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ABSTRACT

Tunnels represent a key part of world transpomasigstem with a role both in people
and freight transport. Past events show that fmeep a severe threat to safety in
tunnels. Indeed in the past decades over four legnpeople worldwide have died as a
result of fires in road, rail and metro tunnels.Harope alone, fires in tunnels have
brought vital parts of the road network to a stalidand have cost the European
economy billions of euros. Disasters like Mont Rlaannel (Italy, 1999) and the more
recent three Channel Tunnel fires (2008, 2006 af€6)l show that tunnel fire

emergencies must be managed by a global safetgnsyahd strategies capable of
integrating detection, ventilation, evacuation dingl fighting response, keeping as low
as possible damage to occupants, rescue teams tamtuies. Within this safety

strategy, the ventilation system plays a crucidke rbecause it takes charge of
maintaining tenable conditions to allow safe evéiomaand rescue procedures as well
as fire fighting. The response of the ventilatiorstem during a fire is a complex
problem. The resulting air flow within a tunneldspendent on the combination of the
fire-induced flows and the active ventilation deddjet fans, axial fans), tunnel layout,

atmospheric conditions at the portals and the pasef vehicles.

The calculation of tunnel ventilation flows andeBris more economical and time
efficient when done using numerical models but pfatsaccuracy is an issue. Different
modelling approaches can be used depending orctlueaey required and the resources
available. If details of the flow field are need@®, or 3D computational fluid dynamics
(CFD) tools can be used providing details of tlmvflbehaviour around walls, flames,
ventilation devices and obstructions. The compoiati cost of CFD is very high, even
for medium size tunnels (few hundreds metershéf @analysis requires only bulk flow
velocities, 1D models can be adopted. Their low matational cost favours large
number of parametric studies involving broad rangmtilation scenarios, portal

conditions and fire sizes/locations.
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Another class of methods, called multiscale methaai$opts different levels of

complexity in the numerical representation of thestem. Regions of interest are
described using more detailed models (i.e. CFD ispdehile the rest of the system
can be represented using a simpler approach P.anddels). Multiscale methods are
characterized by low computational complexity comegato full CFD models but

provide the same accuracy. The much lower comunalticost is of great engineering
value, especially for parametric and sensitivitydgs required in the design or
assessment of ventilation and fire safety systavhatiscale techniques are used here

for the first time to model tunnel ventilation flevand fires.

This thesis provides in Chapter 1 a general inttido on the fundamentals of tunnel
ventilation flows and fires. Chapter 2 containsesatiption of 1D models, and a case
study on the Frejus tunnel (IT) involving some camgons to experimental data.
Chapter 3 discusses CFD techniques with an extemnsiwew of the literature in the last
30 years. The chapter provides also two model aatids for cold ventilation flows in

the Norfolk Tunnels (AU) and fire induced flows ansmall scale tunnel. Chapter 4
introduces multiscale methods and addresses theatypD-CFD coupling strategies.

Chapter 5 applies multiscale modelling for coldwllsteady-state scenarios in the
Dartford Tunnels (UK) where a further validationaatst experimental data has been
introduced. Chapter 6 present the calculations feonmpling fire and ventilation flows

in realistic modern tunnel layout and investigatee accuracy of the multiscale
predictions as compared to full CFD. Chapter 7 e@spnts application of multiscale
computing techniques to transient problems inv@vthe dynamic response of the

ventilation system.

The multiscale model has been demonstrated tovadichtechnique for the simulation
of complex tunnel ventilation systems both in syesthte and time-dependent
problems. It is as accurate as full CFD models iaredin be successfully adopted to
conduct parametric and sensitivity studies in langnels, to design ventilation systems,
to assess system redundancy and the performanes difftrent hazards conditions.
Time-dependent simulations allow determining thel&won of hazardous zones in the
tunnel domain or to determine the correct timingtfe activation of fixed fire fighting
systems. Another significant advantage is thallowe for full coupling of the fire and

XXII



the whole tunnel domain including the ventilaticevites. This allows for an accurate
assessment of the fire throttling effect that isvei here to be significant and for a
prediction of the minimum number of jet fans neetiedope with a certain fire size.
Furthermore, it is firmly believed that the mulage methodology represents the only
feasible tool to conduct accurate simulations inntls longer than few kilometres,

when the limitation of the computational cost beesroo restrictive.
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Multiscale Modellingof Tunnel Ventilation Flowsind Fires FRANCESCO COLELLA

| ntroduction

1.1. Introduction

Tunnels represent a key part of world transpomasigstem playing a fundamental role
both in people and freight transportation systespeeially in developed countries.
Around the world most major cities and metropolitareas have metro systems
accounting for hundreds of kilometres of undergbtumnels and networked system.
Similarly, in some mountainous regions, tunnelsgesent a vital part of the network
transportation system. At present, the overall denfpr operational transportation

tunnels throughout the whole of Europe is larganti5000 km [1]. An overview on

the extension of the underground transportatiotesys in Europe is given in Table 1

including road and rail tunnels.

Italy Austria Switzerland Germany France UK  Norway Spain

Railways 1200 105 360 380 650 220 260 750
Roads 1160 210 140 70 180 30 370 100
Total 2360 315 500 450 830 250 630 850

Table 1: Extension of tunnels in Europe

The issue of tunnel fire safety has become morertapt in the last decades due to the
social impact of disaster like King’s Cross undetgrd station in 1987 (31 deaths),
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Baku Underground fire in 1995 (289 deaths), Gotth&unnel in 2001 (11 deaths),
Tauern Tunnel in 1999 (12 deaths), Mont Blanc Tunnel999 (39 deaths), Frejus
Tunnel in 2005 (2 deaths) and Channel tunnel fired©96, 2006 and 2008.

According to French statistics [2] it appears tthare are only one or two car fires (per
km of tunnel length) every hundred million carsgag through the tunnel. Same order
of magnitude can be expected for fire involving\negood vehicles (HGVS). In this
case, 8 fires per hundred millions of HGVs are etgay but only one will be enough
serious to produce damage to the structure [3]th@nbasis of such values, one can
expect that the chance of an accidental tunnechrebe negligible. However given the
high number of tunnels in Europe, their high tatfensity (several millions of vehicles
per year) and their length (sometimes up to severa kilometres), the probability of
accidental fires become significant. For instartaistics indicates that, on average, one
fire incident occurred practically every month wiitlihe Elb tunnel in Germany, from
1990 to 1999. And this is not an isolate case. dddm the past decade over four
hundred people worldwide have died as a resulires in road, rail and metro tunnels.
In Europe alone, fires in tunnels have destroyeet @avhundred vehicles, brought vital
parts of the road network to a standstill - in sonstances for years - and have cost the
European economy billions of euros [4]. This sesipuoblem has the potential to get
worse it the future due to the drastic increasehm volume of dangerous goods

transported and in the number of new operativedlsn

1.2. Fundamentals of tunnel fires

This section is intended to provide a general aeanof the fundamentals of tunnel
fires. Fire behaviour in tunnel as well as in comypant is different from the behaviour
in open space (free burning conditions). In patéicwue to the confined enclosure, the
heat feedback from the walls and hot gases enhdhedse burning rate. Furthermore,
for very intense enclosure fires the oxygen suggly be reduced inducing a change in
the combustion regime from fuel-controlled (alsemwventilated fires) to ventilation-
controlled (under-ventilated fires). In the lasseahe combustion process generate a
large amount of incomplete combustion productstarit effluents.
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Ingason identifies three main differences betweempartment fires and tunnel fires
[5]. The first is related to the maximum heat reeaate (HRR) that can be attained.

Typically, in small compartment fires the maximumRR is controlled by the
‘ventilation factor’ that can be calculated A§\/E [m*4] whereA, andhy are the area

and the height of the opening, respectively. Indase of the tunnel fires, given the size
of the tunnel cross section and the air flow evalhtudelivered by the ventilation
system, the oxygen supply to the fire zone is atlene order of magnitude larger than
typical compartment fires. Therefore, in tunneé facenarios, the limiting factor to the
maximum HRR is not represented by the ventilati@mditions but by the fuel
available. Under-ventilated conditions can be adhieved in severe tunnel fires with

multiple vehicles involved in the burning process.

The second difference is related to the likelihaddattaining flashover. Flashover is
defined as a transition from a localized fire t@ Wpeneral conflagration within the
compartment when all the fuel surfaces are buriiéjg and limited by ventilation

flows. External flames typically appear at the gewf the compartment. Indeed,
flashover is unlikely to take place in a tunnel do¢he large convective losses from the
fire to the surroundings and lack of full contaimhef hot fire effluents. Nonetheless, it
must be stressed that the ventilation system @ayisnportant role in the development

of a tunnel fire, especially during the under-viagid regime [7].

The third difference is related to the smoke dicatiion. Early stage compartment fires
are generally characterized by a buoyant layerobfgases under the ceiling. The same
smoke pattern can be observed in the early stafjésnoel fires but in absence of
longitudinal ventilation. In this condition, the ske front will spread away from the
fire zone, cooling down and partially mixing withet air layer underneath. However,
after a certain distance and time the smoke laykdescend and touch the road deck.
The distance from the fire at which such phenomea&as place is mainly dependent
on the tunnel geometry and fire characteristice attivation of the ventilation system
generally produces important change in the stractfrthe smoke layer. Moderate
ventilation velocities (< 3 m/s) generate a certd@gree of back-layering in the fire

upstream region while the stratification is losttie fire downstream region. A more
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detailed discussion on the interaction betweenikaion system and smoke movements
will be presented in the next sections.

Tunnel fires usually involve material from vehicléscluding seats, tyres, plastic
material from the finishing, fuel from the tanksdaeventually the loading. The latter
can be very variable. Evaluations of the energyterat for typical load involved in
tunnel fires are presented in Table 2.

Type of vehicle Approx. energy content [MJ]
Private car 3000-7000
Public bus 41000
TIR fire load 65000
HGV 88000 - 247000
Tanker with 50 m3 of petrol 1500000

Table 2: Approximate energy contents of typicahtl fire loads [8,9]

Besides the global energy content other charatitsrigre required to assess the hazard
of a given fire scenario. Typically the design bé tventilation system and structures
requires an evaluation of the fire heat release (tdRR), the smoke production and the

temperature distribution and the maximum tempeeaditithe tunnel walls.

Indeed the fire HRR represents the single most rapo variable to evaluate fire
hazard [10] and its design value has a great inflaeon the tunnel construction and
operating costs. Several guidelines have been fatedion the basis of large scale tests

[8,11-13]. An overview is given in Table 3.

Type of vehicle Maximum HRR [MW]
1 passenger car 25-5
2-3 passenger cars 8
1 van 15
1 bus 20
1 lorry with burning goods 20-30
1 HGV 70-200
Tanker 200-300

Table 3: Approximate max HRR for typi¢ahnel fires

The time evolution of the fire HRR (i.e. growthegis another important parameter to
be evaluated when designing a ventilation systeanagvacuation procedure. This task
is much more complicated and only rough estimatiars be provided with the current

state-of-the-art. Fire growth is indeed linked l@nfe spread. Flame spread is directly
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dependent on material properties with geometry uayand ventilation conditions
playing a crucial role. Material properties conlirg flame spread can be evaluated by
using small-scale flammability testing within anceptable degree of accuracy for
material ranking purposes [14]. However, the exdlagon of small scale data to predict
full scale behaviour is also a critical point stithder active research, especially when
attempting to span multiple orders of length scalggpical tunnel fires involve a wide
range of material, including thermo-plastics whettow complex melting and dripping
behaviour with burning surfaces highly convolutédtypical full-scale fire scenarios
every burning face sees a variety of radiant flugesiing from the fire plumes and
from other hot surface. The resulting heat releaseof a full-scale object is the sum of
the heat release rate from a complex distributiomelting and burning surface, seeing
a full spectrum of heat fluxes [15]. In generabtHistribution depends on the particular

geometric configuration and it is not unique.

The geometry of the fire load also is critical Bsuhen evaluating flame spread and the
consequent fire growth curve. In opposed spreadfitme develops against the air
flow. In this case the heated region of the malttgmiaduced by the radiant feedback
from the flame is small and then the flame propagatowly and steadily. In the case of
concurrent flame spread, the air flow and the flapreead direction are the same. In this
scenario the heated region of the material produsgdihe flame has the same
dimensions of the flame itself. Concurrent flameesg rate is in between one and two
orders of magnitude larger than opposite spreasb r|it4] and it is self-accelerating.
Tunnel fires experience a wide range of geomety @mnsequently different spread

regimes are present at different stages.

Further complexity is added when introducing théedf of the ventilation system
controlling the oxygen supply into the fuel bede ttame shape and amount of heat
which is re-irradiated back to the burning surfadég.

Given the large uncertainty incurring on flame sprefrom all the previous
considerations, a meaningful prediction the firevgh is a complex task and only
rough estimation can be provided with the curreatesof the art. Most of them are

based on experimental evidences. For example ddisamg of the above cited tunnel
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fire experiments have shown that the typiédire representation [6] does not explain
the growth of any of the experimental data avadlablvhile a two-step linear

approximation provided a better estimation [17]riDg the first growth stage, the fire
would grow slowly up to 1+2 MW, while during thecamd stage, the growth rate
would be significantly higher (up to 15 MW/min). rAore detailed explanation will be

given in the following sections.

Same rough estimations can be provided for smo&duygtion. Average values given
by PIARC and confirmed by the EUREKA fire test praxgp [12] are resumed in Table
4,

Smoke flow [m3/s]

Type of vehicle PIARC EUREKA TEST
passenger car 20
passenger van - 30
2 -3 passenger cars
1van - -
lorry without dangerous goods 60 50 -60
HGV - -
Petrol tanker 100 - 200

Table 4: Approximate smoke production from tunimesf[9]

Temperature distributions and peak temperaturénattaduring a tunnel fire scenario
represent important variable for design purposé¢so A this case the actual knowledge
is based on experimental data. Table 5 gives arvieve of the maximum temperatures
recorded during full scale tunnel fires includingf MI'VP, EUREKA, Second Benelux

tunnel test and Runehamar tunnel fire tests [118,39]. As it can be seen, the
temperature ranges are quite large mainly dependimgthe specific conditions

including ventilation conditions, fire load and et cross section geometry. A larger

set of experimental measurements of tunnel firé pemperature is available in [19].

Type of vehicle Peak Temperature ['C]
passenger car 200-400
bus 700
HGV 1000-1365
petrol tanker 1000 -1400

Table 5: Maximum peak temperature recorded onsiedle experimental tunnel fires [11-13,18,19].

The test involving HGVs fires showed that the terapges measured downstream of

the fire were very high with flaming zone expanding 70-100 m. Such high
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temperature could affect the entire tunnel ceilsh@vnstream of the fire causing
considerable spalling of the unprotected tunndingeiand eventually flame spread to

other vehicles. Same considerations can be givetihéoupstream region.

1.3. Therole of the ventilation system

The ventilation system plays a fundamental roletunnel safety both in normal

operating conditions and in case of fire. In normaérating conditions, the ventilation
has to dilute contaminants emitted from the travglehicles keeping the air quality
within safety levels for the tunnel users. The tltia of smoke will have a direct

improvement on the tunnel visibility. The first extipts of installing mechanical
ventilation systems in tunnels have been madeanl®20s. This was mainly triggered
by the concern on the increasing temperature whias taking place in the

underground metro system in New York and Londor}.[R@eviously, the ventilation of

such environments was accomplished by utilizingpiiséon effect produced by moving
trains and it was enhanced by the presence ofcakrshafts permitting a continuous
exchange of air with the exterior. Analogously, thigoduction of the first mechanical
ventilation devices in road tunnels was triggergdhe concern on air quality and the
impact of exhaust gases emitted by internal conMrusingines.

Due to the growing concern on tunnel fire safehg ventilation system has gained
great importance also in the management of emeygkrec scenarios in tunnels. In
these cases it has the complex task of smoke mareage\Which ventilation system is
to be selected depends mainly of the tunnel lagodtthe fire safety strategies chosen
for the specific tunnel. However, ventilation systefall in two broad categories:
natural and mechanical. In the first case, thenmvement is induced by temperature or
pressure gradients across the tunnel portalsdue.to meteorological effects) which
have importance for long tunnels, and by the pigtfbact induced by the traffic itself.
Mechanical ventilation systems instead, use comptarbinations of fans, ducts and
dampers for the scope. Depending on the configuratnechanical ventilation systems
are classified in longitudinal, fully transversenti@ation systems and semi-transverse
ventilation systems. However for specific reasomg. (enhance smoke control

capabilities) hybrid configurations can be encorede
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1.3.1. Natural ventilation systems

Natural ventilation systems manly rely on meteagalal conditions and piston effect
from moving vehicles to guarantee acceptable enmient conditions within a tunnel.
Meteorological conditions, including temperaturel atatic pressure difference across
tunnel portals as well as the effect of the winalh dave a significant impact in long
tunnels. Eventually, natural ventilation phenomerzam be promoted by including
vertical shafts due to an enhanced chimney efféotortunately none of the previous

variables can be relied upon when designing tunesdilation strategies.

Same considerations can be drawn when considdrengentilation flows due to piston
effects. Indeed, it depends on a large numberatbfg, vehicle speed, vehicle spacing,
traffic direction, vehicle drag coefficient, anchhel geometry, and as expected, many
of them cannot be controlled. Small-scale experisieave demonstrated that the ratio
between air bulk airflow velocity and vehicle vatygds mainly dependent on the traffic
conditions and ranges between 15% and 26% [21]. $aasle measurements under
various realistic traffic situations performed inl88 km long tunnel in Taipei City
provided lower values: the ratio between vehicles bulk flow speed ranged between
2% and 7% when the traffic density varied betweam@ 20 vehicles per km of tunnel
length and the average traffic velocity is 90 kn2R]. Figure 1 depicts the typical
correlation between traffic density and induced tNation flows in a tunnel in the

Taipei City tunnel.
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Figure 1: Typical traffic flow and induced ventila in the 1.8 tunnel in Taipei City. Traffic detysand
induced ventilation as presented in [22]

Similar values have been encountered for railwapéls during the passage of a train

[23]. However, the same authors confirmed thatiwn-way traffic conditions, the
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effectiveness of the piston effect is compromised #e ratio between bulk flow
velocity and vehicle velocity is radically reduced.

For this reason, natural ventilation systems amiegh to short tunnels. Depending on
the specific national guidelines, the boundary leetwshort and long tunnels ranges
between 350 m+ 700 m in Germany or 400 m in UK [24]

In case of fire, smoke cannot be controlled dugh¢oabsence of mechanical ventilation
devices, and naturally stratifies and spreads tadgially along the tunnel. Due to
stratification, the lower portion of the tunnel ssosection is free of smoke promoting a
safe evacuation of the tunnel users. The deptheostoke layer underneath the ceiling
varies with fire size and fire growth rate, tunfaslout (i.e. dimensions, slope, and cross
section), distance from the fire source and evdiytuaith the natural ventilation
phenomena (i.e. environment conditions and pistibects). Due to the heat losses
through walls, mixing at the interface with thesineair which is recirculated beneath
the smoke layer, the natural smoke stratificatiogaks down after a certain distance
and the vitiated gases occupy the entire tunnedscsection. The smoke recirculation
towards the fire source induces also a seriousrideton of the environmental
conditions in the vicinity of the fire. Experimehtzbservations demonstrate that stable
stratification can be maintained initially for astiince ranging between 400 m and 600
m from the fire [24]. Eventually, the presencerdtrmediate chimneys can improve the
smoke removal from the tunnel but usually this && a reliable approach. For this
reason, it is easy to understand that natural l¢ioth becomes significantly risky for
long tunnels and it represents a viable approadiy fum tunnels shorter than few

hundred meters.

1.3.2. Mechanical ventilation systems

1.3.2.1. Longitudinal ventilation systems

Longitudinal ventilation systems are designed inleorto generate a longitudinal
ventilation flow within the tunnel with air introded or extracted from a limited
number of points. The longitudinal movement caniriskiced by the presence of air

injection points into the tunnel or by using famstalled on the ceiling providing
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longitudinal thrust. The first design option usex&rdo nozzles located in the vicinity
of the tunnel portals which inject air with high leeity and induce longitudinal
ventilation flow. A schematic of a Saccardo londihal ventilation system is depicted

in Figure 2.
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Figure 2: A schematic of a Saccardo longitudinaitiation system [25]

Longitudinal ventilation systems based on jet fass series of axial fans (known as jet
fans or boosters) installed on the tunnel ceilihgracterized by high thrust (hundreds
of N) and high discharge ventilation velocitiesofamd 30 m/s). The jet fans can be
installed individually, in pairs or even more. Ahsmatic of a jet fan longitudinal

ventilation system is depicted in Figure 3.
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Figure 3: A schematic of a jet fan longitudinal tikion system [25]

Both the previous ventilation systems are charegdr by an almost uniform
ventilation velocity through the whole tunnel domaith pollutant concentrations and
air temperature increasing in direction of the uatibn flows. In comparison to other
more complex ventilation systems (i.e. transversd aemi-transverse ventilation
system), longitudinal ventilation systems requessl space for ventilation building and
ductworks, and a lower capital investment. On thetrary, the tunnel cross section has
to be large enough to accommodate their instatiafidne maintenance and operating
cost break-even point associated with a large numbjet fans must be considered. If
the system is characterized by a number of jet fianger than 20, it may be
economically convenient to move to other centralizentilation layouts [26].

10



Multiscale Modellingof Tunnel Ventilation Flowsind Fires FRANCESCO COLELLA

The typical ventilation strategies adopted in londinally ventilated tunnel require the
ventilation system to push the smoke downstrearth@fincident region in the same
direction as the road traffic flow, avoiding the gke spreading against the ventilation
flow (back-layering effect). The vehicles downstreaf the fire zone are assumed to
leave the tunnel safely. All the studies on baglelang show that the maximum critical
velocity is in the range from 2.5 m/s to 3 m/s - Thus, an adequate ventilation
system must guarantee air velocities higher thas rdnge in the region of the fire
incident. A more detailed overview on the criticatlocity will be given in the
following sections. Longitudinal ventilation sysie are very effective for tunnel with
uni-directional traffic flows, providing enhanceohgke control for a wide range of fire
sizes. The ventilation strategies to be adoptedksie straightforward. Nowadays, their

applicability is limited mainly by the tunnel leringt

1.3.2.2. Transverseventilation systems

Transverse ventilation systems are characterizednifprm air supply and extraction

along the tunnel length realized by means of fetigth ducts. Supply ducts are usually
located either beneath the road deck or abovese failing and are connected to the
tunnel environment through grills or dampers thah de automatically opened in
specific location to promote smoke extraction. Thets lead to ventilation stations
equipped with axial fans. A schematic of a transgesentilation system is presented in
Figure 4. In long tunnels the supply ducts are Iiswhvided in sections in order to

limit the size of each ventilation station and #hevelocities. Given the dimensions of

the duct work and the size of the ventilation stai the initial investment cost is high.

In normal operating conditions the concentrationpoflutants is uniform along the
tunnel length (if there is no longitudinal air flpwnaking this systems well suited for
long tunnels also for bi-directional traffic opeoat

In case of fire, the ventilation system is operateadrder to maintain a smoke clear
zone for evacuation purposes by creating a statdéfieation of the smoke. The latter
Is extracted through dampers which are openedarnvitinity of the fire. Eventually
fresh air can be supplied. More complex ventilastnategies can be used depending on

the specific tunnel layout or boundary conditions.

11
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Globally, transverse ventilation systems are operah order to avoid the smoke
spreading in the tunnel by promoting smoke confi@einstratification and extraction.
An optimum strategy would provide limited air vekyo(~ 1 m/s) in the fire vicinity. A
velocity profile converging towards the fire zorsedlso desired in order to promote
faster smoke confinement. Transverse ventilaticatesys are proved to be effective for
smoke control in case of relatively small fires 28 MW). In these scenarios, the
extraction efficiency appears to depend mainlytandir flow velocity while the shape
of the dampers, for equal opening area, does na hay significant effect [31]. The
same authors show that the efficiency of transveesgilation systems mainly depends
on the air flow velocity for small fire size. Howay ineffective smoke and temperature

managements have been observed for larger fire fid¢.

It is worth to note that a viable longitudinal flaventrol is difficult to achieve, even if

the system has a large capacity because thereobmmpensating forces acting in the
longitudinal direction. Fire detection and locatina are also critical issues for
transverse ventilation system.

EXHAUST

=™

SUPFLY
&
@

FAN e

TUNNEL LENGTH

R W NP N W W\ N
Y M

FLOW

—

FLOW OF TRAFFIC

Figure 4: A schematic of a fully transverse vetitla system
1.3.2.3. Semi-transverse ventilation systems

Transverse ventilation systems are characterizedritfiprm air supply or extraction
along the tunnel length realized by means of oliddngth duct. Depending on the way
the ventilation system is operated, semi-transveesilation systems can be classified
as supply semi-transverse ventilation systemsKgpee 5) or exhaust semi-transverse
ventilation systems (see Figure 6). The formercagacterized by a uniform air supply
while the latter have a uniform collection of aioreg the tunnel length. In normal

operating conditions supply semi-transverse systarmasactivated in order to provide

12
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dilution to the traffic pollution. In emergency atiions the air supply could be used to
dilute fire effluents; however, reversible fans gladobe preferably adopted and used to
extract smoke during fire scenarios. In fire scerzrexhaust semi-transverse systems

are operated to extract smoke promoting smokdf&tediton and extraction.

The same limitations presented for fully transversatilation systems apply to semi-
transverse systems. They have limited capabilitgantrolling longitudinal ventilation
flows and they are likely to be unable in managnpke and temperature in large fire

scenarios.
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Figure 5: A schematic of a supply semi-transveesgilation system
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Figure 6: A schematic of a exhaust semi-transveestilation system
1.3.3. Hybrid ventilation systems

Beside the previous classification, ventilationtegss with intermediate characteristics
are often encountered worldwide. In most of theesakey are hybrid combinations of
longitudinal and transversal layouts resulting froefurbishments or updating of old
un-effective ventilations systems. This is the casthe Mont Blanc tunnel (11.6 km),
which has been converted, after the catastrophécifi 1999, from fully transverse
ventilation system to hybrid transverse-longitudlidanother example is represented by
the Dartford Tunnels (UK) converted from semi-tnarse ventilation system to hybrid

semi-transverse-longitudinal. In both the previoases the existing ventilation systems

13
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have been updated with the introduction of jet floxsenhancing longitudinal smoke

control.

In general hybrid ventilation systems are desigimedrder to provide high smoke
control capabilities both in bi-directional and hiectional traffic operation. In some
cases they are operated in order to generate sohekezones on both sides of fire site.
The ventilation strategies used in hybrid ventiatsystems are generally very complex
requiring a careful analysis of all the variablegalved including fire location, tunnel

layout, boundary conditions at the portals and ilegidn system settings.

1.4. Interaction between fire and ventilation system

The management of indoor ambient quality in undmrgd structures both in ordinary

operating and emergency conditions involves theofilee ventilation system.

Here it is stressed that a tunnel and the correpgrventilation plant constitutes a
single system. Its thermo-fluid-dynamic behaviosiraifected by several internal and
external factors, such as barometric pressureeapdintals, tunnel slope, set-points of
the ventilation system and traffic conditions [3Besides these, in emergency
scenarios, fire dynamics, smoke movements, statiin and dilution, heat transfer
with the tunnel linings are deeply coupled with teatilation flows.

Mainly two aspects must be taken into account whensidering the interaction
between ventilation flows and fires: firstly, it mools the movements of smoke,
stratification and dilution and secondly it suppligne fire with the oxidizer. A good
understanding of the interaction between ventitagnd a fire is therefore vital when

developing a fire safety strategy.

1.4.1. Ventilation velocity and back-layering

The critical velocity is by definition the minimunongitudinal air flow required to
prevent the occurrence of back-layering in tunned Scenarios. The back-layering
phenomenon is the reverse smoke flow that can d@gainst the tunnel longitudinal
ventilation if it is too low. An example of backylring occurrence is depicted in Figure
1.
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Figure 7: Photograph of a small scale tunnel firgridg the occurrence of back-layering. The fireesiz
15 kW. The tunnel has an arched cross sectiontf@d#mm, height 244 mm). Adapted from
[33].

The exact value of the critical velocity dependsimyaon the buoyant plume
characteristics including smoke temperature, snflokerate, fire source size as well as
tunnel height and width. The simplest techniquegpnedict the critical velocity are
based on semi-empirical equations obtained by FErdlimber preservation combined

with some experimental data.

The Froude Number is defined as

_ Inertia forces _ U*® 2
grawty forces gD

1)

where g is the gravity,D and U are the characteristics length and velocity scales
respectively. Equation (1) can be rearranged biyguie density ratio of the smoke in
order to include the effects of stratification. Wiheearranged in this for it is usually
called Richardson number or modified Froude number:

Ri=90 -1 P @)
v p p

Fr

wherep represents the density.

The first empirical relation based on Froude thasrgue to Thomas (1958) [27] who
argued that the characteristics of the flow areeddpnt on the ratio of buoyancy to

inertial forces on the tunnel cross section. Thoomaxluded that, when the ventilation
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velocity is close to the critical value, the moedi Froude number is close to 1 and
therefore the back-layering does not occurs. Utlisr assumption, it can be written
that

A
U, ==LgH 3
o

where,Uc is the critical velocity valueH represents the tunnel height amdis the
ambient temperature. After substituting an expogssbrrelating the convective part of
the fire heat release rate (HRR) and fire induaedke characteristics (temperature,

density and flow rate), a final correlation candiained

U :k(MT @)
o, T.C A

o~p

wherek is a proportionality constan@ is the total HRRT, is the ambient temperature,
Cp is the air specific heah is the tunnel cross section ahds the radiative fraction of
the HRR. On the basis of experiment conducted ortstorridors, the proportionality

constant was found to be equal to 0.8 [34].

A similar correlation has been developed by Kenreaty co-workers:

1

U =k K| 9QU-DH Y (5)
¢ PoTC,A
T =T+ Q@-4) (6)
PULCA
k, =1+0.037a)* (7)

whereK is an dimensionless empirical constant equal &4,@: is the tunnel gradient

and T; is an average temperature of the fire effluentq.[3his correlation has been
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built on the basis of small scale experiments cotetliby Lee and co-workers in 1979
[36].

Thomas correlation is valid within a limited rangeheat release rates where the 1/3
law well fits the experimental data. For higher thedease rates, the correlation fails
because it is not able to represent the asympbai@mviour of the critical velocity.
Indeed, on the basis of small scale experiments, &kl Atkinson pointed out that for
high HRR the critical velocity reaches an asymptetilue which is independent from
the HRR [28]. This behaviour is clearly presented-igure 8 showing the correlation
between dimensionless critical velocity and dimenksiss heat release rate. Oka and
Atkinson proposed a modified correlation whish isgented hereafter (equations from
(8) to (11)):

1 I T T TTTITTI 1 LN

Ve
Q
1]
19

0.1 Lt j 11t L1 bt r1iL

0.01 0.1 1
Q* (-)

Figure 8: Variation of dimensionless critical veitycagainst dimensionless heat release rate. (O)
measurements of critical velocity; (continuous Jiequations (8) and (9): (dashed line)
Thomas correlation (4). (from [28]).

1

“ )3
u;:Kvi for Q < 012 (8)
012
U, =K, for Q> 012 9)
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where Q* and U.* are the dimensionless heat release rate and donéss critical
velocity that can be obtained by using equation) (3@d equation (11). The

proportionality constank, ranges between 0.22 and 0.38 depending on theetburn

geometry.
- Q
- o.T.C gqu 512 (10)
o'ovp
o= U (11)

Such asymptotic behaviour has been also observiedl scale experimental campaigns
such as Memorial tunnel fire ventilation test peogr (MTFVTP) [11] or EUREKA
[12]. A theoretical explanation has been given by #\d Bakar [33] attributing such
behaviour to the positioning of the intermittenanfies in the tunnel cross section.
Indeed, free fire plumes are characterized by tiéerent regimes [6]

1. persistent flame region, located close to thedoarce and characterized by an

accelerating flow of combustion gases

2. Intermittent flame region, characterized by intdtemt flaming and a near-

constant flow velocity

3. The buoyant plume characterized by a decreasimagigland temperature with
the height.

For relative small fires having flame length smallieat the tunnel height, only the
buoyant smoke impinges the ceiling and in undetiksgad conditions, it will generate

back-layering. Obviously the characteristics of bla@yant plume will be depending on
the fire HRR. However, for large enough fires, ihieermittent flames will impinge the

ceiling occupying the upper portion of the tunnedss section and in under-ventilated
conditions they will be present in the back-laygrimtermittent flame are characterized
by constant speed regardless the fire source asréftine, they build up a buoyancy

force with is not sensitive to the fire HRR. Consewtly the critical velocity will tend
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to its asymptotic values. A similar explanation He@en given also by Hwang and
Edwards [37].

