnels and describes the geometry of the tunnel
using the hydraulic diameter, the area and height of the tunnel.

Li et al. [47], in 2018, tested the effects of fire suppression systems in tunnel fires,
the research showed that for late activation or water flows incapable to suppress the
fire the effect of the suppression system was negative as the amount of CO increased
in the air and the visibility was notably reduced.

1.3 Thesis Goals
The main goals of this thesis are to improve the multiscale model that has been in
development in Politecnico di Torino in the last years. This improvement will include:

• Profound changes to the way it is compiled, to reduce greatly the computational
time it requires, that it’s a multiscale model stronger point.

• Improvement of the handling of pressure, to eliminate pressure errors in tunnel
simulations.

• Modification of the boundary handling, to ensure that the model respects the
mass, momentum and energy conservation

• Modifications to the data exchange among models to minimize perturbations in-
troduced to the flow by the model due to buoyancy at the boundaries.

• Verification of the 1D and 3D models capabilities to simulate tunnel fires using
experimental data and simulations in other models.

1.4 Test cases
The tunnels that will be used as reference for the tests in this research are reported in
this section. These have been chosen due to the availability of experimental results, or
because their simulations have been of interest during these years. The tunnels used
are described in the following subsections (1.3.1 and 1.3.2)
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1.4.1 2.6 Km Tunnel
This is a 2600 meters long tunnel that has two separate carriageways, with 3 lanes in
each direction. This tunnel has a longitudinal ventilation system, with 24 fans placed
in groups of three along the tunnel. Also, there are 27 cameras that are part of an alarm
system and 6 smoke detectors along the tunnel.

1.4.2 Dartford tunnel
The Dartford Tunnel is a two carriageway tunnel that crosses the river Thames, and
is located approximately at 20km from London. The tunnel is approximately 1.5km
long with two lanes in each direction. The tunnel has a semi-transversal ventilation
with two vertical extractions, placed close to the tunnel portals, and 14 couples of fans
mostly placed close to the portals.
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Chapter 2

Multiscale modeling

2.1 Multiscale modeling research review
CFD simulations of tunnels have the tendency to consume large amounts of calculation
time. Tunnel tests, in scaled or regular tunnels, have the issue of needing preparation
and financing. An option that has been explored in the last decade to optimize in time
and cost are the multiscale simulations.

Multiscale modeling are a kind of CFD simulation where the model is divided into
two subdomains. One subdomain is simulated using a 3D model and the other using
a 1D model. The main reasoning behind this division is to have the 3D model solve
the more complex part of the domain, the zone close to the fire, and the 1D model
simulate the distant areas, where the flow is almost homogeneous. The main aim of
using multiscale modeling is to obtain a model that is as accurate as a 3D CFD model,
using the 3D model to simulate the fire area, but needs a fraction of the computational
resources, as the rest of the tunnel is simplified through a 1D model. Some examples of
Multiscale modeling can be found in the literature.

The research by Colella et al. [12, 14, 13, 19] have focused in a multiscale model
built using Fluent as the 3D code and Whitesmoke, a code created at the Politecnico di
Torino energy department, as the 1D model. The model has been tested using different
kinds of coupling for different kinds of simulations. The direct coupling, where the
two models exchange information constantly, was used consuming larger amounts of
calculation time. The indirect coupling, where there is no exchange but characteristics
curves are used in the boundaries, uses longer set-up time instead. In all of the tests the
model showed small error percentages, with large time savings with respect to a full
3D simulation.

The research by Cosentino et al. [16] followed some of the research of Collela et
al., changing the 3D model from Fluent to FDS (an open source model). The multiscale
model uses Whitesmoke as the 1D, adding a concentration calculation and using only
a direct coupling. The model is tested for ventilation and fire scenarios, and compared
with experimental fires with errors below 7% in velocity and concentration.
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Then the research by Ang et al. [2] used FDS 6.1.1 for tunnel multiscale simula-
tions. First, the FDS was used to simulate the Dartford tunnel, to validate the accuracy
of the software when simulating tunnels and its ventilation system. The validation was
made using velocity profile comparisons. Then, after validating the FDS the same tun-
nel was simulated using the FDS HVAC as the 1D in a multiscale simulation. Both of
the comparisons showed that FDS is capable of reproducing the velocity profile from
80 m downstream of the fans and onward, but closer to them the velocity profiles do
not match the experimental measurements. The discrepancies are said to be mostly re-
lated to the lack of information about the on-site fans characteristics, and not due short
comings of the software. The tests also show that the HVAC uses close to 1% of the
time used by the full-scale simulations, being capable of saving time proportionally to
the tunnel length simulated in the 1D.

The work by Vermesi et al.[71] focuses again in FDS and the HVAC function it
includes. Through its research Vermesi et al. compared the calculation time spent by
the FDS using a full 3D calculation, a multi-mesh calculation and a multiscale approach.
The multiscale approach spent the shortest amount of time, reducing the total time in
more than a 90% and the multi-mesh managed to reduce the time close to a 50% of time.
The results of these simulations show that it is feasible to run multiscale simulations in
FDS and also that the results agree with previous Fluent simulations.

Haghighat et al.[27] based his research in a multiscale model using FDS 6.0 as the
3D and VentFIRE as the 1D. VentFIRE is a module capable of simulating the transport
of smoke and heat through a discrete sub-cell transport and node mixing methods. The
coupling in this model is indirect, meaning there is no constant exchange of informa-
tion, but that the boundaries are managed by characteristics curves. Using the turbu-
lent kinetic energy (TKE) and a vorticity analysis this model was capable of coupling
the boundaries and achieving temperature and velocity error below 5% between a full
3D simulation and a multiscale one.

The research so far has started to show the capabilities of multiscale simulations as
a tool that introduces time saving with small losses of accuracy, in comparison mainly
to full 3D simulations. Still, some multiscale models have some issues, in the works of
Colella the main issue was using Fluent, as it would make it difficult to develop a tool
having limited access to the code, and being incapable of introducing deeper changes.
In the FDS+HVAC cases the issue is mainly that the HVAC model is not intended for
this purpose and, therefore, it has shortcomings when it comes to the functionalities it
offers of the kind of communication it has between the 3D and HVAC models. At last,
the third model shown has FDS linked to Vent-fire being its issue the longer setup time
required by indirect couplings, making the model less flexible when changes have to be
introduced in the simulation to test more scenarios or make sensitivity analysis around
different variables. The aim of our research is to continue developing amultiscalemodel
with direct coupling that is capable of a high degree of time saving, a low degree of error
and a 1D model capable of introducing different kinds of boundary conditions.
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2.2 Fundamentals of Domain Decomposition Meth-
ods and Multiscale Modeling

Multiscale models fall into the category of domain decomposition methods. This kind
of methods are mostly used to solve partial differential equations in large domains by
dividing said domain in smaller pieces that can be solved in parallel or, in this specific
case, that can be simplified and solved faster. According to Tang et. al. [65], The
idea of domain decomposition was proposed more than one hundred years ago, but has
been attracting more and more attention mostly in the last 30 years, with an increasing
amount of research published in journals about multi-block or domain decomposition
applied to fluid flows.

Domain decomposition methods can be classified in two ways. The first criterion
focuses in the sub-domains created by the method, by them being overlapping (if they
share parts of the domain) or non-overlapping (if they don’t). The other classifica-
tion regards to the kind of boundary conditions that they use, were we have Dirichlet-
Dirichlet methods (or Schwarz methods), Dirichlet-Neumann methods and Neumann-
Neumann methods, where Schwarz methods are overlapping and the two latter are
non-overlapping.

Dirichlet-Dirichlet

The Dirichlet-Dirichlet method was the first decomposition method that was known
to be developed, according to [65, 66, 24], and was published around 1870. It was de-
veloped by Schwarz, a german mathematician, to prove a part of the theory of analytic
functions introduced by Riemann, named the Dirichlet principle. It is now called the al-
ternating Schwarz method, is used with Overlapping subdomains and works in 2 steps.

As it can be seen in Figure 2.1, for an irregular domain Ω that is divided in Ω1 and
Ω2 regions, both overlapping, and has a Γ external boundary, and therefore, also a Γ1
and Γ2 external boundaries, where a part of Γ1 is inside Ω2 and a part of Γ2 is inside Ω1.

The first step of the alternating Schwarz method calculates first in Ω1, with initial
conditions over all Γ1 (including the part inside Ω2), and then uses the Ω1 solution
to approximate the boundary condition in Γ2. The second step is the calculation in
Ω2, using the Γ2 boundary condition, that includes a part defined by the Ω1 solution,
now also the Γ1 has its region inside Ω1 approximated by the Ω1 solution. Then, the
calculation continues with one region calculating the boundary for the other, and the
intersection zone between the two subdomains Ω1 and Ω2 has the same solution for
both subdomains upon convergence.
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Figure 2.1: Overlapping domains, for a Dirichlet-Dirichlet domain decomposition

This method afterwards was developed to be used in parallel calculation, the paral-
lel schwarz method, and other similar methods.

Dirichlet-Neumann

Dirichlet-Neumann Domain decompositions are non-overlaping and work in 2 stages.
The setup is similar to the one of the Schwarz method, but in a non-overlapping do-
main as seen in Figure 2.2. For a domain Ω that is divided in Ω1 and Ω2 regions, non-
overlapping, and has a Γ external boundary, and therefore, also a Γ1 and Γ2 external
boundaries, that share a Γ12 boundary.

The first step of the Dirichlet-Neumann method calculates first inΩ1, with an initial
Dirichlet conditions in Γ12, and then uses the Ω1 solution to approximate the Neumann
boundary condition in Γ12. Then, the Γ12 solution obtained in the first subdomain is
used as a Neumann boundary condition on the second subdomain, namely Ω2, the so-
lution for the second subdomain is obtained and a new Γ12 value can be approximated
and, afterwards, used as a Dirichlet boundary condition in the calculation of Ω1.

This exchange of boundaries continues among the 2 subdomains. For bigger do-
mains, if there are more than 2 subdomains they have to be organized in a chess pattern
to match the boundary conditions.

Figure 2.2: Non-Overlapping domains, for Neumann domain decompositions

16



2.3 – Multiscale Model in Development

Neumann-Neumann

Neumann-Neumann domain decompositionmethods also use non-overlapping domains.
Here the subdomain distribution is similar to the Dirichlet-Neumann decomposition.

The procedure is different, both of the subdomains are solved simultaneously, Ω1
and Ω2, using a Dirichlet initial value in the shared boundary, Γ12 . In the second step
the problem is solved in both of the subdomains, but using the difference of the deriva-
tives in the normal direction to the shared boundary Γ12 as the Neumann condition in
Γ12 for both of the subdomains. As a result a new initial Dirichlet value can be calcu-
lated in Γ12 , used to continue the iterations.

The method used in the multiscale model developed in this work is the Dirichlet -
Neumann domain decomposition. The domain for the multiscale simulations is mainly
divided in a 3D subdomain including the fire, and 2 or more 1D subdomains that com-
municate the 3D simulation to the environment (through the portals or exhausts, etc.).
The boundary conditions used for the flow problem are mainly two. The pressure is
imposed in some boundaries as a Dirichlet boundary condition, and the mass flow is
imposed in other boundaries as a Neumann boundary condition; more details will be
given in the discussion of the coupling among the sub-models.

2.3 Multiscale Model in Development
This work follows the development of the multiscale model started by Sara Cosentino
[16], mentioned earlier. The multiscale model combines FDS as the 3D algorithm and
Whitesmoke as the 1D algorithm. The model exploits the best capabilities of each one
of the two sub-models, first, the 3D (FDS) is used to simulate the areas close to the
fire, providing more accurate and detailed results for the flow, temperature and other
properties, in the vicinity of the fire. Then, the 1D (Whitesmoke) is used to reduce
the calculation time, by simplifying the more homogeneous areas of the tunnel to a 1D
model, reducing the time taken by the 1D part of the domain greatly.

The algorithm follows the steps shown in Figure 2.3. The first step is a 1D iter-
ation, called 1D guess, with initial conditions over the boundaries that it shares with
the 3D. Posterior to this 1D guess the 1D model is capable of calculating the boundary
conditions that it has to pass to the 3D calculation. Then, the 3D calculation is solved
and the algorithm checks whether it has to stop (If it has arrived to the time end) or
if it has to pass info for a 1D iteration (If the total 3D iteration count is higher than
50). Once arrived to the iteration number 50 all the subsequent iterations of the model
will include a 1D calculation until the 3D reaches the end time of the simulation. The
first 50 iterations are left to the 3D alone to ensure that the steady flow conditions in
the cold tunnel has been reached, and that the pressure field is stable. Furthermore, to
guarantee this stability the pressure boundary condition imposed from the 3D to the 1D
is averaged over 50 iterations, in this way it is possible to reduce the impact of possible
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pressure peaks or pressure oscillations.

Figure 2.3: Modified multiscale algorithm representation

The multiscale model is divided in two sub-models, and the simplest way to explain
the multiscale would be to focus first in its two parts, and at last in the link between
them.

2.3.1 Three Dimensional Modeling
The FDS is used as the 3D model of the multiscale, it is a software developed by the
NIST (National institute of Standards and Technology) in collaboration with the VTT
institute in Finland. FDS was released publicly in February of 2000, after some years
of development at the NIST. It has not been the only fire dynamics model developed at
NIST, as the institute has a long history related to the fire research from it’s beginnings
and the development of other fire models as CFAST (Consolidated Fire And Smoke
Transport), among others. FDS is a computational fluid dynamics software capable of
a wide range of fire and fluid flow simulations under diverse conditions and can be
characterized by some of its major and most used features:

Turbulence modeling, Large-eddy Simulation

Turbulence can be described as an spontaneous instability in the flow properties, caus-
ing these values to behave in an statistical (chaotic) way, as explained in the book Nu-
merical computation of internal and external flows [29]. The values of the flow proper-
ties fluctuate around a mean value, with fluctuations that can be around a 10%, or more
in the case of separated zones of the flow. This turbulent fluctuations appear when the
Reynolds number of the flow goes beyond the critical number, which happens even at
low speeds for most of the CFD applications.

18



2.3 – Multiscale Model in Development

Different methods are used to numerically describe the properties of a turbulent
flow. First, DNS (Direct Numerical Simulation), where the complete spectrum of energy
due to the turbulence is simulated, as it is shown in figure 2.4. This means that all
of the eddies produced by the turbulent flow are numerically calculated, obtaining an
accurate simulation that has the downside of requiring unreasonable amounts of time
and resources, in most of the cases.

Second, another method used often in the literature is RANS (Reynolds average
Navier-Stokes). This method aims to average out, in time, most of the turbulent effects
in the flow, requiring some knowledge regarding the turbulence and its relation to the
average flow [29]. Explanations regarding RANS are outside of the scope of this work
more information can be found in [29].

At last, the LES (Large-eddy simulation) is a method that belongs in complexity
of the calculation in the middle between the RANS solutions and the direct numerical
simulations, as seen in figure 2.4. In this method, the contribution of the large, energy
carrying structures of momentum and energy transfer, are calculated exactly. Mean-
while, the smaller scales of turbulence are modeled through different sub-grid-scale
models, as these eddies behave in an universal way and modeling them requires less
complex models than similar RANS solvers [58].

FDS is capable of using both the LES and the DNS approach during its calculations.
To use LES in the calculations FDS introduces a low-pass filter using the grid size as
filtering size, as mentioned in the FDS technical reference guide [33]. The eddies with
sizes bigger than the grid are then solved exactly and the rest are modeled by different
sub-grid scale models, as the Deardorff model, that is the default, the Smagorinsky
model and the Wall-Adapting Local Eddy-viscosity (WALE) model, among others.

