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NUMERICAL MODELLING OF FIRE AND SMOKE DEVELOPMENT
IN RAILWAY TUNNEL

K. Cabov&a’, M. Bernas™, F. Wald™

Abstract: Simulation of fire spread and development of t@dses during a fire accident in a rail tunnel
allows prepare and validate models of safe evaonatif people. Highly complex problem of fire dynzsiin

a tunnel can be solved by the aid of CFD methodaiit simulate the temperature resolution and tgeses
development in a tunnel, which can be together wiilbility considered as the most important parteng
affecting the safety of persons involved in tunrsidents. In order to check the degree of quita
agreement of model prediction, verification andidation process is applied. Prediction method of find
smoke development by the aid of numerical modeDi is applied to a real construction of tunneld&ji
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1. Introduction

According to international statistics, fire accitein tunnels are less frequent than on the opanesp
However, consequences of a fire in a tunnel maynbee serious comparing to fire on the open road
(Carvel & Marlair, 2005). During the fire in a tugirhigher amount of heat released thanks to véiotila
and geometry of a structure is generated. Extresdé@ation inducing high temperatures may destroy
structure of a tunnel. It leads to several daygastructure lay-by and financially demanding aiep.
Considering railway tunnels potential for a largamber of casualties and lost of transported materia
the event of a fire is even higher comparing talrbanels.

In the design phase fire safety is evaluated frioenléngth of a tunnel of 350 m, which is considered
as the length with higher risk for human safetymperature resolution and development of toxic gases
a tunnel are together with visibility consideredtlas most important parameters affecting the saféty
people involved in tunnel accidents. In order tovide models of safe evacuation of people, numierica
simulation of highly complex problem of fire dynamsiin tunnels by the aid of CFD method provides
safe and economically optimized solution.

2. Numerical modelling

Nowadays, mathematical modelling of fire dynamitasyp a key role in fire engineering. Together with
the development of computer technology, a numbeophisticated software tools, which implement the
so-called Computational Fluid Dynamics method (CKDamatically increases. Computational Fluid
Dynamics modelling is a numerical approach to regméng fluids that divides a fluid domain into

number of smaller subdomains, resulting in the gtien of a mesh of cells (control volumes). Three-
dimensional, time-dependant partial differentiauaipns of conservation of mass, momentum and
energy transfer and conservation of species artewrfor each control volume based on fundamental
equations of fluid dynamics, thermodynamics, chamieactions and mechanics. Appropriate initial
boundary conditions are then applied to find nuoarsolutions to these equations. Currently avhalab
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CFD models include sub-models for solution of bagnand heat transfer, so they provide a framework
for including all phenomena which are present dyfire in a tunnel into a calculation.

One of the freely available numerical code, Firen@yics Simulator (FDS), developed by National
Institute of Standards and Technology (NIST), éxjfrently used for simulation of fires. It is a nuina!
solver to simulate a flow and movement of fluidspacaused by burning. FDS solves numerically enfor
of the Navier-Stokes equation appropriate for |p&ed, thermally-driven flow with an emphasis of the
transport of heat and smoke from fires (McGratgdral., 2010). The code consists of several indegen
models, for example model of burning. To interptata obtained from FDS postprocessor Smokeview is
used. The computer program Fire Dynamics Simulji@Grattan et al., 2007) is used in this study.

2.1. Verification and validation

Despite the rapid software development there areyneantradictory opinions about the reliability of
computer predictions. Therefore, verification andlidation is always recommended to evaluate
reliability and accuracy of numerical predictions.

In order to verify the accuracy of the model oéfand smoke development in a railway tunnel in FDS
v6, a model of a single-track railway tunnel of plengeometry (length of 50 m and a rectangularscros
section with dimensions of 5.0 x 5.0 m) was sulgi@db calculation in software Smartfire v4.3 (Ewer
al., 2013). Results of statistical relationshipsdduced in (Cabova & Wald, 2016) demonstrate that
verification of the numerical model undertaken gitbsoftware has reached a good agreement (Pagrson’
correlation coefficient is equal to 0.97). Detaifsthe verification study including sensitivity dysis of
influence of mesh density on attained results n&folond in (Cabova & Wald, 2016) and (Horova et al.
2015).