However, it must be stressed that simplified ansly@sed on Froude scaling theory
cannot take into account the effect of the tunmeingetry (i.e. tunnel width) and tunnel
slope on the critical velocity. Based on the clealsihomas theory it is easy to obtain a
linear correlation between the critical velocitydathe quantity(l/W)“3 where W
represents the tunnel width. Indeed, small scajgemxents have confirmed that for
aspect ratios greater than 1 (widthto heightH) the critical velocity decreases with the
tunnel width but following a trend different fromet(1/W)"® law proposed by Thomas.
Furthermore, it appears that for aspect ratios lemahan 1 the critical velocity
increases with the tunnel width [30]. Analogous idgons from the classical theory
have been encountered when introducing blockagsesagm the fire source or when
varying the fire source geometry; in particular treical velocity appears reducing
when wider fire sources are adopted [28].

The effect of the tunnel slope on the critical wi#thphas been investigated by Atkinson
and Wu [38] and by Ko and co-workers [39] on thei®af small scale experiments
involving a propane gas burner for the former amdhanol, acetone and n-heptane pool
fires for the latter. In both the cases the reslitaved that the critical velocity increases

with the tunnel slope due to the enhanced stagcefbllowing equation (12)
UC,ﬂ :UC,0(1+ KH L_ZB) (12)

whereU_ ,andU_ ,are the critical velocities in a inclined and horial tunnel,9 the

tunnel slope K, an empirical constant ranging between 0.014 a@830in accordance

with [38] and [39], respectively.

On the basis of the previous theoretical considerat supported by experimental
measurements, it can be claimed that the maximutrcatr velocity value to be

expected in any tunnel fire scenario is betweenn2/® and 3 m/s. If the ventilation
velocity is in this range (or eventually largergthack-layering is usually avoided and
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the smoke are pushed downstream of the fire regomoke stratification is usually

compromised.

For ventilation velocities between 1 m/s and 2.54/3, depending on the fire source
size, back-layering can occur. The back-layerirgjatice usually varies between zero
and 17 times the tunnel hydraulic diameter [5]. Ewen lower ventilation velocities

(between 0 m/s and 1 m/s) the back-layering disgtaan be very large (several hundred

meters) and it is almost uniform in both directions

Ingason proposed an approximated correlation tdigrdack-layering distance based

on small scale experiments [5] and Froude scahiegrty.

1/3
L (Q—QSJ (13)
H PoCpT U H

Equation (13) correlates the back-layering distabgeo the tunnel geometry, the

ventilation velocityU and the fire HRRQ. The proportionality constant, deduced from
small scale experiments, ranges between 0.6 and2:@n the lack of large scale tests,
great care must be adopted when predicting the-lageking distance on the basis of
equation (13). Indeed, in a recent work, it appe¢hbas equation (13) seriously under-
predicts the back-layering distance (up to 1 oafemagnitude) [40]. This conclusion

has been drawn on the basis of a recent large setlef experiments in a 1 km long
tunnel W~ 10 mH ~ 7 m, slope ~ 2%) involving fires between 1.8 MWi&8.2 MW.

14.1.1. Ventilation velocity and fireHRR

Ventilation flows have a direct impact on the tunfiee dynamics. By using a
probabilistic approach, Carvel and co-workers destrated that the HRR of a HGV
could increase in size by a factor 4 when the \amin velocity is around 3 m/s and by
a factor 10 when the ventilation is up to 10 m/s][4he authors found that a similar
behaviour could be expected for the fire growtle r@$serting that it can increase by a

factor of 5 at 3 m/s and by a factor of 10 at 18.m/
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Such behaviour is mainly dependent on the enhahead transfer from tilted flames
and on the improved transport of oxygen into thed hed. However, it can be expected
that for ventilation flows higher that a certaimii, the cooling effect due to the
ventilation flows counteracts against the improvediative heat transfer from the

flames; in this conditions peak HRR and fire growdte can be reduced.

The enhancing effects of the ventilation flows be fire peak HRR and growth rate
have been observed experimentally both on largesarall scale tests. In particular this
behaviour has been recorded during the Second Befelnnel fire tests for canvas
covered trucks loaded with wooden cribs and tyfés. fire growth rate with ventilation

velocity ranging between 4 m/s + 6 m/s was almosim2s higher when compared to
the fire development in no-ventilation scenariobe Jpeak HRR was about 1.5 times
higher [13]. A similar behaviour has been obsersadsmall scale experiments and
described by Lonnemark and co-workers [16]. Theease in the peak HRR ranged
between 1.3+1.7 and 1.8+2 times for high and lowogity wood cribs respectively.

They also found that the fire growth rate incredsga factor 5 to 10 depending on the
tunnel cross section. Beyond a certain velocityitlitme HRR and the fire growth rate

did not seem to vary significantly.

A more recent literature review presented by Caadgglressed other significant aspect
of the fire dynamics in tunnel [17]. The work rewed a large number of tunnel fire

experiments including the Second Benelux Tunnel figsts [13], the Runehamar fire

tests [8], and the EUREKA fire test program [12Hgverformed regular observations
on the effect of the ventilation velocity on theefgrowth phase.

The author observed that the typitafire representation [6] was not fitting any of the
experimental data and proposed a two-step linegroapnation. During the first step

the fire would grow slowly up to 1+2 MW, while dag the second step, the growth
rate would be significantly higher (up to 15 MW/mirFigure 9 shows a two steps
approximation of the fire growth phase as obsemd8] and [13].
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Figure 9: Two step approximation of fire growthegihase for the Second Benelux tunnel fire Tests an
Runehamar Fire Test Program (from [17])

The changing in the fire regimes usually takes elafter adelay phaseisually as long
as few minutes (from 2 to 6). The author obserdsd that the delay phase length and
the fire growth rate are somehow correlated tovérdilation flows experienced by the

fire during its development. A table resuming thleserved trends is introduced

hereafter.
Ventilation rate Delay phase Growth rate
Low (less than 1ms™) 6 minutes or longer About 5 MW/min
Medium (about 3ms™) 5 minutes or less 15 MW/min or more
High (about 6ms™) 5 or 6 minutes About 10 MW/min

Table 6: Summary of the observed correlation betwemtilation rate, delay phase length and fire
growth rate (from [17]).

1.5. Analysis of tunnel ventilation systems and fires

On the basis of the previous discussions it is @asynderstand that fire behaviour,
smoke dynamics and ventilation flows are deeplyptedi and they cannot be studied
separately. In other words, the resulting air flawthin a tunnel is dependent on the
combination of fire-induced flows, active ventitati devices (jet fans, axial fans),
tunnel layout, atmospheric conditions at the pertahd the presence of vehicles.
Although an overall analysis of tunnel ventilatidows and fires can be very complex,
the resulting information is crucial for tunneldisafety purposes. Studies of tunnel

ventilation flows and fires are indeed fundamerntalassess the capabilities of a
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ventilation system to manage smoke, to design kadioin and evacuation strategies, to
predict loss of tenability in the environment aadrtinimize damages to the structure.

Depending on the accuracy required and the reseuwawailable, a solution to the

problem can be reached using different ways.

1.5.1. Small and large scale experiments

Full scale tests, generally conducted within unuseahels, require very large financial
investments but provide large amounts of colledath. Some examples have already
been cited. The Memorial Tunnel fire ventilatiostterogram [11], the EUREKA fire
test program [12] and the Second Benelux TunneltBst program [13] are only few
examples. A wide review of the experimental tunfieds conducted in the last 4
decades is available in [42]. Because of the hogéesassociated, only a limited number
of tests can be carried out. Furthermore they agklyhspecific and their outcome is
strictly related to the specific tunnel layout,efitbad material and geometry. Design
procedures sometimes use small scale tunnel madelsder to represent ventilation
and fire scenarios. Interpretation of their resigtslependent on the relevant scaling
laws and model scale results may not have a gewalidity in relation to the full scale
case. Nevertheless, experimental data are widedy tis extrapolate proportionality
constant used in semi-empirical correlation to fmtedack-layering occurrence and

distance, smoke production and smoke front velaniky temperature.

1.5.2. Numerical modelling

The analysis of tunnel ventilation systems can Is® &onducted using numerical
models based on a mathematical representationeoplilysical phenomena involved.
Numerical models are usually highly flexible, siggantly more economic than
experimental test, and allow for large parametrgtatlies and sensitivity analysis. The
accuracy of numerical models must be always adeldess the basis of a direct
comparison of the results to experimental findirigsorder to assess range of

applicability and limitations.

Several numerical approaches have been adoptetiebinternational community to
address tunnel fire safety issues.
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The overall behaviour of the ventilation system t@napproximated using 1D fluid

dynamics models under the assumptions that all flilnd-dynamic quantities are

uniform in each tunnel cross section and gradiargsonly present in the longitudinal
direction. 1D models have low computational requieats and are specially attractive
for parametric studies where a large number of Etimns have to be conducted. In the
last two decades several contributions on the egjbn of 1D models to tunnel

ventilation flows and fires flows have been pulbdidha literature review as well as a
wide description of their accuracy and range ofliappility will be presented in chapter

2.

Zone models are based on the experimental evideateunder certain conditions, fire
effluents tend to stratify generating a cold ayelaunderneath and a hot smoke layer
containing the fire effluents [43]. Zone models éaveen widely used to simulate
compartment fires but their applicability in tuntieé scenarios is limited. Indeed, they
are not able to simulate tunnel smoke dynamicstaltiee lack of a dedicated horizontal
momentum equation needed to represent the longaldmoke transport in a tunnel
environment. Furthermore, they are not able to iak® account mixing between hot
and cold layers or to simulate fire scenarios wharmke stratification is lost (i.e.

critical or supercritical ventilation scenarios).

Modified version of zone models have been develdpgidg to extend their use to
tunnel fire scenarios. Charters and co-workers lopeel a modified version of zone
models having a three layer domain: a hot smokeray mixing layer and a cold air
layer underneath [44]. As for any zone model, tt®uieacy of the new one mainly relies
on calibration constants needed to predict the mgixietween layers, hot layer velocity
and plume entrainment. A similar approach has eéwed by Kunst who developed
a zone model and used it to predict back-layer2f].[Kunst model is in qualitative
agreement with former, widely used models and & been validated by comparison
with mostly large-scale experiments in instrumentgdlleries. A more recent
application has been presented by Suzuki and c&es®i{45]. The model uses several
horizontal layers and provides reasonably accutateperature distributions when

compared to small scale fire scenarios. However @gshis case, the accuracy of the
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model relies on calibration constants needed tdigir@lume entrainment and further
validations test must be conducted.

CFD techniques are usually adopted in fire safetgnee when flow field data are
needed. Such techniques are able to provide dgtelaperature and velocity fields,
smoke movement and stratification, toxic specieswion, heat fluxes mapping, time
to untenability conditions and other important aates. The computational cost of this
class of methods is high even for medium size tisnaed they are typically used for
design verification. A literature review as well asvide description of their accuracy

and range of applicability will be presented in oiea 3.

Another class of methods, called multiscale methoaidopt different levels of
complexity in the numerical representation of thisteam. The multi-scale concept is an
extension of the conventional 1D and CFD modeltechniques where the two models
are coupled together with the latter providing le@indary condition to the former and
vice-versa. The multi-scale model is solved on haridycomputational grid, where 1-
dimensional elements are linked to 3-dimensionalkagenerating a continuous domain
in the streamwise direction (see Figure 10). TheeBinents are modelled by means of
a CFD tool while 1D elements by using a conventidix model. During the solution
procedure 1D and CFD models dynamically exchanderrmrmation at the 1D-3D
interfaces and thus run in parallel. A literatuexview as well as a wide description
multiscale modelling technique for tunnel ventiatiflows and fires will be presented

in chapters from 4 to 7.

Figure 10: A schematic of a hybrid computationdabgor multiscale calculation of tunnel ventilation
flows and fires
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1.6. Test cases

This thesis contains in different chapters seveggblications of 1D models, CFD
models and multiscale models. In most of the céisesdeveloped models have been
applied to predict the behaviour of real operathead tunnels. In some cases,
experimental campaigns have been undertaken t@acteaze the behaviour of tunnel
and ventilation system. The collected data haven hesed to validate the developed

models and to assess their accuracy.

1.6.1. Case A: Frejus Tunnel, Bardonecchia (It)

In Chapter 2, the Frejus tunnel behaviour is sitedlavith a 1D model. This tunnel is a
two-way link between Italy and France with a totahgth of 12870 m and an
approximated hydraulic diameter of 6 m. The vetitlasystem is fully transverse and
it is operated by means of full length supply amtiaeist duct located over the tunnel
ceiling. Ordinary ventilation is operated by intumthg fresh air along the tunnel
through 3 U-shaped fresh air ducts which have 2 fneach end. Fresh air openings
are installed each 5 m. Emergency ventilation erajed using the fresh air ducts and 3
U-shaped extraction ducts. The extraction dumpegdrestalled each about 130 m. A
more detailed description of the Frejus tunneluduig typical emergency ventilation
strategies will be given in chapter 2. Experimerttata will be used to validate the

developed 1D model when simulating the tunnel Vatin system behaviour.

1.6.2. Case B: Norfolk road Tunnels, Sydney (Au)

In Chapter 3 the Norfolk road tunnels ventilatigstems are simulated by using a CFD
tool. These are two two-lanes unidirectional roadhels located in Sydney (AU). The
tunnels are 460 m long with a virtually flat gradie Each tunnel, longitudinally
ventilated, is equipped with 6 pairs of jet fanslafge set of air velocity measurements
in the tunnel central section were made availalgl¢hke tunnel operator and they have
been used to validate the capability of CFD toolsniodel tunnel ventilation flows at

ambient conditions.
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1.6.3. Case C: Wu-Bakar small scale tunnel

In Chapter 3 a CFD tool has been also used to atedmall-scale fire scenarios.
Experimental data have been provided by Wu and B&&} that carried out a series of
small scale experiments on five horizontal tunmeih different cross-sections. They
assessed, on the basis of accurate measurementomtrolled environment, the effect
on the critical velocity of tunnel cross sectiorddire heat release rate. Among the
different cross sections, the data relative tostipgare cross-sectional tunnel (0.25%0.25
m? cross section) will be considered in this docum&he small scale tunnel is around
15 m long and it is equipped with a circular porbesl propane burner (diameter equal
to 0.106 m) located at a distance of 6.21 m fromttinnel inlet. The tunnel outlet is
located at a distance of 8.7 m from the burnerreenithe burner heat release rate,
controlled by the propane flow rate, was variedrdythe tests ranging between 1.5 kW
and 30 kW. The measured values of critical velesiin two different fire scenarios (3
kW and 30 kW) will be used in the next sectionsdbdate the fire CFD model.

1.6.4. Case D: Dartford Tunnels, London (UK)

In chapter 5 the multiscale model has been usathtolate the ventilation flows in the
Dartford tunnels. They are two twin-lane, uni-dtrenal road tunnels under the River
Thames, crossing from Dartford at the south (Ksitg of the river to Thurrock at the
north (Essex) side, about 15 miles east of Londorthe UK. Both tunnels have
complex ventilation system consisting of a senmdkeerse system together with
additional jet fans to control the longitudinal\loBoth the Dartford tunnels have two
shafts with axial extraction fans located at rekly short distance from each of the
tunnel portals. They length is around 1.5 km wtthie approximate internal diameter is
8.6 m and 9.5 for the West and the East tunnelspectively. A more detailed
description of the Dartford tunnel including tydicamergency ventilation strategies
will be given in chapter 5. A large set of expentta data measured in the both the

tunnels will be used to corroborate the developettistale model.

1.6.5. Case E: Test case tunnel

A different test case has been used in chaptergl&/ @o discuss the multiscale model

formulation when dealing with tunnel fire scenariosth in steady state and time-
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dependent conditions. The tunnel is 1.2 km longhwat standard horseshoe cross
section. The ventilation is longitudinal and us8gairs of 50 m spaced jet fans. The jet
fans are arranged in two groups, each group iestalear each portal. A more detailed
description of the geometry and typical emergerantilation strategies will be given in

chapters 6 and 7.
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One-dimensional
modelling

2.1. Introduction

The main advantage of using 1D models for the amalyf complex network systems,
(i.e. the tunnel main gallery and ventilation djicts that it allows for a complete and
compact description of the system. This charadteitigs two major consequences: 1) it
is possible to define with adequate precision tbenblary conditions, such as the
ambient conditions at the portals, and 2) it istadle for applications requiring the
computation of a large number of scenarios, sucduamg the assessment of safety

strategies for complex tunnels.

Its intrinsic limit is instead due to the fact thie flow in each cross section is assumed
homogeneous; it is then identified by a unique @altithe variables pressure, velocity,
temperature, smoke concentration, etc. This pecalssumption makes 1D models
unsuitable to simulate the fluid behaviour in regicharacterized by high temperature

or velocity gradients. Regions characterized by hegnperature gradients are typically
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encountered close to the fire where well-definealgmstratification is found. In the
case of small fires, smoke stratification is impattalong large section of the tunnel
and determines a peculiar propagation of the srfroke. In fact it proceeds with larger
velocity than if it were to occupy the entire crasection. Thus, if 1D models are
applied to fire events (particularly in the case sohall fires where the smoke is
stratified), it is necessary to properly introducerrections to account for non-
homogeneity caused by the stratification, otherwlwecalculated propagation velocity
of the smoke front would be significantly underpoteld [46]. Once the smoke away
from the fire has occupied the entire, or nearlyiren tunnel cross section, the
conditions are close to homogenous and the prediaf the propagation velocity is

accurate.

Regions with high velocity gradients are also tgficencountered close to ventilation
devices (i.e. jet fans) where the fan thrust predusighly 3D (tri-dimensional) flows
and the flow homogeneity assumption of 1D moddtfdisually, 1D models describe
the behaviour of such regions on the basis of aogbircorrelations that must be
calibrated on the specific tunnel layout. Indeée, jet fan thrust curve provided by the
manufacturer only applies to the isolated jet fand it does not describe its behaviour
once installed in a particular tunnel gallery.

2.2. Literature overview

The first reported codes for digital calculationaofluid networks were produced in the
late 50s. They were mainly developed to design mmilation systems and, in the
late 60s, they became a fundamental part of anijlaton planning [47]. In spite of the
fact that an increasing number of attempts wereenthding the early years to adapt
such network calculation codes for the simulatidnfiee scenarios, none of them
progressed enough. A first significant attemptrafluding the effect of fire in network
system calculation has been made in the late 7@s @meuer and co-workers produced
a tool able to perform steady state calculation networked system providing
temperature velocity and pollutant distributiong][4The resulting code was able to
perform steady state simulations of complex netedrkystem computing the solution
by using a hardy-cross-like method [48]. The nupsrmethod adopted was based on

the solution of longitudinal momentum equations donsed airway loops whose
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definition was not straightforward as erroneousplatefinition could lead to slow

convergence.

In the last two decades, several national Instihgi proposed contributions to the
subject. Models such as MFIRE [49], ROADTUN [50,5RABIT and SPRINT [52]
and [53], Express’AIR and SES [54] and [55] are noewnmonly used to perform
complete studies of tunnel ventilation systemsfaed.

MFIRE, developed by the US Bureau of Mines is dbl@erform steady state fluid-
dynamic simulations of underground network syst@ime model has been tested by
Cheng et al. [56] on experimental data from a sreedlle underground transportation
network constituted of 27 branches about 0.1 m diamand 1-2 m length, and then
applied to simulate a hypothetical fire outbreaktle Taipei Mass Rapid Transit
System. The simulations were designed to investitied direction and rate of air flows,
temperature distribution and emergency ventilatiesponses. The same theoretical
approach has been used by Ferro et al. [57-58) acgues [59]. The former presented a
1D computer model for tunnel ventilation. The moaes designed to deal with
complex tunnel network including phenomena like fhiston effect from moving
vehicles and the distribution of pollutant concattn in the tunnel domain. The model
was able to perform steady state calculations. |&inapproach has been used in [59]

where numerical simulations of urban tunnel 2.5ikrength have been presented.

The Subway Environmental Simulation code (SES)etbped by Parson Brinckerhoff
Inc.[61], is a 1D simulation tool able to prediteady state ventilations scenarios in
tunnel networks. The tool includes a simplified rabid predict the occurrence of back-
layering as function of the fire size and ventdaticonditions (see equations 5 to 7).
The model, based on Froude scaling analysis, has lalibrated on small scale
experiments. The experiments were conducted in an16ng tunnel with a 0.09 T

cross section with the fire source represented hay tunnel wood lining [36]. No

information on the fire HRR was made available.

A more recent application is represented by the@ERINT [53]. It is able to perform
time dependent analysis of fire scenarios in tumaeto handle gravity-driven smoke

propagation due to thermal stratification. Thedat#ffect is accounted by superposition
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of the mean flow velocity, and the front velocity estimated on the basis of semi-
empirical correlation. The model validated agaiesperimental data recorded during
Memorial Tunnel Fire Ventilation Test Program [Htd in the Mont Blanc Tunnel, has

been applied to simulate real tunnel fire scenarios

In a recent application, a 1D model has been useah ioptimization procedure used to
determine the aerodynamic coefficient in a highwayels 1.8 km in length [62]. The
optimization, performed on the basis of detailegezinental measurements, is able to
provide the pressure rise coefficients of the geist the wall friction coefficient and the

averaged drag coefficients of small-sized and ksige vehicles.

2.3. Typical mathematical formulation for 1D models

The vast majority of the 1D models for tunnel apgtions found in the literature are
based on a generalized Bernoulli formulation [68ost of them are designed to
account for buoyancy effects, transient fluid-dymaeind thermal phenomena, piston
effect and transport of pollutant species. Theyumgally developed to handle complex
layouts typical of modern tunnel ventilation systdaspecially true for transverse

ventilated tunnel) on the basis of a topologicpresentation of the tunnel network.

2.3.1. Topological representation

The topological structure of complex flow distritmt systems, as pipelines, tunnels,
mines, etc, is easily described using matrix repregion and graph theory (see as
example [64]). This representation lays on two epts: node and branch. A node is a
section where state properties as temperaturessyres, mass or molar fractions, etc.
are defined. A unique value of these propertiedeifined in a node. A branch is an
element bounded by two nodes and characterizedebynetrical properties as length
and cross section, together with flow and thermaperties, as roughness, wall
temperature, etc. Branches are associated to nlaws rates and velocities. A
conventional flow direction is also selected foclkedranch, so that inlet and outlet
nodes are defined. Resulting negative flows refeflaws directed from the outlet
towards the inlet.

32



Multiscale Modellingof Tunnel Ventilation Flowsind Fires FRANCESCO COLELLA

The flow network is described through the intercections between nodes and
branches (multiple branches can join in the sanaenavith the former playing the role
of flow splitter and/or junction. In graph theoipcidence matrix As used to express
the interconnections. This matrix is characteriagd number of rows equal to the total
number of nodes and a number of columns equalamtimber of branches (in some
analyses, the incidence matrix is defined as thespose of that presented here). The
general elemend; is 1 if thei-th node is the inlet node ¢th branch, it is -1 if the-th
node is the outlet node of tih branch and it is 0 in the other cases. A typiagbut

of a tunnel network system is presented in Figdre 1
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Figure 11: Example of the network representatiba tunnel showing branches between nodes

The correspondinmcidencematrix Ais presented below:

| j J+l j+2 j+3 j+4 j+5]

i |+1 O 0 0 0 0

i+1]-1 +1 -1 +1 0 0

A= i+2| 0 -1 0 0 0 0 (14)

i+3] 0 0 +1 0 0 0

i+4| 0 0 0 -1 +1 0

i+5| 0 0 0 0 -1 +1
i+6/ 0 O 0 0 0 -1

2.3.2. Fluid dynamics model

Modelling flow system requires that continuity anmcbmentum equations are written
with spatial dependence on one single coordinakechy in the case of tunnels, is the

longitudinal coordinate x. The starting points are the Navier-Stokes equsfi@s
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described in their classical form for a time depsridhree dimensional fluid flow [66]
and [65],

ap
) Prompu=o0
) ot Co
(15)
b) aa—‘:“+mtﬂmu)=—mp+ma+28

whereu is the velocity vectot, the temporal coordinatp,the static pressurg,the fluid
density,t is the stress tenso§ a vector containing momentum source terms per unit
volume (including the gravity term). Equation (Eg)known as continuity equation,
states that the rate of flow into a volume museheal to the rate of change of mass
within the volume. Equation (15).b, known as momentquation, states that the rate
of change in the fluid momentum is equal to the sdifiorces acting on it.

After eliminating they andz spatial dependences, and neglecting the viscoesssierm

which loses its significance in a 1D formulatiome tequations become

a_'o+aﬂ:0

a
)at ox

(16)

ou adu

ap
b —+oy—=—+
) 'oat 'Ouax ox ZSMX

whereu is the longitudinal velocity an8yx is the longitudinal momentum source term.
The momentum source term contains all the ternae@lto the chimney effect, wall
friction, losses due to flow separation at the alsrtor after obstacles. Eventually,
pressure rise due to fan operation and piston teffex also accounted for. Equation
16.b, after integration along a brangclwhich is also a streamline) from nodé to
nodei, leads to the generalized Bernoulli formulation fi@nsient flows (see equation
(17)). The buoyancy term has been also included.
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G]{ ) rdp
j udx+(+} _1p+gz Z.,) I D Swdx (17)

wherez represents the vertical elevation apthe gravity acceleration. After defining
the total pressurB as sum of the kinetic, pressure and gravity teand, after making

explicit all the sources of momentum, equation daf) be expressed as
d(uj)

P “at L, + (P| - Pi—l) + APy +APpsr; ~APger; =0 (18)

where p; represents the average density in the brametween nodesandi-1, u; the

average velocity in the branch and AR, ; AP, ;and AR the source of

momentum due to the fan action, the piston effadtthe friction.

Equations (18) can be solved only after discregjzthe computational domain in
branches interconnected by nodes. Such discretizagenerates control volumes
allowing the integration of the momentum and caumtin equations. In this model a
staggered arrangement is used where pressure asifiek are defined in nodes while
the velocities are defined in the branches. Anaeer on the numerical solution of the

problem will be given in the next sections.

2.3.3. Thermal model

In this section the features of the thermal prob&mdescribed. In the case of thermal
analysis, the problem is complicated by the tentpesadefinition in the nodes.

Whereas pressures in nodes are univocally defteetpheratures are not. In the case of
a flow junction, two flows at different temperatwan converge in the same node and

the total mass flow rate exits at the average teatpes.

The thermal analysis requires the solution of tmergy equation. The general
formulation, valid for constant pressure, constagdit capacity and low Mach number

flows, is presented hereafter
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pc%—-[ +pcudT =00KOT)+ > S (19)

where T represents the fluid temperature,the fluid heat capacityk the fluid

conductivity,u the fluid velocity components, ar& the energy source terms/sink per
unit volume. Equation (19) must be simplified elaiing the spatial dependencies with
the exception of the x-coordinate. Furthermore,sinamation of the source/sink terms

is split in two terms: the first one accounting foe heat generation due to firg,} and

the second one accounting for the heat lossesghrealls (q, ).
2
preidl+pemd =k g+ (20)

The definition ofg,, which is particularly important in the case o€fiwill be discussed
in the next sections. In general the term, reptasgrine heat conduction along the
longitudinal coordinate can be neglected if comgaie the other terms of equation
(20).

In order to resolve the energy equation, a finidume formulation has been used.
More details on discretization techniques and nisakschemes will be given in the

next section.

2.3.4. Steady state problem

The solution of the steady state problem requihes ibtegration of the differential
equations (18) and (20) over specific control vaésmObviously, in this case the time
derivatives must be neglected. The tunnel domaiiirss discretized in branches and
nodes indicated asandj in Figure 12. The variables are allocated in a gtegd
arrangement. In particular, pressures, temperatamesalculated in each node while
velocities in each branch. Therefore, continuitygnmentum and energy equations are
applied on different control volumes. In particularcontrol volume included between
two nodes (red dashed volume in Figure 12) is dsedhe momentum equations. A
node centered control volume (blue dashed volumd-igure 12) is used for the

integration of continuity and energy equations.
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i1
O——=
i-2 Vit

Figure 12: Schematic of the control volumes adotedhe numerical solution

Once defined the control volumes, the integratidncantinuity equations leads to
equation 21.a. The momentum equation, which has m#egrated along a streamline,

is already in its final form.

a) jdﬂdv=o
& adx

(21)

b) (P| - Pi—l)+APFAN,j +APPIST,] _APFRICT,j =0

The control volume integrals are rewritten as irdéggover the entire bounding surface
by using Gauss’s divergence theorem leading totemsa(22).

a) J'n [fou)dA=0
A 22)
b) (P - Pi—l)+APFAN,j +APosr; ~APegier; =0

The above equations integrated over the contralrael surface lead to the following
general algebraic continuity and momentum equationa generic nodeand a branch

j respectively.

37



Multiscale Modellingof Tunnel Ventilation Flowsind Fires FRANCESCO COLELLA

a) Y puA =0
i

(23)

b) (P' - Pi—l)"'APFAN,j +AR,

i PIST, ]

- AP,

FRICT,] — 0
Equation (23).a states that sum of the mass fldesrantering a generic node of the
network must be equal to the sum of the mass faiw exiting the node. In particular

j Is the cross section of the generic interconnebtadchj. Equation (23).b states the
total pressure difference across a generic braridelimited by the nodesandi-1) is
due to the sum of all the contributions due watltion, losses due to flow separation at
the portals and after obstacles, pressure risetaufan operation and piston effect.
Making explicit all the terms, equation (23).b bews

1 L,
R- Pi—l_E[fi Dh]' 2.5 Jpjuf + AP + ARy =0 (24)
)]

wheref the branch friction coefficient, the minor loss coefficient, the branch length,

Dn the branch hydraulic diameter, whilP.,,, and AP, s, represent the pressure gain

inside the branch due to fans and piston effegteesvely.

The pressure rise due to fans is commonly represeagegeneric polynomial of the
second order known as fan characteristic curve dgaations (25)). The characteristics
curve coefficients are, b, andc. They are usually obtained from empirical corielad
and they are specific for each tunnel layout.

a) AP =at+bu, +cu

b) AP =nj,0j%Kjuf(uf —uj) (25)
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Alternatively, in some works, the pressure rise doefans can be represented as
described in equations (25).b and (25).c. In th& o casesn, A, &« and K
respectively represent the number of operating, fires fan discharging area, the fan
discharging velocity and the pressure rise coedficivhile,,, P. are the fan efficiency

and the fan electric power.

Commonly the piston effect term can be evaluatdidviing the expression proposed
by PIARC which includes the characteristics of Wiedicles and the air velocity in the
tunnel [67].

APosr; = 5%%[’\]1(“1 — U )2 - Nz(uz +tU; )2] (26)

J

wheree is the aerodynamic factor of the vehicles (mudtitdrms should be considered
for each kind of vehicles)), is the vehicle cross sectioN; and N, the number of
vehicles moving in the same direction and in thpaste direction of the branghThe

vehicle velocities are respectivalyandu,.

The integration over the control volumes of the rggeequation (20) leads to the
expression (27) that can be rearranged to genargkeneric algebraic equation for a

nodei (see equation (28)) .
jpEmUdA:jkﬂdA— _[qu+ jqdv 27)
A A dX Ccv Ccv

28
Zj:pj [e; fw; CA O, :Zj:ki(;_-;|"°ﬁ —Qui+Q 29
]

The diffusive term at the RHS of equation (28) ssiaily neglected for these systems as
the advective term is by far dominating the heatdfer in tunnels. The tern@ andQ
represent the total heat losses and the heat deddia. due to the fire) in a generic

nodei.