Figure 2.4: Turbulence energy spectrums, and the parts calculated by each turbulence
model, extracted from [29]
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Low Mach number approximation

The pressure in FDS is handled as the sum of two terms, the background pressure ̄𝑝(𝑧, 𝑡)
and the perturbation pressure ̃𝑝(𝑥, 𝑦, 𝑧, 𝑡), following the observations published in [59].
Using this definition of pressure, the background pressure is used for the calculations
with the ideal gas law, the HVAC calculations among different compartments and the
proportionality between internal energy and enthalpy in the energy conservation equa-
tion. Therefore, the background pressure works as a sort of thermodynamic pressure
that remains mostly constant, while the temperature and density vary, as it happens in
fires under normal conditions. Conversely, the perturbation pressure is used in the mo-
mentum calculations, being closely linked to the fluid flow in the simulation and acting
as a hydrodynamic pressure. The two term pressure plus the FDS algorithm make it
easier to calculate the properties of the flow, but have to compromise with obtaining
an infinitely fast sound speed. This compromise means that pressure waves are trans-
ported infinitely fast in the simulations. In most of the applications, in relatively small
domains or with long enough time-steps, the infinitely fast sound speed assumption is
safe, as the sound waves will actually behave as they were infinitely fast arriving to
the boundaries of the domain in only 1 time step. Still, if the simulated domain is large
enough it may cause some inconsistencies.

Grid

FDS uses rectilinear meshes, uniform or stretched in up to 2 directions. Having an uni-
form grid spacing makes it more straight-forward to define the LES filtering length.
The FDS mesh is a Staggered grid mesh, meaning this that the scalar properties are
calculated in the center of the cells, the velocity components in the cell faces, and the
vorticity in the cell edges [33]. Staggered grids are opposed to collocated meshes where
all the variables are defined in the same grid position. Staggered grids are selected as
they are more stable than collocated meshes, as collocated meshes suffer from decou-
pling between the velocity and pressure in each point (as p1 does not influence u1, and
vice versa)[29].

Simplified Chemistry and ”Lumped species”

Fire is essentially a reaction of fuel and air that has different products, as carbon dioxide,
monoxide, and others according to the fuel composition and the completeness of the
combustion. This means that completely describing a fire would need several reactions,
the same as tracking the species would need a large number of transport equations.
To reduce the complexity of the calculations and reduce the amount of variables FDS
employs the lumped species approach. Lumped species are groups of substances, at
a determined proportion, that are handled as an unique gas species, for example air,
being a mix of oxygen and nitrogen. Using this concept, also in the products of the
combustion reaction, is possible to simplify this reaction to one where there are only 3
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species, fuel, air and products. Furthermore, handling only fuel, air and products also
reduces the amount of transport equations solved.

The combustion reaction is also calculated using lumped species. The reaction is
limited by the amount of mixing between the fuel and air, and it occurs infinitely fast
(meaning that all the fuel-air mix that can burn in a time-step, will burn in that time-
step). Other reactions models can be used for combustion, as Arrhenius equations, etc.

Solution Procedure

FDS uses a second-order predictor/corrector algorithm. The basic procedure follows the
update of the density, ρn, mass density, Z n, velocity vector, un, background pressure ̄𝑝
n, the Bernoulli integral Hn, and the temperature, Tn. In brief the steps that the solver
follows are, for the predictor step:

• The density, ρn, mass density, Z n, and background pressure ̄𝑝 are updated in time
with a explicit Euler step.

• Density, ρn and mass density, Z n are computed.

• The temperature is calculated, using the equation of state.

• The velocity divergence is computed

• The Poisson equation is solved, calculating the Bernoulli integral Hn, main vari-
able related to the momentum and pressure

• The velocity un is calculated using the Bernoulli integral.

• The CFL constraint is checked, if it is satisfied the corrector step starts

And then, for the corrector step:

• The density, ρn, mass density, Z n, and background pressure ̄𝑝 are corrected taking
into consideration the predictor value and the previous step value.

• The temperature is calculated, using the equation of state, with the new corrected
variables.

• Source term for heat and mass are calculated and stored, as the heat release per
unit volume, ̇𝑞‴.

• The velocity divergence is computed, using the corrected values.

• The value for the Bernoulli integral Hn is also corrected, using the estimates of
the last steps.
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• The velocity un is corrected.

Detailed information regarding the software can be found in each one of the differ-
ent manuals provided by the developers. The FDS user guide [30] includes information
regarding how to use the software and essential formulas used in the software. The
FDS technical guide [33] focuses in explaining the mathematical formulation for all the
modeling done inside the software. The FDS verification guide [32] explains the proce-
dure to do your own verification cases, and shows all the verification that FDS has so
far. And the FDS validation guide [31] exhibits all the validation that FDS has against
real tests for a wide variety of scenarios.

2.3.2 One Dimensional Modeling
The 1D part of the Domain is solved using Whitesmoke, a mono-dimensional model
developed at Politecnico di Torino. Whitesmoke is mainly used to solve the flow con-
ditions inside networks of tunnels or pipes that can be represented as a combinations
of nodes and branches. The main assumption of the model is that for domains where 1
dimension greatly prevails over the other two, as example a tunnel where the length is
several times longer than the section, it is possible to solve a mono-dimensional prob-
lem instead of the three dimensional problem. Whitesmoke solves a modified version
of the Navier-Stokes equations for the momentum and continuity, a transient equation
of energy for the thermal properties and a Mass transfer equation that combines the
Fick theory and the continuity equation for the mass concentration.

Network Representation

The Graph Theory [6] is used to define the network, meaning that the network is de-
scribed using nodes and branches. Branches are 1D fragments of the network connected
to 2 nodes that are the branch inlet and outlet. In the branches geometrical and phys-
ical properties of the tunnel are defined, as: area of the section, perimeter, length of
the branch, external temperature, roughness of the walls, thermal resistance and mi-
nor losses coefficient. Branches are also the center of momentum calculations, and the
zones where vectorial quantities, as flows, are defined. Nodes are the points where one
or more branches connect with each other. In nodes it is possible to define the height of
the tunnel and external flows. Nodes are used as the center of thermal and concentra-
tion calculations, and the points where scalar quantities, as Temperature, Concentration
and pressure, are defined.

For networks of this nature is possible to build an incidence matrix to describe their
topology. An incidence matrix is a matrix that has as many rows as nodes has the
network, and as many columns as branches. The values in the matrix are:

• zero (0) if the row (node) doesn’t has contact with the branch (column).
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• +1 if the node is the inlet of the branch.

• -1 if the node is the outlet of the branch.

Fluid flow model

The expression used to calculate the fluid flow is based in the Navier-Stokes equations
for continuity and momentum, 2.1.

𝜕𝜌
𝜕𝑡

+ ∇ ⋅ (𝜌𝑢) = 0

𝜕𝜌𝑢
𝜕𝑡

+ ∇ ⋅ (𝜌𝑢𝑢) = −∇𝑝 + ∇ ⋅ 𝜏𝜏𝜏 + Δ𝑃𝑠𝑜𝑢𝑟𝑐𝑒

(2.1)

In these equations, 𝜌 is the density, 𝑢 is the velocity vector, 𝑡 is the time, 𝑝 stands for
the pressure and ∇ ⋅ 𝜏𝜏𝜏 is the viscous term. The Navier-Stokes Equations 2.1 have to be
modified to be fit to solve the problems presented in this work. To achieve this first the
mono-dimensional form of the Navier-Stokes equations are considered, by eliminating
the dependence with two of the three dimensions. As a consequence, the term ∇ ⋅ 𝜏𝜏𝜏,
present in the momentum equation of Navier-Stokes, losses part of its meaning and is
substituted by the source term Δ𝑃𝑓𝑟𝑖𝑐𝑡 that takes into consideration the viscous term
through semi-empirical correlations. The last term, Δ𝑃𝑠𝑜𝑢𝑟𝑐𝑒, takes into consideration
pressure introduced by fans, buoyancy, piston effect, among others. Introducing these
changes in the Navier-Stokes equations 2.1 we obtain the mono-dimensional equations
for continuity 2.2 and momentum 2.3.

𝑑𝜌
𝑑𝑡

+
𝑑𝜌𝑢
𝑑𝑥

= 0 (2.2)

𝜌𝑑𝑢
𝑑𝑡

+ 𝜌𝑢 𝑑𝑢
𝑑𝑥

= −
𝑑𝑝
𝑑𝑥

+ Δ𝑃𝑓𝑟𝑖𝑐𝑡 + Δ𝑃𝑠𝑜𝑢𝑟𝑐𝑒 (2.3)

To adapt the continuity and momentum equations to the network problems they
have to be developed considering the topology of the network. Then, the momentum
equation 2.3 is developed around a branch j, and the continuity equation 2.2 is developed
around a node i. The transient term of the equations is expanded using the backward
Euler method, in both of the cases. This changes result in the equations in 2.4, for
continuity, and 2.5, for momentum.

𝜌𝑡
𝑖 − 𝜌𝑡−Δ𝑡

𝑖
Δ𝑡 (∑

𝑗

𝐴𝑗𝐿𝑗

2 )
+ ∑

𝑗
𝑢𝑗𝐴𝑗𝜌𝑗 + 𝐺𝑒𝑥𝑡,𝑖 = 0 (2.4)
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𝜌𝑗𝐿𝑗
𝑢𝑡

𝑗 − 𝑢𝑡−Δ𝑡
𝑗

Δ𝑡
+ (𝑃𝑖+1 − 𝑃 𝑖) + Δ𝑃𝑓𝑟𝑖𝑐𝑡 + Δ𝑃𝑠𝑜𝑢𝑟𝑐𝑒 = 0 (2.5)

𝑃𝑖 = 𝑝𝑖 +
𝜌𝑖𝑢2

𝑖
2

+ 𝜌𝑖𝑔𝑧𝑖
(2.6)

In 2.4, the transient continuity equation around a node is shown. The first term in
the left hand side is the time advancing term, and represents the change in mass inside
the analyzed node. In this term, 𝜌𝑡

𝑖 is the density in the node i, for the actual time-
step, 𝐴𝑗 means the section of the branch j, as 𝐿𝑗 stands for the length of the branch
j. The second term is the summation of the mass flows entering and leaving the node
from connected branches. And the third term represents the external flows entering or
leaving the node, and the network.

Equation 2.5 shows the momentum equation, that is developed around a branch.
The first term in the momentum equation represents the change of momentum inside
the branch, is the transient term. The second term shows the variation of total pressure
in the branch. And the last two terms remain as source terms for the losses caused
by friction Δ𝑃𝑓𝑟𝑖𝑐𝑡 and the pressure introduced by other devices Δ𝑃𝑠𝑜𝑢𝑟𝑐𝑒. The total
pressure, used in the second term, is defined as in 2.6, it groups the static pressure, the
dynamic pressure and extracts the buoyancy term from the Δ𝑃𝑠𝑜𝑢𝑟𝑐𝑒.

Δ𝑃𝑓𝑟𝑖𝑐𝑡 = 1
2 (𝑓𝑗

𝐿𝑗

𝐷ℎ,𝑗
+ ∑ 𝛽𝑗) 𝜌𝑗𝑢2

𝑗 (2.7)

The expression 2.7 shows the empirical relation used to calculate the losses due to
friction. The first term inside the parenthesis calculates the losses along the tunnel,
using 𝑓𝑗 that is the friction coefficient of the branch j, and the hydraulic diameter 𝐷ℎ,𝑗.
The second term in the parenthesis makes a summation of the 𝛽𝑗 concentrated losses
coefficients of the branch.

Regarding the term in the Δ𝑃𝑠𝑜𝑢𝑟𝑐𝑒, the equations 2.8 are the two expressions used
to calculate the pressure change introduced by fans. The first expression calculates
Δ𝑃𝑓𝑎𝑛,𝑗 using a third grade polynomial, where the constants a, b, c and d have to be
either provided by the manufacturer or calculated to fit the operation curve of the fan.
The second expression uses the fan discharge velocity 𝑢𝑓, area 𝐴𝑓 and the pressure rise
coefficient 𝐾𝑓, with properties of the branch and the amount of fans in the branch to
calculate the pressure change due to the fan action.

Δ𝑃𝑓𝑎𝑛,𝑗 = 𝑎𝑢3
𝑗 + 𝑏𝑢2

𝑗 + 𝑐𝑢𝑗 + 𝑑

Δ𝑃𝑓𝑎𝑛,𝑗 = 𝑛𝑗𝜌𝑗
𝐴𝑓

𝐴𝑗
𝐾𝑓𝑢𝑓 (𝑢𝑓 − 𝑢𝑗)

(2.8)
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The piston effect of the tunnel can also be considered in the calculation. The ex-
pression used to calculate it is shown in 2.9, in the formula 𝜖𝑣 is the aerodynamic factor
of the vehicle, 𝐴𝑣 is the cross section area of the car and 𝑁1 and 𝑁2 are the number
of vehicles in the two directions of the tunnel, and 𝑢1 and 𝑢2 the velocities in these
directions.

Δ𝑃𝑝𝑖𝑠𝑡𝑜𝑛,𝑗 = 𝜖𝑣
𝐴𝑣
𝐴𝑗

𝜌𝑗

2 (𝑁1 (𝑢1 − 𝑢𝑗)
2 − 𝑁2 (𝑢2 − 𝑢𝑗)

2
) (2.9)

Thermal model

The thermal calculation of the model is based in the transient form of the energy equa-
tion, 2.10. In this equation the 𝑐𝑝 stands for the specific heat capacity of the flow, 𝑇 is
the temperature of the species, 𝑘 is the thermal conductivity and 𝜑𝑠 corresponds to a
volumetric source term.

𝜕 (𝜌𝑐𝑝𝑇)
𝜕𝑡

+ ∇ ⋅ (𝜌𝑐𝑝𝑢𝑇) = ∇ ⋅ (𝑘∇𝑇) + 𝜑𝑠
(2.10)

The equation in 2.10 is then developed in its 1D form, by neglecting the 2 dimensions
that are perpendicular to the tunnel length. Also the volumetric heat source term is
divided in two terms for equation 2.11.

𝜌𝑐𝑝
𝑑𝑇
𝑑𝑡

+ 𝜌𝑐𝑝𝑢𝑑𝑇
𝑑𝑥

= 𝑘𝑑2𝑇
𝑑𝑥2 + 𝜑𝑣 − 𝜑𝑙 (2.11)

Then, the energy equation is applied to control volumes that surround each node
and half of the connecting branches and the backward Euler step is employed to develop
the transient term, resulting in the equation 2.12. The first term, of this expression,
corresponds to the transient term, containing the time rate change of energy in the
control volume, of volume Δ𝑉 [70]. The second term represents the energy flow due
to mass flow entering or leaving the control volume through the connected branches.
The temperature of the flows is defined using the upwind scheme [70], meaning that
the temperature of the fluids in each branch corresponds to the temperature of the inlet
node of the branch. The first term in the right hand side calculates the heat conduction
through the connected branches, it tends to be negligible as it is orders of magnitude
smaller in comparison to the mass flow term [70]. The last two terms in the right hand
side are the volumetric heat source term 𝜑𝑣 and the losses sink term 𝜑𝑙. This last term
contains the information regarding the losses of energy from the tunnel caused by the
non-adiabatic walls of the tunnel [70].
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𝜌𝑡
𝑖𝑐𝑝,𝑖

𝑇 𝑡
𝑖 − 𝑇 𝑡−Δ𝑡

𝑖
Δ𝑡

Δ𝑉 + ∑
𝑗

𝜌𝑡
𝑗𝑐𝑝,𝑖𝑢𝑡

𝑗𝐴𝑗𝑇 𝑡
𝑗 = ∑

𝑗
𝑘𝑗

𝑑𝑇 𝑡

𝑑𝑥
𝐴𝑗 + 𝜙𝑣,𝑖 − 𝜙𝑙,𝑖 (2.12)

The two source terms in equation 2.12 are calculated through empirical relations.
The volumetric heat term usually would include energy contributions due to fire, that
will be not considered as the Multiscale tool aim is to simulate this kind of complex
reactions in its 3D part. The losses sink term is evaluated using the expression in 2.13.

