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Large eddy simulation of a tunnel fire
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Résune :

Une simulation des grandé&shelles (LES) est utik®e dans le cadre d’unetude @diee aux incendies dans les tunnels
routiers. Le feu est madise comme une eréie de pechauffage de carburant injést pour produire la l@meénergie que
celle produite par le feu (en supposant que tout le carbuemttbiile). Les effets de rayonnement sont pris en compte
a travers un modle simplifée congu pour regsenter le transfert &nergie des produits issus de la combustion vers les
murs du tunnel beaucoup plus froids. Lésultats sont valigls par comparaison avec des essai®expentaux effeces
dans le tunnel Ofenegg. Un bon accord qualitatif et quatifiest obtenu entre les deux approches. éspavoir valid

les résultats, uneérie d’autres analyses sont nmégs, portant notamment sur lagsence de voitures l'intérieur du
tunnel et sur la stratification et la convection des proddisla réaction de combustioa la sortie du tunnel. Une autre
étude eségalementé&alisce pour identifier le potentiel pour la survie de 'homme dinsinnel lors de I'incendie. |l est
constaé que la survie de 'homme est renfeecpar la pésence de voituregsl'intérieur du tunnel. Lesésultats montrent
finalement la forte potentiaBtde la néthode LES utilige ici pour la simulation et la f@vision des incendies de tunnel
routier.

Abstract :

In this work a method known as large eddy simulation (LESgs$$ed to evaluate how appropriate it is to study fires
in a road tunnel. The fire surface is modelled as an inlet ohpated fuel injected at a rate designed to produce the
same energy as that produced by the fire (assuming all thadumirnt). The effects of radiation are included using a
simplified model. This model is designed to represent thresteat of energy from the hot combustion reaction products to
the much colder tunnel walls. The results are validated bygarison with experimental tests carried out in the Ofenegg
tunnel. This comparison shows that the simulations havd gaantitative and qualitative agreement with the expenime
Having validated the results, a series of further analysescarried out which include: the presence of cars inside the
tunnel and the stratification and convection of the combustéaction products to the exit of the tunnel. A further gtud
is also carried out to identify the potential for human sumliin the tunnel during the fire. It is found that human suabiv

is enhanced by the presence of cars inside the tunnel. Thiged this work show that, provided sufficient care is taken
in incorporating the appropriate physics, the LES method &dot of potential in the simulation and prediction of road
tunnel fires.
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1 Introduction

Accidental fires in road tunnels are a well known problem fadsafety throughout the world. More par-
ticularly, in Europe, one of the more tragic incidents invioty39 deaths occurred in 1999 in the Mont-Blanc
tunnel which connects France and Italy.

The current study is a contribution to the research and dpuedat for the prevention, safety and supression
of these sorts of fires.

Accidental tunnel fire problems can be considered as timeviegplnsteady turbulent flows which incorporate
a very complex combination of physical effects. The mainuess are therefore related to the stratification and
convection of the tunnel gases due to combustion processubstquent heat generation. A comprehensive
review on the fluid mechanics of fires in general given by [1].

In this review the physics involved in the fluid mechanics offiiediscussed with an emphasis on the multi-
physical coupling between the flow momentum and the gas diellds, combustion chemistry and radiation.
The main features of this discussion examine the links betweeyancy and large density gradients, the ef-
fect of combustion chemistry on the flow turbulence and raahi@urbulence coupling and the corresponding
effects involved with soot.
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In a review of the computational fluid dynamics of compartnfees [2] there is a discussion of the gradual
evolution from RANS methods to LES for fire simulation. The potrdifficulties regarding both subgrid
models and the implementation of combustion models in LES @usised. The need to take into account
radiation and soot formation is also highlighted. The majey kspects of the physics of tunnel fires are
discussed in [3]. The observation of fire pulsation in partéicu$ mentioned. This unsteady behaviour is
clearly an important feature of a real fire. However it is ualjkthat steady state methods are able to take into
account such behaviour.