The termQ_ in this work is represented as
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Q. =Y 2mu,i-T.,) (29)

whereQ is the branch perimetel, its length,U the global heat transfer coefficient and
T, is a fixed know temperature (i.e. the rock temperin a tunnel bore). The global
heat transfer coefficient can be computed by usiath know heat transfer correlations
[68]:

u, :[himj] (30)

1
h, :{3 fioicu; (31)

whereh is the convective heat transfer coefficient &id the global thermal resistance
of rock and tunnel lining. Equation (31) is basedtbe applicability of the Reynolds

analogy (valid for Prandlt number equal to 1) to(Rrandtl number around 0.7).

More care is required when estimating the summationthe LHS of equation (28)
since temperature values are not defined in brandhg in nodes. Therefore, the
estimation of the temperature at the boundary efctimtrol volume has been performed

by using a first order upwind scheme [66].

2.3.5. Time dependent problem

In time dependent problems, the time derivativeegfiations (18) and (20) must be
retained. Furthermore the finite volume integratmrer the control volume must be

augmented with a further integration over a fitibee stepdt. This procedure leads to

a) t]m {

t+At
[ a—pdv}dtz | { pudA} dt (32)
ot )

Ccv t

40



Multiscale Modellingof Tunnel Ventilation Flowsind Fires FRANCESCO COLELLA

t+At ( ) t+At t+A

d
b) Ip L,dt+ I(P P dt—j Peanj TAPosr; —A FRICT]}jt

Hf Dpﬂtiﬂdv} t+t+J.At[[,0BtmEFdA}d
= ! Mk%dA}dt—t?U/q,dv}dﬁﬁft“

t t Ccv

c)
quv}dt

The terms at the LHS of equation (32), under theoltyesis that the variable under the
time derivative (i.e. density, velocity and tempara) prevails over the whole control
volumes, lead to

b) j jp—dv}dt—pj(u -uj )L (33)

—

L cv

o | jp@[fidv}dt o (T -T2 av

where AV, and AV, are the volumes of integration ahgis the length of the branch. The

evaluation of the rest of the terms contained R) (8quires an assumption on the time
evolution of the quantities contained in the tinmegrals. In this work an implicit
formulation has been adopted; this means that quehtities are the ones of the next
time level. This approach is first order accuraé inconditionally stable for any time
step size [70]. After performing the double intdgna and after some rearrangements,

equations (33) can be rewritten in the final fashio

) (Zj:%](pf ‘A‘) ZApu =0 (34)
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ut —ui™ 1 L. t

i Y t _pt _ j 2 t t _

b) ijj—At +Pi Pi_l 5 fj D +:Bj puj | +AP, ; + APy =0
h,j

(—rt _Tt—At)
S A W T 0 = Q) +Q
j

¢) A6 A

Also for the time dependent formulation, a firstler upwind scheme has been adopted

to treat the convective fluxes in equations (34)

2.3.6. Solving algorithm

In both steady state and transient approachegahignuity and momentum equations
can be solved by using an iterative solution sgatenown as the SIMPLE algorithm
[71]. The method, based on a ‘guess and correctquure has been rearranged in order
to improve its applicability for complex mono-dingonal networks. The procedure is
presented hereafter for the unsteady formulationhef problem but can be directly
applied for steady state problems. For sake of Isiityp the number of nodes and

branches in the network will be indicatednggndn,, respectively.

The whole set of continuity equations can be remed by using the incidence matAx

(nnxnp) as follow
[A]cim Ku} ={b} (35)

whereM is a (pxn,) Matrix containing the produotb\j,oj on the principal diagonal arxl

is vector containing the term at the LHS of equa{i84).a which are treated explicitly

during the iteration procedure.

Analogously, the complete set of momentum equat{@dsb can be expressed as

[A{P} = [Y}u} +{t} (36)
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t

u: L.
whereY is a f,xnp) matrix containing the ternp, L, K{[+%([f1 D_J+'Bj inuj] on
hj

the principal diagonal antlis a vector containing the rest of the terms doethin
equation (34).b. In particular the pressure gairs t the piston effect or fan action are
treated explicitly by the model.

The iterative procedure starts by guessing a preseld P* which allows for the

calculation of a guessed flow field by a rearranged version of equation (36)

= A{P}- v (37)

After defining pressure and velocity correctionteesu’ andP’ (see equation (38))
(38)

and after some rearrangements a correlation betwettity vector and pressure

correction can be obtained. As for the original BINE algorithm formulation, the term

—[Y]_l{t} is dropped to keep the iteration procedure sim[iiéf, leading to equation
(39)

ul={u}+ AP} (39)

By substituting equation (39) into equation (35)nal set of equations for the pressure

correction is obtained.

[Algm]vTAl{P}= [ Aldm u}+ (o} (40)

At each iteration step, equation (40) is used tcutate the pressure correction to

update pressure and flow fields. Obviously, inrbees where the values of pressure or
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velocities are known (i.e. domain boudaries), thesgure or velocity corrections are set

to zero.

The developed numerical algorithm requires an unelexation step in order to reach
convergence. In particular the new update valuespi@ssure and velocities are
calculated by means of relaxation factors that parvide more stable computations.
The status of the convergence is checked by mamitothe scaled values of the

residuals.
The main steps of the solution procedure of theriddlel are resumed as follows:
1. Guess a pressure fielR¥
2. Solve the momentum equations to obi&inequations (37))
3. Solve the pressure correction equations to cake®afequation (40))
4. Update pressures and velocities
5. Solve energy equations (34).c and update tempesaturd densities
6. lterate from step 2 to step 5 until convergenaeashed.

2.3.7. Typical input parameters and boundary condit  ions

Given the substantial simplifications introduced the 1D models (i.e. one-
dimensionality of the fluid pattern), their accuramainly rely on the calibration
constants and semi-empirical parameters contamgdevious equations. Furthermore,
the boundary conditions to be input into the maatel known only with low accuracy
given all the uncertainties related to the estiorabr static pressure at the portals or at

the chimneys, wind conditions and variability, fioad and HRR.

The pressure difference at the portals usuallygpkayegligible role for short tunnels
(few hundred meters) while is a dominant param&ierdong tunnels under relevant
meteorological barriers (such as mountains). Thaluation of this effect to input

reliable boundary conditions is subject to longnmemeasurements. A first rough
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approximation (based on measurements carried outhetunnels Frejus, Mont Blanc

and Lioran) is given in [72] and is presented hiteea

Ap=04[Az (41)

where 4p is the barometric pressure difference at the [®oiita Pa, and 4z it the
difference in the portal altitude. Neverthelesss thalue represents only a statistic

average and significantly higher pressure diffeeetem be achieved.

As example, the pressure differences measuredaolgrg term experimental campaign
for the Mont Blanc tunnel are reported in Figure t3hows that while average statistic
pressure is larger at the French portal, the langessure differences (up to 1000 Pa)
are in the opposite direction. Therefore the whaetilation system has to be set up to
cope with such critical environment conditions.tihe case of the Mont Blanc Tunnel
after the refurbishment, the ventilation systerdasigned to counteract against pressure
differences of 750 Pa with 76 jet fans.

30

% of time

-600 -400 -200 0 200 400 600

Pressure Difference: prance - Praiia [P2]

Figure 13: Meteorological pressure difference meadubetween the portals of Mont Blanc Tunnel [73]

Similar arguments can be given when including thiedwpressure as boundary
condition. The portal load due to the effect @& thind is proportional to the stagnation

pressure as presented in equation (42)

Apngu2 (42)

w, por
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where( is a pressure loss coefficient at the portals@)~-@nduw por is the wind velocity
at the average portal height. If the wind veloatythe average portal height is not
known, it can be scaled by using standard powers law take into account the

atmospheric boundary layer.

Another key parameter is represented by the eWediinnel friction coefficient.
Indeed, it takes into account not only the wall glmoess but it must include the
“apparent roughness” induced by all the appliarases auxiliary facilities installed on
the tunnel lining. Typical values can differ sigoéintly from the standard values
measured for pipes. The tunnel friction coeffickeoén range between 0.1 and 0.3. An
average value of 0.026, calculated on the baség shtistical analysis of experimental
measurements for a longitudinally ventilated turwéh horse-shoe cross section, is
provided in [62].

The modelling of jet fans and ventilation devicexjuire the adoption of a fan
characteristic curve. In most of the cases thecfaracteristics curves are completely
unknown or not well defined because their behavisustrongly dependent on their
surroundings and their installation; distance fritra ceiling, eccentricity, presence of
niches etc. The values provided by the manufacanmein fact measured in laboratory
whose environment is different from a real tunndgs$ually, in situ measurements or
further CFD analysis are required to adequatelyndetheir behaviour. Typical values
of jet fan thrust range between 500 N and 1400 Newthe nominal jet fans pressure
rise coefficients ranges between 0.8 and 0.9. Hewedhe latter values can be highly
variable, especially if the fans are installed iches. Indeed Jang and co-workers [62],
on the basis of experimental measurements conduotea real operating tunnel,

proposed a value of 0.56 significantly lower the hominal values.

The evaluation of the piston effect is a complesktsince it depends on a large set of
ill-defined parameters including, vehicle drag d¢woefnts and speed and traffic
conditions. Experimental studies [62] assert tha&t average drag coefficients of the
small-sized vehicles and the large-sized vehic@dsrf the ranges 0.32—0.35 and 0.36—
0.4, respectively, when the averaged traffic dgnsit the tunnel is below 8

vehicles/lane/km and the vehicular tailgating dffecweak. However, as the averaged
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traffic density in the tunnel increases to 8-23ielels/lane/km during the morning rush
hours, the averaged drag coefficients of the smadld vehicles and the large-sized

vehicles would be reduced to 0.20 and 0.24.

Besides, a large set of semi-empirical correlatimnsiodel the hydraulic resistance in
complex intersections between galleries, shafttame obstructions can be found in
[75]

The estimation of the heat generation due to §ra complex process and 1D models
cannot provide any accurate result. Therefore, detathe fire growth curve are
required. They can be derived from available expental data or from design
prescriptions. Alternatively the same approach eesented by Carvel in [4] or by
Ingason and co-workers can be adopted [74]. Thedohas been vastly described in
the first chapter of this work. The latter cons$ta parabolic growth followed by a

constant heat flux over a period of time and aroeeptial decrease:

Q:a[ﬂz for t<t;t = Qmax/oC
Q = Qmax for tl <t< t2 (43)
Q = Qmax E}_ﬂ(t_tZ) for t= t2

This expression depends on parameteend 8, which values are suggested for fast
fires (busesa=0.1 kW/$; £=0.0007 &) and medium fires (cars=0.01 kW/$; 5=0.001

s%). Timet? is calculated on the basis of the total energyasd.

2.4. A case study: the Frejus Tunnel

The developed 1D model has been used to simulatbehaviour of the Frejus tunnel
and the installed ventilation system. The analgsiss at defining ventilation strategies

to be used in case of fire and illustrates the @gog.

The Frejus tunnel is a two-way link between Itahdarance with a total length of
12870 m. A schematic of the typical Frejus tunmeks section and ventilation system
is presented in Figure 14. The hydraulic diametethe semicircular sections is 6 m.

Ventilation is fully transversal. Figure 14 depiétgroups of fresh air fans (AF) and the
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six groups of extraction fans (AV). The French pbi$ located on the left side (x=0 m)

while the Italian on the right side (x=12870 m).dDary ventilation is operated by

introducing fresh air along the tunnel through 3h#&ped fresh air ducts which have 2
fans at each end. Fresh air openings are instaheti 5 m. Emergency ventilation is
operated using the fresh air ducts and the 3 Uehaxtraction ducts connected to
extraction dumpers installed each about 130 m.

The Frejus tunnel ventilation system is operatedrder to create a stagnation point as
close as possible to the fire position with positivelocity upstream the fire and

negative velocity downstream the fire. In this soém the smoke does not tend to
propagate along the tunnel but is extracted closkéd section where it is generated.

Avi AV2,, AV3 AV4,,AV5 AY6
i f f i

Extraction network

LYY LILL)

LT ? LIYYY i 1144 ? LLLLY A LLLLY

Tl T2 TS T4 T5 TG
m w Supply network 1 m
AF1 AF2 AF3 AF4  AF5 AF6

Figure 14: Frejus tunnel: top) cross section; dovdthematic of the ventilation system layout

The most effective strategy to be applied in casére depends on the fire location

along the tunnel and the pressure difference betweetwo portals.

The pressure difference, assumed to be positivenwitkicing the air flowing from the

French towards the Italian portal, can reach valokeseveral hundreds Pascals, as
typical for long tunnels across the Alps. Furtherep@iven a certain positive pressure
difference across the portals, the ventilation adento be adopted depends on the

location of the fire.
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If the fire takes place in the first tunnel portipetween the French portal and the
tunnel central section), 10 extraction dumpers otlex fire (5 upstream and 5
downstream) are opened. In addition, if the pressliiference is large, fresh air is
supplied downstream of the fire to enhance smokefirrement (opposite supply
strategy) Some fresh air is also supplied all along thenéimainly in order to prevent
from smoke propagation in the fresh air ducts, Wiy be used as escape route.

If the fire takes place in the last portion (betwdbe tunnel central section and the
Italian portal), a proper air extraction in thesfiportion of the tunnel is used to oppose
the effect of pressure difference between the [®of@pposite extraction strategy).
Similar strategies are also defined for negatiesgure difference.

In order to implement these conceptual strategissnecessary to provide the operators
with proper guidelines in the form of tables oralthms relating pressure difference
and fire position to the extraction dumpers to Ipered and to the settings of each
group of fans. This information is obtained througlultiple numerical simulations,

performed using the 1D approach. However, the mouest be calibrated and validated

against experimental data before being used abtelsimulation tool.

DA CAMIN CENTR. B-AF

Figure 15: Schematic of the network used for thecal@ulation corresponding to the tunnel region
between section,and T of Figure 14.

Two examples of validation for the developed codespecific ventilation scenarios are
presented hereafter. The global network, built tfee purpose, is composed by 650
branches and 450 nodes. A schematic is presentadure 15.
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The volumetric flow rates of the axial fans at foarge range between 222+25%sn
and 117+124 riis for supply and extraction units, respectivelfjieTtunnel friction
coefficient has been established on the basisdraxental measurements to be around
0.017.

A first comparison between numerical predictiond arperimental data is relative to a
steady state scenario with only the supply fansaipegy at 30% of full charge. The

pressure difference across the Frejus tunnel dutiegtest was negligible. This is
confirmed by the computed and experimental velogtgfiles which are almost

specular with respect to the tunnel central sects®® Figure 16). An accurate match
between numerical and experimental prediction le@s achieved.

longitudinal velocity [m/s]

e 1
5000 10000

Tunnel Longitudinal coordinate [m]

Figure 16: Velocity distribution computed with ttleveloped 1D model and comparison to experimental
data recorded in the Frejus tunnel. Longitudinaloaity as function of the tunnel length

A second validation has been performed for an eemay ventilation scenario
including a small 8MW fire source located in tharel portion indicated a$; (see
Figure 14) Given the high pressure difference across theafso(tL000 Pa) and the
location of the fire, an opposite supply ventilatistrategy has been adopted. It consists
of a localized extraction over the fire zone aslaslan enhanced fresh air supply in the
fire downstream region. The fans are supposed sidreed at=0.

Computed horizontal velocity profiles establishéoing the tunnel and measured data
are compared in Figure 17. An overall good agree¢nsembtained. The 1D model

predicts well the overall flow behaviour of tunwelintilation system.
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Figure 17: Velocity distribution computed with ttleveloped 1D model and comparison to experimental
data recorded in the Frejus tunnel. Longitudinalogity as function of the tunnel length at 4
different times

2.5. Concluding remarks

The results obtained by 1D models can be usedsesasvhether the overall ventilation
conditions are acceptable for the fire safety sgias. In the case of transversally
ventilated tunnels, this can be made by determinimgy presence of a cross section
where flow is stagnant, as close as possible tdfitbe In the case of longitudinally
ventilated tunnel 1D models can be used to asskether or not the tunnel ventilation
system is able to guarantee super-critical verditatelocity in the fire zone and

therefore avoid back-layering.

However, they are unsuitable to simulate the fhetiaviour in regions characterized by
high temperature or velocity gradients typicallycemntered in the vicinity of the fire
plume, ventilation devices of complex interconnatsi of galleries. In order to deal
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with such complex flow conditions they mainly rebn empirical correlation or
calibration constants to be defined on the basiexgerimental measurements or

detailed calculations.

Parts of this work have been publishedBuilding and Environment [102and Fire
Technology [105].A chapter titledOne Dimensional and Multi-scale Modelling of
Tunnel Ventilation and Firess based on the work presented here and will béighdul

in next edition ofThe Handbook of Tunnel Fire Safety [104]
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CFD modelling

3.1. Introduction

In the last two decades the application of CFD ies $afety engineering tool has
become widespread. This tendency has reached ats@ltapplications where CFD
calculations are now part of many designs, assegsmad investigations.

CFD simulations require the solution of the complsét partial differential equations
asserting the conservation of mass, momentum aatygnSuch set of equations is
solved numerically leading to detailed predictiarfsvelocity and temperature fields,
species concentration, heat fluxes mapping andrtl. fThe calculations are performed
by enforcing the conservation laws on a high nunabeontrol volumes generated by a

numerical discretization of the computational damai

Severe limitations to the full numerical solutiohtlee governing equations are induced
by the impossibility of resolving the whole randgespatial and time scales involved in
the turbulent flows associated with any ventilatmnfire scenarios in tunnels. This

problem has been tackled by modifying the govermiggations in order to model the
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unresolvable turbulent transport phenomena. Tyyiclo main approaches have been
used: the first one is based on a time-averagirthgeofNavier-Stokes equations (RANS)
while the second one uses spatial averaging by snefaspecific filter functions. Such

technique for turbulence modelling is known as ledfgldy Simulation (LES).

Besides to the uncertainty related to the modellofgturbulence, considerable
difficulties are also introduced by the descriptiminturbulent combustion chemistry,
buoyancy, radiation heat transfer and burning ohdemsed-phase fuels. Great
uncertainty, especially when dealing with tunnet fand ventilation scenarios, is also
expected at the definition of the boundary condgiodue to the unknown
meteorological conditions at the portals, actueg¢ foad, effective lining roughness,

presence of vehicles and obstructions, etc.

Further complexity is introduced by the numericaluton of the final set of partial
differential equations where the choice of the nucaé schemes and the accuracy of
the grid influence strongly the quality of the CB8lution.

Nowadays, computational fluid dynamics (CFD) carcbaesidered as a mature tool to
predict the overall flow behaviour due to ventibatidevices, large obstructions or fire
as well as to predict smoke spread in enclosureveder, more complex issues related
to flame spread, soot formation, oxygen vitiationd @ombustion modelling are far by

being solved, and they will not be satisfactoritigleessed in the next decades.

Given all these complexities, any CFD analysis megutwo additional steps,
verificationandvalidation, in order to judge the appropriateness of its uskthe level

of confidence of its predictions [76}erificationis a process to check the correctness of
the solution of the governing equationgalidation is a process to check the
appropriateness of the governing equations as nafdéle physical phenomena under
investigation. Usually validation is made by compgrthe model against experimental
data. In this case, the differences that cannaxpéained in terms of numerical issues,
are attributed to uncorrected hypothesis and sfioglion introduced when building the

governing equations.
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There are a number of institutions dedicating agedfort in developing CFD tools for
specific fire modelling purposes. A recent survdgnitified at least a dozen of CFD
model for fire modelling including JASMINE from th&re Research Station (UK), Fire
Dynamic Simulator (FDS) from NIST (US), SMARTFIREom University of
Greenwich (UK) and SOFIE from a European Consort{uf]l. Among the general
purpose CFD codes used for simulation fire scesatioe authors enumerate CFX,
Flow3D, STAR-CD and Fluent. This work uses Flueat @D tool for simulating

tunnel ventilation flows and fires.

3.2. Literature overview

The issue of CFD modelling of fire phenomena is wade to be treated is a single
literature overview. Several books and literat@@ew papers on the subject have been
published in the last decades, and the interegtader is referred to them [78-80]. In
this section only the archival papers direct refgrto the CFD modelling of tunnel

ventilation flows and fires will be reviewed.

The first significant contribution on the subjestdated 1994 and was presented by
Fletcher and co-workers [81]. The paper presemsnaparison between numerical and
experimental data recorded in a 120 m long tuncrelsé section ~ 13 The authors
used a ke turbulence model and a mixture fraction model dombustion. Radiation
heat transfer has been implemented by using aetéestnansfer radiation model. A pool
fire, whose size was estimated ranging between 2 atid/2.4 MW was located in the
middle of the tunnel. Three different ventilatioalocity scenarios have been analysed
(0.5 m/s, 0.85 m/s and 2 m/s). A qualitative goatah between predicted and recorded
temperature has been found with error ranging betwk+100% in the vicinity of the
flame and around 40% in the far field. The auth@sorded that the addition of the
turbulence production due to buoyancy was cruoigdredict smoke stratification while

soot production had a very little impact.

A comprehensive study has been presented by Wooding Britter in 1996 [82] and
[83]. The study was performed by using a commerClED package Flow-3D and aims
at predicting temperature and flow fields in a 360ong tunnel under a 2.7 MW fire

scenario. A ke turbulence model was implemented together witheddy break-up
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model for combustion. Radiation heat transfer waisimcluded. The authors assessed
the sensitivity of the results to several unknowarameters including wall friction
coefficient, turbulence model, tunnel slope and feah. They highlighted that
maximum temperature, velocity profile and globakthéransfer were significantly
dependent on the input parameters; maximum tempesashowed variation within a
60% range of base case scenario, velocity profdetar 30% and convective heat
transfer up to 45%. Temperatures were generally-predicted showing deviation
from measured values ranging between 260% in tlaity of fire source and

200+400% in the downstream area.

Only a qualitative assessment of temperature alutitye fields has been developed by
Chow by using the commercial CFD package Phoerndk [Bhe CFD model has been
applied to a 20 m long tunnel (25’ mross section) under a 5 MW and a 40 MW fire
source. Fire has been modelled as source of hehtsamoke without a dedicated

combustion model.

A detailed analysis of CFD capabilities has beess@nted by Wu and Bakar (2000)
[33]. The contribution presents a numerical analyditwo fire scenarios (1.4 kW and

28 kW) in 10.4 m long small scale tunnel. The cgprnding full scale fires, using the
canonical scaling laws presented in chapter 1, dvoathge between 2.5 and 50 MW.
The numerical model has been developed by usingcttmlemercial CFD package

FLUENT adopting a standard &kmodel with buoyancy modifications for turbulence
and a mixture fraction model for combustion. Radratheat transfer has not been
accounted for. The comparison to experimental ddtaws that the CFD model

underpredicts the critical velocity by 20% as maxim The comparison to detailed
velocity field data shows a qualitative agreemerthe experimental data but typically,
higher deviations are recorded: velocity profilestihe back-layering region close to
ceiling are slightly underpredicted (~12%), whikevdations up to 100% are recorded in
the velocity profiles located underneath the bagleting nose. Temperatures are
significantly over-predicted and do not show anyalgative agreement to the

experimental findings with deviation up to 500%aeted 30 cm downstream the fire

source. The authors asserted that temperature redezpon is mainly due to the
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hypothesis of fast chemistry embedded in the mextiraction model adopted for

combustion which overestimates the reaction rate.

Similar level of accuracy has been reached in thdribution by Karki and Patankar
(2000) [85]. The numerical model has been develdpedsing the commercial CFD
package COMPACT-3D adopting a standarde kmodel including buoyancy
modifications for turbulence. The fire has been elled as source of heat and smoke
without any dedicated combustion model. Radiatieathtransfer has not been
modelled. This contribution has the merit of inéhglthe ventilation devices in the
computational domain performing the simulationto# tvhole system. In particular the
jet fans have been modelled as combination of &suaad sink with the volume within
the fan region treated as a solid. The numericalifigs have been validated against
experimental data recorded during the MTFVTP [EBt 606A (10MW pool fire) and
615B (100MW pool fire). After calibrating the CFDaakel on the basis of cold flow
scenarios, good bulk flow predictions could be acbd at ambient conditions
(deviation within 7%). Predicted bulk flow data u#ed in good agreement also for the
simulated fire scenarios bur show larger deviati(wishin 30%). Predicted flow field
data show an overall agreement with the experinheiimdings; an average 20%
deviation for temperature and velocity profiles Icobbe achieved when simulating
scenario 606. The CFD simulation of test 615B shibiwgher deviations, up to 50%

and 30% for temperature and velocity profiles, eesipely.

Jojo and co-workers adopted the CFD open sourckagacFDS to simulate a 100 m
long tunnel (35 rhicross section) under two different fire hazards (@W and 50 MW)
[26]. The CFD tool adopts a LES model for turbukerand mixture fraction model for
combustion. Several configurations of the ventlatisystem (i.e. longitudinal,
transversal, semi-transversal and hybrid) have beasidered. Since experimental data
were not available, the CFD predictions have bemnpared to classical correlations
for predicting critical velocity and average tenmgere which are generally

overpredicted (deviations ranging between 30% &0d4d).

Both the ke and LES turbulence models have been adopted inahieibution by Gao
and co-workers (2004) [86]. The work uses the saxerimental set-up and data
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adopted by Fletcher and co-workers one decaded@adi. In general the authors find
a good agreement when analysing the plume inatinaéingle with errors ranging
between 10% and 30%. Overall flow behaviour coudd dzcurately predicted (i.e.
occurrence of back-layering) but local temperafielels were over-predicted by up to
250%.

A qualitative contribution has been presented by Bad Naser (2005) [87]. The work
addresses the spread of fire effluents within gitoidinally ventilated tunnel 1.6 km in

length. The fire represented by a burning bus, suagposed to grow up to a HRR of
around 44 MW in 10 s and to extinguish in 4 mineTime was modelled as source of
heat a smoke without dedicated combustion modedid@s the unrealistic design fire,
the results were not corroborated by experimentabsurements as well as no

information about the smoke production modellingwweovided.

More detailed descriptions of the CFD modelling qgadure has been provided by
Hwang and Edwards (2005) [37]. The authors adofitedopen source CFD package
FDS to simulate flow and temperature fields withiro different tunnels. The first was
a 4.9 m long (0.12 frcross section) small scale tunnel including ak¥\8fire. The full
scale experimental data were taken from the MTFJTIH and were relative to a
50MW fire under longitudinal ventilation conditian$he authors reported a general
good agreement between predicted and experimentalak velocity for both the
tunnels. Detailed flow field data show a satisfagtgualitative and quantitative
agreement between experimental and numerical datthé small scale tunnel in the
downstream region. In the upstream region velccitiee overpredicted by up to 100%.
The full scale simulations show a qualitative agreet to the experiments but higher

deviations (up to 200%) are recorded.

Lee and Ryou (2006) used FDS to predict temperatndeflow fields in a small scale
tunnel having difference aspect ratio and fire sesimranging between 2 kW and 12 kW
[88]. The experimental data were provided in [33Jn overall qualitative and
guantitative agreement was reached when compuhtiagctitical velocity and back-
layering distance. Temperature distribution under teiling was calculated within a

10% deviation from the experimental findings.
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Same CFD tool was adopted by McGrattan and Han2086) to perform a simulation
of the Howard Street tunnel fire (2.65 km long) otwing a 60 cars freight train
powered by three locomotives [89]. The CFD tool wesed to simulate natural
ventilation scenarios involving fires ranging beémne20MW and 50MW. The work
provides only qualitative considerations on the kpdemperatures and oxygen
concentration in the tunnel without any corrobanmatifrom experimental data or

canonical correlations.

The commercial CFD tool FLUENT was used by BallesteTajadura et al. to simulate
velocity and temperature fields within a real 1rh long tunnel under a 30MW fire
scenario [90]. Time dependent simulations have bmmrducted in order to predict
smoke spread in the domain but the final result®wet validated against experimental
data. Furthermore, the adopted mesh density (~Hi2/rm) was largely under the
minimum required to achieve accurate field preditsi The effect of the ventilation
system was taken into account by introducing aspresdifference across the tunnel

domain which was previously computed on the bast®ll flow simulations.

The CFD package FLUENT was also used by Vauquelth\&u (2006) to predict the
effect of the tunnel width on the critical veloc{80]. The CFD data were corroborated
against small scale experimental data provided38j.[Turbulence was addressed by
using a ke turbulence model with buoyancy modification whid@mbustion was
implemented by using a mixture fraction model. Hughors confirmed that the model
was able to predict critical velocity with an urtegnty ranging between 5% and 14%.
No conclusions on the accuracy of the predicted fields have been given.

Lin and Chuah performed a qualitative analysis ba effectiveness of different
extraction strategies in a semi-transverse veatlldatinnel by using FDS. The tunnel
considered for the case study was 4 km long (~5@nwss section) while the fire is
supposed to have a 100 MW peak HRR [91]. No corapas to experimental data are
provided.

The same numerical tool has been used by Jae $xaingt al. to simulate temperature
and flow fields within a 10 m long small scale teh(~0.14 nicross section) [92]. The

average fire size ranged between 2 kW and apprazlyna3 kW. The numerical model
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has been validated against temperature measurementsied along the tunnel ceiling.
The predicted temperature values deviated fromedperimental findings as maximum
as 20% for a 5 kW fire and 90% for a 13 kW fire.

A hypothetic fire outbreak in the Louis-Hippolytedontaine tunnel under a river in the
Montreal area represented the test case for thk lmorbanto and co-workers (2006)
[93]. The simulations have been conducted by usirg commercial CFD package
FLUENT and an in-house CFD code. The fire has beedelled as a volumetric heat
source while a un-specified combustion model has lesed for the second run. In both
the cases a ke turbulence model has been adopted. The authorgidproonly
qualitative results and most of them are questilengbg. temperature higher than 3000

K in certain domain regions). No comparison to expental data has been provided.

A more comprehensive validation of FDS has beefopeed by Kim and co-workers
(2007) [94]. The authors performed a detailed $mityi study to several modelling
parameters (i.e. Smagorisky constant, turbulenhd®aumber, Schmidt number, grid
size) and included a systematic comparison to éxgeatal findings from a 100MW
fire test performed during the MTFVTP [11]. Moretaiéed analyses were performed to
refine the smoke layer predictions but without msadecess. The authors showed that
FDS produces predictions that are in qualitativeeagent with the actual fire
phenomena in the near-fire and downstream regiomilated temperatures and flow
velocities showing an error distribution of approately +56% to +37%, and +91% to
+30%, respectively. For the upstream region of thanel, FDS shows serious
limitations in predicting the smoke layer near tleling. Some inconsistencies were

also reported when trying to reproduce transientilaion scenarios with FDS.

The MTFVTP was the source of experimental data fals@aldo-Vega and co-workers
(2007) [95]. In particular 3 different ventilati@tenarios involving 10MW and 50MW
fires have been modelled. The whole computationatan was meshed including the
ventilation devices (jet fans) modelled as sounté sinks of mass. The mesh density
adopted for the calculation (117 cells/m) is bydader the minimum requirements for
accurate predictions. The fire has been modelledoasce of heat and smoke while

turbulence has been addressed by using eatddbulence model with buoyancy
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modifications. Nonetheless, the authors showed &arali agreement between
numerical predictions and experimental data configrthat simplified fire modelling
approaches lead to accurate predictions of theaglebntilation system behaviour.

However, higher deviations are expected in theniticiof the fire.

A small scale experimental and numerical study lbeen presented by Rusch and co-
workers (2008) [96]. The small scale experimentsevperformed in a 10 m long tunnel
(0.64 nf cross section) including a buoyant hot jet reldadsecross flow. Velocity and
temperature were recorded by using thermocouplédasmer doppler anemometry. The
numerical predictions were performed by using teDCGcommercial package CFX.
Turbulence was addressed by using several modgigling k< turbulence model with
buoyancy modifications, k, k-o SST, and RSM. Steady simulations showed that all
the previous models tend to overpredict temperatner the ceiling since unable to
predict the entrainment of cold air from the créieg+ into the hot jet. The reason for
the failure was found to be the inability of the aets to solve un-isotropic vortical
structures in steady simulations. Unsteady simutatishowed a tiny improvement in
the temperature predictions; better accuracy cobeldgchieved when adopting a DES
(Detached Eddy Simulations) turbulence model. Tith@as asserted that an accurate
wall treatment and well resolved large scale valtgtructures are required to improve

CFD predictions.