𝜙𝑙,𝑖 = ∑
𝑗

(
𝐿𝑗

2
Ω𝑗𝑈𝑗 (𝑇𝑖 − 𝑇∞,𝑗)) (2.13)

In Equation 2.13 the losses through the walls are calculated using the length, 𝐿𝑗,
the perimeter, Ω𝑗, the global heat transfer coefficient 𝑈𝑗 and the temperature difference
with the external temperature, 𝑇 ∞

𝑗 of the branch. These losses are calculated on half
of the connected branches as it is the portion of the branches that belongs to each,
node centered, control volume. The losses are calculated using a global heat transfer
coefficient obtained using the equations 2.14 and 2.15. First, the convective heat transfer
coefficientℎ𝑗 is calculated using the velocity, the specific heat and the friction coefficient
of the branch, as in 2.15. Then, the global heat transfer is calculated following equation
2.14, using the, 𝑅𝑅𝑅,𝑗, thermal rock resistance of the wall.

𝑈𝑗 = (
1
ℎ𝑗

+ 𝑅𝑅𝑅,𝑗)

−1
(2.14)

ℎ𝑗 = 1
8

𝑓𝑗𝑐𝑝,𝑗
𝐺𝑗

𝐴𝑗
(2.15)

Mass composition model

The concentration is described using the Convection-Diffusion form of the conservation
law [29] with concentration , or density, as the scalar variable. Therefore, the model
uses an expression that is similar to the continuity equation, but adds the term for the
diffusion of the species, 2.16.

𝜕𝐶
𝜕𝑡

+ ∇ ⋅ (𝑣𝐶) = ∇ ⋅ 𝐷∇𝐶 + 𝑆𝑝 (2.16)

Here𝐶 is the concentration, 𝐷 is the diffusion coefficient, and is considered constant
in space, and 𝑆𝑝 is a source term for species entering and leaving the network. This
equation then has to be passed to its one dimensional form, in 2.17.
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𝑑𝐶
𝑑𝑡

+ 𝑢𝑑𝐶
𝑑𝑥

= 𝐷𝑑2𝐶
𝑑𝑥2 + 𝑆𝑝 (2.17)

In the one dimensional form only one of the three terms of laplacian of the diffu-
sion remains, in the right hand side with the source term. In the left hand side the
first term represents the change of concentration over time, and the second term the
concentration change due to advection. As a last step the equation is developed in a
control volume around a node, using the backwards Euler method as the time advancing
scheme, resulting in equation 2.18.

𝐶 𝑡
𝑖 − 𝐶 𝑡−Δ𝑡

𝑖
Δ𝑡

+ ∑
𝑗

𝑢𝑡
𝑗𝐴𝑗𝐶 𝑡

𝑗 = ∑
𝑗

𝐷𝑗𝐴𝑗
𝐶 𝑡

𝑖 − 𝐶 𝑡
𝑗

𝐿𝑗
+ 𝑆𝑝,𝑖 (2.18)

Matrix formulation

The expressions in equations 2.4, 2.5, 2.12 and 2.18 are passed to matricial form, to
describe the entire network topology, using the incidence matrix. In equation 2.19 the
continuity equation is expressed inmatricial form. The first term contains themass flow
entering and exiting the node control volume, as the product of the incidence matrix,
𝐴(𝑖,𝑗), and the column vector containing the mass flow in each branch, 𝐺𝑡

(𝑗). The second
term contains the external mass flows into the control volume and the third term the
transient component.

𝐴(𝑖,𝑗)𝐺𝑡
(𝑗) + 𝐺𝑡

𝑒𝑥𝑡(𝑖) + 𝑟(𝑖) = 0 (2.19)

In the case of the matricial form of the momentum equation 2.20 in the left hand
side the total pressure change is written as the product of the transpose of the incidence
matrix, 𝐴𝑇

(𝑗,𝑖), and the Total pressure pressure column vector, 𝑃 𝑡
(𝑖). In the right hand side

the first term groups the hydraulic resistance, 𝑅𝑡
(𝑗,𝑗), and part of the unsteady term,

𝐶 𝑡
(𝑗,𝑗), multiplied by the mass flow. The second term stands for the pressure sources

introduced in the branch, 𝑡𝑡
(𝑗), and the third term is the second half of the unsteady term

created with the backward Euler scheme when developing the equation.

𝐴𝑇
(𝑗,𝑖)𝑃

𝑡
(𝑖) = (𝑅𝑡

(𝑗,𝑗) + 𝐶 𝑡
(𝑗,𝑗)) ⋅ 𝐺𝑡

(𝑗) − 𝑡𝑡
(𝑗) − 𝑠𝑡

(𝑗) (2.20)

Equation 2.21 corresponds to the thermal model matricial form. In this equation,

the matrix 𝑀, called the mass matrix, is a square matrix containing the
𝜌𝑡

𝑖𝑐𝑝,𝑖
Δ𝑡 of the
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unsteady term in 2.12. Also, matrix 𝐾, called the stiffness matrix, contains data related
to the energy flow due to convection and half of the losses source term. The other half
of the source term is in the term 𝑓 𝑡

(𝑖), that corresponds to the half that contains the
external temperature, the known part of the term. The term Φ𝑣(𝑖) contains volumetric
energy sources introduced in the networks, if there are any. And the last term in the
right hand side contains half of the unsteady term, referred to the previous time-step.

(𝑀 𝑡
(𝑖,𝑖) + 𝐾 𝑡

(𝑖,𝑖)) 𝑇 𝑡
(𝑖) = 𝑓 𝑡

(𝑖) + Φ𝑣(𝑖) + 𝑀 𝑡−Δ𝑡
(𝑖,𝑖) 𝑇 𝑡−Δ𝑡

(𝑖) (2.21)

The structure of the mass transport equation in matricial form, 2.22, is also similar
to the thermal model equation. The values contained by the 𝑀𝐶 matrix adjusts to the
equation and are now 1

Δ𝑡 . The matrix 𝐾𝐶 in this equation contains the advective terms

and part of the diffusive term, of the form
𝐷𝑗𝐴𝑗

𝐿𝑗
. The first term in the right hand side 𝑓 𝑡

(𝑖)
contains known terms, mostly in the boundaries. The second right hand term contains
the species source term. The third term contains half of the transient term, due to the
Backward Euler time advancing scheme.

(𝑀 𝑡
𝐶(𝑖,𝑖) + 𝐾 𝑡

𝐶(𝑖,𝑖)) 𝐶 𝑡
(𝑖) = 𝑓 𝑡

𝐶(𝑖) + 𝑆𝑝(𝑖) + 𝑀 𝑡−Δ𝑡
𝐶(𝑖,𝑖)𝐶

𝑡−Δ𝑡
(𝑖) (2.22)

Solution procedure

The system of equations is solved iteratively using a SIMPLE (Semi-Implicit Method
for Pressure Linked Equations), as it was proposed in [56]. The steps followed for the
solutions are shown in the figure 2.5.

Figure 2.5: SIMPLE Algorithm Representation
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The procedure in the figure 2.5 starts with the calculation of the flow using the
momentum equation. In the momentum equation, 𝑌 ∗ is the inverse of the hydraulic
resistance and it is a function of the mass flow, making the problem non linear intro-
ducing the need to solve the problem iteratively. After obtaining this mass flow guess
it is used to calculate the pressure change, this is done using the second expression in
the right. This expression is the result of assuming that the difference between 𝑌 (𝐺)
and 𝑌 (𝐺∗) is negligible; a complete explanation of this process can be found in [70].
Then, the values of the new pressure 𝑃𝑛𝑒𝑤 and new mass flow 𝐺𝑛𝑒𝑤 are obtained, using
under relaxation factors 𝛼𝑝 and 𝛼𝐺, respectively. The last two formulas are the thermal
model and mass transport model, they calculate the temperature and concentration of
species, respectively. After this iterations the residuals of the continuity, momentum,
energy and concentration equations are evaluated, and if they are below a tolerance the
iterative process ends. Otherwise, the process enters a new iteration were the values of
𝐺𝑜𝑙𝑑 and 𝑃𝑜𝑙𝑑 are substituted by 𝐺∗ and 𝑃 ∗ , and these last two are substituted by 𝐺𝑛𝑒𝑤
and 𝑃𝑛𝑒𝑤.

2.3.3 Coupling method
The coupling method used corresponds to a Dirichlet-Neumann method, according to
the domain decomposition literature. The coupling information is exchanged in non-
overlapping boundaries using 2 kinds of boundaries that exchange pressure and mass
flow data frequently between the 3D and 1D models. The coupling of the 3D and 1D
models is done using Fortran, the same language in which both FDS and Whitesmoke
are written. The exchange of information happens at the end of the 3D (FDS) calcu-
lation, where the properties that exit the corrector phase of the FDS are passed to the
1D (Whitesmoke), the 1D step takes place and new boundaries for the FDS simulation
are obtained. The 2 kinds of boundaries used in the exchange are opposite in the kind
of information that they pass from one sub-model to the other, and are necessary to
ensure that the problem can be solved adequately.

”PRES” Boundary

In this boundary the 3Dmodel passes pressure information to the 1D, and the 1D passes
the mass flow information back to the 3D model, as seen in the left part of 2.6. The
pressure in the 3D boundary is averaged across the boundary surface. The average is
weighted by themass flow, so the information in every cell of the 3D is multiplied by the
local density and velocity, and then divided accordingly. The averaged value obtained
is then assigned to the 1D node that is connected to the boundary surface of the 3D
simulations. In the opposite direction, after the 1D finishes its iteration the value of the
mass flow in the 1D node is assigned to the whole boundary surface that it connects to,
distributing the flow homogeneously in the 3D boundary section.

This boundary is used in tunnels simulations for the upstream boundary condition,
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a boundary where the conditions are barely affected by the fire and introducing an
uniform mass flow over all of the boundary does not create instabilities. The only point
to take into consideration is to keep this boundary away from the back-layering or
any other bidirectional flow. The back-layering is the name that receives the smoke
that manages to return upstream of the fire. It is closely related to the critical velocity,
which is the ventilation velocity in the tunnel for which the smoke is unable to return
upstream. The boundary should be kept away from bidirectional flows as it acts as
a sort of wall that introduces a mass flow rate at a set velocity in only one direction.
Bidirectional flows close to this boundary would create zones with artificially higher
or lower pressures. When it comes to the back-layering, expressions can be used to
predict the back-layering length in a fire scenario and place accordingly the boundary
surface.

Figure 2.6: Boundary conditions between the 1D and 3D models

”VEL” Boundary

The ”VEL” boundary complements the ”PRES” boundaries by passing the pressure in-
formation from the 1D to the 3D model, and the mass flow information from the 3D
to the 1D model, as seen in the right side of 2.6. The passage of the mass flow is done
through an average of it over the 3D boundary surface; the value is then passed to the
node connected to the boundary as an external mass flow rate.

In the opposite direction, the 1D imposes the pressure boundary condition to the 3D.
The pressure is calculated in the node connected to the boundary surface, this pressure
is assigned to the mean pressure of the 3D surface. Using an uniform pressure distri-
bution in the 3D surface causes instabilities in the flow and the simulation, as shown
in Figure 2.7. To avoid these instabilities a new distribution is made each iteration, the
distribution represents an average of the pressure behavior in the last 5% of the domain
in the direction perpendicular to the boundary. At last, the boundary imposed com-
bines the average pressure provided by the 1D with a distribution provided by the 3D,
calculating as in Figure 2.8.
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Figure 2.7: Downstream instabilities, due to uniform pressure boundary

Figure 2.8: Pressure distribution calculation

Regarding the placement of this boundary it should be placed far from the fire, at a
distance that should compromise having flow conditions that are close to homogeneous
and keeping the 3D as small as possible to save time. The capability of the fire of
disrupting the flow is proportional mainly to the fire heat release rate, so for fires of
higher intensities the domain will have to be bigger to ensure more stability.

Temperature and Concentration Boundary Conditions

The temperature and concentration boundary conditions are exchanged in the bound-
aries following the upwind scheme. Therefore the mass weighted temperature and
concentration average are calculated in all the 3D boundary conditions, and in all the
1D nodes, and they are passed in the direction that the mass flows follow. The variables
are calculated using mass weighted means to ensure the conservation of momentum,
energy and mass concentration

2.3.4 Network Representation
The network must not only represent the tunnel, but also the ventilation system com-
posed of different devices across the tunnel length. These devices aim to simulate pre-
cisely the presence of fans inside the tunnel and in transversal ducts systems. To achieve
this the fans are modeled according to a pair of expressions, the degradation of their
operation is considered by recalculating their contribution each time-step and other
effects are also simulated if they would exist, like the piston effect.

Ducts are mainly used in transversal and semi-transversal systems. These systems
use networks of ducts parallel to the tunnel that exhaust vitiated air and introduce
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clean air across the tunnel. They can be linked in the same way extractions are, even
in multiple points of the tunnel.

Extractions and Networks

Extractions are used in ventilation systems of long tunnels, mainly. For the 3D domain
it is possible to place extractions using FDS vents, to fix the volumetric or mass flow that
is inserted or extracted of the tunnel. It is also possible to use the multiscale algorithm
to place transversal ducts in 3D domains, and in the 1D part, the boundary conditions
that they use has to be adjusted accordingly to the properties known of the extraction,
all of the options are shown in 2.9.

Figure 2.9: Network and Extraction configurations

Fans

Jet fans are used mostly in longitudinal and semi-transversal ventilation systems. They
can be modeled inside the 3D model by adding an obstruction with two vents in each
side, one working as a flow sink and the other as a flow source. The 1D model has
expressions to simulate the presence of fans inside the branches, one expression calcu-
lates the pressure difference introduced based in the characteristic curve of the fan, and
the other based in the change of kinetic energy, as mentioned in previous sections of
this chapter. Both of the options to introduce fans are illustrated in 2.10.

Figure 2.10: Fans configurations
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Chapter 3

Calculation time considerations

The reduction of the calculation time is one of the main objectives of multiscale simu-
lations. Therefore, it is very important to evaluate the factors that raise the calculation
time in a CFD simulation, and more importantly the methods available to reduce this
time cost.

Focusing the study in the case of the proposed multiscale model it is possible to
mention different factors. These are described in section 3.1.

3.1 FDS single process factors
First, wewill be considering a simple FDS simulation, ran using only 1mesh and leaving
aside the different tools available to parallelize the workload. In the case of this simple
simulation some important factors that have an influence in the calculation time of the
simulation are the following:

Domain and Meshing

The amount of cells to simulate, and therefore the domain size and meshing, are one of
the main factors regarding the duration of an FDS simulation. For an FDS simulation
the total amount of mathematical operations that have to be solved is directly related
to the number of cells and equations that are needed to calculate the properties in these
cells.

Heat release rate

Still, the domain and meshing are constrained by different physical aspects of the simu-
lation to be solved. Among them, the heat release rate of the fire simulated is important
as it needs the mesh resolution to be small enough to calculate the properties of the fire
precisely. If the mesh resolution is too coarse a part of the information might be lost in-
side the cell average values. The mesh resolution can be compared to the characteristic
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fire diameter to obtain a degree of the capability of the mesh to calculate the proper-
ties of the flow [33]. This equation and other parameters shown in the guides are still
references and do not guarantee the quality of the mesh, therefore making a sensitivity
analysis is still recommended.

Maximum velocities

The Courant–Friedrichs–Lewy condition is an important stability condition for explicit
schemes solving wave and convection equations. The condition expresses that the dis-
tance that can cover any disturbance at a velocity 𝑣 during a time period Δ𝑡 has to be
inferior to the distance between two grid points [29], also other similar constraints are
used and explained in [33]. As FDS has to ensure that this condition is applied to all
the domain the limitant is the highest velocity in the simulation. This constraint has to
be taken into consideration as this means that refining the mesh will not only raise the
amount of cells but also shorten the time-steps, consequently making the calculation
time longer.