The Ofenegg tunnel [4], [5] is a well defined experimental tasednvolving a tunnel fire. The tunnel is 190 m
long and has one end blocked. The fire is approximately one dfittte tunnel length away from the blocked
end. Numerical simulations of the problem [6], [7] demoatdd several difficulties in simulating the evolu-
tion of the fire using 2-equation model turbulence modellipgraaches. These studies demonstrated that no
single approach was able to reproduce the temperaturédisin at different positions in the tunnel and the
velocity behaviour near the tunnel exit. The unsteadinesbeflow field and the complex local exchanges
involved present a challenge for a turbulence modelling@ggh derived from time averaged statistical turbu-
lence theory. A turbulence modelling approach using ladpyeimulation (LES) is therefore a particularly
appropriate method to use. There have been a series of raiaiyzrovide some detail on the current state of
large eddy simulation of combustion and fire these include[f8] [10] and [11]. From these reviews it can
be seen that many different approaches to combustion niveglédir LES have been attempted and it there is
still no overall consensus. A new method has been investigatd the model used here is an extension of the
eddy dissipation concept model (EDCM) of Magnussen [12, 4B8LES.

This paper makes use of the Ofenegg tunnel fire test case to lstggyeddy simulation of tunnel fires. The
first part of the work discusses the fundamental equationstieasolved, turbulent subgrid modelling in large
eddy simulation, the combustion model for large eddy sitiuteand the radiation modelling.

This background is followed by a description of the physicalgmeters of the numerical simulations. The
results obtained are compared with the experimental dataraal in the tests of the Ofenegg tunnel, followed
by a study of the influence of the presence of obstacles ing&utinel and a qualitative representation of the
critical areas to human survival. Conclusions that can bevdifrom the results are given in the final section.

2 Background equations and theory
2.1 Low Mach number compressibility

The low Mach number form of the Navier-Stokes equations useg [id] is based on a redefinition of the
pressure in the momentum and temperature equations. Trepeesdivided into two parts such thdt:, t) =
p0(t) + pl(x,t) wherep0 is a purely time dependent, thermodynamic pressure foretimpérature equation
andpl is a spatial and time dependent hydrodynamic pressuredantdmentum equation. This decoupling of
the pressure prevents thermodynamic effects from iniagevith the pressure in the momentum equation and
so it can be solved using a conventional incompressible flgwageh with a pressure update. The momentum
eqguation is
0(w;) O (ujuy) 10p1 0 —
5 + oz, )0, + g + oz, [2 (v + 1) SZ]} (2)

whereS;; = % % + g? and v, is the turbulent viscosity (see section 2.2). The tempesadguation

incorporates the thermodynamic pressure and is indepéntifre hydrodynamic pressure component (p1)

oT 0 = 0 oT 1 [09po

E + 871‘] (U]T) = 8737] |:(V + Vt) (93:]} T% [81& + WTH - QT'ad:| (2)
wherec, is the specific heat capacity (J/kg.K), H the enthalpy of ieaqt/Kg),w; the reaction rate (kgam>)
and@,.q represent the transfer of energy from the hot combustioeticeaproducts to the colder tunnel walls.
The groups of m scalar concentration equations for the masgdn Y of each species are

Y 0 ,_ = 110 7 e ] OY
m Yo my) = - |
ot + oz, (uJ m> ) [8% ([Scm + Scmt] Ox; ) +wT8tm] ®)

The parameterSc,, e Sc,,; are the Schmidt and turbulent Schmidt numbers for the specighereSc,, =
W/t € Seme = e/ thmt (L, € e @re the molecular diffusivity and turbulent diffusivity species m). Here
the values used ar€c,,=0.7 e S¢,,,=0.7. This assumption has been shown to be appropriate by I
stoichiometry ratio is given byt,,,.