A comparison between LES andskurbulence models for critical velocity prediction
has been presented by Van Maele and Merci (2008) The ke turbulence model has
been implemented in the commercial CFD package FIUERadiation heat transfer
was not considered while combustion was addresgesibhg a mixture fraction model.
The LES calculations are performed by using the @) FDS. Experimental data are
provided by Wu and Bakar (2000) [33] for a 15 Idngnel (0.0625 rcross section)

under a 3 kW and a 30 kW fire scenario. The autsbmswved that both the modelling
approaches are able to provide good predictiortheotritical velocity with deviations

ranging between 20% to 38% and 31% to 8% fok kand LES turbulence model,

respectively. Flow and temperature fields are Hmlased against experimental data.
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Some data on the back-layering occurrence in aki8long operative tunnel are
presented by Kashef and Benichou (2008) [98]. Timmel is equipped with a semi-
transverse ventilation system which is supposedofe with a 20 MW fire scenario.
The model, developed with FDS, is validated agailagt recorded during some tests
involving a 2 MW fire. Generally, the authors firal good agreement between
experimental and numerical findings but the extlajian of the model up to fire sizes

10 times larger is questionable.

A qualitative analysis on the capabilities of CHda@&one models is presented by Jain
and co-workers [99]. The CFD and zone model calimra are performed by using
CFX and CFAST respectively. A 150 m long tunnel (80cross section) represents the

test case. The numerical predictions are not coedpia experimental data.

In a recent work FDS has been used to predictitbayfowth, temperature and velocity
fields established during the Runehamar fire teshdracterized by a peak release rate
around 200MW [8,100]. The authors performed sevattgmpts to reproduce the
measured fire growth by tuning the model parameteisding fire load geometry, grid
size and domain size. Following this approach, Wwhg fundamentally questionable,
the authors were able to reproduce the actuabfoeth within an acceptable degree of
accuracy. However, their conclusion are case depdgrahd cannot be generalized to

any other tunnel, fire load, geometry of the fioeiie and ventilation velocities.

Nmira and co-workers (2009) performed a CFD analgéia thermoplastic tunnel fire
under a water mist mitigation agent (i.e. waterthjis01]. The CFD model uses a «-
turbulence model, an Eddy-break-up-Arrhenius mddelturbulent combustion and a
multiphase radiative transfer equation including tiontribution of soot, combustion
products and water droplets. A dedicated pyrolysisdel for PMMA was also
introduced in order to calculate the time evolutadncombustible gases released into
the tunnel environment. The model was applied toutate the behaviour of a PMMA
fire in a 25 m long tunnel (3x5 Trtross section). A large set of CFD data have been

presented but none of them has been corroboratedg®rimental measurements.

Table 7 summarizes the main characteristics ofttmmel fire related CFD studies

discussed in the literature review.
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CFD models of tunnel fires have been shown to ptemtitical ventilation velocity, and
back layering distance within an acceptable le¥eharuracy (deviation smaller than
30%). The overall flow data (i.e. bulk velocity ateimperature) are also accurately
predicted with deviations from experimental valtjgscally within 20%. The literature
study, including the main reference paper of tis¢ 25 years, shows that prediction of
local flow field data (i.e. velocity and temperauelds), especially if calculated in the
vicinity of the fire source, can be affected byoerigher than 100% when compared to

experimental measurements.

It has been shown that CFD analysis of fire phem@mweithin tunnels suffers from the
limitations set by the size of the computationaindms. The high aspect ratio between
longitudinal and transversal length scales leadgety large meshes. The number of
grid points escalates with the tunnel length anterofbecomes impractical for
engineering purposes, even for short tunnels kess 500 m long. An assessment of the
mesh requirements for tunnel flows is made by @mlet al. [102,105] for active
ventilation devices and for fire-induced flows. &ilindependent solutions could be
achieved only for mesh density larger that 400Gs6rland 2500 cells/m for ventilation

and fire induced flows, respectively.

The high computational cost leads to the praciecablem that arises when the CFD
model has to consider the boundary conditions aw ftharacteristics in locations far
away from the region of interest. This is the cak&unnel portals, ventilation stations
or jet fan series located long distances away fifoarfire. In these cases, even if only a
limited region of the tunnel has to be investigafieel to simulate the fire) an accurate
solution of the flow movement requires that the pupal model includes all the active
ventilation devices and the whole tunnel layoutr §pical tunnels, this could mean

that the computational domain is several kilomeloes.

This limitation is the reason why only a limitedmioer of CFD studies directly focus
on the performance of tunnel ventilation systemsmiost of the works reviewed the
computational domain is limited to a small regidose to the fire and the ventilation
velocity at the domain boundaries is considerebdetd&nown (i.e. estimated with crude

correlations or determined by cold flow ventilatiomsts). Obviously, if the
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performances of a ventilation system have to bessesl, this kind of approach is
completely useless because it produces a de-cgupBiween ventilation system and

fire.

64



Multiscale Modellingof Tunnel Ventilation Flowsnd Fires

FRANCESCO COLELLA

Domain fire Small ventilation .
Reference ; . . Code Turbulence  Combustion note
size [m] size scale devices
2 and . . Octane pool fires were
Fletcher et al. (1994) 90 2.4 MW - - Furnace k-g Mixture fraction used in the experiments
The combustion model is used
Woodburn et al. (1996) 366 2.3 MW - - FLOW 3D k-g Eddy break-Up when modelling the fire area (40 m).
Chow (1998) 20 450a|\r;|3v - - PHOENIX N.A. N.A. Only qualitative observations are given
Wu et al. (2000) 8.1 3 to 45 kW \ - Fluent k-€ Mixture fraction leferent_tunne_l cross
section investigated
Karki et al. (2000) 850 10 MW and : N COMPACT - 3D k- Volumetric Also cold flow scenarios are simulated
100 MW heat source
Jojo el al. (2003) 100 m 5%5,\;3\/ - - FDS LES Mixture fraction Different ventilation systems are analysed
2 and Volumetric A comparison to k- turbulence
Gao etal. (2004) 90 2.4 MW v ) N-A. LES heat source model results is provided
Bari et al. (2005) 1600 44 MW B a Fluent NA. Volumetric The fire behav_lour is questionble and the
heat source smoke production parameters are unclear
Also large scale simulations are performed
1to . . and validated against Memorial tunnel data.
Hwang et al. (2005) 4.9 100 kKW \ - FDS LES Mixture fraction Large scale fire HRR Up to 50 MW.
Large scale tunnel length 853 m.
McGrattan et al. (2006) 2650 50 MW ; . FDS LES Mixture fraction Only observation on the.
maximum temperature are given
. . The effect of the ventilation system is
Ballestreros-Tajadura 1500 30 MW - - Fluent k-€ Volumetric modelled as total pressure
et al. (2006) heat source .
difference across the portals
Vauquelin et al. (2006) 8.1 15 kW \ - Fluent k-€ Mixture fraction Different tunnel cross section investigated
2.47 to . . . Lo .
Lee et al. (2006) 10.4 12.30kW \ - FDS LES Mixture fraction Different tunnel cross section investigated
Volumetric Fire model, fire sizes and are not clear.
Abanto et al. (2006) 1800 N.A. - - Fluent k-€ Qualitative description of the results are not

heat source

given.
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Domain fire Small ventilation .
Reference . . . Code Turbulence  Combustion note
size [m] size scale devices
. . . Only 550 m of tunnel have been
Lin et al. (2007) 550 100MW - - FDS LES Mixture fraction simulated.The real tunnel length is 4000
Roh et al. (2007) 7 2t0 13 kW N ; FDS LES Mixture fraction N-heptane pool fires
are used in the experiments
10 and Volumetric Memorial tunnel fire tests
Galdo Vega et al. (2007) 850 50 MW ) v Fluent kee heat source are used as case studies
Only 350 m of tunnel have been
Kim et al. (2007) 350 100 MW - - FDS LES Mixture fraction simulated.The real tunnel length is 850.
Memorial tunnel data are used for the validation
Jain et al. (2008) 150 9 MW - - CFX/Cfast k-€ Volumetric Only qualitative observations are given
heat source
3 kw and . . . .
Van Maele (2008) 8 30 KW \ - FDS/Fluent LES and k-¢ Mixture fraction GGDH hypothesis used for k-¢ modelling
2 and ’ . The validation was conducted only for
Kashef et al. (2008) 1400 20 MW - - FDS LES Mixture fraction the 2 MW fire scenario
Rusch et al. (2008) 10 NA. N - CFX &/k-0/RSM/DE! NA. CFD simulations of a hot jet in
cross flow conditions are presented
up to ) } . . The FDS model was calibrated agaist
Cheong et al. (2009) 36 to 102 200 MW FDS LES Mixture fraction the Runehamar fire test experiments
A pyrolysis model for PMMA was used to
Nmira et al. (2009) 25 NA. ) B NA. kee Eddy break-Up estimate the amount of combustible products
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3.3. Governing equations

The physics of fluid flows can be described by tdfepartial differential equations
known as governing equations describing the coaserv of mass, momentum and
energy. Each of these can be derived for an elexh@nid particle having volume
dx-dy-dz An interested reader can refer to [66,70]. TheDGfommercial package
FLUENT [106], used in this work, solves the massismvation equation in the

following form

%—’f+DE}0u:O (44)

wherep is the fluid density andi the velocity vector. The momentum conservation

equation states

%+D[ﬂmu)=—mp+ma+25 (45)

wherep the static pressure,is the stress tensag, the gravity vector, an® a vector

containing the momentum source terms per unit veluhhe stress tenselis given by
1y 2
r=/JEE(Du+Du )—§Dm|} (46)

whereu is the molecular viscosity, the unit tensor while the second term on the RHS
contains the effect of volume dilation which is iggdly negligible for low mach

number flows.

FLUENT solves the energy equation in the followfagn

) < [oE]+ Drlu(oE+ p)) = 0ffi, T + 7, W)+ XS, @)
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2

b) E=h-P+L
p 2

where h is the sensible enthalpy§: the energy source ternkss the effective
conductivity andrg; is the global stress tensor including the Reyntldsulent stresses.
The effective conductivitjke can be obtained by summing molecular and turbulent

conductivity.

The equation of state for a fluid is used to rethe material properties to each other.
By assuming thermodynamic equilibrium, pressure iatetnal energy are functions of

density and temperature:

a) p=plo.T)
(48)

b) i=i(oT)

For a perfect gas, for instance, the above equaaoep=pRT andi=c,T+ip whereR is
the specific gas constamt,is the specific heat capacity at constant voluntei@is the

reference internal energy.

In the solid region the energy transport equatiolvesi by model has the following

form

2 (on)+ cfveh) = O kT) + 5, (49)

whereh is the sensible enthalpjs the solid heat conductivity aisd is the volumetric

heat source, andis the velocity field eventually specified for thelid zone.

3.4. Turbulence modelling

Typical tunnel ventilation flows and fire induceldWs are characterized by a turbulent
regime in which the fluid velocities as well as etlproperties vary in a random and
chaotic way. The turbulent nature of the flow fudes any economical description of

the motion of all the fluid parcels.
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Typically, the description of turbulent flows came laddressed by decomposing the
instantaneous fluid velocity(t) into a steady mean valug and a fluctuating
componenu’(t). This approach, known as Reynolds decompositibowsa a turbulent
flow to be characterized in term of mean value proes (U, V, W, P, T)and some
statistical properties of their fluctuatior(s’, v', w’, p’, T')[66]. Visualization of
turbulent flows shows that, even if the mean véjocomponents or pressure vary in 1
or 2 dimensions, the turbulent fluctuations hawgagk a three-dimensional character.
In practice, turbulent flows are characterised t@ns of vortices, also called eddies.
Turbulent eddies take place over a continuous adé gpectrum of length scale; fluid
parcel with are initially separated by a long dis& can be brought closed by turbulent

eddies motions.

Due to the convective transport of eddies, fastewving fluid parcels are brought in
regions characterized by slower fluid motions ammgwersa. This causes faster moving
layer to be decelerated and slower moving laydvet@accelerated inducing additional
shear stresses in the fluid flow known as Reynsetdssses. Same conclusions could be
drawn when analyzing the turbulent transport ofth@aspecies. Due to turbulent
transport, heat, mass and momentum transfers dremely enhanced in turbulent
flows. Effective mass, heat and momentum diffusioafficients are therefore higher in

turbulent flows than the correspondent laminar @alu

Given the impact of turbulent transport phenomenéuid dynamics and the fact that
most of the industrial flows are turbulent, it ssg to understand the great effort done
by the international community to address suchessundeed, a large number of
different turbulence models have been developedihmre is no universal turbulence

modelling approach which is suitable for all theBC&pplications.

However, for most of the engineering purposes unisecessary to resolve the details of
the turbulent fluctuations since the informatioroypded by the time averaged fluid
properties are adequate. Turbulence models for &®ésraveraged Navier-Stokes

equations (RANS) have been developed in this contex

The averaging of Navier-Stokes equations is peréormnder the assumption that the

time averaged value of the fluctuating componemtany fluid variable is zero. After
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substituting the decomposed variables into equstitom (44) to (46), it can be easily
shown that additional terms appear in the RANS eoos: due to the interactions

between various turbulent fluctuations (see equat{60)).

9 _0
a) — a)g(/oU.)
0 0
T(ou)+L(ou U )= (50)
)5 luu)
b)
=0, 0] p0U, OV, 2, 0011, O )
ox 0x;| (0x; ox 37 ox 0x, v

The additional terms, containing the products dbeigy oscillating components, are
commonly called Reynolds stresses and they halve toodelled to close the equations.
Similar transport terms will arise when derivatiagransport equation for any other

scalar quantity; therefore a closure equation lvélheeded also for them.

A common closure method employs the Boussinesqthgps to model the Reynolds
stresses which are related to the mean velociyigmés as shown in equation (51)

—_ an ouU . 2 ou
- puu; =ﬂt(—+ ‘]——(pkwt—kjﬂ% (51)
X 0X,

where k :%(? +v? +W) is defined as turbulent kinetic energy per unissnandy,

is the turbulent viscosity . The Boussinesq hypsithés used in several turbulence
model including, ke, k-0 and Spalart-Allmaras models. The disadvantagehef t
Boussinesq hypothesis is that it assurpedo be an isotropic scalar quantity, which is

not strictly true. Indeed, turbulence models baseduch assumptions typically fail in
situations where the anisotropy of turbulence hdsrainant effect on the mean flow.

In this work turbulence modelling has been addikssg using the standark-¢
turbulence model whose first version was developgd.auder and Spalding (1974)

[107]. The standarkk-e model is a semi-empirical model based on the pants
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equations for the turbulence kinetic eneflgyand its dissipation rate). The transport
equation fork is derived from the exact equation, while the $ort equation foe is
obtained using physical reasoning since its examtsport equation contains many

unknowns and unmeasurable terms. Both of themrasepted hereafter

opk 0 0 M| oK
a) ——+—(pkU,)=—|| g+=|—|+G +Gy — pc +
) ot o (oku;) x (,U jax,. ( +Gg = pe+S,

(52)
9Pe 4 9 (pey)=O || u+th|9C +C,2(6,+C,, Gy )+
ot ox ox |\" g, )ox k |
b) L '
2

&
-C,.0—+S
2,£p k (3

In the above equation§y represents the generation of turbulence kinetezggndue to
the mean velocity gradient§g is the generation of turbulence kinetic energy tue
buoyancy.Cy,, C,,, andCs, are constantsjx ando . are the turbulent Prandtl numbers
for k ande, respectively.Scand S are source terms for turbulent kinetic energy and

dissipation rate.

The turbulent viscosityy, is computed by combiningande as follows

u=pc, (53)
£

where Cﬂ is a constant of the model.

The constant€y,, Cz, C,, ok ands . have the following default values determined from

experiments with air and water for common flow atinds including shears flows and

decaying isotropic grid turbulence:
Cy=1.44, G,=1.92, G=0.09,0¢=1 ando .=1.3.

The constan€;, which determines howis affected by the buoyancy should be close to

one for vertical buoyant shear layers and closthéozero for horizontal buoyant shear
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layers [108]. In order to make possible the use sihgle expression f&@s;. Fluent uses
the following relation

C,, = tan?{xj (54)

u

wherev is the component of the flow velocity paralleltbe gravity vector and is the
perpendicular component [106].

The generation of turbulent kinetic energy duehi mean velocity gradienGy can be

computed as
G, =4S (55)

whereSis the modulus of the mean rate-of-strain terdefined as

s=25§ (56)

The generation of turbulence due to buoyancy isprded by

_ o M OT
G, =g & —

where g Is the coefficient of thermal expansiay.is the component of the gravity
vector in thei™ direction,Pr is the turbulent Prandtl number by default assutoele

equal to 0.85. This approach is known as singldigra diffusion hypothesis (SGDH).

Once computed, turbulent kinetic enerdy and turbulent dissipation rafe) can be
used to define velocity scafeand length scalewhich are representative of the large
scale turbulence [66]
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6 = K2 | =K (58)
£

The Reynolds stresses can be computed by usin@dhbssinesq approximation (see

equation (51).

As already pointed out in the previous literatuegiew, the standard k= model has
been used and largely validated by the scientdimmunity to simulate fire induced
flows in tunnels. Several contributions assert,tiiahe model accounts for turbulence
production and destruction due to the buoyancycedfeit is able to predict with
reasonable accuracy the overall behaviour of tufinelinduced flows [30,33,81-
83,85,96,97]. Back-layering occurrence and back#iag distance are reasonably well

predicted.

Some limitations of the ke turbulence model are evident when modelling highly
anisotropic flow regions (i.e. the fire plume). 8l works on the assessment of the k-
€ model performance in this specific region are labde in literature.

Nam and Bill (1993) noticed that the use of thexdsad ke model for simulating free
plumes generates overpredictions in velocitiestantperature at the central axis of the
plume underpredicting the vertical spreading rdt@9]. The same authors tried to

correct the results by tuning the turbulent visgosboefficient C, and the effective

Prandtl number reporting an agreement to experiaheiata within 2%.

Most of the uncertainties are related to the soteoa due to buoyancy in the transport
equation fore which is poorly understood. Several variants fatedmining the
coefficientCg, have been resumed in [108]. Some authors repdradiie modification
of such coefficient has only a marginal effecthe final solution when simulating free
plumes. The latter could in fact achieve a 10% emxyuwhen comparing numerical and
experimental predictions [110]. However it must heted that the grid resolution
adopted was significantly poor. Controversial agpea the value to be adopted @y
are also pointed out by [111].
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Nevertheless, it is well known that, for any valag Cs,, the ke model tends to
underestimate vertical plume spread and to ovenasti the spreading rate of horizontal
ceiling layers [112]. Some improvements could beieed by treating the buoyancy
with a generalized gradient diffusion hypothesisG{@1) which introduced the
transversal density gradients into the buoyancgycton term [108].

Several authors have tried this approach and, afteng the model constants, they
could improve the model predictions. However, thasutts are still limited given the
lack of general applicability of the tuned moddisr instance, Merci and co-workers
adopted a GGDH approach to predict the criticabe#y in a small scale tunnel; the
accuracy of the numerical predictions, when congéveexperimental findings, ranged
between 8% and 38% depending on the fire scendrichws comparable with standard

k- € turbulence modelling.
3.5. Boundary conditions

3.5.1. Pressure boundary conditions

Constant pressure boundary conditions are useduiatisns where the exact details of
the flow field are unknown but the boundary valdettee pressure is known. When
performing CFD simulations of tunnel ventilatiomvls and fires, pressure boundary
conditions are usually enforced at the tunnel p®daat the top open surface of vertical

shafts or chimneys.

There are several variations on how to apply presfoundary conditions; the
numerical tool adopted for the simulations (Fluent) case of inflow conditions,

requires the definition of a total stagnation puesgust outside the domain which is
used by the solver to compute the static pressiseifpside the domain. In case of
outflow conditions, static pressure can be direfttigd.

From a mathematical point of view, more naturalrmary condition would require the
prescription of force per unit area as a normal moment of the stress tensor [65] as

described hereafter
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- pn =g, (59)

where n is the unit vector normal to the specificidary,t is the stress tensqy,is the

pressure and, is the boundary value to be fixed. Clearly, beimst derivatives of the

velocity involved, equation (59) representsleumann type boundaopndition Under

the assumption of negligible velocity gradiemdr{~0), the force per unit area indeed
corresponds to the value of the pressure. Howdlvemositioning of pressure boundary
condition boundaries is a critical step as it mustalways verified that the flow has

reached a fully developed state having negligibéslggnts in the flow direction [66].

3.5.2. Velocity boundary conditions

Velocity inlet boundary conditions require all thew variables to be specified at inlet
boundaries. Typically, this approach is used tmea a velocity profile or to model a
solid wall moving with a prescribed velocity undap slip conditions. From a
mathematical point of view this corresponds td®iachlet type boundary condition
[65]. When performing CFD simulations of tunnel tiktion flows and fires, velocity
boundary conditions are usually enforced when thtilation conditions are known.
This requires previous experimental test to beiedrout in order to assess the
ventilation conditions within a certain degree otaracy. However, such approach is

guestionable as induces a decoupling betweenrfaterantilation flows.

3.5.3. Wall boundary conditions

No-slip conditions have been applied to all theoegy components at solid walls.

Typically, a zero velocity component in the direatinormal to the wall is the

appropriate condition for the discretized contip@guation and discretized momentum
equation in the direction normal to the wall. Tistireation of the tangential and normal
stresses at the wall (contained in the discretmethentum equations) requires extreme
care given the typical turbulent nature of the fldmdeed, a thin viscous sub-layer is
located immediately adjacent to the wall followsdabbuffer layer and a turbulent core.
An extensive overview on the subject is given ifi9fland is outside the scope of this
document. However, the number of mesh points reduio solve a turbulent boundary

layer would be extremely large and commonbll functionsare used.
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Wall functions are a collection of semi-empiricatrhulas and functions that interpolate
the solution variables at the near-wall cells dm@dorresponding quantities at the wall.
They usually compriséaws-of-the-wallfor mean velocity and temperature (or other
scalars) and correlations to prescribe near-watbulent quantities K and ¢
specifically). In this work standard wall functigrisased on the work of Lauder and
Spalding [107], have been used. They are colleutedafter

u” :%In(Ey+)

where
, U
u =—
Ur (60)
. u,
y _ypP
U
TW
u=_[—*
P

and « is the Von Karman constant (=0.418F)wall roughness parameter (=9.8 for
smooth walls)U is the mean fluid velocityy the distance of the first grid point from

the wall, u, a velocity scaley the fluid molecular viscosity andthe fluid density.

The log-law (equation (60)) is valid as long as filn& grid point is located in the fluid
region characterized b§0 < y" < 300. Fluent by default uses the wall functions as
described in (60) i§" >11.63;if otherwise the code uses the laminar stressioakstip

known as linear law of the wall.

ut =y’ (61)

However, intrusion of the first grid point in thesgous sub-layer should be avoided as

the wall functions are based on the assumptionthieatate of production of turbulent
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kinetic energy equals the rate of dissipation whsctiue in the log-layer but not strictly
true in the viscous sub-layer. This hypothesis nstioe basis of two relationships

betweerk, € and the wall shear stress.

(62)

Ky
For heat transfer, a wall function approach basethe universal near wall temperature

distribution has been used [107]. For uncompresdiblw calculation Fluent uses the

following relationships

=pPr(u” +P) (63)

where Ty, is the wall temperaturey the fluid density,c, the fluid specific heat at
constant pressure}, the wall heat fluxPr; the turbulent Prandtl number (=0.85 at the
wall), and P is a correction function Pee-function, dependenttlom ratio between
laminar and turbulent Prandtl numbers [107]. Equeii63) is applied as long &sis
larger than the non-dimensional sub-layer thickrefged as the intersection distance
between the linear and the log-law of the wall. Bonaller values ofy a linear
relationship betweem” andy” is used

T =Pry’ (64)

wherePr is the molecular Prandtl number of the fluid.

The previous relationships are valid for smoothlsvalthere the changeover from

laminar to turbulent flows is assumed to take placg =11.63. For no smooth walls
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the constankE contained in (60) and indirectly in (63) is adggstaccordingly. Further
details are given in [106,119].

By combining equations (60) and (64) it is easyeoample to determine the wall shear

stress to be input as boundary condition for a medircell in turbulent flow conditions

1/4y,1/2
ro=ptt (65)

whereu” must be determined depending on the correspondaihtaw. Equation (65)
is a combination of the wall tangent velocity) (and its derivative contained in

r,,resulting in anon-linear Robin type boundary conditifk?0].

Similarly a heat flux boundary conditions can beaduced as

C./ kY2 (T -T,,)
-I—+

(66)

Ow = —£C,

Equation (66) is also Robin type boundary conditioin case of adiabatic walls a zero
normal derivative is enforced. If not specified] #ie following simulations are
conducted under the assumption of adiabatic w&lher heat transfer boundary
conditions to the walls could be used, but the lzatia condition represents the worst
case in terms of buoyancy strength, threat to meapti damage to the structure [121].

3.5.4. Boundary conditions for the transport equati ons of

turbulent quantities

The solution of two additional transport equatidos turbulent kinetic energy and

dissipation rate requires boundary conditions tepmexified also for them.

Typically a profile fork and ¢ must be specified at inlets (i.e. tunnel portafs o
chimneys). Since in most of the cases no informaisavailable in the literature, a
rough estimation for inlets distributions férand ¢ is obtained from the turbulent
intensity and characteristic length (assumed fier ¢hse to be proportional to the tunnel

hydraulic diameteb, ) can be conducted by means of the following sinfigims [66].
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k = (Urefit)2

g=2cum k™ (67)
34 v

(=007D,

wherei is the turbulent intensityJs the reference inlet velocityk the turbulent

kinetic energy,C, the ke turbulence model constanta characteristic length scale and

Dy, the tunnel hydraulic diameter.
At outlets, commonly, a zero normal derivativen$oeced fork ande.

At walls, a zero normal derivative is fixed for thebulent kinetic energy as prescribed
in [107]. A Dirichlet boundary condition is insteadforced fore which is assumed to

be equal to

C3/4k3/2

Ky

£ (68)

where, C is thek-¢ turbulence model constarktjs the turbulent kinetic energy,is the

Von Karman constant ands the distance from the wall of the first gridmto

3.5.5. Fire representation

The fire has been modelled as a volumetric sour@nergy without using a dedicated
combustion model. It has been shown that this sfireglapproach, previously used to
model tunnel fires [85,95], is the most practici&leg its low computational cost and its
ability to reproduce the overall behaviour of tuhfiee induced flows. It avoids the
burden and the complexity of combustion and ragiatmodels and the large
uncertainty associated to the burning of condemdee fuels. Furthermore, it has been
demonstrated that the same order of accuracy dmulachieved when modelling a fire

as volumetric source of heat or by adopting sofaitdd combustion models [111]. In
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the previous reference, the accuracy of the modadigtions has been estimated by
comparing numerical data against experimental ftata a nhumber of enclosure fires
including large atria and small scale tunnel. Dethicombustion models and the
volumetric source of heat approach produce reasemabults in most cases, but none

of them are consistently accurate overall casesidered.

\\47\\ -

Figure 18: Schematic of the simplified fire repnatsgions used in this work.

In this work, the fire heat release rate (HRRK), has been introduced in the
computational domain as a rectangular slab relgasot gases from the top surface
simulating a burning vehicle (see Figure 18). Massservation is applied by the
extraction of air at the obstruction four lateratfaces simulating air entrainment. For
sake of generality the mass extraction from therétfaces is uniform and independent
from the ventilation conditions. This may not bangbetely true for high ventilation

velocity but previous sensitivity studies have @onéd a minor impact of this

modelling detail. The amount of gases injected theodomain (}19) is calculated using

Equation (69) which correlates the convective partthe HRR, Q(1+), to the

temperature difference between air and hot gases:

o _ Qd-4)
mg—m (69)
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where/ is the flame radiative fractior(T, - T, i} the temperature difference between

ambient air and hot combustion produQ<he fire HRR anda, the air specific heat.

The flame radiative fractioh can be up to 50 % [113] but most measured valtes a
around 35% (value used in this work). The main titidon of this approach is that the
maximum flame temperatures are not accurate vesedb the fire source. However, as
demonstrated by Vega et al. [95] and by Karki amataRkar [85], this methodology
produces a good overall agreement with experimeetaperature measurements of

away from the flames.

There is little information in the literature oretlyas phase temperature in a tunnel close
to the fire and its dependence on the ventilatiomddions and fire size. Some
experimental data are reported in the Runehamtw ireNorway, where the measured
gas temperature above the centre of fire rangasidest 1100 K and 1500 K [114]. The
same temperature range has been considered inpdiper and the corresponding

sensitivity of the solution investigated.

This modelling approach requires the definitiortted top slab surface dimensions and
its dependence on the fire size. A surface too Ismvallld bring unrealistic air
behaviour given the corresponding excessively imggt velocity for the hot gases and
the wrong balance between the momentum and buoyainitye fire source. Thus, the
fire Froude number Q* is used here to link HRR a&mk of the fire source [115],
defined as

0
looonToon ? ng

(70)

whereDs is the characteristic dimension of the fire seufleydraulic diameter of the
slab top surface). Values q* above 2.5 are not realistic for diffusion flamé43].
Hence, the dimension of the fire source is caledlagetting Equation (70) equal to 1,
indicating a regime where the momentum and buoyatreyngths are of the same order

of magnitude. This choice is supported by the thett typical tunnel fires can be
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represented as a crib fires [116,117] that, follayj118], have Froude number in the
range of 1.

3.5.6. Jet Fan representation

CFD modelling of tunnel ventilation flows requiralso a representation of the jet fans.
Previous CFD analyses of tunnel ventilation [85,%bhulated the jet fans as a
combination of discharge source and intake sinks@afientum and mass. This kind of
approach has not been used in this paper avoidiegdiscrepancies in energy,
momentum and species conservations that are gedetat uncoupling discharge
sources and intake sinks. The methodology useddnerdates the real construction of
the jet fans as a cylindrical fluid region delinitd by walls and containing an internal
cross surface where a constant positive pressarp js enforced. Since no data on the
specific jet fan characteristic curve were avagalthe pressure rise across the jet fan
internal cross section has been supposed to b@endent of the average normal air
velocity. A schematic of the jet fan modelling apgch is depicted in Figure 19; the
internal jet fan surfaces used to fix the positipeessure difference have been
highlighted in red.

However, in order to accurately predict the thmugh this approach or any other, it is
highly recommended to use experimental data fobredion or validation of the results.

This approach has been implemented successfuligael jet fan installed in a real

tunnel where the comparison with experimental flfoeasurements is excellent (Colella
et al. 2009 [102] and Colella et al. 2010 [103]).
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Figure 19: Schematic of mesh used the fan reprasens used in this work.
3.6. Numerical features

The complete set of partial differential equationsluding, mass, momentum, and
energy conservation equations as well as the toahgguations for turbulent kinetic
energy and dissipation rate, cannot be solved tthreumerical methods allow the
conversion of the governing equations into a setigébraic equations whose derivation

can be performed using different strategies.

The first step involve a discretization of the domalso knows as meshing, which
allows the description of a continuous field valab into a set of discrete valués

defined at each mesh node.

The commercial CFD package Fluent adopts a firslarme approach to derive the set
of algebraic equations. Such technique uses a fonmkme integration of the
governing equations over each of the control vokingenerated by the meshing
procedure. A simplified 1D control volume integoatiof the governing equations has
been also presented in chapter 2. A detailed gh#iser of all the numerical aspects
involved in the discretization of the governing ation is beyond the scope of this
document but the interested reader can refer th [g®wvever, some important aspects
related to the settings of the CFD model are wiarthe discussed.
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The integration of the governing equation over tntrol volumes requires the
estimation of the variable at the boundary intexfda this work the convective fluxes

and have been approximated by using a second-opidgnd scheme [69].

Temporal discretization has been treated by usifiggtaorder implicit time integration
as already described in chapter 2. The advantateedtilly implicit scheme is that it is
unconditionally stable for any time step size [70].

The pressure-velocity linkage has been resolveadoypting the SIMPLE algorithm due
to Patankar and Spading (1972) [71]. An adaptediaerof the algorithm has been
developed for fluid network systems and presentechapter 2. A segregated solution
algorithm has been adopted for the calculation. Jémuence of operations performed

by the CFD solver is resumed in Figure 20.

CFD solving algorithm

Update properties and
Boundary conditions

v

Solve sequentially x y
and z velocities

v

Solve pressure
correction equation

A f

Update mass flux,
pressure and velocity

v

Solve energy and
turbulence

NO YES
Converged ﬁ STOP

Figure 20: Schematic of the CFD segregated sahudilgorithm.