Models Used

The physics involved and their modeling also affect the computational time. Some
examples of modeling that can change the simulation time are: complex reactions,
changing the near-wall model, introducing particles or sprinklers, changing the pres-
sure solver, among others. Optimizing the calculation time also requires the capability
to decide which models are needed in a simulation, as in several cases like prelimi-
nary simulations it is heavily advised to simplify the physics used. How to simplify the
physics depends on the simulated case, but regularly it means to eliminate the radiation
calculation, using volumetric heat release sources instead of fires, etc.

Hardware available

The computational time is also affected by the computer used to perform the simulation.
Here we consider the amount of cores to simulate in parallel, of ram space to handle
large numbers of cells, among others.

3.2 FDS Multiple process factors
Reducing the time it takes to finish a simulation is important. It is one of the main
concerns of this work and has been an important focus through the development of FDS
as a CFD model. In FDS a method that has been developed to reduce the computation
time of the simulations has been to exploit the paralellization of work through OpenMP
and MPI.
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OpenMP

OpenMP, that is a short name for Open Multi-Processing, is a set of language exten-
sions that can be implemented as compiler directives. Its implementation is available
in Fortran, C and C++, and is used to increase parallelism in a sequential code. It adds
directives in the loops in the code to be executed in parallel, being the compiler itself
the responsible of creating and managing the threads that make it possible, as explained
in [51].

OpenMP is implemented in FDS and allows the usage ofmultiple cores of a computer
or computer cluster to parallelize the FDS calculations. The number of cores that will
be used are defined before the simulation, and are more effective if they are physically
associated, for example in multi-core processors [30]. A study in OpenMP efficiency is
available in the FDS guide [30].

MPI

MPI stands for ‘’Message Passing Interface” and is a set of library routines that allow
process management, message passing (among processes) and other communication
operations. In contrast to OpenMP, the division of the program at hand in multiple
processes is more responsibility of the developer and makes it more difficult to write
and manage.

FDS allows the creation of multiple meshes, this meshes can be distributed among
several processes to be calculated in parallel, MPI handles the communication among
the processes that happens at the boundaries. A study in the efficiency of the usage of
the MPI is shown in [30] in this studies is appreciable how the time saving is propor-
tional to the amount of meshes in which the domain is divided, but it introduces a new
process that consumes time, that is the communication of data among the meshes.

OpenMP + MPI

It is possible to use both methods together, with the program parallelized in different
processes (MPI) and the internal loops working in parallel in different threads. Still,
using MPI is recommended over using openMP, as the capacity of MPI to reduce the
calculation time is higher [30].

3.3 Multiscale factors
Multiscale models offer a different alternative, here the usage of a 1D model can substi-
tute regions of the 3D domain, lowering the calculation time consumed by those regions
greatly, not compromising the precision of other zones of the domain and not needing
higher amounts of computation power to manage parallelized work. The comparison
between the FDS paralellization methods and using the HVACmodel with FDS to make

35



Calculation time considerations

Multiscale simulations has been observed in the work by Vermesi et. al. [71], showing
that multiscale models achieve higher degrees of time saving.

3.4 Comparison Multiscale and Full-3D simulations
To compare the full-scale and multiscale models a hypothetical tunnel was simulated
using both of the methods to compare the amount of time they spend. The tunnel used
has a 4.8 m x 4.8 m section and a length of 600m. Inside this tunnel, a pool fire of 2MW is
started, placed at 300 m from each portal, in the middle of the roadway. In the upstream
portal of the tunnel the air speed is imposed to be 1 m/s, equivalent to 28.23 kg/s, of
mass flow, for the ambient density of the air. Conversely, in the downstream portal the
pressure is set to be ambient.

Figure 3.1: Simulated Tunnels for Multi-scale and Full-scale comparison (Full, n°2 and
n°4, from the lower to the higher)

The Table 3.4 contains information regarding the 5 cases that will be compared in
this section, 1 Full scale test of the tunnel and 4 multiscale tests with different 1D-3D
domain distributions. Three out of this five test cases are shown in Figure 3.1, making
evident their different domain distributions.

36



3.4 – Comparison Multiscale and Full-3D simulations

Case 3D length 3D% 1D length 1D%
Full 600m 100% 0m 0%
n°1 420m 70% 180m 30%
n°2 360m 60% 240m 40%
n°3 300m 50% 300m 50%
n°4 240m 40% 360m 60%

Table 3.1: Cases comparing multi-scale and full-scale simulations

The exchange boundaries between the two models are placed at the same distance
before and after the fire, in these test cases. Still, the boundary upstream of the fire
is always placed at a distance higher than the expected back-layering length, that is
calculated to be of 54m (Li formula) or 63m (Weng formula) [76].

All the tests were executed in the same computer, an Intel Xeon Gold 6230R, with
96gb of Ram, running linux Ubuntu 20.04. The tests use the multiscale and OpenMP set-
ting, using 4 cores for the OpenMP calculation. Further time reduction can be obtained
by using MPI instead of OpenMP, as it was seen in the literature [71], still the script
used to link the 1D and 3D models has to be adapted to be used in an MPI calculation.

3.4.1 Test Results
The five tests simulated the flow in the tunnel for 1000 seconds. The flow inside the
tunnel reaches the downstream portal of the tunnel after 300 seconds, as seen in the
Figure 3.2. From that point onward the flow inside the tunnel gradually reaches steady
state. The flow is stratified, with higher velocities and temperatures in the upper part of
the tunnel downstream of the fire. In the Upstream area of the fire some back-layering
is present, with a length of 65 meters approximately, not very far from the values pre-
viously approximated.

Figure 3.2: Temperature across the longitudinal section of the tunnel after 100s, 200s,
300s, 400s and 500s of the fire start
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Calculation times

Completing the test took different amounts of time for the different setups, mostly in-
fluenced by the distribution of the domain among the 1D and 3D model. The Figure
3.3 shows the time each one of the five test cases needed through the simulations, until
they end at the 1000 seconds. The time curves for every simulation are mostly lineal,
only the first 50 seconds of the simulation are computed a little faster as the fire starts
gradually after some seconds of cold flow, which implies a simpler flow with a longer
time step.

The time reduction obtained for every 10% of the domain simulated using the 1D
model of the multiscale has a linear trend, suggesting that the simulation time reduces
linearly with the increase of the proportion of the domain modeled in 1D. In the Figure
3.4, the calculation times for the different setups are compared to a straight line from
the full scale simulation time to 0 seconds. This Figure makes it evident that the time
reduction is almost linear for the presented cases. Still, the 1D portion uses a smaller,
and not null, amount of time and introduces time expenditure in the form of boundary
conditions calculation, data exchange and data output, that is reflected in the deviation
from the straight line.
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Figure 3.3: Simulation time against CPU time in full and multi-scale simulations
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Figure 3.4: CPU time reduction for different 1D-3D distributions

Fluid dynamic Behavior (Pressure)

Other properties of the flow are compared to ensure that the simulation is not only
faster, but also accurate. The Figure 3.5 shows the pressure for the five cases, averaged
over the 400 to the 900 second of simulation. The behavior of all of the curves is similar
in qualitative terms, as they have similar shapes and averages. Still, the curve with the
higher 1D portion of the domain introduces higher pressures close to the fire and in the
upstream part of the domain. The remaining curves maintain their errors, with respect
to the full 3D simulation, around the 10%, being lower in the case of the 50% 1D and 3D
curve, where the error remains close to the 5%.
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Figure 3.5: Pressure along the tunnel in full and multi-scale simulations
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Fluid dynamic Behavior (Velocity)

Following the analysis, the velocity is shown in Figure 3.6. The differences in the veloc-
ities are smaller, most of the multiscale simulations keep their velocities within small
deviations from the full-scale simulation. The deviations are concentrated in two points,
the downstream portal and the back-layering length. In the case of the back-layering
area the difference is introduced by small variations in the back-layering length, which
changes the conditions in the area noticeably. In the case of the downstream portal, the
deviation comes from a different exit flow interaction where the 3D makes an ambient
exit with bidirectional flow (exiting at high speed in the upper part and entering at low
speed in the lower part to keep the same mass flow, and a pressure drop due to the
increase in velocity) and the 1D model only introduces a localized loss (to match the
pressure behavior of the 3D). Among the showed test cases the only one which includes
higher differences between the 3D and multi-scale simulation is the case n°4 (with 60%
of 1D domain). This difference is caused by the error introduced close to the boundary
between the models, when the flow passes from the 3D to the 1D domain. This error is
lower as the boundary is farther from the fire and the flow is more homogeneous, and
represents a limitant factor for the domains used in the multiscale.
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Figure 3.6: Velocity along the tunnel in full and multi-scale simulations

Thermal Behavior (Temperature)

The behavior inside the thermal model is shown in the Figure 3.7. The thermal model
errors center in the same spots as in the velocity, Figure 3.6, being the points the down-
stream portal and the back-layering length. In the case of the downstream portal the
sudden raise in velocity includes air that enters, at environment temperature, from the
outside, lowering the temperature of the area. And in the case of the back-layering
length the small difference in the total back-layering length produce differences among
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the simulations. Here the divergent behavior of the temperature case n°4 is caused by
the same boundary problems mentioned in the velocity section, as colder air enters
from the boundary and lowers the temperature of the vicinity.
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Figure 3.7: Temperature along the tunnel in full and multi-scale simulations

3.5 Observations
The results in the cases from the n°1 to the n°3, meaning from 30% up to 50% of the
domain in the 1D, accumulate low amounts of error in both the velocity and tempera-
ture, and acceptable amounts of errors in the case of the pressure. Still, raising the 1D
domain to a 60%, in this case, introduces higher errors in the pressure, temperature and
velocity. The reason is that being closer to the fire the downstream exchange boundary
is placed in an area with a non-homogeneous flow. And in this non-homogeneous flow
the 1D assumption is not suitable, introducing errors into the simulation.

Regardless of this issue, the multi-scale model has achieved time savings propor-
tional to the amount of domain simulated through the 1D in all the cases, with limited
amounts of errors in most of them. The calculation time reductions will be more pro-
nounced as the tunnels simulated are longer. This can be seen in Figure 3.8, where the
Dartford tunnel, a 1.5 km long tunnel, is simulated using a 3D 250 m long and a 1D 1250
m long. As a result the time needed for the multi-scale simulation is lower than a sixth
of the time necessary to complete the same full 3D simulation.
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Figure 3.8: Simulation time against CPU time in full and multi-scale simulations in the
Dartford tunnel

It is known that MPI simulations dividing the domain in several meshes can match
or improve the results shown; however the computational capacity required for those
simulations would also raise. To provide an equilibrated comparison the multiscale was
matched with a regular 3D simulation. The model must still be developed to be capable
of adding multimesh calculations and provide even faster simulations.
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Chapter 4

Pressure Equivalent Model

The software and programs used for fire research are under constant testing and de-
velopment thanks to the input given by the different researchers of the fire research
community. Among these software, FDS is a good example where the frequent testing
finds different issues that are then tracked by the FDS developers to be solved, with the
objective to continue improving the FDS overall accuracy and speed.

Some attention has been focused, in the forums and issue tracker, in the pressure and
mass flow distribution along tunnels in FDS [22, 20, 21]. The issues reports showed sim-
ulations where inconsistencies were found between different simulations and groups of
data extracted from FDS.

Along my research some inconsistencies were seen between the values calculated
for pressure in the FDS and some expected values (values obtained from analytical
sources and other software). Pressure drops, after the fire, where higher than expected,
leading to some doubts regarding the accuracy of the 3D. Still, other variables as the ve-
locity and temperature had small deviations from the reference values, indicating that
the problem was probably located in the pressure calculation.

Figure 4.1: Pressure issue graph
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In Figure 4.1 the behavior of the pressure across a tunnel of 350 m is observed. The
tunnel has a cross-section of 3m x 3m, with a flow speed of 1.5 m/s. A fire or heat
source is placed 50 m away from the tunnel upstream portal, with an intensity of 2MW.
The behavior observed in the FDS and Fluent simulations, using a heat source, agree
in similar values for the pressure upstream and the pressure losses across the tunnel.
Nevertheless, the pressure drop observed in FDS cases, with fire, for the downstream
area is 3 times the pressure drop observed in heat source cases. The simulation of
fire complicates the physics of the problem, still the temperature and velocity conserve
similar values in the 3 simulations (FDS fire, FDS heat and Fluent heat), suggesting that
there might be some issues in the pressure values obtained in the fire simulation. The
values are measured all as mass averages in the sections of the tunnel, discarding issues
related to point measurements not being representative of the whole 3D section.

Figure 4.2: Temperature graph, related to the pressure issue

Figure 4.3: Velocity graph, related to the pressure issue

In Figure 4.2 and Figure 4.3 relatively small differences can be observed between the
results of the 3 simulations (FDS fire, FDS heat and Fluent heat). The differences are
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smaller when the the heat and fire FDS simulations are considered. This small differ-
ences do not agree with the large difference in pressure, which is the main motivation
to analyze more in depth the pressure calculation and understand if there is any prob-
lem. Then, to compare the results of the pressure calculation a 1D model is developed.
This 1D model calculates the pressure drop across the tunnel using other properties
calculated by the FDS and applying a modified version of the Bernoulli equation. This
model is explained in the next section.

4.1 Modelling
The model is developed by dividing the tunnel in sections that are one cell thick in the
longitudinal direction, as indicated in the Figure 4.4. The velocity, density and other
properties are averaged inside these sections.

Figure 4.4: Domain discretization for the pressure equivalent model

The Bernoulli equation is applied to each section to obtain the pressure drop across
each fragment of the domain. The expression 4.1 shows the bernoulli equation where
the sum of the variations in kinetic energy (Δ𝑒𝑐), potential energy (Δ𝑒𝑝) and the pres-
sure term (∫ 𝑣 𝑑𝑃 ) is equal to the losses in the portion of the domain. It is assumed
that the flow is incompressible inside of each one of the domain sections, making it
possible to integrate the pressure term and simplifying the expression. The losses are
approximated as the product of the effective viscosity (𝜇𝐸𝑓𝑓) times the laplacian of the
velocity, obtaining the expression 4.2 that can be calculated from data available in FDS.

Δ𝑒𝑐 + Δ𝑒𝑝 + ∫ 𝑣 𝑑𝑃 = 𝑙𝑜𝑠𝑠𝑒𝑠 (4.1)

Δ𝑒𝑐 + Δ𝑒𝑝 + 𝑣Δ𝑃 = 𝜇𝐸𝑓𝑓∇2𝑢 (4.2)

The aim of the model is to calculate the pressure across the longitudinal direction of
the tunnel. To achieve this the pressure change is calculated in every section using the
Equation 4.3. The pressure in the longitudinal direction is calculated using the pressure
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changes, as in Equation 4.4,and fixing the initial pressure in an OPEN portal of the
tunnel.

Δ𝑃 = 𝜌𝜇𝐸𝑓𝑓∇2𝑢 − 𝜌Δ𝑒𝑐 − 𝜌Δ𝑒𝑝 (4.3)

𝑃𝑛 = 𝑃𝑛−1 + Δ𝑃𝑛 (4.4)

4.1.1 Data Extraction
The data used for the calculations are all extracted or calculated using FDS properties.
The data used are specifically the density, velocity, the laplacian of the velocity and
the viscosity. First, the values for density are defined in the center of the cells, so the
average is obtained over the cells in the section. Instead, the velocities are calculated in
the faces of the cells, and the average is calculated as themid value between the averages
of the two faces of the section, this applies to other quantities like the derivatives of
the velocity. The laplacian of the velocity is calculated by numerically derivating the
velocity using central differences, using the velocity field obtained by the FDS. The
viscosity is extracted from FDS, where the effective viscosity represents the sum of the
molecular viscosity and the turbulent viscosity that is calculated by the wall-model.

4.2 Testing methodology
The layout of the simulation used in this chapter is composed by a tunnel of 3m per
3m of cross section and a length of 350 meters, like the one used in the figures shown
before, Figure 4.1, Figure 4.2 and Figure 4.3. A fire is placed inside the tunnels, 50m
away from the upstream portal. The fire is simulated as a heat source that releases hot
air that equals the heat produced by a 2MW fire, in (Heat) cases, and as a fire of 2MW
fueled by Diesel.