2.2 Subgrid modelling

The subgrid turbulence model studied is a modified Smagorinsiiehtalled the WALE model(wall-adapting
local eddy viscosity). The basic details of the implementatare given below. Firstly the Smagorinsky

2
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model [16]
v = (Cs0)?|S] 4
where|S| = /25;;5:;, A is the LES filter width (i.e. the grid size{;; a model constant (generally taken to

be Cs=0.18) and;; = 1 (ggl + g;;;)
The large eddy simulation subgrid model used, as mentionedeals the wall-adapting local eddy viscosity
(WALE) modification of the Smagorinsky model [17] given by:

(S%Sij)3/2

(SijSi)>/2 + si;5%;)°/4)

vy = (OwA)Q

®)

wheres?; = (g7, + 93;) — 39i;9% andg; = girgrj» 9ij = Oui/dx; andC,, is a model constant (taken to be
Cw=0.5). The model is a significant improvement over the otaSanagorinsky model and adjusts implicitly
according to the local turbulence levels as walls are aghied (instead of many models where there is explicit
dependence on wall distance).

2.3 Combustion model

To reproduce the combustion process a simple one steparastnodelled in terms of the mass fractions of
fuel and air with implicit modelling of the products

szl—(Yf—l-Yo) (6)

This means that only two species need to be modelled whicls belpduce the complexity. This reaction is
implemented in order to allow for both premixed and diffusftames. This is achieved using the following
expression for the reaction rate

WAWEDCM
— )
wA +WEDCM
The Arrhenius reaction rate for this type of situation is

wr =

wa = AApQYfYaTe:cp (—E,/RT) (8)

whereA 4 is the frequency in the Arrhenius law, the activation energy and R the universal gas constant. For

the propane reaction the values used4pe10°(m3/(kg.s)) and Br = 18400 K. The turbulent reaction rate
based on the formulation EDCM (Eddy Dissipation Concept Mpidediven by:

k.
wepom = AC,p? Emm (Y, Yar/star) ()]

with A a dimensionless turbulent combustion model consbart andst,,,. the stoichiometric ration of air gt
= 17. The value of the dimensionless const@ptused was 0.0002.

2.4 Radiation model

The model used to incorporate the transfer of energy from thedmbustion reaction products gases to the
colder tunnel walls is copied from the optically thin radat transfer model of [18] which is also detailed
on the website [19]. In this approach radiation los§gg; are modelled based on the the local temperature
T, a reference temperature (the ambient background tenopeyas) and the emissivity of the gases present.
The approach used here is slightly modified and only consitiersadiation losses due to an estimation of the
product gases according to the relation

Qraa = 4Y,0 Pipay, (T* — Tp)) (10)

whereY,, is a scalar representing the mass fraction of the combirastlipts present; is the Steffan-Boltzmann

constant 5,66910%8 (W/m2K%), a, is the total emissivity of the product gases which are assitmbe made
up of water, carbon dioxide and carbon monoxide with

4 3
ap = Zapr,0) T 11 (ap(c0) T pic0,) (11)

The emissivity of each gas varies with temperature accoritige expressions detailed in [18] and the [19].
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3 Numerical method and domain of calculation

The code used is called Trio-U and is developed at the Comiaigal Energie atomique, Grenoble, France.
Much additional useful information regarding the code carfdund in [20] and [21]. The code is written in
c++ and has been developed for both structured hexahedtalanstructured tetrahedral grids. In this study
only the structured hexahedral approach is studied. The nicathenethod used is a second order staggered
grid central difference scheme in space and a third ordeg®#utta scheme in time. In this approach normal
velocities are modelled at the face centres and pressuralbotther scalar quantities at the element centres.
The divergence condition for the pressure update is cartikdging an iterative conjugate gradient method.
The time step size is chosen to preserve a unity CFL constraint.

The box dimensions for the tunnel domain are 190 x 6 x 4.25 (rherxt y and z directions). The base grid
resolution used is 190 x 21 x 21 cells in the streamwise (x@astnormal (y) and spanwise (z) directions. In
order to assess the effect of different resolutions a sefissts are carried out with a variety of grids in each
direction. In each case the simulations are run for the 20l &econds and statistical samples are obtained by
averaging the instantaneous quantities over the last 2lhds®f each simulation. These tests led to the most
appropriate mesh for the simulation of the several casesidered in this study. The figure 1 shows the cross
section of the Ofenegg tunnel as well as the geometry siedi@d the position of the fire source.
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Figure 1: Schematic representation of the Ofenegg tunnel [4].