The degree of convergence of the solution has beemated by using scaled residual
and by monitoring integral values of relevant quse® (typically mass flow rate
through tunnel portals) during the solution progeduThe simulations have been
considered to be converged when the scaled residuee lower than I0with the

exception of the energy equation where the maxiraliowed value was 10

Given the complex geometries typically encountenedtunnel environments (i.e.

horseshoe cross sections, intersections with sheftean geometry) a quasi-structured
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meshing approach has been used. Once producec anes$ case, the grid has been
systematically refined in order to assess wheth@&oba grid-independent solution was
reached. The refining has been iterated until rastsuntial variations both in the local

field data and integral values were observed. Aitiet grid independence analysis has

been performed for any CFD or multiscale calcutapoesented hereafter.
3.7. Case Studies

3.7.1. Ventilation flows in the Norfolk road Tunnel S

A CFD model been used to simulate the ventilatimw$ in the Norfolk tunnels,
Sydney (AU). The tunnels are 460 m long with audlty flat gradient. Each tunnel,
longitudinally ventilated, is equipped with 6 paafjet fans, rated by the manufacturer
at the volumetric flow rate of 34.2%s with a discharge velocity of 34.7 m/s. A
schematic of the tunnel cross section including jétdan installation arrangement is

presented in Figure 21.

5/

Plane [L

4
BREAKDOWN |
LANE |

Figure 21: Schematic of the Norfolk road tunnelgss section.

On the basis of the data provided by the tunnetaipge we were not able of accurately
defining the longitudinal position of the jet fam&thin each tube; therefore, they have

been considered approximately 80 m spaced as ddpitFigure 22.
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Ventilation flow measurements were made availabletifie Westbound tunnel; they
were taken by SickFlow 200 units located at thetreeaf each tunnel tube (~ 230 m
from the inlet portal). Being the units located the vicinity of jet fans, for some
ventilation scenarios the wind speed sensor reading affected by adjacent jet fan. In
these scenarios the accuracy of readings is comgpedrsince they did not represent the
real average velocity in the cross section.

Westbound Tube
o @ @ )] a @
L @ ] ® Q @
| Zone | 16 | 17 \ 13 | 19 \ 20 \ 21 | 22 \ 3 | 24 | 25 | 26 | 27 | 28 | 29 | 30 |
Jet
Fans | 13,14 15,16 17,18 13,20 21,22 23,24

Figure 22: Schematic of the jet fan longitudinakjiion in the Westbound Norfolk road tunnel; jetda
are numbered from 13 to 24.

16 different ventilation scenarios have been carsd during the experimental
measurements. The main characteristics of eachasoeare resumed in Table 8.
Scenarios having the measurement unit locatedeivithinity of an operating jet fan are
highlighted in grey and they have been discardedthése cases, the measured air
velocity is strongly dependent on the distance betwfan and measurement unit and

too little information of the effective fan and sen locations was available.

Jet fan pairs

scenario  sub scenarios 13-14 15,16 17,18 19,20 21,22 2324 exper'lmental pre'dlcted mass flow rate
velocity [m/s] _velocity [m/s kg/s
11 OFF OFF OFF OFF OFF ON 1.94 1.14 101.3
1 1.2 OFF OFF OFF OFF ON ON 4.16 4.28 379.3
1.3 OFF OFF OFF ON ON ON 5 5.77 510.8
2.1 ON OFF OFF OFF OFF OFF 2.7 3.9 339.2
2 2.2 ON ON OFF OFF OFF OFF 5.27 5.66 470.7
2.3 ON ON ON OFF OFF OFF 15.3 -
3.1 ON ON ON OFF OFF OFF 15.3
3 32 ON ON ON ON OFF OFF 15.8
33 ON ON ON ON ON OFF 16.4
34 ON ON ON ON ON ON 16.9
4.1 OFF OFF ON OFF OFF OFF 14.4 -
4 4.2 OFF OFF OFF ON OFF OFF 3.33 3.83 339.4
4.3 OFF OFF ON ON OFF OFF 15.3 -
5 5.1 OFF ON OFF OFF OFF OFF 3.33 4.06 338.4
5.2 OFF ON OFF OFF ON OFF 5.83 5.2 470.5
6 6.1 OFF ON OFF ON OFF ON 6.1 6.25 512.8

Table 8: Summary of ventilation scenarios explatedng the experimental campaign conducted in the
Westbound Norfolk road tunnel. Scenarios havingrteasurement unit located in the vicinity
of an operating jet fan have been highlighted iaygr
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3.7.2. Assessment of the mesh requirements

The computational domain has been discretized liygua quasi structured mesh
arrangement. Various CFD runs have been also ctedluto asses the mesh
requirements. Four different meshes have been geteand the resulting solutions
compared. The mesh density per meter of tunnekheramged from 260 cells/m up to
6200 cells/m. The symmetry of the domain acrosdahgitudinal plane was considered
since the explored ventilation scenarios involvedivated jet fan pairs arranged
symmetrically in respect to the tunnel longitudisattion. Four examples of the mesh
cross sections are presented in Figure 23. Thectesst used for the grid sensitivity
analysis corresponds to scenario 2.1 and involmgsoperating jet fans (#13 and #14

in Figure 22).

The solution is shown to converge as the mesh denfimer. A coarse mesh of 260
cells/m leads to a 16% underestimation of the aeexaentilation velocity. But a finer

mesh of 2500 cells/m leads to results within 0.36P4he prediction made with the

finest mesh.
mesh density predicted deviation
[cells/m] velocity [m/s] from mesh 4
mesh 1 260 3.125 16.41%
mesh 2 700 3.360 10.13%
mesh 3 2800 3.752 0.36%
mesh 4 6200 3.739 -

Table 9: Grid Independence Study for a scenariolivimg an operating jet fan pair in the Norfolk
tunnels

Besides the comparison of the average quantitiefsiledd field solutions have been
compared at Reference Sections 1 and 2, located &0d 100 m downstream of the jet
fan discharge surface, respectively. The comparisbithe longitudinal velocity is

plotted in Figure 24 for the Reference Section d amFigure 25 for the Reference

Section 2
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Figure 23: Examples of the different meshes useldi) of the tunnel cross section and number t§ce
per unit length of tunnel.
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Figure 24: Comparison of the longitudinal veloaityntours for meshes #1 to #4 in the tunnel at the
reference section 1. Velocity values are expressets.

88



Multiscale Modellingof Tunnel Ventilation Flowsind Fires FRANCESCO COLELLA

Mesh 1: Horizontal velocity contours Mesh 2: Horizontal velocity contours
tunnel reference section 2 tunnel reference section 2
7
5
6 vﬂ(’) 7%\ X-velocity locity
5 5
E % 4.75 475
z (% T
5 r 375 s 275
> F < 325
S 3 A n;" 25 S 25
5 §
> >

Mesh 3: Horizontal velocity contours Mesh 4: Horizontal velocity contours
tunnel reference section 2 tunnel reference section 2

Vertical elevation [m]
Vertical elevation [m]

Figure 25: Comparison of the longitudinal velooitgntours for meshes #1 to #4 in the tunnel at the
reference section 2. Velocity values are expresseds.

As expected from the previous results, the compatddtions show larger deviations
for the coarse meshes 1 and 2 while convergenabténed for finer meshes 3 and 4.
Based on the results, grid independence is comsiderached in mesh 3 and therefore,
the following simulations have been conducted ughig grid. The total number of
nodes for the 460 m long tunnel is around 1.3 amlland the resulting computing time
for a steady state scenario ranged between 3 ahduBs in a modern quad-core

workstation.

3.7.3. Simulations of the ventilation scenarios an  d comparison

to on-site measurements

The developed model has been used to simulate tatiem scenarios from Table 8.
The computed velocity profiles in the jet-fan lomgiinal plane (plane 1 in Figure 21)

are presented in Figure 26.

The available experimental data have been usedrtolborate the model predictions.
The comparison is presented in Figure 40. Generaltgurate velocity predictions

could be achieved having an average relative demidrom experimental findings
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around 17%. The maximum deviation (~40%) has bemmd for the ventilation
scenario 2.1. Given the lack of detailed information the jet fan installation
arrangement, geometry and longitudinal positioe, docuracy achieved is considered
satisfactory and no other attempts to improve theerical predictions have been
performed. However it is believed that, if morealled geometric details are provided,

significantly better predictions can be achieved.

The model results confirm the very low efficiendyentilation scenario 1.1 which was
also observed experimentally. This is due to tHawourable location of the jet fans 23
and 24 (see Figure 39). Indeed, they are too dlmgbe tunnel outlet portal to allow

their discharge velocity cones to develop and geresnough thrust.
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Figure 26: Computed velocity profile in the tunfal scenarios 1.1, 1.2, 1.3,2.1,2.2,4.2,5.2,6.1
from Table 8. The plotted velocity fields are refatto plane 1 of Figure 21. Velocity values are
expressed in m/s.
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Figure 27: Comparison between predicted velocitg arperimental measurements provided by the
Sickflow 200 Units located at the centre of eacnél tube.

Table 8 contains also the predictions of the misg fates through the tunnel for each
ventilation scenario. It can be seen that, scesdtid, 4.2 and 5.1, involving only one
operating jet fan pair, are equivalent since thmesanass flow rate through the tunnel is
generated (~338 kg/s). Same conclusion can be ddduben analysing scenarios 2.2
and 5.2 which involve 2 operating jet fan pairs.tte last two cases the ventilation
induced flow through the tunnel is around ~470 kdrfs the ventilation scenarios
involving 3 jet fan pairs (1.3 and 6.1) an averagatilation induced flow of 510 kg/s
could be attained.

A final CFD run has been performed to assess thélagon system performance when
all the 6 jet fan pairs are operating (ventilatiscenario 3.4 in Table 8). In this
ventilation scenario the predicted mass flow rateugh the tunnel is around 764 kg/s
corresponding to an average longitudinal velocftground 8.5 m/s. A schematic of the
CFD predictions is presented in Figure 28.
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Figure 28: 3D visualisation of the computed velpdi¢lds for ventilation scenario 3.4 involving #tle 6
jet fan pairs. Velocity values are expressed in fmist to scale).

3.7.4. Critical velocity calculation

Wu and Bakar [33] carried out a series of smallesexperiments on five horizontal
tunnels with different cross-sections. They asskssmn the basis of accurate
measurements in a controlled environment, the etiacthe critical velocity of tunnel
cross section and fire heat release rate. Amongliffierent cross sections, the data
relative to the square cross-sectional tunnel ¢0D2% nf cross section) will be
considered in this document. The small scale tuimmeround 15 m long and it is
equipped with a circular porous bed propane bufiameter equal to 0.106 m) located
at a distance of 6.21 m from the tunnel inlet. Tineel outlet is located at a distance of
8.7 m from the burner centre. The tunnel upstreactian was constructed of PMMA,
while, the fire and the fire downstream regionsemaonstructed of steel. A water spray
device was constructed to cool the tunnel wallg tiea fire source and was used only
when the tunnel wall temperature was excessive. Vdmilation flow during the
experiments was driven by an air compressor. Arselie of the experimental rig is
depicted in Figure 29.

The burner heat release rate, controlled by thpgre flow rate, was varied during the

tests ranging between 1.5 kW and 30 kW. These dirzes correspond to fires of
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approximately 2.5+50MW in a tunnel of diameter ardtb m and 300 m long when a

scaling procedure is applied (see equations (19)&h)).

The measured values of critical velocities in twibedent fire scenarios (3 kW and 30
kW) will be used in this section to validate theefiCFD model. The same scenarios
have been used by Van Maele and Merci [97] to eddidkwo different turbulence
modelling approaches (RANS and LES). They also tedba mixture fraction model to
simulate the combustion process. Their results Wwél taken into account when

evaluating the performance of the simplified fir@del previously presented in this

chapter.
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Figure 29: Schematic of the experimental rig ac@ogtl to Wu and Bakar [33]. Section B has been used
in this study.

3.7.5. Assessment of the mesh requirements

The computational domain has been discretized bwgus structured mesh

arrangement. The upstream edge of the fire solaséd&en located 5 m downstream of
the inlet section of the CFD domain. The lengthhaf simulated CFD domain is 10 m.
Various CFD runs have been also conducted to aksesnesh requirements. Four
different meshes have been generated and theingsstilutions compared. The mesh
size ranged from 37000 up to 1300000 nodes. Thengyry of the domain across the
longitudinal plane was considered. Four exampleghef mesh cross sections are

presented in Figure 30.
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Figure 30: Examples of the different meshes useldt) of the tunnel cross section and number d&ce
per unit length of tunnel.

The simulations, conducted for a 30kW fire scenatieritical ventilation conditions,

have been compared first in terms of the predicteatal velocity (see Table 10).

The solution is shown to converge as the mesh derfiaer. The adoption of mesh #1
leads to an 11% underestimation of the criticalteion velocity when compared to
the finest mesh (#4) results. No appreciable vianah the critical velocity predictions

could be observed when the computations have berdormed using mesh #3.
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mesh size predicted critical deviation
[cells] velocity [m/s] from mesh 4
mesh 1 37000 0.49 8.89%
mesh 2 120000 0.46 2.22%
mesh 3 620000 0.45 0.00%
mesh 4 1300000 0.45 -

Table 10: Grid Independence Study for a scenanoliing a 30 kW fire scenario

Besides, detailed field solutions have been congpateReference Sections 1 and 2,
located 1 m and 3 m downstream of the fire sourespectively. The predicted
longitudinal velocities and temperature fields atetted in Figure 31 for Reference

Section 1 and in Figure 32 for Reference Section 2.
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Figure 31: Computed temperature and velocity fidttsmesh #1 to #4 at reference sections 1 for a 30
kW fire at critical ventilation conditions. Tempéuge and velocity values are expressed in K
and m/s respectively.
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Figure 32: Computed temperature and velocity fidtamesh #1 to #4 at reference sections 2 for a 30
kW fire at critical ventilation conditions. Tempéuge and velocity values are expressed in K
and m/s respectively.

As expected from the previous results, the compatddtions show larger deviations
for the coarse meshes 1 and 2 while convergencbkt@éned for finer meshes 3 and 4.
Based on the results, grid independence is corsiderached in mesh 3 and therefore,
all the following simulations have been conductsdhg this grid. The total number of
nodes for the 10 m long small scale tunnel is ado@r8 million and the resulting
computing time for a steady state scenario rang#dden 2 and 4 hours in a modern

guad-core workstation.

3.7.6. Critical velocity results

Two scenarios have been simulated first involvirBp&W and a 3 kW fire. The size of
the fire source has been calculated using thengcadilations as presented in equations
(69) and (70) under the assumption of fire sourceuéle number equal to 1. The
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corresponding sizes of the fire source are 0.04zmd 0.007 rmfor the 30 kW and 3

kW fire, respectively.

Following the same approach presented in [97]sthmilated fire is considered to be at
critical ventilation condition when the velocity mponent parallel to the tunnel axis
becomes around zero in the computational cell adjaio the tunnel ceiling and above
the leading edge of the burner. The computed atitientilation velocities are
respectively 0.36 m/s and 0.45 m/s for 3 kW and 8t kW fire scenarios,
underestimating the experimental findings by aroR&db in both the cases. Indeed, the
measured critical velocity values are 0.48 m/s @edm/s for the 3 kW and 30 kW fire,

respectively.
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Figure 33: Computed temperature and velocity fiétdthe vicinity of the fire source for a 30 k\Wefit
critical ventilation conditions. Temperature andogty values are expressed in K and m/s
respectively.

A schematic of the computed temperature and lodijia velocity field in the vicinity

of a 30 kW fire source at critical ventilation catmhs is presented in Figure 33. An
initial stage of back-layering occurrence is canfd by the presence of a region
characterized by sustained backward motions irrégen located immediately above
the fire source. Same conclusion can be obtainedbsgrving the high temperature

gases stratified in same regions. Temperature @rgitudinal velocity fields have been
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also plotted for reference section 1 and refereseetion 2 located 1 and 3 m
downstream of the fire source, respectively (seeei 34).
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Figure 34: Computed temperature and velocity fietieeference sections 1 and 2 for a 30 kW fire at
critical ventilation conditions. Temperature andogity values are expressed in K and m/s
respectively.

The velocity and temperature isocontours show aptexnflow pattern at reference
section 1. Instead, the temperature contours shawthe flow has a stratified structure
with almost horizontal layers at reference secforit has been verified that in this
region the maximum transversal velocity componeats almost two orders of
magnitude smaller than the maximum longitudinaloegy. This confirms that, at
reference section 2, the flow has evolved to fulgveloped channel flow which is
essentially 1D with small recirculation patternss A consequence, the details of the
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flow beyond this point do not influence the flowttean near the burner surface and
hence the prediction of the critical velocity.

Same considerations can be obtained for the 3 k&/ Tihe computed temperature and
longitudinal velocity fields in the fire near fieldre presented in Figure 35 while
temperature and longitudinal velocity fields aterehce sections 1 and 2 are presented
in Figure 36.
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Figure 35: Computed temperature and velocity fiétd#he vicinity of the fire source for a 3 kW fae

critical ventilation conditions. Temperature andogty values are expressed in K and m/s
respectively.
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Figure 36: Computed temperature and velocity fieltieeference sections 1 and 2 for a 3 kW fire at
critical ventilation conditions. Temperature andogity values are expressed in K and m/s
respectively.

These two fire scenarios have been analysed byMéte and Merci [97] by using two
different CFD tools: Fluent and FDS.

The first simulations have been conducted with Riu®y using a modified version of

the ke turbulence model in which the turbulence produttioe to buoyancy has been
treated by using the generalized gradient diffugigpothesis briefly described in this
chapter. Combustion has been addressed by adaptimgture fraction approach. The
critical velocity predictions underestimate the exmental values by around 8.5% and
31% for the 30 kW and 3 kW fire respectively.
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Poorer predictions have been achieved when adotitengecond CFD package (FDS)
which is based on LES turbulence modelling. The LBE&del systematically over-
predicted the experimental critical velocity data21% and 40% for the 3 kW and 30
kW fire scenarios, respectively. The simplifiedefirepresentation developed in this
work, leads to a critical velocity under-estimati(26% in both the cases) which is
comparable with the accuracy that could be achieadobting higher sophisticated
modelling approaches for turbulence and combustiomthe other hand, the resulting
computing time is smaller since species transppragons and combustion phenomena
are not solved. This is a point in favour of theglified representation of the fire that
will be used in the remaining part of this work.

3.7.7. Effect of the fire Froude number on the crit  ical velocity

The previous simulations have been conducted utiteerassumption that the fire
Froude number is equal to 1 and the temperatutkeohot combustion gases released
by the horizontal slab is equal to around 1100 K.iditial study conducted by varying
the temperature of the combustion products betwé@e0 K and 1500 K has shown that
it has a very minor impact on the predicted criticaelocity. Therefore it has been
omitted. A much larger impact on the critical vetpqredictions was observed when
varying the fire source Froude number and there®rsensitivity study has been
undertaken. A wide range of Froude numbers (betWegia 5) has been investigated in
order to include the largest portion of possible ficenarios involving different fuels
[6]. Also in this case two different fire sizes K8V and 30 kW) have been considered

for the sensitivity study and the results are resdim Figure 37.
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Figure 37: Effect o fire Froude number on the poged critical for a 3 kW and a 30 kW fire
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The numerical analysis shows that there is a limearelation between the predicted
critical velocity and the fire source Froude numhbeteast within the range of Froude
number investigated. As expected, the slope seent® tcorrelated to the fire HRR
being higher for larger fire sizes. A 100 % incee@sthe predicted critical velocity has
been found for the 30 kW fire scenario when theuBeonumber was increased from 0.5
to 5. Around 10 % increase has been found for tk&/Jire source. An analysis of this
behaviour on the basis of Froude scaling theorybeas undertaken but no conclusive

results have been obtained and therefore the gubjearrently under investigation.

3.8. Concluding Remarks

The chapter describes the application of CFD tephes to tunnel ventilation flows and
fires. An overview of the literature studies siribe first application in the late 90s has
been given. The review process showed that CFD Imade able to predict critical
ventilation velocity, and back layering distanceghin an acceptable level of accuracy
(deviation usually smaller than 30%). The overédwf data (i.e. bulk velocity and
temperature) are also accurately predicted withiatiems from experimental values
typically within 20%. On the other hand the litena study, showed that prediction on
local flow field data (i.e. velocity and temperas), especially if calculated in the
vicinity of the fire source, can be affected byoersignificantly higher than 100% in

comparison to experimental measurements.

An overview of CFD model characteristics includingrbulence model, typical
boundary conditions for tunnel ventilation flowsdafires and numerical features has
also been provided. A simplified approach to dedhwhe fire source has also been
developed. The fire has been modelled as a red@anglab releasing hot combustion
products without using a dedicated combustion motek approach does not provide
accurate results in the flame region but allowsriasonable accuracy when dealing
with the overall tunnel flow behaviour (i.e. faelfil temperature and velocity, critical
velocity and back layering distance). A comparisorthe experimental findings from
two small scale tunnel fire scenarios (3 kW ank®0 studied by Wu and Bakar [33]
confirmed the ability of the simplified fire modt predict the critical velocity with a

reasonable level of accuracy (~ 25%). A similarelesf accuracy for the same fire
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scenarios was also achieved by Van Maele and M@rgithat adopted a dedicated
combustion model and more sophisticated turbulemogdels.

Furthermore, the ability of the developed CFD ttwoldeal with cold flow ventilation

scenarios has been assessed. The developed moslebdem validated against
experimental velocity data measured in 9 diffenganitilation scenarios in the Norfolk
Tunnels in Sydney (AU). Also in this case a sigrfit level of accuracy (average

relative deviation around 17%) has been achieved.

The CFD analyses have shown that significant coatjmutal resources (several hours
of computing time in a modern 4-core workstatiorerevrequired to simulate a single
steady state ventilation or fire scenario in rghli short tunnels. Indeed the small-scale
tunnel was 15 m long (300 m on large scale if tizenéter is scaled up to 5 m) while
the Norfolk tunnels are 460 m in length. The comfpiohal time would become a
severe limitation when the full CFD approach isgtdd to deal with fire or ventilation
behaviour in tunnels several kilometres in lendtbr these scenarios, a way to avoid
such high computational complexity is the adoptadnmultiscale methods based on
hybrid 1D-3D computational techniques. The appitcabf multiscale methods in the
framework of tunnel ventilation flows and firestige subject of the following chapters.

Parts of this work have been publishe®inlding and Environment [102]Tunnelling

and Underground Space Technology [103jnd Fire Technology [105].
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Fundamentals of
multiscale computing

4.1. Introduction

CFD models of tunnel fires have been shown to ptetie overall behaviour of the
ventilation system (i.e. critical ventilation veitycand back-layering distance) within an
acceptable range of accuracy (namely, within 10+8@86ation). Several studies on the
subject have been reviewed and discussed in theopeechapter. However, almost
90% of the reviewed papers focused only on the Hmgkring occurrence without
directly referring to the capabilities of the intd ventilation system (i.e. how many
fans to be activated in order to prevent back-iaggr Indeed, the ventilation velocity
to be input as boundary condition into the modeupposed to be known on the basis
of rough estimations or cold flow experimental $estnducted in the tunnel. This kind
of approach does not allow a critical evaluatiorthe ventilation system performance
under different fire hazards as ventilation velesitand fire behaviour are not coupled

together.
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The reason for this trend highlighted in the litara review process, is due to the very
large computational demand typical for comprehensSFD studies of ventilation

system performance during fires. The high componati cost leads to the practical
problem that arises when the CFD model has to dendioundary conditions or flow

characteristics in locations far away from the oegof interest. This is the case of
tunnel portals, ventilation stations or jet faniegtocated long distances away from the
fire. In these cases, even if only a limited regadrthe tunnel has to be investigated
(e.g. for the fire), an accurate solution of theMlmovement requires that the numerical
model includes all the active ventilation devicexl g¢he whole tunnel layout. For

typical tunnels, this could mean that the compateti domain is several kilometres

long.

The study of ventilation and fire-induced flowstimnels [30,33,85,95,97,102] provides
the evidence that in the vicinity of operatingfgts or close to the fire source the flow
field has a complex 3D behaviour with large tramsakeand longitudinal temperature
and velocity gradients. The flow in these regioasds to be calculated using CFD tools
since any other simpler approach would only leathémcurate results. These regions
are hereafter named as thear field However, it has been demonstrated for cold flow
scenarios and for fire scenarios that some distalogenstream of these regions, the
temperature and velocity gradients in the translatisection tend to disappear and the
flow becomes essentially 1D. In this portion of thmmain the transversal components
of the velocity can be up to two orders of magretismaller than the longitudinal
components. These regions are hereafter namee & tteld. The use of CFD models
to simulate the fluid behaviour in the far fieldatks to large increases in the
computational requirements but very small improvetsén the accuracy of the results.
A visual example of typical velocity and temperattields established in the vicinity of

an operating jet fan or fire is presented in Figk8e
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Figure 38: up) Example computed velocity fielddgrair of operating jet fans (jet fan dischargeoaty
~34 m/s; down) Example computed temperature fald 80MW fire subject to supercritical
ventilation conditions. The velocity and temperatualues are expressed in m/s and K,
respectively.

On the basis of these observations and for the sékan efficient allocation of
resources, CFD should be applied only to modelntbar field regions while the far
field regions should be simulated using a 1D modikkse types of hybrid model are
commonly callednultiscale modelsMultiscale models allow a significant reduction in
the computational time as the more time consumiay is applied only to a limited

portion of the domain.

In a multiscale approach, the CFD and the 1D mogbetthange flow information at the
1D-CFD interfaces. There are two general couplipjons. The simplest one is the
way coupling(or superposition). For example, in the case afined tunnels, it is
possible to evaluate the global chimney effect gi@n1lD model of the entire tunnel
[122]. Then, a CFD analysis of specific tunnel mor$ can be run using as boundary
conditions the 1D results. This approach does eptesent true multiscale modelling
since there is no coupling of the CFD results ® 1D flow. This would be equivalent
to assume that the flow behaviour in the high gnadregions does not affect the bulk

tunnel flow.
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A 2-way couplingof 1D and CFD models, proper multiscale modelliognsists of a
physical decomposition of the problem in two paatgortion of the tunnel is simulated
using a CFD model and the remaining portions thihol® model. The advantage of
multiscale modelling resides on including in thewflcalculations the effect of the fire
on the entire ventilation system and vice versahéf solver is able to receive the two
sets of equations, the problem can be solved at.dncmost of the cases there is a
different solver for each model, and thereforeaiti@e calculations are necessary with

the two solvers continuously exchanging informatiboundary interfaces.

Few examples of multiscale modelling fluid flow sy®ms have been found in the
literature. Examples include the simulation of loflow in the circulatory system

[123], the computation of gas flows in exhaust duat internal combustion engines
[124], the characterization of the flow pattern otgh speed trains moving through
tunnels [125]. Recent applications of multiscalehteques address also the problem of
naturally fractured oil reservoirs [127]. Multiseamethods have been only cited as
possible techniques for simulating tunnel ventiatflows and fires by Rey and co-

workers (2009) [126] without any significant result

4.2. Fundamental of domain decomposition methods

Multiscale techniques are based on domain decormposnethods which have been
developed for all the discretization techniques. (iinite difference, finite volume and
finite elements) mainly in the framework of paratemputing. They allow the original
single problem to be reformulated on several coatprtal sub-domains. Eventually,
this technique can be applied to solve heterogenponblems which are described by

different governing equation as in the present.case

/ e /) 5
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\_-_ E»E; y '\\\H—_ __/”I '\\--_ 2 //;

Figure 39: Example of domain decomposition with atthout overlapping [65].
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The basic idea is to decompose the global domaseweral sub-domains and to solve
the resulting problems characterized by smaller alonsize eventually by means of
parallel computing. Domain decomposition can befgoered adopting two different

techniques which generate overlapping and non-appihg sub-domains. A visual

example of sub-domain decomposition with and withoverlapping is depicted in

Figure 39.

Three iterative methods based on domain decomepositie available in the literature
and they are mainly differentiated by the boundaogditions applied at the interfaces

and by the presence of overlapping regions [128]:
» Dirichlet-Dirichlet or Schwarz methods
» Dirichlet- Neumann methods
* Neumann - Neumann methods

Schwarz methodare applied for overlapping domain decompositiod ase Dirichlet
type boundary conditions applied dn and /> for the sub-domaing2; and Q.
respectively (see Figure 39).

Dirichlet-Neumann methodse applied for non-overlapping domain decompasiiod

use one Dirichlet-type boundary condition and oreMdann-type boundary condition.

Neumann-Neumann methodee applied for non-overlapping domain decompasitio
and use only Neumann-type boundary conditions eppin/” for the sub-domaing;

andQ, respectively (see Figure 39).

A description of the mathematical theory behind domdecomposition methods is

beyond the scope of this document. The interegtader should refer to [128].

The exact structure of the boundary conditionsat@plied at the interfaces depends on
the differential operator defining the original gwrtial differential equations. In the
case of Navier-Stokes equations only Dirichlet-Nanm and Schwartz methods are
used. BeingS the Navier-Stokes operator, a Dirichlet-Neumamnative method must

perform the following sequence of operating uniheergence is achieved [65]
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Figure 40: Example of domain decomposition for soluof Navier-Stokes problem using a Dirichlet-

where

110

Neumann iterative method.
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@, ag, are vectorial functions describing the Dirichleubdary conditions (e.qg.
prescribed velocities) at the bounddry, and I', ; of the sub-domaing; and

Q, (refer to Figure 40)

Y, ay, are vectorial functions describing the Neumann loauy conditions (e.g.
prescribed normal stresses) at the boundigryand I',  of the sub-domain&,

andQ; (refer to Figure 40)

k is the multiscale iteration counter,is a velocity under-relaxation parameter

required to improve convergence anthe normal coordinate.



Multiscale Modellingof Tunnel Ventilation Flowsind Fires FRANCESCO COLELLA

It is here stressed that when a Dirichlet-Neumamithod is adopted, the sub-domains

0, and$2, must not overlap.

Schwartz methods require overlapping sub-domainsdrichlet boundary conditions

prescribed on both the resulting interfaicgand ;.
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Figure 41: Example of domain decomposition for gotuof Navier-Stokes problem using a Schwartz
(Dirichlet-Dirichlet) iterative method.

Being S the Navier-Stokes operator a Schwartz iterativeéhote must perform the

following sequence of operating until convergersadhieved [65]

S(ulk”, pf”):f inQ,
ut=ul onr,

a. k+1 _
u; _¢1 onrl,D

auk+l .
ﬂa—;_ plk 1:‘»01 onl
(72)
S(u';l, pzk”):f inQ,
ust=u onf,
b. Ugﬂ =¢, on Mo
auk+l .
ﬂa—;_ plz< ! =¢, onl,
where
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» @,ag, are vectorial functions describing the Dirichletubdary conditions (e.g.
prescribed velocities) at the bounddry, and I, ; of the sub-domaing; and

Q, (refer to Figure 40)

* Y, ay, are vectorial functions describing the Neumann llaumy conditions (e.qg.
prescribed normal stresses) at the boundigryand I,  of the sub-domain&;

andQ; (refer to Figure 40)
* kis the multiscale iteration counter amthe normal coordinate.

The main advantage of Schwarz method is the eagyoivdividing the sub-domains
from a possibly complicated geometry. The main daek is that the convergence of

the iteration depends on the overlap [129].

4.3. Formulation of the multiscale problem

The multiscale model developed in this work is lbdag® domain decomposition
technigues which have been proved to be adequatsoliee also heterogeneous
problems described by different governing equatifi3]. In this specific case the
tunnel fluid-dynamic behaviour has been addresyeatibpting two different numerical

descriptions of the problem based on 1D and 3D-Giels.

For sake of simplicity and only in this sectionisisupposed that the tunnel domaw) (

is decomposed in two sub-domaifg, andQs;p where the 1D model (see section 2) and
the CFD model (see section 3) are respectivelyiegpl;p andQspare built in order to
be continuous in the streamwise direction. Figu2edédpicts a schematic of a 1D-3D
domain decomposition. The 1D-3D interfdGeis located irx=a in such way that there

is no overlapping between the two sub-domains.
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Figure 42: Example of a domain decomposition inakid 3D sub-domains.