The pressure equivalent model and FDS models use the multiscale with a “PRES”
boundary upstream and a “VEL” boundary downstream, meaning that the 1D imposes
the velocity upstream and the pressure downstream. The upstream 1D has a mass flow
set to get a velocity of 1.5 m/s in the 3D tunnel, at 15°C. In the downstream direction 250
meters of tunnel arrive to an exit to environmental pressure. The focus of the analysis
is on the pressure drops inside the 3D, therefore the 1D results are omitted for clarity.

In the Fluent case the upstream portal has a velocity inlet boundary type, imposing
1.5m/s of velocity, of air at 15°C. in the downstream side the boundary condition is a
pressure outlet boundary condition set at environmental pressure.

Regarding the Heat source, in both programs it has been modelled as a 1.2m x 1.2m
pool of 0.2 m of height. The total air flux is of 1.5933 kg/s at a temperature of 826.85 °C.
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To compensate this inflow of air the sides of the pool extract the same amount of air. In
this way the amount of air circulating in all the tunnels, with fire or heat, is the same. In
the fire scenario it behaves as a surface of the same dimensions with an imposed Heat
Release Rate Per Unit Area of 2MW.

Regarding the Meshing, the FDS has a hexahedral mesh, with elements of 0.3m x
0.3m x 0.3m, arranged 10 in the width, 10 in the height and 1167 in the length. In fluent,
the mesh is Tetrahedral, using inflation in the walls to obtain a higher density of cells
in the walls and achieve higher precision in the losses calculation.

Regarding the physical models used, in FDS the default settings for a LES simulation
are used, switching to WALE in the case of the wall model. In Fluent, the physical
configuration were changed to include the energy calculations, to simulate turbulence
with the k-ω SST model and handle the density of air as a incompressible ideal gas.

4.3 Results comparison Fluent
The results of the different simulations are compared by the trend they show in the
longitudinal direction of the tunnel, when averaged on time. Also, cross-sections of the
Fluent and FDS simulations are compared to check the similarities in the distribution
of temperatures.

4.3.1 Longitudinal
Now, in figures 4.5 and 4.6, it is possible to observe the average, over a 100 seconds
of steady state flow, of the pressure. In the case of 4.5 the comparison is between the
fluent heat calculation, used as a reference, and the FDS heat calculation, side by side,
the pressure equivalent model resulting pressure values. The 3 graphs show a similar
trend, with small differences in the losses downstream of the fire and in the presure
effect of the heat source.

Figure 4.5: Pressure comparison, FDS with pressure equivalent model vs Fluent (Heat)
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The most evident difference can be seen in the figure 4.6 where the FDS simula-
tions include fire instead of a hot air flow, as heat source. Here the downstream losses
reported by the fire simulation are more than two times higher than the same losses
in heat simulations or in the pressure equivalent model. Still, the output of the pres-
sure equivalent model results always close to the same values, regardless of the heat
source used, indicating that the expected pressure drops away from the fire should not
be influenced severely by the nature of the heat source.

Figure 4.6: Pressure comparison, FDS with pressure equivalent model (Fire) vs Fluent
(Heat)

4.3.2 Cross-sections
Figures 4.7 and 4.8 compare the cross-sections distribution of both the temperatures,
4.7, and the velocity, 4.8.

The distributions of temperature in figure 4.7, are taken every 20 m after the first 30
m downstream of the heat source, fire for the FDS and hot air flow for Fluent. Also, they
both belong to the same simulations that are described in figure 4.2. The distributions
are in agreement with the steady state trend, shown in previous graphs. The temper-
atures are closer between the two simulations when the sections are closer to the heat
source itself, both in the average value and in the distribution across the cross-section.
Also, it can be observed that both of the flows are stratified with hotter temperatures
in the upper area, due to buoyancy.
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4.3 – Results comparison Fluent

Figure 4.7: Temperature sections downstream of the heat source, Fluent (left) and FDS
(right)

The velocity sections, shown in figure 4.8, show a trend where the distributions are
more similar when the evaluated section is more distant to the heat source. The flow
gets distributed with faster flows in the upper part of the tunnel, and slower close to
the floor, due to buoyancy. Still the Fluent graphs seem to need some more distance
to arrive to this distribution, when FDS has it immediately after the heat source. Still
the distributions and velocity values are very similar, which supports the idea that the
temperature and velocity are mostly accurate.
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Figure 4.8: Velocity sections downstream of the heat source, Fluent (left) and FDS (right)

4.4 Observations
Taking into consideration the different comparisons that have been shown in this chap-
ter it was possible to determine that:

• There are some slight issues in the pressure output provided by FDS for tunnel
simulations.
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• The issues present in the pressure seem to have no effect in the calculation of the
temperature and velocity, for time-averaged graphs.

• Developing a pressure equivalent model inside FDS confirms the accuracy of the
temperature and velocity, as it manages to approximate the values for pressure
using the velocity and density as input.

• Further comparisonwith Fluent confirm agreement not onlywith the time-averaged
values, but also with the cross-section distributions of temperature and velocity.

After this analysis it was decided to keep studying FDS calculation process, in order
to find a method to improve the calculation results obtained from the program. The
pressure equivalent model allowed us to obtain accurate results to the pressure in the
multiscale simulations. Still, as the equivalent pressures are just calculated as an output
and are not used inside FDS as part of the calculations it does not represent a definitive
solution to the pressure problems, but a good step into finding the actual origin of the
pressure issues.
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Chapter 5

Tunnel pressure modelling analysis

Following the developments in the previous chapter the next step in the research was
to continue the analysis of the pressure calculations inside the FDS. In this occasion
it was possible to enter in contact with the developers of the software, both through
the issue forums of the FDS and the 2nd Summer School on Fire Dynamics Modeling
2019 (in Juelich, Germany). The research this time was oriented towards testing the
outputs provided for tunnels, simplifying the scenarios simulated to find a setup that
was capable of providing convergent and reliable results. And therefore, determine the
models that could be involved in pressure issues inside the FDS calculation.

5.0.1 Research collaboration
Themain part of the collaboration took part from the 29th of September of 2019 through
the 29th of February of 2020. During this 5 months constant testing of the program,
updating and changing of the code was made.

Through the tests inconsistencies where found when using Fire, instead of Heat,
as a source in the tunnel fires. The issue developed as a problem regarding the usage
of the specific heat ratio as variable, when placing a fire, opposed to using a constant
specific heat ratio, as the latter managed to converge to reasonable values. Following
this line of though, it was determined that the main issue should be linked to one of
the assumptions that the FDS does in its calculations, that is the Low-Mach number
assumption.

During this research process some verification tests for 1D tunnels have been done,
checking the validity of calculations in 1D tunnels with both constant and linearly vari-
able specific heat.

Different solutions where proposed at the time, among which the FDS team has
continue to develop one that is actually in phase of testing and close to release, the
Tunnel pre-conditioning [30].

Still, the solution explored in this work is related to the analysis of the pressure
model to find the origin of the problem and the pressure solver more fit to simulate
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tunnel fires.

5.1 The pressure calculation
FDS solves the pressure in the whole domain through a Poisson equation. The pressure
calculation is made around the assumption of separating the pressure in a background
and perturbation pressures, as explained before in Chapter 2. The value calculated
referred to the pressure is the Bernoulli equation total pressure 𝐻, as in the equation
5.1. Here the first right hand term refers to the dynamic pressure, calculated with the
velocity vector u and the second term is the perturbation pressure ̃𝑝 per unit of mass,
that is the pressure form used for the fluidinamic part of the calculation.

𝐻 =
|u|2

2
+

̃𝑝
𝜌

(5.1)

The poisson equation is a form of the momentum equation, that is reached through
several simplifications of this latter expression.

5.1.1 Poisson equation for momentum
Starting with the non-conservative form of the momentum equation, as in equation 5.2

𝜕(𝜌u)
𝜕𝑡

+ ∇ ⋅ 𝜌uu + ∇𝑝 = 𝜌g + f𝑏 + ∇ ⋅ τ𝑖𝑗 (5.2)

The first and second term in the left hand side are rearrenged into a form were the
velocity divergence appears, equation 5.3.

𝜌(𝜕u
𝜕𝑡

+ (u ⋅ ∇)u) + ∇𝑝 = 𝜌g + f𝑏 + ∇ ⋅ τ𝑖𝑗 (5.3)

In equation 5.3, the terms in the right hand side are the buoyancy term 𝜌g, the in-
fluence of lagrangian particles f𝑏 and the viscous term ∇ ⋅ τ𝑖𝑗. Now the term 𝜌0g is
extracted from the pressure term ∇𝑝, leaving only the variation of perturbation pres-
sure ∇ ̃𝑝. Then the equation 5.4 is introduced into the expression, and all the terms are
divided by the density.

(u ⋅ ∇)u =
∇|u|2

2
− u × 𝜔 (5.4)

𝜕u
𝜕𝑡

+
∇|u|2

2
− u × 𝜔 + 1

𝜌
∇ ̃𝑝 = 1

𝜌 ((𝜌 − 𝜌0)g + f𝑏 + ∇ ⋅ τ𝑖𝑗) (5.5)
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Now in equation 5.5 the pressure perturbation term most be sustituted with equa-
tion 5.6 to obtain the divergence of the total pressure ∇𝐻. Then rearrenging equation
5.7 is obtained.

1
𝜌

∇ ̃𝑝 = ∇ (
̃𝑝

𝜌) − ̃𝑝∇ (
1
𝜌) (5.6)

𝜕u
𝜕𝑡

− u × 𝜔 − 1
𝜌 ((𝜌 − 𝜌0)g + f𝑏 + ∇ ⋅ τ𝑖𝑗) − ̃𝑝∇ (

1
𝜌) + ∇𝐻 = 0 (5.7)

Now expression 5.7 can be rearrenged and simplified in equation 5.8, and finally
applying the divergence operator in both sides the Poisson equation form is achieved,
equation 5.9

𝜕u
𝜕𝑡

+ F + ∇𝐻 = 0 (5.8)

∇2𝐻 = −𝜕∇ ⋅ u
𝜕𝑡

+ ∇ ⋅ F (5.9)

A more detailed development of these formulas can be found at the FDS technical
guide [33] and some more info in [44].

5.1.2 Solvers
There are different kinds of solvers that can be used to find a solution for the Poisson
equation. They can be classified by some of their characteristics as:

• Handling of Internal Obstructions: The domains for the FDS simulations are dis-
cretized into rectangular meshes, and obstructions or walls are made to match
this grid. These obstructions can be managed through two approaches.

– Structured: All the grid is incorporated into the resulting discretization, in-
cluding the gas cells and the solid cells. It makes the form of the matrices
very regular, but including solid cells introduces problems with imposing
zero penetration velocity conditions.

– Unstructured: Only includes gas cells and an homogeneus no-fluxNeumann
boundary condition is specified close to the solid cells. The discretization
and resulting matrices are not as regular as structured ones, needing solvers
that are more robust .
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• Communication among subdomains: Domains in FDS are frequently divided in
more than 1 mesh. As the number of meshes in parallel increase the time it takes
for the data to arrive from a part to other in the domain depends highly on how
the meshes comunicate among them

– Local: Meshes only comunicate with adjacent meshes. Is a faster approach,
but effects might take time to travel by advancing one mesh per time step.

– Global: Data is not only exchangedwith neighboringmeshes but with every
mesh. As a disadvantage it might take more time to achieve the global co-
munication, as all the meshes have to exchange info at the same time (some
meshes might have to wait for larger meshes to exchange information). Still
as all the meshes share the info they are capable to react faster to the data
if needed.

• Algorithm approach: Meaning if the algorithm finds the solution directly through
one computational cycle, or it does an iterative calculation until it arrives to a
desired tolerance.

– Direct

– Iterative

Fast-Fourier Transform (FFT)

This is the default solver used by the FDS software. It can be classified as a Direct,
structured and Local solver. It is based in the solver package CRAYFISHPACK that
solves the pressure in each mesh, then the data is exchanged with the other meshes,
locally, to provide an overall solution to the pressure of the whole domain.

The FFT works by finding the eigenvectors and eigenvalues of the matrix 𝐴 of a
system 𝐴𝑥 = 𝐵 that needs to be solved. Knowing them is possible to express 𝐴 as a
combination of said eigenvectors, simplifying the system that has to be solved. Finding
these eigenvectors and eigenvalues is generally difficult for any matrix, but is manage-
able for structured meshes. It must be remarked that the separation of the pressure in
background and perturbation pressure, previouslymentioned, allows for the calculation
of only one Poisson equation through the simulation, otherwise it would be neccesary
to rebuild the Poisson matrix every time step.

The solutions of the pressure are continuous in the interior of each boundary, the
comunication between boundaries does not ensure that the normal derivatives of the
velocity matches at both meshes. Summed to this the characteristics non-zero veloci-
ties across solid cells, introduced by the structured discretization, also introduce some
problems to the Poisson equation solution. Both of this issues are solved through it-
eration of the FFT calculation, with the end of reducing this errors down to a certain
tolerance, making in the end the method not entirely direct, but reliant in iterations to
find a global solution for the pressure.
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LU matrix solvers (GLMAT and UGLMAT)

This solver is based in an LU factorization of the 𝐴 matrix. Therefore, the matrix 𝐴
is decomposed into the product of two triangular matrices 𝐿 × 𝑈, where 𝐿 stands for
lower as the terms above the main diagonal are all zero, and 𝑈 stands for upper, as the
terms below the main diagonal are all zero. When the problems are highly symmetric it
is possible to work with only one of the 𝐿𝑈 matrices, as the expression 5.10 relates both
of the matrices. The solution for the system is found then by progressively sustituing
values into the triangular matrices.

𝑈 = 𝐿𝑇 (5.10)

Similarly to FFT, it is possible to calculate the necessary matrices once and use them
along the simulation, thanks to the pressure division in background and perturbation
pressures. But, in contrast, the LU-decompositions are capable of handling structured
(GLMAT) and unstructured (UGLMAT) discretizations.

Some advantages of the LU-decompostion are that they are capable of guaranteeing
continuity in the normal derivative of the velocity field also between meshes. Further-
more, in the case of UGLMAT, the LU-decomposition can also guarantee zero penetra-
tion velocities in internal obstructions, as it is capable of imposing accurate boundaries
to these obstructions, because of the unstructured discretization.

Regarding disadvantages of the LU-decomposition, they require higher amounts of
memory, as they don’t take advantage of the sparcity of the 𝐴 matrix and by generating
the LU matrices it fills the matrices with non-zero values, where the A matrix would
have had mainly zero values. Another possible disadvantage is that LU-decompositions
comunicate globally the meshes, frequently requiring longer amounts of simulation
times than local simulations.

The solver used by FDS for the LU-decomposition is part of the Intel Math Kernel
Library (MKL).

Scalable Recursive Clustering (ScaRC)

This last optional solver is an experimental solver called ScaRC. It is characterized
mainly by being an iterative solver, instead of direct like the previous options. The
calculations executed by iterative methods are more simple, as they rely on the itera-
tion to achieve convergence. Still, the question issue then transforms into how many
iterations will it require to converge.

ScaRC is a solver that can be adjusted including characteristics depending on the
problem that needs to be solved. It can include the conjugate gradientmethod, multigrid
methods and the McKenny-Greengard-Mayo method.