4 Results

In the experiments carried out in the Offenegg tunnel the fiie wroduced by burning a reservoir of liquid
fuel. The quantity burned produced an average heat releaggpobximately 17.8 MW. The fire source in this
study is is modelled as an inlet of gaseous fuel to be burntomabustion reaction. The velocity of this inlet is
chosen to allow sufficient fuel to enter into the domain to piaithe desired heat release when it is consumed
during combustion.

4.1 Study of the Ofenegg tunnel tests

To improve the outflow behavior an outlet zone is generatedhitiwthe domain is extended by 5 m in the
vertical, side and axial directions. The tunnel walls arauaexl to have the conductivity of stone to allow

for conductive heat losses, with the conductivity of stokeX.4 W/m.K, p=2300 kg/nd, c,=880 J/kg.K) at
ambient temperature.
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Figure 2: Temperature profiles: a) y=5.5 m; b) y=4.5 m; ¢) y=1.5m; d) y=0.Smmke at the tunnel exit.
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Figure 2 shows the temperature profiles after 120 s. The profiles tie length of the tunnel and are shown
for different heights. These results show good overall agesg both in the vicinity of the fire source and
near the tunnel exit. The experimental study included phaggc evidence which can be used for qualitative
comparison of the behaviour of the smoke produced in the firgurEi2 shows several photographs one of
which shows the smoke leaving the tunnel after 50 s. In oprdvide some qualitative comparison surfaces
of the products are shown at the same time. The experimeratdgfaph shows a fairly weak flow of smoke
out of the tunnel indicating the smoke has only just beguvitggthe tunnel in a similar way to the LES.

4.2 Presence of cars inside the tunnel

During the tests in the Ofenegg tunnel, were placed threg ioaide the tunnel at 4.5, 10 and 30 meters
downstream from the fire source. In figure 3 the temperature aluttity fields are represented considering

two cases: the first (3a)) does not take into account the pres#rvehicles inside the tunnel, the second ( 3b))
takes into account the presence of three cars. As shown ¢isemue of cars leads a significant change in the
intensity of the cold air flow coming from outside.

Figure 3: Temperature and velocity fields after 118 s: a) without caksgitb)cars.

4.3 Survivability

This section is presented in a qualitative way, which aimgudysthe critical areas to human survival, based
on the criteria described in [5]. This study is purely quélf&since the combustion model used (section 2.3)
simulates the combustion process in a simple one step, arddtithat this study did not include the formation
of soot. The conditions under which survival should be pdssibe CO concentrations less than 2000 parts per
million for more than 1 minute, @concentrations less than 16% during 1 minute and air terhyresabelow
80-180°C for a short time. In the figure 4 the black regions correspordtere survival is possible. The gray
and white regions correspond to regions where survivaltiprabable.
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Figure 4: Regions where the survival is possible, without cars insiditimel and with cars inside the tunnel:
a) temperature criterion, b) concentration of @iterion, c) CO, d) all the criteria.

5 Conclusions

This study shows that the combustion model in conjunctioih gie simplified model of radiation used, pro-
duce results in good qualititative and quantitative agrenwith available experimental data. The analysis of
the exit of the tunnel confirms that the system can reproduesttitification process, it is however noted the
necessity to introduce a model for the soot formation inreiinorks.

The study of the presence of cars inside the tunnel shows ¢bealges in the flow field. This study together
with the study of human survival, shows that the presencestbeles inside the tunnel should not be neglected,
since the regions where the human survival it is possiblebeancreased with their presence.

Evaluation of survivability criteria indicate that after(8 a region in between the fire and the opening remains
under survivable conditions however the route to the eXitasked by a region in which survival may only be
possible for short periods suggesting breathing appastimsld be used by rescue workers.