On the right hand side aof, the 1D domain provides average values for pressure

temperature, velocity and mass flow rate; theyirdiEated ap(a’),T(a*), u(a*) and

consequentlyl.ﬂ(a+ )respectively. Analogously, the same quantities lwa defined for

the left side off; but, since the left hand side Bf belongs to the 3D domain, integral

averaged values must be computed (see equation (73)

a) ufa’)= ! futhdo

b) E(a‘)z%jpda
J',oT|u [0 do (73)
c) T(a‘ = }p|um|da

d) fn(a‘)z jpu Mhdo
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whereu represents the velocity vect@rthe pressureg the densityT the temperature,
n the unitary vector normal to the interfaGe

Following the same approach presented in [123]s iteasonable to look for the

continuity of the following quantities at the intece:
a. Area A(a‘) = A(a*)

b. Mean pressure(a”)=pla’)
(74)
c. Mean velocityv(a ) =v(a*)

d. Mean temperatur?(a‘)=f(a+)

The same authors underline that instead of theti@nts (74).b, the continuity of the
averaged normal stresses could also be presciitoeever, being the normal stresses
partially neglected in the 1D model, and the 1DiBf@rfaces located in regions where

. u . . .
the flow is fully developed 2—20), the previous constraint on the pressure is
X

adequate. However, the accuracy of such assumptibbe checked in each multiscale
computation by assessing how its location affeoesgiobal results. The solution of the
coupled multiscale problem cannot be reached bynmea standard computing
algorithm but it is based on iterative computinggadures developed in the framework
of domain decomposition methods. Obviously, beidg tsub-domains without

overlapping regions, a Dirichlet-Neumann couplitrgtegy will be adopted.
4.4. Coupling technique

4.4.1. Direct coupling

The solution to the multiscale problem requiresdbepling of the 1D and CFD models
which has been obtained by means of a Dirichletihian strategy. In particular
Dirichlet boundary conditions (i.e. velocity boumgaonditions) are prescribed at the
interfaces for the 1D model. Neumann boundary dow (i.e. pressure boundary

conditions) are instead prescribed at the integfdoethe CFD model.
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The iterative solving algorithm will be presentest &1 general case in which a CFD
model of the near field domain2{p) is coupled with two 1D models of far field
domains {:1p and £, 1p) located upstream and downstream, respectivelyo Tw

interfaced’; and/; are therefore generated (see Figure 43).

The algorithm requires a dynamic exchange of infdrom between the models during
the computation. A three stage coupling has beeptad for the scope (see Figure 43).

A full 1D model of the whole system is solved dgrihe first stage.

A CFD model of the near field doma;5 is solved during the second stage. Its

boundary conditions df and/; are provided by the full 1D model run at the fs&ige.

The global multiscale convergence is reached duhaghird stage when the 1D model
of the far fields Q110 andQ,1p) and the CFD model of the near fieldsf) are run
sequentiallyk-timesexchanging periodically the boundary conditionthatinterfaces;

and/j (see Figure 43).

In comparison to more traditional coupling appras;ha three stage coupling allows a

significant reduction of the multiscale iteratiareeded to reach a global convergence.

The complete sequence of operations to be condukttedg the solving procedure is

described hereatter:
STAGE 1
a. Run the full 1D model of the whole system until eergence is reached

b. Total pressure and temperature values at the nadegsponding to the
interfaces/; and/; are recorded (to be used as boundary conditionisea®;p
CFD model in the next stage)

STAGE 2

a. Run the CFD model of the near fied®p until a certain degree of convergence

is reached
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b. Calculate average velocity values at the interfaGeand 7/ (to be used as
boundary conditions for the 1D model of the fatd#ein the next stage)

c. Calculate average temperature values at the ictsfa and/; (to be used as

boundary conditions for the 1D model of the fatdfim the next stage)
STAGE 3
a. Run the 1D model of the far field%; 1p and$- 1p until convergence is reached

b. Pressure and temperature values at ffheand 7 are recorded as used as

boundary conditions in step c.

c. Run the CFD model of the near field until a certdegree of convergence is

reached

d. Calculate average velocity values at the interfaGeand 7 (to be used as

boundary conditions for the 1D model in the nexttiecale iteration)

e. Calculate average temperature values at the icesfa and/j (to be used as
boundary conditions for the 1D model in the nexttiacale iteration)

f. Check global convergence

l. If global convergence is not reached go backodint a (eventually a

relaxation step can be added as prescribed iniequ@2))

Il. If global convergence is reached quit the calcofatr proceed to the next

time step for time dependent calculation
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Figure 43: Visualization of a three stage coupljprgcedure.

It must be noted that, the coupling between gredphysically realized between the
pressure nodes of the 1D gridj (n Figure 43) and the mesh faces lying on the
interfaced’; and/j.. Therefore, the prescription of a velocity bourydeondition for the
1D sub-domain is performed by using a ghost vejauitde (indicated as in Figure 44
for the left interface) located beyond the lastdBssure node (indicated ias Figure
44). The implementation of this boundary condittauses thepressure cell to act as a
source/sink of mass. Instead, temperature andyreesalues can be directly transferred
from the 3D to the 1D grid (and vice-versa) sinatunally defined in thé node.
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Figure 44: Visualization of the interaction procedbetween 1D and 3D grids at the left CFD domain
boundary (1D-CFD interfaces highlighted in green)
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Further considerations are required when dealirth thie turbulent kinetic energy and
the dissipation rate at the interfaces. Since thesatities are not calculated by the 1D
model, they are introduced as a function of turbcdeintensity, turbulent length scale
and Reynolds number using well known relationsfidy developed flow within pipes.

They have been resumed in equations (67).

This coupling approach is callerect coupling It allows for a significant reduction in
the computational time in comparison to the fullBC&alculation of the same scenario.
However, the timescale of the direct coupling cltans is limited by the
computational speed of the CFD portion of the modkis can take from some minutes
to up to many hours depending on the complexitefscenario.
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Figure 45: left) Evolution of total pressure and sadlow rate at a 1D-3D interface during a multikca
calculation. The maximum deviation allowed wa3.Iiyht). Deviation of the mass flow rate
and total pressure at a 1D-CFD interface during altiscale calculation

The global convergence check is performed by mangahe evolution of any average
fluid-dynamic quantity at thelD-CFD interfaces during thé-iterations performed
during step 3. In particular, the model checks Whebr not the deviation of a certain
fluid-dynamic quantity during two sequential mutade iterations is lower than a fixed
tolerance. Figure 45 shows the evolution of totakpure and mass flow rate computed
at alD-CFD interface during a multiscale calculation. The maxm deviation allowed
was 10° which was reached after around 20 multiscale tiwra. It is worth to note
that, given the high uncertainty characterizingnelnventilation flow calculations,
lower accuracy (i.e. I¥) can be used shortening significantly the computime (~10

multiscale iterations).
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The actual exchange of information between 1D aRB @ols has been performed by
using User-defined-FunctiongUDF) that can be dynamically loaded by FLUENT to
enhance the standard features of the code [130F W@ipts are written in C++
programming language and are used to define uderedesource terms, boundary
conditions and material properties. In the spea@asecompiled UDFhave been used

for mainly 3 purposes:
* Averaging fluid-dynamic quantities at the 1D-3Ddrfices
e Launch the 1D model executable file

» Update and store the results before proceedingegmeéxt time step calculation

(for time-dependent simulations)

In particular the general-purposBEFINE_ON_DEMAND”UDF have been chosen as
they can be are called automatically by the sadleing the solution procedure. A large
effort has been profused in order to prodtjearallelized” version of the scripts in

order to be used both during serial and paralleimatations. A detailed description of
the UDF programming technique is beyond the scdplis document; the interested

reader can refer to [130].

4.4.2. Indirect coupling

Most of the ventilation studies require bulk flowlecities and average temperature
values in steady state or quasi steady state ¢omsglitin this case aimdirect coupling
method can be adopted allowing 1D and CFD simuliatim be run separately. After
identifying the near field, a series of CFD rune aonducted for a range of uniform
boundary conditions at the interfaces. In this neanthe CFD results are arranged in
terms of bulk flow velocities as a function of ttedal pressure differences across the
near field allowing the definition of characteristurves. These curves represent the
coupling of the active element of interest (shpgt,fan, or fire) with the surrounding
tunnel gallery. The 1D model is designed in oraetake into account these curves,
accurately calculated by the CFD model and, hemnamuples them to the rest of the
tunnel. In the next sections, indirect couplinghteiques will be used to describe the

behaviour of jet-fan and fire near field in ternidan and fire characteristic curves. The
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CFD computed curves will be then input in the 1Ddeloimproving its prediction

capabilities.

Indirect coupling leads to higher set-up times,ntyadedicated to the calculation of the
characteristic curves, but then provides almostaitaneous results for steady state
calculation of tunnel flows and temperatures. Tinglementation of indirect coupling

techniques for transient calculation is possibledmmplicated since the curves must be

eventually updated each time step to follow the growth or the fan activation ramp.

4.5. Concluding remarks

In this section the fundamentals of multiscale cotimy have been presented. The

developed model is based on the decompositionedtfuiinel layout in sub-domains:

» The near field regions, characterized by high igfoar temperature gradients,

modelled by means of CFD techniques;

* The far field regions, characterized by milder geats modelled by using a 1D

model.

Some practical issues related to the coupling nustheetween the 1D and 3D solvers
have been also addressed in the framework of dodedomposition techniques. The
application of multiscale modelling techniques itmdate tunnel ventilation flows and

fire will be the subject of the next sections.

Parts of this work have been publishedBunlding and Environment [102]Tunnelling

and Underground Space Technology [1@8[dFire Technology [105].
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Multiscale modelling of
tunnel ventilation flows

5.1. Introduction

In this section a multiscale model will be useddescribe the behaviour of tunnel
ventilation flows in normal operating conditionge(icold flow). Computational analysis
of tunnel ventilation flows are mainly interestedthe characterization of the discharge
cone from operating jet fans and in assessing tbbaf performance of a given
ventilation system. The first analysis is requiridt optimization purposes or to
understand how the fan thrust depends on particussallation details (i.e. presence of
niches, distance from the ceiling, eccentricitypn@prehensive analysis of ventilation
systems are instead required to describe the a&atil flows in the overall tunnel
domain depending on the specific settings of thatiketion devices (i.e. set points of
the fans, activation of specific extraction or sypgtations). Such analyses are mainly

required for ventilation strategy design.

The characterization of the jet fan discharge camsa comprehensive analysis of the

installed ventilation systems have been perfornmdhe Dartford tunnels located in
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London (UK). The multiscale model results have beerroborated by an extensive

experimental campaign we have conducted in theelgrivetween 2007 and 2008.

5.2. A case study: the Dartford tunnels

The Dartford tunnels are two twin-lane, uni-direatl road tunnels under the River
Thames, crossing from Dartford at the south (Keitg of the river to Thurrock at the
north (Essex) side, about 15 miles east of Londorthe UK. Both tunnels have
complex ventilation systems consisting of a semmdrerse system together with
additional jet fans to control longitudinal flow.

250m 1055m 130m

Single Jet Fans

(approximate positions)

Jet Fan Pairs

approximate positions)

High water

Low water

Kent East Tunnel T Essex
(south) = (north)

cross-passage cross-passage cross-passage

133m 1280m 157m

High water

Low water

Zi? = -
one =5 = West Tunnel
. Zone B
Jet Fan Pairs =

. o cross-passage oss-passage
(approximate positions) cross-passage

Jet Fan Pairs

(approximate positions)

Figure 46: Diagram of the East and West Dartforchmals showing the relative positions of jet fand an
extract shafts. (Drawn approximately to scale bithwertical distances five times larger)

The tunnels are approximately 1.5 km long and éachel carries unidirectional traffic
in two lanes. Generally, both tunnels carry nortirimb traffic only, while southbound
traffic uses the four lane Queen Elizabeth Il beidgrhich lies slightly to the east of the
tunnels. In instances of extreme weather, the brid@y be closed and the traffic
direction in the East Tunnel may be switched talsoound.

Figure 46 shows the general layout of the tunnele West Tunnel (approx. 8.6m
internal diameter) was opened to traffic in 1968l @éime East Tunnel (approx. 9.5m
internal diameter) in 1980. The West Tunnel is tmtsed of a cast iron segmental

lining, which has been infilled with concrete. TBast Tunnel is constructed of three
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different types of primary lining material: the ¢ext 600m of the tunnel are constructed
of pre-cast concrete segments with steel faceglateeither side of the central section
there is a portion of the tunnel (170m long atribeth end and 100m long at the south)
constructed of cast iron segments, the remaindéneotunnel (200m at the north and
355m at the south) was constructed of cast in-sincrete using a cut and cover
technique. The real tunnel environment is represkmt Figure 47 and Figure 48.

Figure 47: East Dartford Tunnel; Picture taken apgimately 1100 m from the Kent portal facing south
(refer to Figure 46).

Figure 48: West Dartford Tunnel; Picture taken appimately 500 m from the Kent portal facing south
(refer to Figure 46).

In both tunnels the semi-transverse ventilationtesys has two shafts with axial
extraction fans located at relatively short diseaftom each of the tunnel portals. In
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both tunnels the semi-transverse system suppkss fair into the tunnel through grills
along the side of the roadway between the exttaafts The fresh air is pumped into
the invert under the roadway by means of two dria$, one at the Kent end and one at
Essex. There are no transverse supply grills betwee portals and the shafts. In the
West tunnel, there are 14 pairs of unidirectiomalfans, located between the extract
shafts. In the East tunnel there are five individieversible jet fans between the
southern portal and the southern extract shaft tanee pairs of reversible jet fans
between the northern shaft and the northern pdrted.jet fan spacing is around 50 m in
both the tunnels. The layout of the tunnels andpibstion of the jet fans is shown in
Figure 46.

In the event of a fire, the emergency strategyeruly implemented in the Dartford
tunnels assumes that all vehicles ahead of theentiwill be able to safely exit the
outgoing portal, while a queue of traffic builds tyehind the incident. Thus, the
ventilation is configured in such a way as to blamy smoke away from the queuing
traffic. To allow for a flexible emergency respon&rur different ventilation strategies

are used, depending on the location within the éunmere the fire occurs:

» If the incident occurs between the Kent portal émel southern extract shaft
(hereafter referred to as ‘Zone A’), the ventilattrategy utilises the activation
of all jet fans (blowing south to north) and bogtract fans, but sets both supply
fans off.

» If the incident occurs between the southern exshaft and the mid point of the
tunnel (‘Zone B’), the ventilation strategy utils¢he activation of all jet fans
(blowing south to north) and the northern extraat, fout sets both supply fans

and the southern extract fan off.

» If the incident occurs between the mid point of thenel and the northern
extract shaft (‘Zone C’), the ventilation strategylises the activation of all jet
fans (blowing south to north), the southern sugply and the northern extract

fan, but sets the northern supply fan and the sontbxtract fan off.
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« If the incident occurs between the northern exteaft and the Essex portal
(‘Zone D), the ventilation strategy utilises thetigation of all jet fans (blowing
south to north), both southern supply fans, b beth extract fans off.

5.3. Overview on the experimental setups

In order to estimate the flow in the tunnels, thess-section was divided into 9 equal
areas, and the measurements of velocity were takére geometric centres of gravity
of each section. However, in order to simplify tmeasurement process, the actual
coordinates of the measurement points were sligiffset from the calculated values

and are shown in Figure 49:
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Figure 49: Layout and general dimensions of thenalreross sections (west tunnel to the left; Eashél
to the right) including the points 1-9 where the\alocities where measured (dimensions are
expressed in mm).

The measurements of the jet fan discharge cones been performed at 6 different
locations, at 20 m intervals, starting 20 m dowemtn from the jet fan discharge
surface. Furthermore, bulk flow velocities in tlentral section of the tunnels have been

recorded for a wide range of fan combinations.

The measurements were carried out using 3 difféypets of instruments:
* hot wire anemometers
e rotating vane anemometers

* a Pitot tube
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All these instruments were connected to Kimo pdetatata loggers. The instruments
provide measurements in the range 0.3 to 35 m/s ait accuracy of 2%+0.1 m/s.

They are also very robust in terms of their corediggnment with the flow: they present

little error for angles of misalignment of up to°2# practice, anemometers positioned
in the flow by hand, as in these tests, are unjikelbe misaligned by as much as 10°,
so the results are well within the operating raofjhe equipment).

Error estimations were done for the rotating vanenzgometer, the instrument used for
most of the measurements. The greatest standaydweas of £14.5. This value was
measured 20 m downstream from a pair of jet fanty all the other fans turned off.

This is caused by the unstable nature of the fltogecto the jet fans, where the jet
generated is probably not stable in space, especidien there are no other fans

operating.

In order to avoid redundancy, the experimental messents will be presented later
together with the numerical predictions.

5.4. Characterization of the jet fan discharge cone

The characterization of the jet fan discharge don¢he East and West tunnel has been
performed by adopting a multiscale model with di@mupling. This approach allows
for the computation of detailed flow field data time 3D-CFD sub-domaintgp in
Figure 50) while the rest of tunnel layout is resgmeted by adopting a 1D modelling
approach. Indeed, detailed simulations of the flélmiv behaviour in the jet-fan
surroundings may be not fully accomplished withiaking into account the interaction

with the rest of the tunnel layout and ventilatagvices.

A schematic of the coupling between 1D model offtrefield and CFD model of the

near field has been depicted in Figure 50.
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Figure 50: Schematic of multiscale coupling betwaemo-dimensional and CFD models for the
multiscale calculation of the jet fan discharge eqaD-CFD interfaces highlighted in green)

As already asserted in the previous sections, acalripoint of the multiscale
representation is the positioning on the 1D-3Drfatees/; and/jin Figure 50. Indeed,
they must be located in a domain region where tbe is fully developed and is
characterized by mild velocity gradients. Thus, $iwe of the 3D sub-domain4p)
plays a crucial role in the accuracy of the glamdution. This issue will be addressed in

the next sections.

5.4.1. Assessment of the mesh requirements

Various CFD runs have been conducted to asses ¢sh nequirements. Four different
meshes have been generated and the resultingosswompared. The mesh density per
meter of tunnel length ranged from 272 cells/m a@®00 cells/m. The symmetry of
the domain across the longitudinal plane was censdl only for the West tunnel
calculations since the explored ventilation scenamvolved a jet fan pair arranged
symmetrically in respect to the tunnel longitudisattion. Four examples of the mesh

cross section are presented in Figure 51.
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Figure 51: Examples of the different meshes uselddib of the tunnel cross section and number tisce
per unit length of tunnel.

The solutions have been compared in terms of Halk felocity and in terms of the
flow field computed in two reference tunnel crogeteons located 10 m and 100 m

downstream of the jet fan discharge surface (sgar&i50).

Mesh density  Predicted air o
Deviation from mesh 4

[cell/m] velocity [m/s]
Mesh 1 272 1.926 0.29%
Mesh 2 1890 1.927 0.34%
Mesh 3 4000 1.921 0.02%
Mesh 4 7000 1.920 -

Table 11: Grid Independence Study for a scenanoliving an operating jet fan pair in the West tunne

The dependence of the computed average velocifyragion of the mesh density is
resumed in Table 11. It shows that the solutiorveoges as the mesh is made finer. For
instance, the computation performed with mesh 3ades by 0.02% from the prediction
performed with the finest mesh.
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Figure 52: Comparison of the longitudinal veloaitgntours for meshes #1 to #4 in the tunnel at the
reference section 1. Velocity values are exprebseds.

The comparison of the predicted velocity fields theé Reference Section 1 and
Reference Section 2 is presented in Figure 52 agdrd-53. As expected from the
previous results, the computed solutions show faidgeiations for the coarse meshes 1
and 2 while convergence is obtained for finer meshand 4. Based on the results, grid
independence is considered reached in mesh 3 asr@fdhe, all the following

simulations have been conducted using this grid.
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Figure 53: Comparison of the longitudinal veloaityntours for meshes #1 to #4 in the tunnel at the
reference section 2. Velocity values are expresseds.

5.4.2. Effect of the 1D-CFD interface location

A sensitivity analysis has been conducted in otdeasses how the position of the
interfaces between mono-dimensional and CFD domfétts the calculated solution.

An operating jet fan produces a region where thel flield has high velocity gradients

and a proper modelling approach would require a @dD. The high gradient region

does not extend for a long distance and afterltwe behaves as fully developed and it
could be successfully represented using a monosdimeal model. The interface

between mono-dimensional and CFD domain must todsed in this region. In order

to identify this distance, 14 different runs wemfprmed. In each run the interfaces
were placed progressively further away from the rafieg fans, increasing the

longitudinal extension of the CFD domailnzf Figure 50) and consequently reducing
the extension of the mono-dimensional domain. éaxch run the predict bulk flow

(Figure 51) has been recorded. The reference vsaltiee bulk flow calculated using a

full scale CFD simulation of the whole tunnel.
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Figure 54: Convergence of the predicted mass flat® as a function of the location of the interface

Being L3p the length of the near field (see Figure 50), #weor induced by an

inappropriate location of the interfaces can beuwdated as

O o
Mcrp — Mus

£,s =100 (75)

0O
Mcrp

where rSk;FD is the mass flow rate calculated using the fulDGRodel, andr?ms is the
mass flow rate computed by the multiscale modelafgiven value otsp. Figure 54
shows the error calculated in each run and itsnthgrece on the 3D domain length. It is
clear that the multiscale approach can lead torateuesults when the dimensions of
the CFD domain are only a fraction of the wholeneinlength (1.5km) with a
significant reduction of the computational time sBks with less than 10% error can be
obtained using a 3D domain longer than 80 m (5%heftunnel length). The accuracy
of the multiscale model is improved up to around lByaising 300 m as length of the
near field (20% of the tunnel length). The follogicalculations are then conducted
with the length of the 3D model set to 300 m. Tloevdstream 1D-CFD interface is
then located at a distance from the jet fan digghaurfacel(p in Figure 50) larger than

~20 times the tunnel hydraulic diameter.
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5.4.3. Comparison to experimental data
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Figure 55: Comparison of horizontal velocities beém predictions (lines) and experimental
measurements (symbols) in the West Tunnel. Thprivites and the numbers refer to
locations in the tunnel section described in Figdge

The comparison between predicted and experimerfaciies measured in the West
tunnel is presented in Figure 55. The blue contisubne represents the velocity
profiles calculated in the middle of the tunnelss®ectionspfofile 1in Figure 49.a)
while the red dashed ones represent the velocifilgs calculated along the vertical
lines corresponding to theofiles 2in Figure 49.a.

The measured velocity values represented in Figdreare numbered from 1 to 9

following the same pattern as presented in Fig@@.4The measurements have been
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obtained with only the'jet fan pair operating in the West tunnel. The parison is
guite encouraging as in almost all the measuremections there is a good agreement

between experimental and numerical data.

All the CFD tests done during the development efriitodel have demonstrated that the
niches where the jet fans are located, have afwigni effect on the longitudinal
development of the flow and their capability of gucing thrust. The worst agreement
between the model and the experimental data waslfouthe section 60m downstream
of the fan; this peculiarity is most likely duettoe presence of obstacles located on the
tunnel ceiling (other fans and lighting devices) iatth are not included in the
computational domain but influence the dischargeeatharacteristics.

A similar degree of accuracy is obtained when campgapredicted and measured
velocity profiles in the East Tunnel (see Figurd.36 this case, only the%single jet
fan was operating and therefore the velocity peaBlnot symmetrical across the tunnel
longitudinal plane, unlike in the West Tunnel.

The blue continuous line represents the velocibfiles calculated in the middle of the
tunnel cross sectiongrofile 2 in Figure 49.b). The red velocity profile with &n
dashing represents the velocity calculated on #récal line indicated aprofile 1 in
Figure 49.b. The green velocity profile with coarsiashing represents the velocity
calculated on the vertical line indicated a®file 3 in Figure 49.b. The measured
velocity values represented in Figure 56 are nustbénom 1 to 9 following the same

pattern as presented in Figure 49.b.

Also in this case the comparison is quite encoaiga@s in almost all the measurement
sections there is a good agreement between expeadhend numerical data. A poor
agreement between experimental and numerical dasabeen encountered in the
section 80 m downstream from the fan. This is ntiksty due to obstacles present in
the specific region of the tunnel (luminaries dnestjet fans) or to a sudden change in
the meteorological conditions given the strong ek winds recorded during the

measurement campaign.
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The analysis of the jet fan discharge cone confirtmat the flow is approximately one
dimensional in nature beyond 80m downstream ofaheoutlet in the case of the West
tunnel. In the East tunnel the discharge coneghty longer at 100m. This is because
the jet fans installed within the East tunnel amempowerful than in the West, and not
installed in niches on the ceiling, as they aréhn West Tunnel. When more than one
jet fan pair is operating, the near field must ule all operating devices within the

module length.
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Figure 56: Comparison of horizontal velocities beém predictions (lines) and experimental
measurements (symbols) in the East Tunnel. Thenwiibes and the numbers refer to locations
in the tunnel section described in Figure 4.b.
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5.5. Characterization of the ventilation system

The assessment of the ventilation system perforenaeguired a comprehensive study
of the ventilation strategies within the tunnels. particular, the study aims to
understand the consequences on the tunnel flow @king changes to the fan
configurations. This kind of analysis does not iezjdetailed flow field data but only

bulk flow velocities within the tunnel domain.

The first modelling choice to address this problemas a purely 1D model. For this
particular application, the main difficulty encoared when using the 1D approach was
related to the assessment of the jet fan thrusttaeid losses induced by their peculiar
installation locations (i.e. in niches in the Wasinel). In fact, it is well known that the
pressure rise produced by the jet fans is stridfgendent on the specific surrounding
environment [62]. Therefore, the prediction capabibf a 1D model mainly relies on
calibration constant to be defined arbitrarily on ¢he basis of literature data.
Furthermore, some empirical correlations to estmhbé thrust from jet fan pairs were
adopted (see equations (25)) but, in several cabey, over-predicted the actual

capabilities of the ventilation system.

In order to overcome this problem, a multi-scaledeiling approach with indirect

coupling was used.

5.5.1. Calculation of the jet fan characteristiccu  rves

When using a multiscale model with indirect couglithe behaviour of high gradient
regions is represented in terms of characteristioses. Such curves, computed by
performing several CFD runs of the near-field somdin, are built in order to be

directly implemented in a 1D model.

The region of high velocity gradients, in this caserepresented by the fluid domain
close to the operating jet fan pair. In case ofdhgvation of many jet fan pairs, the
flow within the tunnel domain is characterized by high gradients regions requiring
to be modelled using a CFD approach. Obviously,eddmg on the number and
location of the operating jet fans, different meshar the near field must be built. To

avoid this complexity, some preliminary CFD runsyédeen performed in order to
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understand how a series of operational jet farspgperates. All the results have shown
that a series of equidistant jet fans producesow field characterized by an almost
periodic pattern. Figure 58 is a clear examplesHbws the velocity isocontours
calculated for a series of 7 jet fan pairs opegatin the West tunnel where the

periodicity of the flow field is evident.

| BEENEEEN

x-velocity: 2 4 6 8 101214161820
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Figure 57: Typical flow pattern produced by a ser@ seven jet fan pairs operating in the West &unn
(not to scale). Velocity isocontours from 2 m/2@am/s in steps of 2 m/s; Velocity expressed in
m/s.

As the flow periodicity has been accessed, the coatipnal domain of the near field
has been limited to the periodic portion of theniingeometry where the inlet and
outlet boundaries have been defined as periodifases. Thus, a jet fan series can be
modelled by including a single representative medwhich operates in a periodic
behaviour. The assumption of periodic flows implibsit the velocity components
repeat themselves in space while the pressureatnmss the modules is periodic. This
modelling approach is usually applied for perioftiievs where a periodic pressure drop

occurs across translationally repeated boundasi@s [
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Figure 58: Computational mesh for the CFD moduleuard the jet fans in the West (right) and East)(lef
tunnels. (Note: the West tunnel’s jet fans areaittesti in niches on the ceiling, in the East
tunnel they are not.)

Thus, once the near fields have been identifieel GRD mesh has been built following
the available tunnel geometric data, in order farasent the jet fans installations and
obtain a better estimation of the jet fans thrAstexample of the CFD meshes built for

the East and West tunnels is presented in Figure 58

Several runs of the near field CFD model have hmsformed, varying the pressure
difference across the domain boundaries. The wesah be presented in terms of bulk
flow velocity and pressure difference across theao (Figure 59). The curve obtained
describes the capability of each pair of jet famprioduce thrust and its dependence on

the bulk flow velocity.

20
== West Tunnel Jet Fan (pair)

—=— East Tunnel Jet Fan (pair)

—<— EastTunnel Jet Fan (single)
e~
A~
S i

&\ﬁ\

[EnY
[O,]

=

-
o
s

A\&\

w
T

Jet fans Thrust [Pa]

Longitudinal velocity [m/s]

Figure 59: CFD calculated jet fan thrust vs. tunagkrage velocity for the Dartford tunnels.

The results of this CFD study for the near fields #nen coupled to the 1D model for

the rest of the tunnel. Specifically, the computadves are used as the characteristics of
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any branch of the 1D model containing jet fans dvigy the uncertainties related to

calibration constants.

It is worth to highlight that the assumed flow pelicity lasts as long as the supply fans
within the tunnel are off. The introduction of freair will slightly modify the velocity
patterns within the tunnel and the mass flow rai# mot be constant along the
longitudinal direction. However, these effects ameall since the amount of fresh air
introduced is negligible compared to the large nilss rate through the main gallery.
Thus, in also this case, the computed charactersirves still provide a good

approximation.

The same approach for the description of opergeghdan series has been used by
Colella and co-workers (2010) [105] and the reshtse been compared to full CFD
representation of the same scenarios. The authbosvesl that the simplified
representation based on the periodic flow assumpiads to bulk flow velocities
deviating as much as 1.5% from full CFD solutions.

5.5.2. Comparison to experimental data

The multiscale model with indirect coupling has me®lidated using bulk flow data

recorded in the central section of the tunnels uadeide range of fan combinations.
The comparison between predictions and recordddvmlbcities is presented in Figure
60 as a function of the number of operating jetsfahhe agreement between the
experimental data and the predictions is excelldatonstrating accurate prediction
capabilities. Some discrepancies can be observedht® East tunnel under some
ventilation scenarios. The differences are duéhtmges in the weather (i.e. strong wind

at the portals) during the on-site measurements.
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Figure 60: Comparison between experimental datamodel predictions.

The simplicity of the model and its robustnessvadidhe simulation of many different
ventilation scenarios, as well as the effect offedént fan combinations and their
interaction with the extract and supply fans. Thieat of wind or other external
boundary conditions (e.g. difference between stat&ssures at the adits) can also be
easily taken into account, as can the influencehef vertical shafts, stack effect,
dampers or any obstacles within the tunnel. Theehcahn also be used to calculate the
distribution of pollutants or the influence of tiiafflow on the average air velocity, as
well as to make real time predictions of ventilatibows for control purposes. In the
next section some results of the assessment ofeihiation system performance are
presented.

5.5.3. Analysis of all the ventilation strategies

The model was used to analyse the flows resultioig feach of the existing ventilation
configurations, related to the strategies for eaththe four zones. The results are
summarised in Table 12.
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Midpoint
Between of tunnel Between
Kent Axial Essex Axial Kent Axial Essex Axial Kent portal Essex shaft

Extract Fan Extract Fan Supply Fan Supply Fan and shaft (Between and portal

Zones B &
(Zone A) 0 (Zone D)

Ventilation strategy  All Jet Fans

Ventilation velocities (m/s)

Zone A ON ON ON OFF OFF 9 51 12
West  ZoneB ON OFF onN OFF OFF 45 5.9 2

| ZoneC oN OFF on ON OFF 35 5.9 33

Tunnel  70ne D oN OFF OFF oN oN 22 5.4 5.1

JF only ON OFF OFF OFF OFF 42 5.6 36

Zone A ON on oN OFF OFF 5 22 5.2

Fast Zone B ON OFF on OFF OFF 5 41 14
e, ZoneC oN OFF on ON OFF 3.7 a1 3

Zone D ON OFF OFF ON oN 15 2.9 5.7

JF only ON OFF OFF OFF OFF 47 3.2 47

Table 12: Summary of ventilation flows in the tuamesulting from various ventilation strategiefieT
operating ventilation devices in each scenario iadicated by “ON”. The predicted ventilation
velocities in the incident zones are highlightedhatd

Studies of the ventilation required to control smdkom fires in tunnels [28,29,33]
suggest that the critical velocity is generallytioé order of 2.5 to 3 m/s. Thus, for the
Dartford, all four ventilation strategies for bothnnels should provide more than

adequate smoke control in an emergency.