More information regarding the ScaRC, and the other solvers present in FDS can be
found in papers by Susanne Kilian [44][43] and also in the FDS technical guide [33].
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5.2 Presented pressure issues
Some issues regarding oscillations in tunnel fire simulations where presented in an Ed-
itorial letter by Ang [1]. The article presents issues in simulations with FDS 6.1.1, 6.5.3
and 6.6.0 which initially were made using multiscale simulations of the Dartford tunnel
in London, United Kingdom. The problemswith oscillationsmade the researchers rerun
the simulation using a simplified case, where the tunnel was simulated using only one
mesh, with different subsequent modifications to test the effects of different corrections.
The graphs obtained are shown in figure 5.1

Figure 5.1: Comparison of predicted mass flow out of the tunnel for no fire and 55 MW
fire in three FDS versions,[1]

5.2.1 Test layout
The main characteristics of the tunnel are, as mentioned by Ang [1], a 1.5 km tunnel
with a cross-section of 40.96𝑚2 with 14 pairs of fans distributed equally between the
zone upstream and downstream of the fire, as seen in Figure 5.2. Furthermore, there
is an open area 10m long in the longitudinal direction after both of the portals, meant
to ease the interaction with the OPEN boundaries. The fans are located at 50 and 100
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meters from the upstream portal and downstream portal, respectively. And the fan
couples are separated 50m, among each other in the longitudinal direction of the tunnel,
and 1.2m, among the two fans integrants of the couple. The fire intensity used for the
simulation was 55MW.

Figure 5.2: Dartford tunnel layout

Some of the data used for the simulation of the Dartford tunnel was also extracted
from other articles cited by the source, in [2], [11]. The fans have a flow of 8.9 𝑚3/𝑠 and
a discharge surface of 0.8 m per 0.4 m.

5.3 Tests
The first group of tests were made with the idea of finding both the possible influence
of the pool size with the existence of oscillations in the flow and, at the same time, to
find dimensions similar to those used by the original tests that showed the oscillation
issues.

Figure 5.3: Mass flow downstream for different pool dimensions
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The Figure 5.3 shows details regarding the mass flow close to the tunnel down-
stream portal. In Figure 5.3, is possible to observe the trend that the 4 cases follow, for
4 different pool dimensions, as it is also reported in Table 5.1. The four fire graphs, in
the figure, follow the same average trend, as the general conditions are the same (same
Heat release rate, wind speed, etc.). Still the simulations with smaller pools show bigger
oscillations of the mass flow during the first 150 seconds of simulation. This trend on
the bigger oscillations is also reported in the table 5.1.

Number Pool Dimensions [m] Oscillation Amplitude[kg/s] Percentage %
1 12 x 4.8 approximately 15 kg/s 6.25
2 10 x 4 approximately 48.68 kg/s 20
3 8 x 3.2 approximately 73.4 kg/s 30
4 6 x 2.4 approximately 73 kg/s 30

Table 5.1: Table on Oscillation for simulations with different pool dimensions

Table 5.1, shows the maximum amplitude of the oscillations in mass flow in each
simulation. The effect of the pool size over the issue is made clear, and for smaller pools
the mass oscillations are higher. The issue can then be linked to the fire vertical height.
Using the Heskestad set of equations for plume properties [42] and using the relations
for fire inclination in [62] is possible to calculate the flame vertical high for an inclined
fire.

Number Pool dim. [m]
Mean flame
height [m]

Fire angle [°]
Fire vertical
height[m]

1 12 x 4.8 8.9 27 4.0
2 10 x 4 10.9 30 5.4
3 8 x 3.2 13.1 33 7.1
4 6 x 2.4 15.4 35 8.8

Table 5.2: Table on Fire height for simulations with different pool dimensions

Now according to the formulas the flame height and inclination are approximated,
in Table 5.2. Taking into consideration that the tunnel cross-section measures 6.4 x 6.4
m is evident that both the cases that show the highest amount of oscillations are the
cases where the vertical height of the fire should remain in contact with the roof of the
tunnel.
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Figure 5.4: Fire height for different pools sizes, (up) 6 x2.4, (down) 12 x 4.8

Figure 5.4 confirms the superior flame height in the case of smaller pools. The di-
mensions used for the forecoming simulations are 6 x 2.4 m, as these dimensions are
capable of reproducing the issue, as seen in figure 5.5, and are close to the theoretical
area that would be necessary to produce a fire of the prescribed heat release rate, ac-
cording to formulas for pool fires [42]. Even though the mass issues could be evaded by
distributing the heat release in bigger areas, this does not solve the underlying problem.

Figure 5.5: Mass flow downstream for different pool dimensions

5.3.1 Solver differences issues
An option that then was explored was the influence of the pressure solver in the be-
havior of the mass flow through the tunnel. Taking into account the different solvers
the simulation was rerun using the GLMAT, with similar results. The next step was us-
ing UGLMAT that changes the discretization from the structured, used in both FFT and
GLMAT, to unstructured. At first the results appreciated in the pressure downstream
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the tunnel show that the pressure that used to be oscillating during the simulation with
FFT, now is as stable as the cold simulation pressure, as seen in figure 5.6.

Figure 5.6: Pressure oscillations for different solvers

Furthermore, the mass flow at the downstream portal also seems affected by the
change in solver, as shown in figure 5.7. Using UGLMAT reduced the oscillations to a
maximum of 5 kg/s, from the 70 kg/s that were observed before.

Figure 5.7: Mass flow downstream for different solvers

Further analysis

Further communication with the developers and analysis of the data obtained was re-
quired after obtaining these results. The issue observed in the initial simulations is a

62



5.4 – Observations

combination of the consequences of using the FFT solver with boundaries in one ex-
treme that combine OPEN and solid boundaries, and mass flows that try to penetrate
this boundaries. The first part refers to the walls of the tunnel, that are solid through
the tunnel length, but at the last and first 10 m of the domain have an OPEN boundary
condition.

The FDS code (at the moment of the tests), would use only one kind of boundary
condition across the same wall, be it Dirichlet or Neumann. If the whole wall was solid
it would have a Dirichlet boundary condition. Still, if even small a region of a solid wall
needs a Neumann condition (it’s open) the whole wall boundary becomes Neumann,
changing also the condition in the solid walls (To a condition similar to that assigned to
internal walls). Then this makes the pressure calculation considerably more unstable.
The issuewas intensified by the flames trying to penetrate the roof, as it’s high velocities
normal to the wall make the convergence of the Neumann no-flow condition more
difficult. This was a factor that increased the instabilities, as only in the cases where
the flame height arrives to the roof the oscillations grow up to 70 kg/s, as mentioned in
previous graphs and tables.

The developers of FDS have kept working in the pressure solver, creating new so-
lutions for FFT tunnel simulations, as UGLMAT might be more accurate under regular
circumstances, but it also consumes more calculation time. Still, the improvements of
the FFT solver are highly linked to multimesh calculations, that are a feature not yet
implemented into the multiscale.

5.4 Observations
Through this part of the research it was possible to find a pressure solver that would
consistently deliver accurate results, at the disadvantage of requiring some more time
than the default FFT solver. From this point onward of the research UGLMAT was used
in all the multiscale simulations. This exchange is adequate in the case of a multiscale
approach, as the 1D already reduces the consumed time, and the time increase due to
the change of the 3D solver.

New developments in the FFT solver of FDS has been observed in the last months.
This developments are linked to multimesh calculations which makes it necessary to
add multimesh capabilities to the multiscale. Adding this feature to the multiscale and
working with the Tunnel preconditioner of FDS [30] will yield even lower simulations
times in the future.
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Chapter 6

Multiscale Tests

Through the research shown in this work it has been possible to change some parts
of the Multiscale algorithm, to provide improvements in different capabilities of the
model. An essential part of introducing changes is testing them and comparing their
results against other sets of data or even measurements in tunnels, when possible. In
this opportunity we are capable of using two data sets:

The first test case is based in a 2600 meters long tunnel. A group of in-site tests
were made to test the capabilities of the automatic ventilation system, of this tunnel,
to react correctly to fires under different circumstances. There were cold tests and fire
tests with the objective of analyzing the correct fire detection of the different systems
and fan activation to keep the tunnel at certain velocity conditions.

The second test case used are simulations of the Dartford tunnel, comparing the
results from the multiscale with a full-scale simulation from this known tunnel, that
has been simulated in different publications. Therefore, the data used in the simulation
is accurate, and the different outputs obtained are representative of the physics of the
real tunnel.

6.1 Test Tunnel
Different kinds of tests took part in the 2.6km tunnel, to test the predictive-adaptative
algorithm for themanagement of the ventilation system. The tests are oriented towards:

• Under regular working conditions, testing the concentration of different contam-
inants in the tunnel, and the ventilation activation necessary to maintain an ac-
ceptable concentration of these contaminants.

• In emergency conditions, ensure safe conditions for the exit of the drivers trapped
in the tunnel and, at the same time, preserve the integrity of the tunnel structure.

The types of tests conducted were of two types:
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• Cold tests: Tests forcing conditions similar to the ones obtained during regular
transit hours of the tunnel, to check the automatic management of the tunnel
ventilation.

• Fire tests: To test the management of smoke in the case of emergencies. The
procedure includes pools that contain the fuel for the fire, with tests periods su-
periors or close to the 10 minutes, after the test the fans and extractions are used
to exhaust the smoke. Dispositives are placed in the tunnel to measure different
properties of the flow. The objective of the tests is to guarantee an air flow higher
than 1 m/s during emergencies.

Figure 6.1: Test tunnel section, with dimensions

The analyzed tunnel is 2600m long and has two tubes. The tunnel tubes have an
internal diameter of approximately 13.35m and each one of the carriageways are com-
posed of two lanes plus a breakdown lane, as seen in figure 6.1.

The fire test

The fire tests in the tunnel were made using 4 fuel pools, of dimensions 1.3m x 1.3m,
placed at approximated 1440 m from the tunnel upstream portal, as shown in the figure
6.2.
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Figure 6.2: Fire test deployment layout

Across the tunnel, and in the vicinities of the fire pools, 4 bars with measuring de-
vices were placed. The devices included are summarized in table 6.1. Essentially there
are 6 thermocouples at different heights, at 6m, 5.8m, 5.2m, 4.4m, 3.6m and 2.8m above
the ground level, with one more thermocouple in the case of the bar right on top of the
fire placed at 2m of height. Instead for anemometers, a serie of 3 devices were placed
in the measurement bars at 4.8m of height, except in the bar closer to the fire.

Bar Number Location [m] Thermocouples [m] Anemometer [m]
1 -50 6;5.8;5.2;4.4;3.6;2.8 4.8
2 0 6;5.8;5.2;4.4;3.6;2.8;2.0 none
3 30 6;5.8;5.2;4.4;3.6;2.8 4.8
4 130 6;5.8;5.2;4.4;3.6;2.8 4.8

Table 6.1: Measurement bars location across the tunnel lenght, measured from the fire
pools location

Other than the anemometers placed in the measurement bars there are other 4
anemometers across the tunnel, placed in the locations shown in table 6.2.

Sensor Number Anemometer location [m]
1 100
2 1060
3 2090
4 2350

Table 6.2: Anemometer location measured from the upstream portal of the south tube

The ventilation system, and its management, is the main topic of analysis of the
shown tests. The positions of the different fans for the tube of interest are indicated in
table 6.3. The fans are placed in the superior part of the tunnel, in groups of 3, as shown
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in figure 6.1.

Fan Number Fan location [m]
1/2/3 150
4/5/6 300
7/8/9 450
10/11/12 2020
13/14/15 2170
16/17/18 2320

Table 6.3: Fans location measured from the upstream portal of the south tube

Regarding the fire the four pools are filled with 1 liter of gasoline and 9 of gasoil.
Using expressions for the calculation of heat released by liquid pool fires with fuels
similar to the gasoil, as the gasoil is not included in the consulted literature [42], the
heat released could be approximated to 10 MW. Still, some factors must be taken into
account, as the volume of fuel compared to the surface area of the pools (that allowed
only a thin layer of fuel), and the surface quality of the pools itself, as the pools weren’t
completely plain reducing the possible surface area of the pool.

After some preliminary simulations, and taking these factors into account, the value
of the pool heat release rate was imposed to be 4MW, as the value capable to reproduce
the temperatures closer to the fire with the higher precision.

The test analyzed starts with the ignition of the 4 pool fires. After some seconds the
fire is perceived by the telecameras on the tunnel, starting the emergency procedure. As
the air velocity inside the tunnel remains higher than 1m/s, as seen in the anemometer
measures in figure 6.3 the system doesn’t switch on any other fan at the moment. The
fire continues and then after 10 minutes the fire starts reducing in intensity, and the
emergency signals stop.

Figure 6.3: Tunnel air velocity during the test (the test starts at 4248 seconds)
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The fans that where activated during the test were the fans number 7 and 10, as it
can be seen in the figure 6.4. The other fans across the tunnel were used only in the
discharge phase, and activated at a lower velocity. The fans numbered from 1 to 6 are
not shown as they weren’t active during the time period of interest.

Figure 6.4: Tunnel fan activation during the test (the test starts at 4248 seconds)

The simulation layout

The tunnel was simulated using themultiscale approach, dividing the tunnel simulation
into a 3D domain long 250 m and a 1D domain long 2350 m. The fire has an intensity
of 4 MW and the heat release curve is modelled in the same shape of the temperature
closer to the fire, which corresponds to the thermocouple at 2 m of height above the fire.
The fans are modelled using the velocities in the graphs included in figure 6.4 using the
formula 6.1 with the values shown in the table 6.4.

Δ𝑃𝑓𝑎𝑛,𝑗 = 𝑛𝑗𝜌𝑗
𝐴𝑓

𝐴𝑗
𝐾𝑓𝑢𝑓 (𝑢𝑓 − 𝑢𝑗) (6.1)
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Fan discharge velocity 𝑢𝑓 updated each iteration
Fan area 𝐴𝑓 1.2469𝑚2

Pressure rise coefficient 𝐾𝑓 0.8
Branch area 𝐴𝑗 40.96𝑚2

Branch velocity 𝑢𝑗 updated each iteration
Branch density 𝜌𝑗 updates each iteration
Number of fans 𝑛𝑗 3

Table 6.4: Data used for the pressure fan calculation

Among the portals of the tunnel there is a pressure difference of 10 Pa. The tem-
perature in the portals is 10.8 °C in the upstream portal and 16 °C in the downstream
portal.

Simulation Results (Boundary Analysis)

First the data at the boundaries was analyzed. The exchanged variables between the
1D and 3D model are shown against time in the upstream (Entrance) and downstream
(Exit) boundaries of the 3D. The pressure can be seen in figure 6.5, the temperature in
figure 6.6 and the velocity in figure 6.7.

First, for the pressure, figure 6.5, the graphs shows the values of the 3D in blue/black
and the values of the 1D in red/green. The values are exchanged every timestep, but
upstream the pressure is averaged in the last 50 timesteps (to reduce pressure oscilla-
tions), which keeps the values obtained by the 1D at the 3D entrance in the mean value
of the pressure curve. This only reduces the possible oscillation arriving to the 1D. Still,
these oscillations arrive to values of 1 Pa as maximum, which would not be problem-
atic for the simulation. The values in both of the boundaries among the two models
match closely, meaning that the constant communication is executed correctly for the
pressure.
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Figure 6.5: Pressure comparison in the boundaries, against time

For the temperature, as shown in figure 6.6. The values upstream of the fire, the
cold side of the simulation, are the same through the simulated time. In the case of the
exchange downstream there is a small difference, consequence of the different averag-
ing weight used in both of the cases, mass flow for the 1D and only mass in the 3D. Is
possible to use the same weight in both, still the mass average is preferred in the 3D
as it represents more accurately the temperature in a section and mass flow average is
preferred in the 1D as it is the value received from the 3D that ensures mass and energy
conservation.

Figure 6.6: Temperature comparison in the boundaries, against time

The last property shown at the boundaries is the velocity. In this case the values are
almost identical at both the entrance and exit, as the velocity is averaged using the mass
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as the weight in both models. The mass flow average used in the sections, is capable
of ensuring the conservation of mass. Therefore, the numbers obtained at each side of
the boundary match almost perfectly.

Figure 6.7: Velocity comparison in the boundaries, against time

Comparison of tests and simulation results

After checking the proper exchange of data across the boundaries the results of the
simulations are compared to the data measured in site at the tunnel. First, the velocities
at 4.8 meters of height, in three of the measurement bars, are compared. The data
measured in the tunnels is compared to the output of the simulation in figure 6.8. The
agreement between the values is good, and is mostly influenced by the accuracy of the
fans operation, the pressure difference between the portals and the fire heat release rate.