5



19©MeCongrs Frangais de Mcanique Marseille, 24-28 aéit 2009

6 Acknowledgements

The first and second authors were funded by the Portuguese Fmmd&Science and Technology under
contracts POCI/EME/62283/2004 and SFRH/BDP/14386/2003 regplgct The combustion and radiation
modelling is developed by Aveiro university (DepartmentMdchanical Engineering) and implemented in
the Trio-U code developed by the Commisai@ak Energie Atomique, Grenoble. The report of the origi-
nal Ofenegg tunnel experiment [4] was kindly provided by Hierter Ltd Consulting Engineers, Zurich
Switzerland. The report regarding numerical simulationfief®@fenegg tunnel [6] was provided by the Centre
d’Etudes des Tunnels, Bron, France.

References

[1] Tieszen S. R. Ann. rev. fluid mecknnual Reviews3:67-92, 2001.

[2] Novozhilov V. Computational fluid dynamics modeling ofropartment fires.Progress in energy and
combustion scien¢@7(6):611-666, 2001.

[3] Loennermark A. On the characteristics of fires in tunnel$hD thesis, Lund Institute of Technology,
Sweden, 2005.

[4] Schlussbericht der Versuche in Ofenegg Tunnel vom 17 bisa@81865 Kommission fur Sicherheits-
Massnahmen in Strassentunneln, Bern, 1965.

[5] Haerter. A. Proc. Int. Conf. Fires in Tunnels, Borgas, ®etol0-11, 195-214, 1994,

[6] Briollay H. and Chasse Pvalidating and optimizing 2D and 3D computer simulationstfe Ofenegg

tunnel fire tests 8 International conference on Aerodynamics and VentilatibNehicle Tunnels, 6-8
July, Liverpool, UK, 1994.

[7] Bengtson S. Tuovinen H., Holmstedt G. Sensitivity caltiolas of tunnel fires using cfdire Technology
32:99-119, 1996.

[8] Pitsch H. Annual Review of Fluid Mechanics, 38:453-4820@0

[9] Bray K.N.C. Bilger R.W., Pope S.B. and Driscoll J.F. Pagms in turbulent combustion research.
Proceedings of the Combustion Institud®(1):21-42, 2005.

[10] Lifian A. Matalon M. Peters N. Sivashinsky G. Buckmaster J., ClRvand Williams F.A. Combustion
theory and modelingProgress in energy and combustion scier@(1):1-19, 2005.

[11] Dawes W.N. Cant R.S. and Savill A.M. Advanced cfd and miodebf accidental explosionsAnnual
Review of Fluid Mechani¢86:97-119, 2004.

[12] Magnussen F19t" AIAA Aerospace Science Meetintan. 12-15, St. Louis, Missouri, 1981.

[13] Magnussen B. F.Int. Flame Research Foundatioi$! topic Oriented Technical Meetingl17-19 Oct,
Amsterdam, Holland, 1989.

[14] Kumbaro A. Paillere H., Viozat C. and Toumi Comparison of low Mach number models for natural
convection problemsolume 36. 2000.

[15] Loitsianskii L. G. Mechanics of Liquids and GaseBegell House, 6th edition, 1995.

[16] Smagorinsky J.General Circulation experiments with the primitive eqoas |. The basic experiment
volume 91. 1963.

[17] Nicoud F. and Ducros FSubgrid-Scale Stress Modelling Based on the Square of tloeiyelGradient
Tensor volume 62. 1999.

[18] Karpetis A. N. Barlow R. S. and Frank J. Bcalar Profiles and NO Formation in Laminar Opposed-Flow
Partially-Premixed Methane/Air Flamesgolume 127. 2001.

[19] http://public.ca.sandia.gov/TNF/radiation.html.

[20] Cueto O. Calvin C. and Emonot Rn object-oriented approach to the design of fluid mecharmiftsvare
volume 36. 2002.

[21] Ackermann C.Développements et validation de simulation des grandedlestiécoulements turbu-
lents dans un code industriéPhD thesis, Institut National Polytechnique de Grenobl8020