Further analysis of the simulations for the Eastrial showed that some of the airflow
generated by the jet fans between the Kent ponthllae extract shaft is diverted up the
extract shaft as this short shaft poses a smadistance to the airflow than the main
portion of the tunnel does. For example, in thefgas only’ case, the flow in Zone A is
4.7 m/s, while the flow in Zone B is only 3.2 m&me of the air is lost. Similar
behaviour has been found in the East tunnel whématiog the Essex jet fan pairs.
Using the model it is possible to demonstrate,efcample, that if dampers were fitted
on the extract shafts, effectively blocking thesks the resulting flow using all jet fans

would be 3.7 m/s throughout the tunnel.

5.5.4. Assessment of the redundancy in the Dartford Tunnels

One of the advantages of using the multiscale matél indirect coupling is that it is
comparatively easy and quick to assess the consegsi®f making small changes to
the fan configuration, thus it is possible to ass#se consequences of removing

individual jet fans (or pairs) from a given scepari
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For example, Figure 61 shows the effects of varyirgnumber of active jet fans in the
Zone C ventilation strategy for the West Tunnelit is assumed that an airflow of at
least 3 m/s is required throughout Zone C in thesdent scenario, then it can be clearly

seen that more than two pairs of jet fans are requb provide this magnitude of flow.

r ==O==No Jet fans
e=—fie==1 pair JF
==X==2 pairs JF
== 3 pairs JF
=¥ 5 pairs JF
=7 pairs JF
©--10 pairs JF
=14 pairs JF

West Tunnel, Zone C strategy

Longitudinal Velocity (m/s)
w

0 200 400 600 800 1000 1200 1400

Distance from Kent portal (m)

Figure 61: Results for the West Tunnel, using threteggy for Zone C (Kent supply on, Essex extragt o
varying the number of active jet fan pairs. (Naene C extends from approximately 700 m
into the tunnel to 1370 m).

Similar calculations for the other zones reveal,tttagenerate a flow of at least 3 m/s in
each of the incident zones, a minimum of thredgetpairs are required in the Zone B
scenario, only two pairs are required in the ZongcBnario and no jet fans are required
in the Zone A scenario; in this instance sufficilotv can be generated by the axial
extract fans on their own. Thus, it is clear thewesal pairs of jet fans in the West
Tunnel may be safely taken out of use for mainteaasr refurbishment, whilst still

maintaining sufficient flow control capabilities rfaany of the considered incident

scenarios.

In the East Tunnel the situation is more compler tu the positioning of the fans
between the portals and the shafts. An examplaeofdsults for the Zone C strategy is
shown in Figure 62. Here, it is generally foundt e majority of jet fans are required

to produce the required level of flow in the cehsection of the tunnel.
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» For Zone A ventilation strategy, only one pair eff fans on the Essex incline is

required to produce a longitudinal flow of 3 m/s.

» For Zone B ventilation strategy, all three pairgeaiffans on the Essex incline
(or four Kent fans and one pair at Essex) are reduio produce a longitudinal
flow of 3 m/s.

» For Zone C ventilation strategy, at least four Kiehfans plus one pair of Essex
jet fans are required to produce a longitudinaiftef 3 m/s.

» For Zone D ventilation strategy, at least threefgeis on the Kent incline are
required to produce a longitudinal flow of 3 m/s.

Thus, while there is some redundancy in the Easin&uventilation system, there is
considerably less redundancy than in the West Tluktmvever, it appears that one or
two fans may be safely taken out of service inHast Tunnel at any given time for

maintenance purposes.

==O==No JF

e=fy==1 fan Kent

¢ —>X— 3 fans Kent

o5 fans Kent
=== All Kent, 1 pair Essex
== All Kent, 2 pairs Essex
—— All Kent, 3 pairs Essex

East Tunnel, Zone C strategy

Ventilation (m/s)

0 200 400 600 800 1000 1200 1400

Distance from Kent portal (m)

Figure 62: Results for the East Tunnel, using tinetegy for Zone C (Kent supply on, Essex extrat o
varying the number of active jet fans. (Note: Z@nextends from approximately 700 m into the
tunnel to about 1300 m)

5.6. Concluding remarks

The chapter describes the application of multiscamputing techniques to model

ventilation flows within road tunnels. The directupling approach has been adopted to
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simulate the velocity field generated by operajegtgans in the Dartford tunnels (UK).
The analysis on the positioning of the 1D-CFD ifstees shows that high accurate
results (deviation from Full CFD calculation withifo) can be achieved with CFD sub-
domains whose longitudinal extension is around B00@epresenting the 20% of the
whole tunnel length. The corresponding multiscatelel run-time is around 2 orders of
magnitude shorter when compared to the requirema&ntsll CFD calculations. The

results obtained have been also compared to oneliteity measurements.

The multiscale model with indirect coupling has mesed to characterize the Dartford
tunnel ventilation systems and its redundancy. Atsthis case the results have been
corroborated by on-site measurements. The anabfsithe jet fan near field has

confirmed that the niches in the West tunnel plagmsiderable role in the development

of the discharge cone affecting the fan capahbiitgroducing thrust.

The multiscale model has been demonstrated tovadichtool for the simulation of the
complex behaviour of the tunnel ventilation systamgold flow scenarios. It can be
successfully adopted to design ventilation systant to assess their redundancy and
their performance under different operative coodsi. An example of performance
assessment has been performed in the case of thiéorBatunnels. The analysis
demonstrates the capability of the actual ventifaBystems to provide adequate levels
protection for all the incident ventilation straiegy The model has also demonstrated
that, for a given ventilation scenario, even ifrthare some jet fan failures, the tunnel

ventilations system will still be able to provideeguate air flow levels.

Parts of this work have been published Building and Environment [102]and
Tunnelling and Underground Space Technology [103].
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Multiscale modelling of
tunnel fires

6.1. Introduction

In the previous chapter, a multiscale modellinghtegue has been applied to address
the behaviour of tunnel ventilation systems in cdllow scenarios (i.e. ambient
conditions). The aim of the present section is tdew the range of applicability by

addressing tunnel fire scenarios.

In this case further complexity is added by thespnee of high temperature and
velocity gradients in the plume region. However,afieady asserted in the previous
chapters, such high gradient regions do not extemdar downstream of the fire source

since they evolve to fully developed flow regions.

The multiscale application discussed in this sectsodesigned in order to include the
fire near field region in the 3D-CFD sub-domain letthe rest of the tunnel domain is

modelled by means of a simple 1D modelling appro#cis in fact clear that detailed
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simulations of the fire near field cannot be fullgcomplished without accounting for
the interaction with the remaining part of the tehdomain. As result, detailed flow
field data in the fire near field are made avagaby the CFD solver including, back-
layering occurrence, back-layering distance, smstkatification, smoke temperature,
heat flux mapping, pollutant concentrations andasth. At the same time, the overall
interaction between fire near field and ventilatgystem, tunnel layout and eventually

boundary conditions at the portals is maintained

6.2. A case study: amodern tunnel 1.2 km in length

The multiscale technique has been used to simala00 m long tunnel longitudinally
ventilated. This layout is realistic and typicalaimodern generic uni-directional road
tunnel. A schematic of the tunnel layout is preednnh Figure 63. The tunnel is 6.5 m
high with standard horseshoe cross section of ardsnf and hydraulic diameter
around 7.3 m. The same geometry of the East Ddrtiamnel cross section has been
used for the scope (see Figure 49). The tunnejugped with two groups of 5 jet fans
pairs 50 m spaced, each group installed near &tyontal. The jet fans are rated by the
manufacturer at the volumetric flow rate of 8.§smwith a discharge flow velocity of
34 m/s.

South
portal

North
portal

® [CB [C® [B C® C® B B [B
#1 #2 #3 #4 #5 — #6 #7 #8 #9 #10

125m 50m
600m

north portal jet fan pairs #1 - #5 south portal jet fan pairs #6 - #10
(approximate position) Fire source (approximate position)

1200m

Figure 63: Layout of the tunnel used as case ssinying the relative positions of the fire, jetdand
portals (Not to scale).

The fires are located in middle of the tunnel andifferent sizes ranging from 10 MW
to 100 MW are considered. The HRR is assumed toostant and that steady state
conditions are reached within the tunnel. The raadtie analysis includes 7 different
scenarios involving different fire sizes and activentilation devices. The main

characteristics of each scenario are resumed iteTab
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Jet fan pairs Jet fan pair Jet fan pair Jet fan pair Jet fan pairs
Fire Size #1-2 #3 #4 #5 #6 - 10
Scenario 1 30 MW ON ON OFF OFF OFF
Scenario 2 30 MW ON ON ON ON OFF
Scenario 3 30 MW ON ON ON ON ON
Scenario 4 30 MW OFF OFF OFF OFF ON
Scenario 5 10 MW ON OFF OFF OFF OFF
Scenario 6 50 Mw ON ON ON OFF OFF
Scenario 7 100 MW ON ON ON ON OFF

Table 13: Summary of ventilation and fire scenadaalysed with the multiscale technique

The emergency ventilation strategy, as for mostitodinally ventilated tunnels,
requires the ventilation system to push all thelsmbownstream of the incident region
in the same direction as the road traffic flow,slavoiding the smoke spreading against
the ventilation flow (back-layering effect). Thehieles downstream of the fire zone are
assumed to leave the tunnel safely. All the studiesback layering show that the
maximum critical velocity is in the range from 20%/s to 3 m/s. Thus, an adequate
ventilation system has to provide air velocitieghar than this range in the region of the

fire incident.

6.3. Characterization of the fire near field

The characterization of the fire near field hasrbeenducted by using a multiscale
model with direct coupling approach. This approatlows for the computation of
detailed flow and temperature field data in the GBD sub-domain which includes the

fire while the rest of tunnel layout is represenbgdadopting a 1D modelling.

A schematic of the coupling between 1D model offtrefield and CFD model of the

near field has been depicted in Figure 64.
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Tunnel reference Tunnel reference
section 1 section 2
r

North portal South portal
K+1 ‘ t+3 t+5
i 0 ) R
1 K K+2 / : t+2 t+4 N

1D Sub-domain 1D Sub-domain

Q10 : : Q210
il | L
i < > [
i L3 ! !
3D Sub-domain
N A 0 N J
Y ' Y
Far field Near field Far field

Figure 64: Schematic of the multiscale model of2akim tunnel including portals, jet fans, and tHeOC
domain of the fire region. Contours of the tempamafield show the fire plume. (Not to scale).
The 1D-CFD interfaces have been highlighted in gree

As already asserted in the previous sections, fcalripoint of the multiscale
representation is the positioning on the 1D-3D riatees (i and /j in Figure 64).
Indeed, they must be located in a domain regionreviiee flow is fully developed and
is characterized by mild velocity gradients. Thiigs straightforward that the size of
the 3D sub-domairLgp) plays a crucial role in the accuracy of the glatmution. This
issue will be addressed in the next sections.

6.3.1. Assessment of the mesh requirements

The computational domain has been discretized ugirasi structured meshes with
refinements introduced close to each jet fan paie close to the fire source. Various
full CFD runs of the whole tunnel domain have beenducted to estimate the mesh
requirements. Four different meshes were generated the resulting solutions
compared. The mesh characteristics are resumedilite TL4. The symmetry of the
solution across the longitudinal plane was alscsittared. Four examples of the mesh
cross sections are presented in Figure 65. Theptatented are relative to a 30 MW
fire scenario and ventilation conditions slightlypoae the critical velocity. This

condition could be achieved by activating 3 jet fairs upstream the fire.
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Mesh density predicted deviation
[cells/m] air velocity [m/s] from mesh 4
meshl 105 3.21 -15.25%
mesh2 695 3.83 0.98%
mesh3 2525 3.80 0.32%
mesh4 4125 3.79 -

Table 14: Grid independence study of the full Ckindin for a 30 MW fire and 3 operating jet fan

pairs.
Mesh : Mesh :
105 cells/m 695 cells/m
[ = --f
T i
HEE o I
| i
HH 117 g i H
] 1] [] ol 1T I
[ IR = 1 I
[ 1T T
[ [HENN i
LT = T
&= E i
- T Fi ]
Mesh3 Mesh4
2525 cells/m 4125 cells/m

Figure 65: Examples of the different meshes useldt) of the tunnel cross section and number tsce
per unit length of tunnel.

The solution is shown to converge as the mesh denfimer. A coarse mesh of 100
cells/m leads to a 15% underestimation of the @eexaentilation velocity. But a finer
mesh of 2500 cells/m leads to results within 0.3%he prediction made with the finest

mesh. Besides the comparison of the average gieantttetailed field solutions have
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been compared at Reference Sections 1 and 2, ¢btélten and 100 m downstream of
the fire source location, respectively. The logatad these sections is shown in Figure
64. The comparison of the longitudinal velocitydaemperature fields is plotted in

Figure 66 for the Reference Section 1 and in FigIréor the Reference Section 2.

Mesh 1: Temperature contours Mesh 2: Temperature contours
Mesh 1: Horizontal velocity contours Mesh 2: Horizontal velocity contours tunnel cross section 1 tunnel cross section 1
tunnel cross section 1 tunnel cross section 1 B

CE temperaturtk]  — temperaturé<]

= x-velocity x-velocity =, 620 £ 620
= [mis] sl g =

5 6.5 65 = 4 580 .% 580

® 55 55 g 540 H 540

8 45 45 T4 500 ° 500

35 35 B 460 = 260
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Mesh 3: Horizontal velocity contours Mesh 4: Horizontal velocity contours Mesh 3: Temperature contours Mesh 4: Temperature contours
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Figure 66: Comparison of the longitudinal velodtgft) and temperature (right) contours for meskés
to #4 in the tunnel at Reference Section 1 for &80 fire. The velocity and temperature values
are expressed in m/s and K respectively.
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Figure 67: Comparison of the longitudinal velodtgft) and temperature (right) contours for meskés
to #4 in the tunnel Reference Section 2 for a 30 fvi®VVelocity and temperature values are
expressed in m/s and K respectively

As expected from the previous results, the compatddtions show larger deviations
for the courses meshes 1 and 2 while convergentteedémperature and velocity fields
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is observed for finer meshes 3 and 4. Based onreahkalts, grid independence is
considered reached in mesh 3 and therefore, alfdf@ving simulations have been

conducted using this mesh.

6.3.2. Effect of the 1D-CFD interface location

The downstream interface boundary between 1D anB@ @&main must be located
where the flow evolves to fully developed. Othemyithe coupling would induce an
error and the multiscale results would depend enititerface location. The previous
chapter on the modelling of tunnel flows providée tsane analysis for cold flow
scenarios. The boundary independence study cortlfmteéhe specific tunnel and jet
fan arrangement showed that notable accuracy ircahguted mass flow rate (error
smaller than 1%) could be achieved when the ragtaéenL (distance from the fan to

the downstream boundary interface) &ydtunnel hydraulic diameter ) is around 20.

In order to identify the boundary independence tlifar cases including fire-induced
flows, several runs of the multiscale model weradtted for a range of fire sizes. In
each run the interface was placed progressivelyhdéurdownstream of the fire,
increasing the longitudinal extension of the CFDmdm L3p (see Figure 64) and
consequently reducing the extension of the 1D donigi the same amount. The
position of the upstream interface between 1D aRB Gomain is not as critical as the
downstream one where the focus is put here, b $aike of generality the CFD
domain is centered on the fire source. Howevethef modeller is sure that during the
simulated scenarios the ventilation velocity do@ change direction and the air
velocity is super-critical (therefore no back-lapgroccurs), the upstream boundary can
be moved significantly closer to the fire. This Wwibyroduce a further reduction of

computing time.

In order to isolate the effect of the interfacealben on fire-induced flows, the jet fans
at this stage are assumed to be located far awaythe fire and thus simply modelled
as a pressure difference between portals. Thispreslifference is given by combining

the characteristics curves of the operating fans.
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A first analysis has been performed in order taifgldhe dependence of the average
bulk flow quantities (temperature and velocity) the outlet boundary of the CFD
domain. These values have an additional importascthey represent the input of the
1D model for the far field region located downstreaf the fire. Figure 68 represents
the average velocities and temperatures for lodgiad dimensions of the CFD domain
increasing from 20 m to 600 m. The points plotted licrp equal to 1200 m are
computed by using the full CFD model and repreghet reference values in each
scenario. It can be easily seen that, for CFD dorteaigths between 20 m and 200 m,
the deviations in the average velocity from therefce values range between 6.5% and
40%; the variations in the temperature range beitwie®6 and 21%. No appreciable

variations can be observed when the CFD domairtherdarger that 200 m.

10p 700¢ -
— oF ——— 10 MW fire : 10 MW fire
2% e 30 MW fire 650F < 30Mwfire
> 8' ——&—— 50MWfire | Teo0F ——&—— 50 MW fire
g 7E ——=—— 100MWfire | ' ——=—— 100 MW fire
° 6F 5 550 N S
= 5 B
8 sf - g 500F
S AF- E ¢
N4 \ 2 4508
Z 3 T S = !
S b
<t 350F

E P N R .
OO 500 1000 3OCO 500 ~ 1000
Length of CFD domain [m] Length of CFD domain [m]

Figure 68: Effect of the CFD domain lengtlyeb, on the average longitudinal velocity and temperat
at the outlet boundary of the CFD module. Units iaren/s and K respectively. Note that the
shortest module length is 20 m

A second study has been performed in order toiiethe dependence of the local flow
field solutions on the dimension of the CFD domailso in this case, the full CFD data
has been taken as reference solution. For a gefievic quantity 0, the associated

average error has been calculated with the follgwiorm

N
3. -3
_ ;‘ j,.CFD j,ms| (76)

Ndees

€s
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where S, is the average predicted by the full CFD simurtiand, ., and s, . are

the values calculated in each grid pgibelonging to the Reference Section of interest.
The subscriptCFD and ms are referred to the full CFD and multiscale simiola
results. Obviously, the summation oyas extended to all the grid points belonging to
the specific Reference Section.

TunnelReferenc Sectionl TunnelReferenc Section: ]
] ——TYVIVYES P ——T,yVI7YF S
¥ - - - -- 30MWfire r - -~ ——- 30 MW fire
g’ZO; — o=~ 50 MW fire =201 50 MW fire
E ot 100 MW fire = | 100 MW fire
> 5 |
.§157 : 515¢
T | =
10} S10k
= [ o [
E E |
25 = 5f
o i L
= T = [
r _ -
Lo T [ TR
O O\\\\|\\\\|\\\\|\\\\l\\\\l\\\\
0 100 200 300 400 500 600 0 100 200 300 400 500 600
Lenath of CFD domain [m] Length of CFD domain [m]
Tunnel Reference Section 2 Tunnel Reference section 2
or —8—— 10 MW fire 30: —=—— 10 MW fire
<60k - - o - - 30MW fire 25:_ - - & -- 30 MW fire
=T ~ = 50 MW fire = F &~ 50 MW fire
£50F 100 MW fire S 100 MW fire
> f 5200
840:- g 5
T f 515
>a0k g
‘—5307 H g [
S f AN 210k
Soof ST
g’ : \“\\ '_
S10F b St
-t \\ _ W IIT---%
TETERTRN RTRNTRTRTI MR . o S it =y e rew i i} Lo v
906200 300 00 500 600 000 200 300 400 500 600
Length of CFD domain [m] Length of CFD domain [m]

Figure 69: Effect of the CFD domain lengthel on the error for the average longitudinal velociyd
average temperature. Results for top) Referencéd®el; bottom) Reference Section 2. Error
calculated using Eq. (76).

The effect of the interface location on averagersrhas been studied for four different
fire sizes (10 MW, 30 MW, 50 MW and 100 MW) and seeted in Figure 69. The
results show that the error does not depend ordithension of the fire within that
range. Figure 70 and Figure 71 present the fietlte at Reference Section 1 and
Reference Section 2, respectively. The solutioraiabtl with a 20 m long domain
provides low accuracy (15% error). The results bezdoundary independent and

provide less than 1% error for domain lengths latgan 200 m (for Reference Section
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1 at 10 m downstream of the fire source) and thah i (for Reference Section 2 at
100 m downstream of the fire source). Thus, higidgurate results can be achieved
with domains whose downstream boundary is at ammim distance of 100 m from the

furthest location where a CFD accurate solutiardgiired.
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Figure 70: Effect of the CFD domain length:bon the horizontal velocity and temperature fieltls a
Reference Section 1 for a 30MW fire. The velocity mperature values are expressed in m/s
and K respectively
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Figure 71: Effect of the CFD domain lengthebon the horizontal velocity and temperature fields a
Reference Section 2 for a 30MW fire. Velocity amdgerature values are expressed in m/s and
K respectively

In terms of the distance from the fire to the doineemm boundary interfackp (see

Figure 64), the minimum ratio betweén and the tunnel hydraulic diametBy is
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around 13. In a previous work Van Maele and Me@di] [simulated two different fire
scenarios (3 kW and 30 kW) in a small scale turf@gl5x0.25 ) under ventilation
conditions close to the critical velocity. The CEDBIution in the vicinity of the fire
plume became independent from the boundary locdtithre distancdp is at least 12
times the hydraulic diameter. The agreement betwleempresent and previous result is

excellent.

Combining Figure 68 to Figure 71 allows identifyimgrange of CFD sub-domain
lengths between 20 and 200 m where the averagditesmmt the outlet boundary as
well as temperature and velocity fields show highidtion from the reference full CFD
solution. In particular, average and flow field fwemature show a deviation from the
CFD solution up to 25%; average and flow field w#ies show a deviation up to 40%.
However, if the CFD module is larger than 200 nerage and flow field deviations can

be significantly reduced with error of few percents

6.3.3. Comparison to full CFD solutions

The solutions obtained with the multiscale techaigund direct coupling have been
compared to full CFD solutions of the same scesaribhe full CFD calculation

included the full tunnel domain as well as the ulatibn devices (i.e. jet fans). Based
on the boundary independence study, the neardfelde fire region was set to a length
of 400 m. A description of the ventilation straegifor each investigated scenario is

given in Table 13.

Full Scale CFD Multiscale direct
mass flow mass flow
Fire Size rate [kg/s] rate [kg/s] deviation
Scenario 1 30 MW 216.10 220.62 2.09%
Scenario 2 30 MW 301.42 301.44 0.01%
Scenario 3 30 MW 435.19 434.54 0.15%
Scenario 4 30 MW 299.29 296.05 1.08%
Scenario 5 10 MW 204.52 204.48 3.12%
Scenario 6 50 Mmw 227.19 234.28 0.02%
Scenario 7 100 MW 194.28 208.62 7.38%

Table 15: Comparison between Full CFD and Multiscptedictions for the 7 scenarios investigated.
The multiscale results are obtained with directging. The table presents only bulk flow data.
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The comparison has been performed both in ternimilf flow and field data from the
CFD sub-domain. The bulk flow solutions obtainedhvwthe multiscale model and the

comparison to the full CFD data are given in Tdt8e

The first scenario involves 3 jet fan pairs opemgitiose to the north portal. This is the
minimum number of fans required to guarantee vakxiabove the critical value for a
30 MW fire. The deviation between full CFD and nmdale predictions is very small,
around 2%. Figure 72 shows the temperature anctitalitelds computed with direct
coupling for scenario 1. The multiscale model pcedns compare very well to the full
CFD predictions. In particular no appreciable ddgfeces are observed in the
temperature field. Very small differences are obséin the longitudinal velocity field.
These small differences are due to the presenteealischarge cone generated by the
operating jet fans upstream of the fire source Wwhace included in the full CFD

representation.

The same conclusions are reached when analyzingesoéts for scenarios 2 to 4. The
differences in the predicted flow rate range betw@®1% and 1.4%. Field results for
scenarios 2 to 4, presented in Figure 73 to Figbreconfirm that high accuracy can be

achieved.

For sake of simplicity, the comparison of the fléald data is not provided for scenario
5 to 7. However the deviations in the bulk flowdictions, resumed in Table 15, range
between 0.02% and around 7% for the 100MW fire aden However, it must be
stressed that the simulations of tunnel ventilatitows and fires suffers of high
uncertainty on the real boundary conditions atpbeals, effective wall roughness, fire
load and its geometry, and throttling effects offigkes. For these reasons, the largest
error induced by using the multiscale model isdoywfithin the uncertainty range of the

enforced boundary conditions and it is acceptable.

The computational time required to run the full CFiodel ranged between 48 and 72
hr. The multiscale model with direct coupling ruims 2 to 4 hours depending on

particular scenario and initialization of the vates.
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Figure 72: Comparison of results near the fire foe multiscale and the full CFD simulations forire f
of 30 MW and ventilation scenario 1. Velocity aathperature values are expressed in m/s and
K respectively. The longitudinal coordinates strthe upstream boundary of the
corresponding CFD domain.
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Figure 73: Comparison of results near the fire foe multiscale and the full CFD simulations forire f
of 30 MW and ventilation scenario 2. Velocity aathperature values are expressed in m/s and
K respectively. The longitudinal coordinates statrthe upstream boundary of the
corresponding CFD domain.
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Figure 74: Comparison of results near the fire foe multiscale and the full CFD simulations forire f
of 30 MW and ventilation scenario 3. Velocity aathperature values are expressed in m/s and
K respectively. The longitudinal coordinates strthe upstream boundary of the
corresponding CFD domain.
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Figure 75: Comparison of results near the fire foe multiscale and the full CFD simulations forire f
of 30 MW and ventilation scenario 4. Velocity aathperature values are expressed in m/s and
K respectively. The longitudinal coordinates statrthe upstream boundary of the
corresponding CFD domain.
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6.4. Characterization of the ventilation system performance

The assessment of the ventilation system perforemamder different fire hazards
requires, in most of the cases, only bulk flow d&ach issues can be addressed by
using simple 1D models, but the final results caffies of high uncertainty due to the

simplistic representation of the fire source areldbrresponding fire induced flows.

A significant improvement in the representation banintroduced by the adoption of a

multiscale model with indirect coupling.

6.4.1. Calculation of the fan and fire characterist  ic curves

The adoption of indirect coupling strategies regsiithe calculation of the characteristic
curves of the near field regions. Several runs t@ hear field CFD model are
conducted, varying the pressure difference acrossdomain boundaries. The results
are presented in terms of bulk flow velocity vstatqpressure difference. Figure 76
shows the characteristic curve of a single andiaqgfaoperating jet fans. The curves
describe the capability of jet fans to produce shand they are calculated adopting the

methodology presented in the previous chapter.
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Figure 76: Characteristic curves of a tunnel regle®d m long where an activated jet fan pair (and a
single jet fan) is located: Pressure drop betwadatiand outlet vs. Mass flow rate across the
inlet. (CFD calculated).
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Figure 77: Characteristic curves of the tunnel gid00 m long where the fire is located: Pressugpd
between inlet and outlet vs. Mass flow rate acthssinlet (CFD calculated)

The same approach has been followed to calculatehbracteristic curves of the fire
region. Different simulations have been conductaing the total pressure difference
across the domain and calculating the resulting Bal velocity. Figure 77 shows the
resulting curves for different fire sizes in thaga from 10 to 100 MW. The sensitivity
of the results to the assumed temperature of thgdses released by the fire source has
been investigated in the experimentally measurageadrom 1100 to 1500 K. Despite
the temperature difference of 400 K (almost 50%eament), the effect on the curve for
the 10 MW scenario is negligible (~1%). For the MWV and 50 MW scenarios the
effect is smaller than 5%, and for the 100 MW itsimaller than 7%. This relatively

small sensitivity is a point in favour of the sinfilgld representation of the fire.

6.4.2. Comparison to full CFD solutions

The multiscale results obtained with indirect cauplhave been compared to the full

CFD solutions for cold flow and fire scenarios.

6.4.2.1. Cold flow scenarios

A previous analysis of cold flow scenarios has bgeriormed to assess the capability
of the ventilation system and whether or not theuagption of periodic behaviour for

the jet fan train was acceptable. Also in this teste the analysis of the flow pattern
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established for 10 operating jet fans pairs corditime flow periodic behaviour (see
Figure 78).

__EEEREEE
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Figure 78: Longitudinal velocity iso-contours, calated using full CFD for 10 operating jet fans i
(Not to scale)

The multiscale calculations have been conducteld thi¢ jet fan characteristics curves
implemented in the 1D model. The multiscale antt@HD predictions of the bulk flow
in the tunnel as function of the number of opeajet fans are shown in Figure 79. It is
seen that the adoption of the multiscale modeluding the periodic flow hypothesis,
induces a numerical error lower than 1.5% in adinscios. In Figure 79, two different
ventilation scenarios with 5 operating jet fansrpdiave been considered. The first
configurations uses all the north portal jet farslevthe second uses all the south portal
jet fans (see the configuration of the ventilatsystem as depicted in Figure 63).

The computational time required to run the full CFDdel ranged between 48 and 72
hr. The multiscale model with indirect coupling sualmost instantaneously (few

seconds).
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Figure 79: Predictions of average velocity for cdllolw scenarios. Comparison and error between
multiscale and full CFD results.

6.4.2.2. Firescenarios

The comparison between bulk flows computed with @FD model and multiscale

model is resumed in Table 16.

Full Scale CFD Multiscale indirect 1D model
Fire Size mass flow mass flow . mass flow .
deviation deviation
rate [kg/s] rate [kg/s] rate [kg/s]
Scenario 1 30 MW 216.10 223.53 3.44% 277.00 28.18%
Scenario 2 30 MW 301.42 305.58 1.38% 356.00 18.11%
Scenario 3 30 MW 435.19 445.52 2.37% 490.00 12.59%
Scenario 4 30 MW 299.29 300.25 0.32% 351.00 17.28%
Scenario 5 10 MW 204.52 197.70 3.33% 236.00 15.39%
Scenario 6 50 mw 227.19 242.74 6.85% 310.00 36.45%
Scenario 7 100 MW 194.28 203.01 4.50% 325.00 67.28%

Table 16: Comparison between Full CFD, Multiscalad 1D model predictions for the 7 scenarios
investigated. The multiscale results are obtain&tl imdirect coupling. The table presents only
bulk flow data.

Also in this case, the comparison of the computelt How data is very favourable
with deviations ranging between 0.32% and 6.85%s Worth to note that, the simple
representation conducted with a fully 1D model eysdtically overpredicts the

capability of the ventilation system (up to 67% #A400MW fire). This is due to the
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simplistic representation of the fire near fielgjio: and the inability in describing the
high velocity gradients established in the vicirofythe fire.

The computational time required by full CFD simidat ranged between 48 h and 72 h
while multiscale simulations with indirect couplinrgquired few seconds once the
characteristics curves are available. This is ofagradvantage because several
ventilation scenarios can be explored and extensivesitive analysis and parametric

studies can be conducted.

6.4.3. A note of the fire throttling effect

The results contained in Table 15 and Table 16 stmatvthe number of operating jet
fans required to achieve critical ventilation vadpdn the fire region varies with the fire
size. In particular 2, 4 and 5 jet fan pairs mustdetivated to provide super-critical
ventilation velocity for a 10 MW, 50 MW and 100 M¥¥e respectively. These results
show that throttling effect of the fire is large.

Comparing the effect of the number of operatingges in cold flow scenarios (Figure
78) to the fire scenarios (Table 16), the fire thiry effect can be quantified at least for
this specific tunnel layout. For a 100 MW fire, timass flow when 5 jet fan pairs are
activated is ~200 kg/s. When 5 jet fan pairs atevated in cold flow scenarios, the
flow is ~290 kg/s. Thus, the effect of the 100 M¥\a decrease the ventilation flow by
more 30%. This is due to the additional fire indig@essure losses due to sudden air
expansion, higher velocities in the tunnel genegatiigher frictional effects, buoyant
effects and localized losses in the plume regiobviQusly, such effects will be
amplified for larger fires. Besides, it is worthrote that frictional and buoyant effects
increase with the tunnel length, so the fire thirgiteffect can be severely magnified for

longer tunnels.

The same conclusions were obtained experimentallgnoall scale tunnel fires by Lee
and Chaiken [36] and very recently by Harvey andt&u(2009) [131]. The latter
provided a rough estimation of the fire inducedsptee losses for a 70 MW and a 200
MW fire in a 2 km long tunnel. They concluded tha200MW fire can induce 2 to 2.5
times higher pressure losses in comparison to @el\W one. However they could not
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give any conclusion on the actual number of vetitadevices needed to cope with
specific fire hazards. In the present work sucHuwateon can be accurately performed in
a relatively short time scale since the main fesguof fire near field are correctly
reproduced by the CFD sub-domain while the behavimfuthe remaining tunnel
(including frictional losses, ventilation devicehawiour, portal boundary conditions
etc.) is exactly represented by the 1D model meimg the coupling between

ventilation system and fire.