Figure 6.8: Velocity comparison at the anemometers, against time
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The first temperature measurement, shown in figure 6.9, reports the temperature
above the fire, at 2 meters of height above the ground. This thermocouple belongs to
the bar 2 and, the heat release rate over time was modelled taking into consideration the
shape of this curve. In the graph it can be seen that the simulated temperature remains
lower than the measured one. The difference between the two temperature values are
related to the difference between the point measurement of the thermocouple, in the
field, against the averaged temperature in a 0.5m x 0.5m cell, in the simulation.

Figure 6.9: Comparison in the lowest thermocouple in the second bar

The temperatures for the measurement bars 2 to 4 are now compared. The graphs
for the second bar are shown in figure 6.10 and figure 6.11. Figure 6.10 contains the
values of the three lower thermocouples and figure 6.11 has the values of the three
upper ones (the graphs were divided into 2 figures for clarity).

In figure 6.10 the thermocouples measurements are compared with the values ob-
tained from the simulation. The values of temperature agree well for the upper (4.4m)
and lower (2.8m) thermocouples of the group, still the values for the middle on (3.6m)
have a difference of a maximum of 6 degrees, which considering the temperatures of
the area is relatively high.
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Figure 6.10: Comparison in the lower thermocouples of the second bar

In figure 6.11 the 3 higher thermocouples are compared; here the difference in tem-
perature grows as the thermocouples are farther from the fire. This thermocouple is
very sensible to the positioning of the bar itself, and the interaction between the fire
and the ventilation system. This because the bar is placed on top of the fire, therefore
a change in its position of centimeters would change the cell the thermocouples mea-
sure, this added to the possible cell averages between hot and cold zones close to the
fire makes it particularly difficult to match the values in this point. Still, the trend of
the temperature in figure 6.11 matches the trend of the measurements, regardless of the
temperature value.

Figure 6.11: Comparison in the higher thermocouples of the second bar

The division in two figures is also applied to the two remaining measurement bars.
Therefore, for the bar 3, at 30 meters of distance of the fire, the figure 6.12 and figure
6.13 show the temperature values for the lower and upper parts respectively.
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In figure 6.12, the temperature values for the three lower thermocouples are shown.
The difference in values among the simulation and measurement reduces as the height
of the thermocouple placement increases. It is appreciated here that the error reaches a
maximumof 5 degrees for the lowest thermocouple, and then reduces to 3 or 4 degrees at
the 4.4 m thermocouple. This trend continues in figure 6.13; here it is possible to see that
the temperature differences decrease more with the height. For the thermocouple at 5.2
m of height the difference surrounds the 2 degrees, reducing further for the temperature
at the top of the measuring bar, were for the first 500 seconds of simulation the average
of the temperatures in the simulation agrees very well with the temperature measured
by the thermocouple in the field.

Figure 6.12: Comparison in the lower thermocouples of the third bar

Figure 6.13: Comparison in the higher thermocouples of the third bar

The last measuring bar, placed at 130 meters from the fire is the fourth bar.
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In figure 6.14we can see the values for the lower thermocouples of the fourth bar, for
this three thermocouples the error remains below the 3 degrees, in the first 500 seconds
of simulation, then the cooling down of the tunnel takes longer in the simulation than
it does in the real tunnel, introducing a difference between the values of temperature
later in the simulation.

Figure 6.14: Comparison in the lower thermocouples of the fourth bar

The figure 6.15 shows the temperatures measured and simulated for the thermocou-
ples in the higher part of the fourth bar. The trends from the lower thermocouple are
kept, as the differences between measured and simulated values remain low. Another
particularity is that both the simulation andmeasured values ranges becomemore com-
pact in the upper part of this section of the tunnel, as the distribution of temperatures
become more homogeneus as it moves away from the fire.

Figure 6.15: Comparison in the higher thermocouples of the fourth bar
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6.2 Dartford Tunnel
In the case of the Dartford tunnel, a layout similar to the one explained in chapter 5 is
used. Therefore, a 1.5 km tunnel with a square cross-section of 40.96 𝑚2, 6.4 m x 6.4 m
high and width. There are 7 pairs of fans upstream and downstream of the fire, as seen
in figure 6.16. Now, there is no open area after the portals, as it was part of the cause
of the issues in the previous simulations. The first fan couple is separated 50m from
the upstream portal and the last fan couple is 100 meters before the downstream portal.
The remaining 12 pairs of fans, 6 in each direction of the fire, are placed with 50m of
distance among them. The fire intensity used for the simulation was 55MW.

Figure 6.16: Dartford tunnel layout

The fans have a flow of 8.9 𝑚3/𝑠 and a discharge surface of 0.8 m per 0.4 m. The
pool of fire is set to be of 6m by 2.4m.

In the case of theMultiscale simulation the domain is divided in 1250m of 1D domain
and the remaining 250m of 3D domain. The 3D domain has 50m before the fire and
200m after the fire. The length upstream the fire is rather short because the speed the
ventilation system reaches when all the fans are on is superior to the critical velocity of
the tunnel. More precisely, the critical speed according Wu Bakar [78] is 4.2 m/s, and
the wind speed in the tunnel surpasses this velocity. The simulations agree with this,
as there is no backlayering in any of the simulated cases.

Comparison of FDS and Multiscale simulations

Two simulations are compared in this section. An FDS simulation, of the whole tunnel
with the 3D approach provided by the fire dynamics simulator. And, a multiscale sim-
ulation with 250 m of 3D simulation, and the remaining length simulated using the 1D
model.
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The first graphs analyzed will be the figure 6.17, figure 6.18 and figure 6.19, showing
the pressure, velocity and temperature across the tunnel, respectively, averaged in time.

In figure 6.17 the curve for pressure for both the FDS and multiscale simulations
are shown. The trend of both of the curves is similar where the pressure increases in
the two zones with fans, from length 50 to 400 meters and 1150 to 1400 meters, and
decreases in the rest of the tunnel length. The rise in pressure is continuous in the
case of the FDS simulation as only sections without fans are included in the output
(ommiting the instantenous jump of pressure because of the fans), and has a saw shape
in the case of the multiscale as the pressure difference introduced by the fans is inserted
as the pressure difference between two nodes (making the pressure rise in the branch
with the fan and decrease afterwards). There is a small difference between the FDS and
multiscale curves in the central zone of the tunnel, between the 450 and 1050 meters
of length. The difference is lower than 7 Pa in the whole tunnel and is similar to the
amount of pressure difference introduced by a fan. Taking into consideration that the
pressure difference between the entrances is maintained, and the trend of the curves, it
is assumed that the difference is related to the domain decomposition in different parts.
Still, it doesn’t harm the behavior of the flow in the tunnel.
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Figure 6.17: Dartford pressure across the tunnel

The second graph, figure 6.18, shows the velocity trend across the tunnel. Both the
graphs share the same trend. Still, the small difference in pressure change in the up-
stream 1D part of the multiscale simulation, from 0 to 700 meters of length, appreciated
in the figure 6.17 also introduces a velocity difference in this part of the domain. But,
this difference is reduced when the flow advances towards the downstream area, as the
multiscale simulation takes into account the fire and the remaining fans.
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Figure 6.18: Dartford velocity across the tunnel

The third graph, in figure 6.19, shows the trend in the temperature across the tunnel.
Upstream of the fire, in the first 750 m of the tunnel, the temperature is constant and
equal to 20 °C in both of the simulations, as there is no backlayering or any other thermal
interaction in this part of the tunnel. Then, from the mid point, where the fire is placed,
towards the end of the tunnel the temperature is higher, falling from 180 degrees close
to 50 at the end of the tunnel. Both the multiscale and the FDS are configured to lose
heat against walls at environment temperature. But the temperature loss in the case of
the 3D is higher that in the 1D region of the simulation. This is related to 3D effects
that are not taken into consideration inside the 1D, as the radiation.
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Figure 6.19: Dartford temperature across the tunnel
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Now different points across the tunnel are analyzed over time, to observe if the
behavior across the tunnel is similar in both the FDS and multiscale simulation. The
points analyzed are at 500, 700, 900, 950 and 1050 m from the upstream portal. The
points had been selected to compare the multiscale and the FDS simulation in all the
possible combinations. Therefore, the FDS is compared to:

• The 1D part of the domain upstream of the fire (500m)

• The 1D-3D boundary upstream of the fire (700m)

• The 3D part of the domain, 150m downstream of the fire (900m)

• The 3D-1D boundary downstream of the fire (950m)

• The 1D part of the domain downstream of the fire (1050m)

First, the graphs for the section placed 500m from the upstream portal are in figures
6.20 and 6.21.

Figure 6.20 shows the trend of the pressure through time in the section at 500m
from the upstream portal. In this figure the pressure can be seen to oscillate for the
FDS calculation, as inside the FDS simulation all the perturbations are felt infinitely fast
across the entire domain (Low mach assumption). Therefore, all the fire perturbation
cause changes across the whole tunnel. Differently, in the 1D calculation the value is
more stable and almost constant. The reason of this steadiness is that the 1D receives
an averaged pressure value from the 3D at the exchange boundary (at 700m), then this
value is used in the 1D code interacting mostly with the fan pressure differences and the
losses across the tunnel, that don’t introduce any volatility. The multiscale simulation
has a pressure value close to the average pressure in the section, as also seen in figure
6.17 having a difference of 7 Pa.
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Figure 6.20: Dartford pressure at 500m distance to the tunnel upstream portal
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Figure 6.21 shows the velocity trend through time in the section at 500m of distance
from the upstream portal. The graph shows a similar steady state value for both of the
simulations (FDS andMultiscale). Themultiscale simulation starts at 5.2 m/s of velocity,
that corresponds to the velocity that reaches the air in the tunnel when all the fans are
activated and there is no fire. In contrast, FDS starts the simulation at 0 m/s, this as
starting the FDS simulations in no-flow conditions is a well established good practice.
Both reach steady state condition between 200 and 300 seconds from the simulation
start, with a small difference in velocity close to the 0.2 m/s, as seen in figure 6.17.
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Figure 6.21: Dartford velocity at 475m distance to the tunnel upstream portal

The third graph, regarding the temperature in the 500m section is omitted. The
reason is because, as seen in figure 6.19, both of the temperatures are equal to 20 degrees
with no changes in time.

The second section analyzed is placed 700m from the entrance portal, the graphs are
in figures 6.20 and 6.21. This section corresponds to the boundary between the 1D and
3D models inside the multiscale, and will therefore include 2 values for the multiscale,
one per each part of the domain (3D and 1D).

The figure 6.22 shows the pressure in the boundary section at 700 m. The pressure
behavior at this point is similar to the one observed for the section at 500 m, showing
oscillations in the pressure ranging mostly the 200 Pa and -200 Pa. The oscillations are
shared by the FDS and 3D-multiscale, as expected, as both of them use the FDS and
the same solver (UGLMAT) to obtain the pressure field. The pressure used by the 1D
model in the multiscale is a 50 timesteps average of the pressure, which helps the value
to remain steady in the average value of the 3D curves (both FDS and multiscale 3D)
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Figure 6.22: Dartford pressure at 700m distance to the tunnel upstream portal

Figure 6.23 shows the velocity in the boundary section at 687 m. Here the trend is
similar to the one seen in the section at 475 m with both of the velocities starting from
different conditions, cold tunnel flow for the multiscale and no-flow conditions for the
FDS. Still, the main purpose of this figure is to show that the exchange of velocity data
among the two multiscale domains (3D and 1D) is carried on correctly, with low or no
error in the exchange, across all the simulation.
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Figure 6.23: Dartford velocity at 687m distance to the tunnel upstream portal

The third point is placed 900m from the entrance portal. This point compares the
FDS simulation with the 3D domain inside the multiscale. The main objective is to
observe the differences of using FDS alone and coupled inside the multiscale model.
The graphs are in figures 6.24, 6.25 and 6.26.
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Figure 6.24 shows the pressure across the time 150 meters downstream of the fire.
The oscillations in the pressure have appeared through the figures 6.20 and 6.22 for
the FDS and 3D-multiscale. In this case the oscillations shown by the 3D domain in
the multiscale are lower in amplitude than the oscillations of the FDS simulation. The
reduction in the oscillations is related to the shorter region thatmost be simulated by the
FDS inside the multiscale model. This reduced oscillations represent an improvement
and they indicate that the simulation is steadier inside the multiscale.
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Figure 6.24: Dartford pressure at 900m distance to the tunnel upstream portal

The figure 6.25 shows the velocity at 150m downstream of the fire. Here the starting
point of both graphs has the same trend as before but now both of them increase as the
velocity downstream of the fire is higher than the cold flow velocity, for most of the
downstream region. Both the velocities reach steady state after 300 seconds and settle
in values similar to each other, with the FDS velocity being 0.2 to 0.3 m/s higher than
the multiscale velocity.
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Figure 6.25: Dartford velocity at 900m distance to the tunnel upstream portal

The last graph for the section at 900m from the entrance portal of the tunnel is the
figure 6.26 showing the temperature trend. Both of the curves start at environmental
temperature, then as the fire starts the temperature grows up to 140 °C, getting its steady
state in 130 °C with a difference among them of 3 to 5 °C. The temperature in this point
is very accurate in the multiscale, with reference to the FDS simulation.
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Figure 6.26: Dartford temperature at 900m distance to the tunnel upstream portal

The fourth point analyzed for this tunnel is the boundary between the 1D and 3D,
in the multiscale, downstream of the fire. This point is placed 950 m downstream from
the tunnel upstream portal and 200m downstream of the fire.

The figure 6.27 reports the pressure in the section against time. Here the trend of os-
cillating FDS simulations remains. In contrast, the pressure in themultiscale, both in the

84



6.2 – Dartford Tunnel

1D and 3D, is steady and remains in the -10 Pa after 300 seconds. This figure confirms
that the pressure exchange works correctly and without errors inside the multiscale.
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Figure 6.27: Dartford pressure at 950m distance to the tunnel upstream portal

Figure 6.28 shows the velocity. Two values are shown for the multiscale, the value
in the 3D domain and the 1D domain, as they encounter in this boundary section. The
velocities from the multiscale are superimposed one of top of the other, confirming that
the exchange of flow conditions is managed in a correct way. With regards to the FDS
velocity the multiscale velocity in this section is slightly lower, 0.2 to 0.4 m/s.
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Figure 6.28: Dartford velocity at 949m distance to the tunnel upstream portal

The last comparison in the section 950 m away from the tunnel portal is in figure
6.29, and compares the temperature. In this case there is a small temperature difference
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between the two multiscale domains (1D and 3D) lower than 5 °C. The origin of the
difference, as mentioned in other boundary sections, is that the exchanged tempera-
ture, from the multiscale 3D to its 1D, is the mass flow averaged temperature and the
temperature shown in graph (for the FDS and multiscale-3D) is the mass averaged tem-
perature. The difference exists as there is more mass flow of hot air in the boundary
(as the density is lower and, therefore, the velocity faster) than of cold air, making the
average more influenced by the hotter temperatures of the upper area, than the other
temperatures of the section.

Regarding the difference between the FDS and multiscale models, the FDS temper-
ature has a difference of 2 or 3 °C with the multiscale-3D and 6 to 7 °C with the 1D
multiscale temperature, maintaining the error low enough to still be considered equiv-
alent.
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Figure 6.29: Dartford temperature at 950m distance to the tunnel upstream portal

The last analyzed point is placed 1050m from the upstream portal and 300m down-
stream of the fire. The figures compare the behavior of the 1D multiscale and the FDS
in terms of pressure, temperature and velocity.