6.5. Concluding remarks

In this section the multiscale modelling approaels been applied to simulate tunnel
ventilation flows also in case of fire. Both direatd indirect coupling strategies are
used and compared to full CFD predictions for sgeadate conditions. The
methodology has been applied to a modern tunnél 58t cross section and 1.2 km
in length. Different fire scenarios ranging from MV to 100 MW are investigated

varying the number of operating jet fans.

It is shown that the accuracy of the multiscale aetasl high when compared to the full
CFD solution. In particular, the error for all teidied scenarios is below few percents.
The small numerical error is more than acceptablerwcompared to the large
uncertainty of the real meteorological conditiohtha portals, actual fire load, effective

lining roughness, presence of vehicles and obstngtetc.

To the best knowledge of the author, this is tih&t ime that a ventilation system has
been coupled to a fire. This has allowed, amongrothings, to quantify the fire
throttling effect, which is seen to be large anddduce the flow up to 30% for a 100
MW fire.

The multiscale model has been demonstrated tovadichtechnique for the simulation
of complex tunnel ventilation systems under différdire hazards. It can be
successfully adopted to conduct parametric anditsgtysstudies, to design ventilation
systems, to assess system redundancy and to dksepsrformance under different

hazards conditions. Furthermore, the author bediglaat the multiscale methodology
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represents the only feasible tool to conduct ad¢ewanulations in tunnels longer than
few kilometres, when the limitation of the compidatl cost becomes too restrictive.

In this section, the ventilation scenarios arefsetsuper-critical velocities preventing
the smoke back-layering. Thus, the assumption ofla® at the upstream boundary is
guaranteed. In order to use the multiscale modahvestigate sub-critical ventilation
scenarios, the upstream boundary must be movedstoe that all the back-layering is
captured within the CFD domain. If otherwise, theik be a tunnel region close to the
upstream boundary where the computed flow field priésent deviation from the full-

CFD solution as presented for the downstream bayragaply.

Parts of this work have been publishedFire Technology [105].
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Multiscale modelling of
time-dependent tunnel
ventilation flows and fires

7.1. Introduction

In chapter 5 and 6 the multiscale modelling appnokas been used to simulate the
behaviour of tunnel ventilation flows and fires Bteady state conditions. The
information provided by this type of simulations fisndamental for analysing the
effectiveness of the ventilation system under défife fire hazards. Typically such
analysis provides data related to the occurrencebaxk-layering, velocity and
temperature distributions within the tunnel domaielocity profile and temperature

fields in the vicinity of operating ventilation dees or close to the fire source.

However, a complete analysis of the ventilatiortesysresponse and its interaction with
the fire is a much more complex task. Indeed, wihefiming the optimum ventilation

strategy for a given fire scenario, other significesues arise. For instance, information
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related to the time required to reach the critiabcity in the fire region, to clear a

certain tunnel portion from smoke, or the tempesalution of the smoke stratification,

is fundamental to analyse the development of angeney scenario. Furthermore, such
data are fundamental to determine the evolutiorhafardous zones in the tunnel
domain, to design evacuation procedures or to whater the correct timing for the

activation of fixed fire fighting systems (e.g. wamist, deluge or sprinkler systems).

Obviously, the amount variables that come into pldaen conducting time dependent
analysis increases making sensitivity studies aarmpatric analysis more complex.
Indeed, if steady state analyses require mainhk p¢&R and operating ventilation
devices, time dependent analyses require inputs ciéated to the detection times,
response time of the ventilation system and firewdin curve. Furthermore, the
characteristic transient time ranges from 5 min foe detection and protection

activation to 30 min for smoke moment. This last arcreases with the tunnel length.

The application the multiscale model for time deget analysis of tunnel ventilation

flows and fires is the subject of this chapter. Tneat engineering value of multiscale
techniques is boosted in this application sincentlmaber of input variables, the size of
the computational domain and the temporal duratiothe event to be simulated are so
large that full-scale CFD would demand very largeputational resources, most likely

out of reach for applications to real systems.

Typically, only few full CDF runs are conducted asensitivity studies to the main
variables (e.g. detection time, fire growth curved soperating ventilation devices)
cannot be provided.

7.2. A case study: amodern tunnel 1.2 km in length

The multiscale technique has been used to simala00 m long tunnel longitudinally
ventilated whose layout is the same as the onespted in the chapter 6. A schematic
of the tunnel layout is presented in Figure 80. Tumnel is 6.5 m high with standard
horseshoe cross section of around 53amd hydraulic diameter around 7.3 m. The
same geometry of the East Dartford tunnel crosiosebas been used for the scope
(see Figure 49).
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The tunnel is equipped with two groups of 5 jetsfaairs 50 m spaced, each group
installed near a tunnel portal. The jet fans anedaby the manufacturer at the
volumetric flow rate of 8.9 fits with a discharge flow velocity of 34 m/s.

South
portal

North
portal

¥ [(B [B [C® [B C® C® B B B
#1 #2 #3 #4 #5 — #6 #7 #8 #9 #10

125m 50m
600m

north portal jet fan pairs #1 - #5 south portal jet fan pairs #6 - #10
(approximate position) Fire source (approximate position)

1200m

Figure 80: Layout of the tunnel used as case stimbwing the relative positions of the fire, jet§and
portals (Not to scale).

The fire is located in middle of the tunnel andyoal30 MW fire is considered for this

specific application.

The fire growth curve has been built on the bagishe prescriptions proposed by
Carvel [17] that apply to tunnel fires involvingpigal material mixtures for European
HGVs cargos [8]. The author observed that the glffcfire representation [6] was not
fitting any of the experimental data and proposetiva-step linear approximation.
During the first step the fire would grow slowly tgp1+2 MW, while during the second
step, the growth rate would be significantly higbigy to 15 MW/min). The changing of
the fire regimes usually takes place aftetetay phasaisually as long as few minutes
(from 2 to 6). The author observed also that tHaydphase length and the fire growth
rate are somehow correlated to the ventilation $l@xperienced by the fire during its
development. For the time dependent analysis cdadun this section an average
temporal duration of the delay phase equal to 4 mambeen chosen; during this phase
the fire growth rate is assumed to be equal toNVB/min. The following phase is
characterized by a higher growth rate equal to ¥8/Min. The peak HRR (30 MW) is

reached after around 350 s.
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Figure 81: Fire growth curve, delay phase and datectimes considered in the time dependent
multiscale simulations. The fire growth curve iséd on the work of Carvel (2008) [17].

Three different ventilation strategies have beemsitered for the analysis® btrategy
involving operating jet fans pairs from #1 to #%’ &rategy involving operating jet fans
pairs from #1 to #5;'3 strategy involving operating jet fans pairs fromt #10. The
fan characteristic curves are the ones computeédeirprevious chapter and depicted in
Figure 76. The jet fans are supposed to reachhulbkt after 10 s. However, it has been
found that the impact of this variable on the rissid negligible being the characteristic

time scale of tunnel ventilation flows almost 2 enslof magnitude larger.

Three initial simulations have been run adoptingoastant value of detection time
(indicated as TD hereafter) equal to 2 min reprissgnan average value for slow
growing fire detected by means of fibre optic lindatection cables [132]. Eventually,
shorter detection times could be expected for fagtewing fires (i.e. pool fires) or
more efficient detection techniques based on vateysis systems [133]. On the other
hand, longer detection times can be expected iffitleeis shielded by obstacles or
located underneath the vehicle [134]. For thessams after running three base cases
characterized by a 2 min detection time, it hasbegied to 1.5 min and 2.5 min and

the effects on the development of the emergenayasicehave been assessed.
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The temporal duration of the simulated fire emecyan equal to 10 min being this the
time required to reach steady state conditionséntinnel domain. An overview of the

time-dependent ventilation scenarios analysedigdmapter is given in Table 17.

Jet fan pairs Jet fan pair Jet fan pairs Detection time
Fire Size #1- 3 #4-5 #6 - 10 [min]

Scenario 1 30 MW ON OFF OFF 2

Scenario 2 30 MW ON ON OFF 2

Scenario 3 30 MW ON ON ON 2

Scenario 4 30 MW ON OFF OFF 2.5
Scenario 5 30 MW ON ON OFF 2.5
Scenario 6 30 MW ON ON ON 2.5
Scenario 7 30 MW ON OFF OFF 1.5
Scenario 8 30 MW ON ON OFF 1.5
Scenario 9 30 MW ON ON ON 1.5

Table 17: Summary of the ventilation scenarios wrsd in the time dependent analysis

The multiscale simulations have been conducted siggua multiscale model with
direct coupling approach. As already pointed ouhmm previous sections this approach
allows the computation of detailed flow and tempamfield data in the 3D-CFD sub-
domain which includes the fire while the rest aintal layout is represented by adopting
a 1D modelling approach. More details on the caogpliechnique can be found in
chapter 4

A schematic of the coupling between 1D model offtrefield and CFD model of the

near field has been depicted in Figure 82.
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Figure 82: Schematic of the multiscale model ofZaKin tunnel including portals, jet fans, and thHelC
domain of the fire region. Contours of the temperaffield show the fire plume. (Not to scale).
The 1D-CFD interfaces have been highlighted in gree
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As already asserted in the previous chapters, ticatripoint of the multiscale
representation is the positioning of the 1D-3Dnfatees (; and/jin Figure 82). Indeed,
they must be located in a domain region where tbe is fully developed and is
characterized by mild velocity gradients. This &ssuas already addressed for the same
tunnel layout ad fire sizes in the previous chapiére analysis confirmed that, if
boundary is located at a distance larger that t&githe tunnel hydraulic diameters,
average and flow field deviations can be signifitbameduced with error of few
percents in comparison to full CFD solutions. Oa liasis of this estimation, the outlet
boundary has been located at distance equal tor@3 the tunnel diameter (~ 150 m)
and therefore, the length of the CFD sub-domaegigal to 300 m being the fire located

in the middle.

The assumption of 1D flow at the upstream boundangt be maintained during the
whole calculation and also during the initial ssgd the fire emergency when the
ventilation system is not yet operating or the Waton flow is still sub-critical. In

these cases it must be ensured that all the ititiak-layering is captured within the
CFD domain. If otherwise, there will be a tunnajiom close to the upstream boundary
where the computed flow field will present deviatiom the full-CFD solution as

presented for the downstream boundary. For timeem#gnt calculations a rough
estimation of the smoke front velocity and the @spuent travelled distance can be

based on the correlation presented in [135]

1/3
Vorore = {%J (77)
C p 100 o

wherec is an empirical constant equal to 0gds the gravity,T the smoke temperature,
Q the fire HRR/ the fire radiative losses, the air specific heat at constant pressWe,
the tunnel widthp, the ambient density anti, the ambient temperature. The smoke
temperature in the fire zone can be assumed tobetryeen 1100 K and 1500 K (lower
values can be expected if the flame does not tthelteiling). A rough approximation
of the temperature evolution beneath the ceiling loa performed by using the energy

equation for 1D tunnel bulk flows [5].
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However, a posteriori post-processing of the CFiulte must always be conducted to
clarify this matter.

7.3. Multiscale model results

Figure 83 shows the temporal evolution of the nféss rate through the tunnel as
computed by the multiscale model for the first 3dacenarios characterized by a TD
of 2 min. Supercritical ventilation conditions, oesponding to bulk flow velocity larger
than 3m/s, are reached after 244 s, 190 s and &&@rsthe fire outbreak (124 s, 70 s
and 36 s from the moment of the ventilation syssativation) for scenario 1 2 and 3,
respectively. At this moment in time the fire i8l $h its incipient phase and its HRR is
lower than 2MW.
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Figure 83: Time dependent evolution of the mass fite through the tunnel for scenario 1, 2 and8«
Table 17). The time to detection is 2 min. Supgcaticonditions (y,> 3m/s) are reached after
244 s, 190 s and 160 s for scenario 2 and 3 respaygt

Figure 84 shows the conditions within the tunnd $2after the fire outbreak. As it can
be seen velocity and temperature profiles are stithmetric since the ventilation
system has not been yet activated. The smoke fevatbcated around 110 m far away
from the fire source (~40 m from the 1D-CFD inteds). This first result shows that
when the ventilation system is activated the bagleting nose is by far within the

upstream boundary of the computational domain.
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Figure 84: Multiscale results in the vicinity ofeire computed 2 min after the fire outbreak foersario
1, 2 and 3 (see Table 17). The ventilation systembout to be started. Velocity and
temperature values are expressed in m/s and K otispéy. The longitudinal coordinates start
at the upstream boundary of the corresponding Ceain. (not to scale)
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Figure 85: Temperature profiles computed by thetiszdle model 3 min after the fire outbreak for
scenario 1, 2 and 3 (see Table 17). The ventilagigstem is operative since 1 min. Temperature
values are expressed in K. (not to scale)
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Figure 86: Longitudinal velocity profiles computey the multiscale model 3 min after the fire outtlre
for scenario 1, 2 and 3 (see Table 17). The vditilasystem is operative since 1 min. Velocity
values are expressed in m/s. (not to scale)

Figure 85 and Figure 86 show the temperature amocitye profiles in the tunnel

domain 3 min after the fire outbreak for ventilatiscenarios from 1 to 3. The higher
performance of ventilation strategy #3 involving diierating jet fan pairs is clear since
the back-layering nose is completely removed frbm tunnel region upstream of the
fire. Differently, back-layering regions (100 m a@id in length) can be still observed
for ventilation scenarios #1 and #2 involving 3 aBdoperating jet fan pairs,

respectively. The average ventilation velocity lve fire region is around 1.8 m/s, 2.8
m/s and 5 m/s for ventilation scenarios 1, 2 ance8pectively. Furthermore it can be
seen that, given the relatively low ventilationo@ty and fire size (smaller that 2 MW),
smoke stratification is maintained both in the tgetn and downstream regions for all
the scenarios. Therefore, both the regions upsti@andownstream of the fire can be

used for evacuation purposes within the first 3 from the fire outbreak.
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Figure 87: Temperature and velocity profiles 5 riieft column) and 10 min (right column) after tlive foutbreak for scenario 1, 2 and 3 (see Table Témperature

and velocity values are expressed in K. and mépeetively (not to scale)
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Figure 87 presents the computed temperature andfitdds 5 min and 10 min after the
fire outbreak for ventilation scenarios from #1 #8. The temperature contours
computed 5 min (left column in Figure 87) after fire outbreak show that the back-
layering has been removed in the three ventilasioenarios while the smoke front is
located at a distance downstream of the fire soaf@&0 m and 450 m for scenarios 1
and 2, respectively. Since the ventilation velesitiachieved during the emergency
scenario 3 are considerably higher (see FiguretB8)smoke front has already reached
the tunnel portal 5 min after the fire outbreakeTasults show that smoke stratification
downstream of the fire is lost at distances of@@and 100 m for scenarios 1,2 and 3,
respectively. Therefore, only the tunnel regionstigam of the fire and these short
distances downstream can be used for evacuatigmoges. The average ventilation
velocity in the fire region is around 3.5 m/s, 5srahd 7 m/s for ventilation scenarios 1,
2 and 3, respectively. Given the larger ventilatitows attained in the ventilation
scenario 3, considerably lower temperatures (ardl0@ K lower than for ventilation

scenario 1) are achieved within the tunnel domain.

Temperature and velocity profiles within the tunmgmain 10 min after the fire
outbreak are resumed in Figure 87 right columnhBbe fire and the ventilation flows
have reached steady state conditions while the srfrokt has reached the downstream
portal for scenarios 1, 2 and 3. The average \&iuil velocity in the fire region is

around 4 m/s, 5.5 m/s and 7.5 m/s for ventilaticenarios 1, 2 and 3, respectively.

Beside the time required to reach supercriticaltiiagion velocities (indicated as TC
hereafter) in the fire region, another importantialale is the time required to remove
the back-layering (indicated as TB hereafter) ftbmnfire upstream region. In particular
it has been computed that the fire upstream regaonbe cleared after 255 s, 220 s and
187 s after the fire outbreak (135 s, 100 s and 66m the moment of the ventilation

system activation) for ventilation scenarios 1nd 8, respectively.

The multiscale analysis conducted allows for arss®ent of the impact of the number
of activated jet fan pairs on TC and TB. In pafacuit can be calculated that the
simultaneous activation of 10 jet fan pairs (vextitin scenario 3) instead of 3 jet fan
pairs (ventilation scenario 1) induces a reducbonTC and TB by 36 % and 30 %,
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respectively. However, it must be asserted thatTihe(120 s) still represents a large
portion of TC and TB and therefore its reductiomésirable as it impacts considerably

their values. Table 18 gives an overall view onrtbeerical findings.

Fire Size Jet fan pairs Jetfan pair Jet fan pairs ||Detection time Time to critical Time to
#1-3 #4-5 #6 - 10 (TD) [min] velocity (TC) [s] remove back
Scenariol 30 MW ON OFF OFF 2 244 255
Scenario2 30 MW ON ON OFF 2 190 220
Scenario3 30 MW ON ON ON 2 156 187
Scenario4 30 MW ON OFF OFF 2.5 290 300
Scenario5 30 MW ON ON OFF 2.5 220 260
Scenario6 30 MW ON ON ON 2.5 188 222
Scenario7 30 MW ON OFF OFF 1.5 214 212
Scenario8 30 MW ON ON OFF 1.5 160 181
Scenario9 30 MW ON ON ON 1.5 126 152

Table 18: Summary of the ventilation scenarios wired and numerical findings

Among the remaining cases, scenarios 4 to 6 amadiesized by a 2.5 min detection
time and 3, 5 and 10 operating jet fan pairs, retspay. Scenarios from 7 to 9 are

characterized by a 1.5 min detection time and@)d 10 operating jet fans respectively.

A careful analysis of the TC values shows that aatian in the time to detection
produces a simple shift in the time required taiattritical velocity in the fire region.
Indeed, for scenarios 1, 4 and 7 characterized bge3ating jet fan pairs, the system
required around 130 s (from the moment of activgtim generate critical ventilation
velocities in the fire zone. Similarly, for sceri2, 5 and 8 characterized by 5 jet fan
pairs, and for scenarios 3, 6, and 9 charactefzetlO jet fan pairs, it requires around
70 s and 40 s, respectively. The previous data gshatvTC can be reduced by 70% by

increasing the number of operating jet fan paosfi3 to 10.

These results confirm that the values of TC arenlpalependent on detection time and
ventilation strategies (e.g. number of operating f@ns) while they are almost
insensitive to the specific fire stage. Due to pinesence of the initial low HRR stage,
the ventilation system is able in most of the Jattin scenarios to generate
supercritical ventilation velocity before the fites reached a considerable size and
therefore its impact on the ventilation system oesg in negligible. Indeed for the
fastest response case (scenario 9) the fire size28 MW while for the slowest

response case (scenario 4) the fire size is arabndW (half of the full size). It must
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be asserted that the fire growth could have a tamgpact on the value of TC for faster

developing fires (e.g. pool fires).

The analysis conducted provides also informatideted to the time required to remove
the back-layering (TB) defined as the moment whembiant conditions are re-
established just upstream of the fire source. Thwlev set of computed vales is
contained in Table 18 and plotted in Figure 88 Wwhhighlights the dependence
between number of operating jet fans, time to dietecand time required to remove

back-layering (computed from the moment of the Natibn system activation).

160
—o—Scenarios 1, 2, 3; TD=2min

—#—Scenarios 4, 5, 6; TD=2.5min
—&— Scenarios 7, 8, 9; TD=1.5min

140 -
120 -

"
£
o
>
@
< 100 -
O
8
S 80 -
>
g 60 -
et
8 407
e 20 -
=
0

2 3 4 5 .6 . 7 . 8 9 10 11
# active jet fan pairs

Figure 88: Dependence between number of operaéihtajp pairs, TD, and time required to remove
back-layering computed from the moment of the haiath system activation.

It is clearly shown how, due to the further locatiof the smoke front when the
ventilation system is activated, the larger is tihge to detection the larger is the time
required by a constant number of jet fans (oncwateid) to remove the back-layering.
Figure 88 also clarify that impact of TD on TB bews smaller when the number of jet
fans simultaneously activated is larger; indeed, darves tend to get closer when the

number of operating fans is larger.

Although ventilation scenarios involving 3, 5 opb@erating jet fan pairs are equivalent
from a steady-state point of view since able of oeimg back-layering, they do not

have the same dynamic response. Figure 89 showmtheations between the number
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of active jet fan pairs, detection time and theetirequired for remove back-layering
(computed, in this case, from the fire outbrealg.vBlues will be the sum of detection
time and response time of the ventilation systerhil®\the former depends mainly on
the technology used for detection (linear detectaideo analysis or flame detectors),
the latter will depends on the ventilation strategippted (i.e. number of available jet

fan pairs) and on the tunnel geometry.
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Figure 89: Dependence between number of operattdan pairs, TD, and time required to remove

back-layering computed from the fire outbreak

Figure 89 clarifies also the great impact of théedgon time on the time to remove
back-layering. Indeed, a relative small variationtbe detection time (30 s) has a huge
impact on the minimum number of ventilation deviceseded to fulfil a given

requirement on TB.

7.4. Concluding remarks

In this section the multiscale modelling approacts been applied to simulate real
tunnel fire emergency. The multiscale model, rumimrect coupling fashion, has been

used to solve time dependent problems.

The methodology has been applied to a 1.2 km longel (53n7 cross section) under a

30 MW fire hazard. The fire growth curve has begpraximated following a two

182



Multiscale Modellingof Tunnel Ventilation Flowsind Fires FRANCESCO COLELLA

linear step approximation. 3 different ventilatieeenarios involving 3, 5 and 10 jet fan
pairs have been simulated. The time to detectienble®n ranged between 1.5 and 2.5

min. The simulated time interval was equal to 1@ starting from the fire outbreak.

Being the model run in time dependent fashionllawes for a complete analysis of the
ventilation system response and its interactior whie fire. For instance, information
on the time required to reach critical velocity ditions in the fire region, to remove
back-layering or related to the evolution of theokm stratification in the fire region
could be obtained. Such data are fundamental &rmdéete the evolution of hazardous
zones in the tunnel domain, to design evacuatioongutures or to determine the correct
timing for the activation of fixed fire fighting stems (e.g. water mist, deluge or
sprinkler systems). The computed data confirm tieatgimpact of detection time and
number of jet fans on the ventilation system respo#\ smaller impact is induced by
the fire growth curve but this is likely due to ttesign fire used for the simulations
characterized by an initial low growth rate phdsarger impact could be expected for
faster growing design fires. Similar consideratioaa be done for longer tunnel, where
the response of the ventilation system is intra$ycslower and therefore the fire has

longer available time to evolve towards signifidptarger size.

The effectiveness of the model when dealing with dob-critical fire scenarios has
been also confirmed. The crucial point is represegity the correct sizing of the CFD
sub-domain in order to capture the back-layeringuoence. Some empirical
correlations related to this issue are provided.

A reduction of the required computing time of alm®®rders of magnitude is expected
also for time dependent calculations. However, raatliassessment of such reduction
could not be performed as done for steady statalations since, based on estimations,
each transient full CFD simulation could take u@tmonths. These results confirm that
the multiscale methodology represents the onlyilid&stool to conduct accurate
simulations in tunnels longer than few kilometraghen the limitation of the

computational cost becomes too restrictive.

Given the low computational complexity of the msdtle model in comparison to
traditional computing techniques, the model enalbi@s simultaneous economic
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optimizations of the overall ventilation/detectigystem. For instance, we can think of a
coupled ventilation/detection system which is desdyto cope with a 30 MW fire and
that, for evacuation purposes, requires to be tbfally control the smoke spread (i.e.
remove back-layering) within 200 seconds from thle butbreak. Having this goal
fixed, the following combined ventilation/detectieystems would be equivalent (see
Figure 89):

1. 4 jet fan pairs + detection technique able to detexfire within 1.5 min
2. 8 jet fan pairs + detection technique able toaédtee fire within 2 min

3. 14 jet fan pairs (extrapolated value) + detectechhique able to detect the fire

within 2.5 min

Being the three different options equally perforgithe final design must be chosen on
the basis of an economic analysis of the initialestment (including ventilation and
detection systems) and maintenance costs.
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Conclusions and future
wor ks

The work presented is related to the numerical Eitrmns of tunnel ventilation flows
and fires. Different numerical techniques have bdeweloped and validated against
experimental data from real tunnels including 1Ddels, CFD models and multiscale

models.

The developed 1D model has been validated agaxpstrienental data from the Frejus
tunnel (IT) where it has been shown to be ableréalipt with reasonable accuracy the
evolution of the ventilation conditions within thennel during a fire emergency.
Typically 1D models are unsuitable to simulate th&d behaviour in regions

characterized by high temperature or velocity gratdi typically encountered in the
vicinity of the fire plume, ventilation devices oomplex interconnections of galleries.
In order to deal with such complex flow conditiorteey mainly rely on empirical

correlations or calibration constants to be defirmd the basis of experimental

measurements or detailed CFD calculations.
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The CFD models have been developed in FLUENT enmient and used to simulate
tunnel ventilation flows both in cold (i.e. ambierinditions) and fire scenarios. The
numerical sub-models have been chosen on the bhsais extensive literature review
involving all the related papers published in thst 25 years on archival journals of the
field. Great care has also been given to the cbuolecice of the grid size which has
been systematically refined until no substantisiateons both in the local field data and

integral values were observed.

A first validation work has been undertaken by gsoold flow data measured in 9
different ventilation scenarios in the Norfolk T, Sydney (AU). A significant level
of accuracy (average relative deviation around 1Hi&s) been achieved. A comparison
to the experimental findings from two small scalartel fire scenarios studied by Wu
and Bakar [33] confirmed also the ability of the OCifnodel to predict the critical
velocity with a reasonable level of accuracy (~ 25%

The CFD analyses have also shown that significambpaitational resources were
required to simulate a single steady state veittiladr fire scenario in relatively short
tunnels. The computational time become a severdéalion when the full CFD

approach is adopted to deal with fire or ventilatio long tunnels or when analysing a
broad range of ventilation strategies. Furthermtire,high computational cost leads to
the practical problem that arises when the CFD ihddes to consider boundary
conditions in locations far away from the region ioferest (i.e. tunnel portals or
ventilation stations located long distances awaynfithe fire). In these cases, even if
only a limited region of the tunnel has to be inigeged, an accurate solution of the
flow movement requires that the numerical modeludes all the active ventilation

devices and the whole tunnel layout. For typicaintls, this could mean that the

computational domain is several kilometres long

Multiscale methods, based on hybrid 1D-CFD companat techniques, represent a
way to avoid such high computational complexity.eytave never been applied to
simulate tunnel ventilation flows and fires andstiork represents only the starting
point for a more comprehensive use of these tedesicaddressing tunnel related
problems.
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Multiscale models are based on the evidence thitervicinity of operating jet fans or
close to the fire source the flow field has a ca@r@D behaviour with large transversal
and longitudinal temperature and velocity gradieitge flow in these regions needs to
be calculated using CFD tools since any other mppproach would only lead to
inaccurate results. However, it has been demoestratr cold flow scenarios and for
fire scenarios that some distance downstream ofetlegions, the temperature and
velocity gradients become milder and the flow betwawvcan be accurately represented
by 1D models. The work presents also a wide desmnipon the 1D-CFD coupling
techniques as well as gives emphasis to the canittbke numerical error.

Multiscale modelling techniques have been first ligdpto simulate steady cold
ventilation flows in the Dartford Tunnels (UK) wilgeran extensive experimental
campaign has been also undertaken. The compaiserperimental data shows that
highly accurate results could be achieved both whedelling the local flow field in
the vicinity of operating jet fans as well as biltkvs within the tunnel. The developed
multiscale model has also been applied to inclheeeffect of the fire. The comparison
to full CFD solutions shows that the maximum floweld error can be reduced to less
than few percents, but providing a significant r@dhn in computational time.

Time dependent analyses of tunnel ventilation flawd fires have also been conducted
providing, for instance, information related to ttime required to reach the critical

velocity in the fire region, to clear a certain teh portion from smoke, or the temporal
evolution of the smoke stratification in the firegion. These details are indeed
fundamental to analyse the development of an emeygscenario to determine the
evolution of hazardous zones in the tunnel dontairdesign evacuation procedures or
to determine the correct timing for the activatioinfixed fire fighting systems (e.g.

water mist, deluge or sprinkler systems).

The advantages of multiscale modelling techniqudsenw dealing with tunnel
ventilation flows and fires are mainly related te tconsiderable computational time
reduction in comparison to traditional full CFD apaches. Indeed, it has been shown
that multiscale simulations of steady tunnel vatitin flows and fires in a 1.2 km long
tunnel are almost 2 orders of magnitudes fastem thh CFD simulations. A direct
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assessment of such reduction for time dependenilaiions could not be performed
since each transient full CFD simulation could taketo 3 months. The reduction in the
computing time is likely to be larger for longerntels where the multiscale

methodology represents the only feasible tool twdoot accurate simulations.

Given the low computation complexities, multiscédehniques can be successfully
adopted to conduct parametric and sensitivity ssjdio design ventilation systems, to
assess their redundancy and performance underretiffdire hazards. The great
engineering value is boosted when conducting tirepeddent simulations since the
number of input variables is larger and includetecteon time and fire growth curve.
Such broad spectrum of simulations cannot be peddradopting traditional CFD

models due to the required computing time.

Another significant advantage is related to theusation of the whole tunnel domain
including the ventilation devices. This allows fan accurate assessment of the fire
throttling effect and for a prediction of the minim number of jet fans needed to cope
with a certain fire size. For instance, it has bskeown that a 100 MW fire in a 1.2 km
long tunnel is likely to decrease the ventilatitowf by more 30% due to the additional
fire induced pressure losses. Obviously, such effedll be severely amplified for
larger fires and longer tunnels. It is worth to endhat 1D model could be used to
address this issue but it has been shown thataheyikely to underestimate the fire

induced losses.

One of the most important issues on the use ofiseale model for tunnel ventilation
and fires is related to the location of the inteefsbetween 1D and CFD models. These
boundaries must be located in regions of the dowhiere the temperature or velocity
gradients are negligible and the flow behaves lgrge 1D. These dictate the length of
the CFD domain. This required length is case sjueaifd in general depends on tunnel
geometry, installation details of ventilation dess¢ presence of obstacle, etc. Based on
the test cases chosen in this work, which represesit modern tunnel layouts, a
minimum length of the CFD domain for an accuratewation of ventilation and fire

induced flows could be provided.
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Being this only a pioneering work on the subjebgré are several other issues that
deserve to be addressed in the next years or soe $6them are directly related to the
sub-models adopted for the simulations while othestated to new possible

applications and integration with different simidattools.

A first improvement could be represented by thepéda of more sophisticated
combustion models (e.g. Eddy break up or mixtuaetfon models). The results could
be compared to the simplified fire representatiasdal on volumetric heat source as the
one used in this work. On the basis of the liteteview conducted, it is believed that
only marginal improvements on the prediction caliizs can be obtained but this still
represents a due step. Eventually, comparison®taled flow field and temperature

measurements can be introduced to address thes issu

Other possible applications are represented byelotgnnels equipped with different
ventilation system types (e.g. transverse and s$emsverse systems). The first
application will be the Frejus tunnel where sevesats of experimental data are

available.

An initial screening of other possible CFD solvevsbe coupled to the developed 1D
model has been undertaken. Other CFD packagespa@F0am (general purpose open-
source CFD code based on final volumes), FDS (gpence CFD code based on finite-
differences) and CD-Adapco (general purpose comale@FD code based on finite
volume). The main requirement for the CFD codedabeful for multiscale computing
is the accessibility. Indeed, the boundary cond#imf the CFD model must be
dynamically updated during the solution procedumeorder to achieve a global

multiscale convergence.

Other interesting applications are representedhbycbupling to risk analysis tools in
order to perform enhanced studies of ventilationstay performance and
comprehensive risk analyses involving a large numbaltiscale runs. The current
state-of-the-art, due to the huge time requiredfiuly CFD simulations, uses only a
limited number of CFD runs and then extrapolates tfesults to similar scenarios. The
lower cost could be of great value also for perfagncost optimization during the
design process of the tunnel ventilation and detedystems.
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