The figure 6.30 shows the pressure at 1050m from the tunnel entrance. Here the
behavior is very similar to the equivalent graph in the first point (500m from the en-
trance), shown in figure 6.20. The FDS pressure oscillates with an amplitude of 400Pa
around the 0, and the multiscale maintains a constant value that is always close to the
average of the FDS pressure.
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Figure 6.30: Dartford pressure at 1050m distance to the tunnel upstream portal

In terms of velocity, in figure 6.31, is possible to observe that the speed of the air in
both of the cases remains within a 0.1 m/s of error. The error among this two can be
considered neglectable.
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Figure 6.31: Dartford velocity at 1070m distance to the tunnel upstream portal

The last graph analyzed for the Dartford tunnel, figure 6.32, compares the tempera-
ture of the two simulations (FDS and multiscale). In this case, as seen in figure 6.19, the
difference is more relevant, remaining close but below the 10 °C. This increased differ-
ence is related in part to the temperature difference that is introduced in the boundary,
as explained before figure 6.29, and also to effects that are not taken into account in the
1D simulation. This because both of the wall configurations are inert walls at environ-
ment temperature, therefore, a part of the difference is related to radiation heat transfer
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(as it is not turned of in the FDS calculations) or other effects not considered in the 1D
model.
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Figure 6.32: Dartford temperature at 1050m distance to the tunnel upstream portal

6.3 Observations
After analyzing the figures shown for both of the tunnels some observations are made.

6.3.1 2.6km test tunnel
First, having experimental data is not a guarantee of accuracy. Still, it helped greatly
the setup of the test, by allowing the simulation of cold scenarios and confirming with
the measurements that cold simulations for different amounts of fans returned values
of velocity very similar to the ones reported by the anemometers through the tunnel.

Then, through the tests the objectives were to prove the capability of the Multi-
scale model to communicate the 1D and 3D models correctly and, mainly, to reproduce
accurately the measurements obtained during the tests.

For the first three figures the discussion is centered in the communication quality.
The figures show the values exchanged at the boundaries. For the three graphs the
values obtained at each side of the boundaries are very similar among them, specially
for the velocity, ensuring the mass conservation across the boundaries. In the case
of the pressure values the upstream value is averaged over the last 50 calculations to
avoid propagating the small oscilations coming from the 3D simulation into the 1D,
therefore the exchanged values remains in close to the average of the 3D values. At last
the temperature does have a difference among the curves, mainly caused by the small
difference in the averaging of both values. Still the averaging in both is not changed,
as the mass flow average in the 1D is used to keep the energy conservation, and in the
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3D is used to obtain an output that is representative and easy to understand from the
temperature.

The next two figures (figure 6.8 and figure 6.9) serve the purpose of showing the
resemblance of the air velocity, measured and simulated, and the Temperature above the
fire. In the case of the air velocity, the simulated output is close to the values obtained by
the measurements, guaranteeing that the ventilation system works correctly. Then, the
values of the temperature above the fire start an issue when it comes to cell averaging
of values, as the values calculated in FDS are not interpolated for each point of the cell,
and may average cold and hot zones that are close to each other, inside the same cell.
Still, the temperatures reached the expected values at some points for figure 6.9 and are
accurate in most of the simulations duration for the bars 3 and 4.

In the figures of the bars 3 and 4 (from figure 6.12 to figure 6.15) the temperatures
obtained from the simulation resemble closely the values measured on the field. This
agreement in values shows that the simulation is representative of the fire phenomena
that was measured in the tunnel. Values in bars 3 and 4 are more appropriate to be
compared as they are values taken in a zonewere the temperature ismore homogeneous
across the space. These values also show the stratification of the flow at these points of
the tunnel which is well reproduced by the test.

The capacity of reproducing the flow and stratification of the fumes in a multi-
scale simulation helps reaching the conclusion that the multiscale aproach is working
correctly by reducing the time required to simulate the tunnel without increasing ap-
preciably the error in the 3D simulation. The simulation took 33 and a half hour to
complete, that for a tunnel 2.6 km long for 1000 seconds is not an excessive amount of
time. Further reducing this calculation time is possible, and will be a point discussed
for future developments.

6.3.2 ”Dartford Tunnel”
The Dartford tunnel shows a comparison between a simulation made completely with
FDS, and a simulation made using the multiscale algorithm, that uses FDS close to the
fire and a 1D algorithm in the rest of the tunnel. The objective of this test is demon-
strating that it is reasonable to use the multiscale instead of a FDS simulation for long
tunnels, as it will reduce the time needed (as seen in previous chapters), and not intro-
duce relevant amounts of error with respect to the FDS simulation. To prove this the
two simulations are first compared in the trend across the tunnel and then compared in
different points. The sections that will be compared are 5 and each one of them compare
a different part of the multiscale with the FDS.

Comparison across the tunnel

The three figures that compare the FDS and the multiscale with averaged values across
the tunnel (from figure 6.17 to figure 6.19). Figure 6.17 shows that the pressure has the
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same trend and a difference below 7Pa. Then, Figure 6.18 with again the same trend
and a difference in velocity that passes from 0.3m/s (in the upstream portal) to 0.1 m/s
(in the downstream portal). And at last, Figure 6.19 with the same trend in temperature,
the first half of the domain with a negligible error and then an error accumulated from
the difference in temperature average used in the exchange inside the multiscale and
3D effects non taken into account.

As a sum, the results over the tunnel are satisfactory for the multiscale. In the three
variables the error is small, when compared with the FDS, and the temperature error
can be fixed in the future by introducing the radiation or finding a way to relate the
total losses in 3D with the losses in 1D.

Pressure sections across the tunnel

The pressure graphs are in figures 6.20, 6.22, 6.24, 6.27 and 6.30. The pressure across
the tunnel shows two trends when it is in a graph against time. First, the FDS pressure
oscillates between 200 and -200 Pa in all the points across the tunnel, changing the
average value as seen in the pressure graph averaged in time. Second, the multiscale in
the 1D shows steady values of pressure through the tunnel that are always close to the
pressure average.

As a sum, the pressure provided by themultiscale, section by section, is always close
to the FDS value, and has a steadier behavior in the 1D domain and downstream of the
fire in the 3D.

Velocity sections across the tunnel

The velocity sections across the tunnel show simulations starting in 2 opposing con-
ditions, one in no flow (FDS), and the other in cold flow (multiscale) conditions, and
converging after 250 to 300 seconds to their steady value. This is satisfactory as the ini-
tial condition shows to be irrelevant for the comparison among the simulations. Also,
the steady values of the FDS and the multiscale always remain between a small error
of 0.4 m/s at max.

Temperature sections across the tunnel

The first two temperature sections are omitted as the curves remain constant in 20 °C
during all the simulation. The three remaining analyzed section are the 900 m (figure
6.26), 950 m (figure 6.29) and 1050 m (figure 6.32). The temperature trends in the cases
rise from 20 °C, the environment temperature, and reach steady temperature around
300 seconds into the simulation. The multiscale temperatures while inside the 3D do-
main are almost the same as in the FDS simulation. The differences between the FDS
simulation and the multiscale are focused in the 1D area, as the losses of the multiscale
are lower than the losses in FDS, obtaining as a result an overshoot in temperature of
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around of 10 degrees Celsius. The reason of the difference in losses is vinculated to 3D
effects not included into the 1D model, mainly.

Boundary interfaces of the multiscale

The boundaries between the 1D and 3D domains of the multiscale are analyzed in the
sections at 700m from the upstream portal and 950m from the upstream portal. Both of
the boundaries show agreeance between the values in the two sub-domains of the mul-
tiscale (the 1D and the 3D). The only exchanged value that shows a difference between
the two domains is the downstream temperature, related to the difference in averages.
As the temperature obtained through a mass weighted average (3D) and a mass flow
weighted average (1D) are hardly equal if the flow is not homogeneous.
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Chapter 7

Conclusions

7.1 Conclusions
During this work the main focus has been demonstrating the improvements introduced
to the multiscale model that I have been developing over the last years.

The multiscale model that is under development presented several challenges along
the research. The issues were faced, first, by improving the compilation of the soft-
ware, modifying the group of files to be compilated in a MPI Gnu linux environment,
achieving time reductions in both compilation and execution. Then, the pressure issues
were confronted by developing a pressure equivalent method that demonstrated that
the FDS calculations issues were focused in the pressure and that the other properties
of the flow could be used to calculate the pressure to compensate this problem. Then, a
collaboration, with the FDS developers, was initiated during which different strategies
were tried to fix the pressure problems. As a result the FDS pressure solver used was
changed, obtaining reasonable pressure results. At last, problems in the boundary ex-
change between the 3D and 1D domains of the simulations were solved by upgrading
the exchange between the models. The method used to pass the pressure information
from the 1D to the 3D was changed, achieving a boundary that lets the flow continue
unperturbed.

To show these improvements different simulation results have been included in the
last four chapters of this work. The chapter 3 demonstrates the improvement regarding
the simulation times needed to obtain results from the tunnel simulations. The chapter 4
focuses in the research that verifies the output of the 3D part of the simulation, given by
FDS. The chapter 5, focuses in studying the pressure calculation across tunnels and the
particularities of the different solvers, determining a solver capable of finding the most
accurate solution for tunnel simulations. The chapter 6 focuses in tests that compare
the multiscale results against measurements (and simulations) to evidence that it is
an alternative that will reduce simulation times without inserting relevant amounts of
errors into the calculation.
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7.1.1 Calculation time reduction
This chapter showed the capabilities of the multiscale to reduce the calculation time
needed to complete tunnel fire simulations. The tests in the chapter use a small theo-
retical tunnel as test case and simulate a small fire (2 MW) inside of it to compare the
time needed to simulate it. The tunnel is divided in a 3D domain placed in the center,
containing the fire, and two 1D domains placed upstream and downstream of the first
domain. Four multiscale cases are simulated, with different proportions of 1D and 3D
domain to observe the sensitivity that the results and simulation time have to the 1D-3D
proportions of the tunnel.

The tests results exhibit a simulation time reduction that is proportional to the per-
centage simulated into the 1D. Furthermore, connecting the simulation times needed
and the percentages of 1D in the simulations is possible to observe that the time reduc-
tion is mostly linear. And, if this reduction is compared to a linear time reduction trend
going from the maximum simulation time length (100% 3D) to a theoretical minimum of
0 (100% 1D), both of the curves are closely related and only separated by a small amount
of time that groups the 1D model execution and communication among the models.

This confirms that the multiscale simulation is capable of providing a simulation
time reduction. Then, comparing the pressure, velocity and temperature trends across
the tunnel we can also affirm that the error introduced in the flow properties is accept-
able. Only one of the simulations shows high amounts of error, caused by a multiscale
simulation that has an excessively short 3D domain, placing the downstream boundary
in a zone that is not homogeneous enough to support this boundary.

In conclusion, the multiscale manages to reduce the simulation time without being
an important source of error.

7.1.2 Pressure equivalent model
From the start of my research pressure modelling, in tunnel fires, has always been a
tough topic to take on. The research regarding tunnel fires mainly focuses on velocity
and temperature tests. It is understandable, as the measurements from thermocouples
and anemometers are more common and related to the main topics researched in tun-
nels, heat release rate of the fires and backlayering. Still, some attention was put into
the pressure trend through the tunnels.

Examining FDS tunnel fire simulations and comparing them to Fluent and FDS heat
source simulations we found that the velocity and temperature were similar and even
have the same trends in their distribution, but that the pressure presented some in-
consistencies. Pressure drops were reported to double the expected values for areas
downstream of the fires using the default FDS configuration in fire simulations.

An equivalent model was developed to calculate an accurate pressure field using
the other properties provided by the FDS. The model is based in the Bernoulli equation
and uses velocity derivatives, densities and viscosity to approximate the pressure losses
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across the tunnel. The pressure results of this model where compared with the other
reference simulations proving that the properties obtained from FDS were correct, but
there was some source of error accumulating in the pressure that made the pressure
output unfeasible.

Therefore, at the end of this chapter the reliability of the FDS results was proved for
most of its output properties, but the pressure.

7.1.3 Pressure modelling analysis
More research and testing was carried out, now with the help of the FDS developers, to
find an answer to the pressure problems in tunnels that the FDS was presenting. Dif-
ferent settings were evaluated to observe their influence in the pressure results, as the
divergence, the specific heat ratio, among others. But the setting showing an alternative
to improve the pressure results was the change of pressure solver.

The simulations of Ang in [1], served as a good case study to keep researching
the pressure issues and finding that the change in pressure solver offered an alternative
that reduced pressure andmass flow oscillations along the tunnel. Using UGLMAT from
this point onwards guarantees reasonable pressure trends with the downside of slightly
longer simulations, disadvantage that the multiscale simulation inherently reduces.

7.1.4 Multiscale tests
After solving the issues surrounding the pressure and duration of the multiscale simu-
lations modifications were applied to the data exchange in the multiscale boundaries.

The distribution of the pressure exchanged downstream of the fire was changed
from uniform to a distribution that emulates the pressure layout of the 5% of the tunnel
length previous to the boundary. Using a distribution similar to the one that the flow
has manages to reduce the perturbations introduced.

The 1D mode changed from being iterated every ”n” seconds of the 3D simulation
to being iterated in every 3D iteration. In this way the lag of data between one model
and the other is eliminated. Still, and average on time is conserved in the upstream
pressure exchange to eliminate pressure oscillations in the 1D region.

Mass flowweighted averages were introduced to respect the conservation of energy,
momentum and mass.

Using all the modifications mentioned 2 simulations were realized, 1 comparing the
results to measurements from a tunnel test, and the other comparing the results to a
FDS simulations.

Test Tunnel

In this case, measurements from a ventilation system test were used to reproduce the
test in a simulation and compare the results. The simulation has a 2.6 km long tunnel
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with a 4 MW fire close to its center. First, the exchange of data between the two models
(3D and 1D) is shown to be accurate by comparing their instantaneous values against
time, and then the output of the simulation is compared to the different measuring
devices across the tunnel. The tunnel air velocity and temperature in the measurements
30m and 130m downstream of the fire are accurate with respect to themeasured values.
Instead, values in the volume above the fire compared to the measurements on top of
the fire pools show the same trends but lower values, in the case of the simulation.
This error in the zone close to the fire is caused by the non-uniform distribution of the
temperature, where the measurements on the field are capable of measuring a point in
the space, and the output in the simulation reflects the average temperature of a whole
cell. The results of this test are succesful as they demonstrate that the multiscale model
is capable of reproducing a real life fire test.

Dartford tunnel test

Using the Dartford tunnel 2 simulations where done, one with FDS and the other with
the multiscale model. The different curves of pressure, temperature and velocity, for
the whole tunnel and sections of it where used to compare the results. In the graphs
across the tunnel the same trends were observed, with slightly lower pressures in the
middle section of the tunnel, low velocities in the first half of the tunnel lenght and
temperatures 10 °C higher in the end of the tunnel. Analyzing 5 different sections across
the tunnel it is evident that the pressure output for the multiscale is steadier, showing
less oscillations in 4 out of 5 spots. In the case of the velocity and temperature the
values always took similar times to reach steady state condition and converged to values
with small differences among them, that only increased in the case of the temperature
towards the end of the tunnel. The differences found in the three variables (Pressure,
Velocity and Temperature) are small and the comparison is considered satisfactory as
it doesn’t introduce important sources of error.

7.2 Future developments
The work developed so far has managed to improve several of the core aspects of the
multiscale model. Still, some other aspects, being them of vital importance or more
secondary relevance, can still be improved in future version of the model. Among them:

• Multimesh 3D modelling inside the multiscale: so far the multiscale only can
manage single mesh calculation inside its 3D (FDS) core calculation. This up-
grade would capacitate the multiscale to use the recent developments in tunnel
preconditioning in FDS and achieve further time reductions, which is its main
goal.

• Improvement of the thermal losses model: as high temperatures enter the tunnel
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error accumulates gradually across the tunnel, due to phenomena as radiation.
Compensating this losses will yield a much more accurate thermal model.

• Development of a verification set of cases capable of determining if any changes
have harmed the model accuracy.

• Script cleaning, optimizing and formatting change to fit FDS code.
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