For the process of validation which enables to uatel a level of agreement between a computer
prediction and a physical model, meaning experialgnteached results, data measured during the fire
test in road tunnel Valik (Pokorny & Hora, 2007) reveused. Numerical model was validated with
experimental results by the aid of gas temperatidnieh is calculated in three height levels (4.06m5, m
and 7.9 m) and several vertical sections from thece of fire (0 m, 5 m, 10 m and 15 m). Resultthef
small-scale model and the model of real dimensignesented in (Cabova & Wald, 2016) were in
agreement with measured values during the fire Festmore information about validation see (Cabova
& Wald, 2016).

2.2. Practical application to Spkak tunnel

After the evaluation of acceptable level of accyrat mathematical model, the prediction of fire and
smoke development by the aid of FDS code is apjtbea real tunnel construction. The tunnelgki
which represents one of the longest old tunnehan@zech Republic is chosen. The tunnel is 1747 m
long. Along the tunnel length cross-section of tilige changes. In total there are twenty differeoss
section areas. Material of the tunnel linings goalariable. High difference of both portals is ligble.

2.2.1. Model description

In numerical model the cross-section of 6.97 m iaihd 5.33 m high, which covers the longest part of
the tunnel and which has the minimum high, is uged.shape of the tube is replaced by staircaspesha
of the cross-section in the model, as illustratadFa@. 1a. The tunnel lining is formed by 0.4 mckhi
layer of concrete with density of 2200 kd/raonductivity of 1.3 W/mK and specific heat of 2 KJ/kgK.
Tunnel portals opened throughout the cross-sedtamga provide natural gas flow (in FDS code plane
surface type VENT is OPEN).

Fire scenario of burning inside a passenger traigon is simulated by uniform heat release ratéof 2
MW (input data corresponds to results of fire wfspassenger train wagon described in (White, 2010)
The heat flux is released through four window opgsj each of area of 1,44 nsituated 2 m above the
ground level. The fire (areas releasing the hegd) fis located in the third wagon from the totalfiok
wagons. The train stopped after 935 m after ergdtiportal (stands between 810 m and 935 m of the
tunnel length). In FDS burning is simulated by ndixteaction ratio of polyurethane (defined by fract
of carbon, hydrogen, oxygen, nitrogen and sootyirticles). Development of rate of heat release i
based on t-quadratic curve for ultra-fast fire ey, 2016).
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Computational domain of dimensions 1747 m x 6.9% B33 m consists of five meshes. Size of
mesh is determined according to rules given in (k&t@n et al., 2007). Cell size in axis (X, y, quals
to (0.345 m, 0.348 m and 0.355 m). In the regiofirefsource the grid is refined to half size, kisa(x,
y, 2) cell size equals to (0.182 m, 0.174 m, 0.41§8The total number of cells is 1 530 600.

In the tunnel there is negligible natural gas flasvthe high difference of both portals is very $mal
Initial gas flow velocity is therefore set to 0 mSas temperature before fire ignition is considese
10°C. In FDS turbulence model is applied by Smamghii formulas of large eddy simulation (LES) with
coefficient Cs equals to 0.2. Heat transfer byatln is applied by 100 discrete angles.

In the model there are sensor to measure high oksnayer, temperature of hot gas layer and
temperature of gas layer below the smoke levels@tsensors are situated in 50 m span sectiong in th
axis of the tunnel tube and in the position of @.6rom the side lining, which should control theaiof
safety evacuation path.

2.2.2. Results

After fire ignition layer of hot smoke gases accleted below the tube arch. The tunnel linings cdole
hot gases down and smoke sank to lower level ofuiieel. Visualisation of fire and smoke developtnen
originated form the fire of passenger train wago®00 s is given in Fig. 1a. Fig. 1b shows decredse
smoke layer high along the tunnel length in 5 rhinthe diagram three curves are introduced — cafve
smoke layer high calculated by numerical modelhim &xis of evacuation path (0.6 m from the tunnel
linings), curve of smoke layer high calculated fre taxis of the tunnel cross-section and a curve
indicating the level of maximal smoke layer decesascording t@SN 73 7508. In the figure it is visible
that the calculated high of smoke layer in the akisvacuation path is lower than the level of 2.2This
level is considered as the maximal limit for safacuation.

Gas temperature calculated in the axis of fire s®@un the same time is illustrated in Fig. 2a. The
maximal value calculated in 600 s is 800°C whicHéasoted to temperature of flames. From the view of
safe evacuation temperature of 80°C is usuallyrotet in the high of 2 m above the evacuation path
Temperature of tunnel linings calculated in 600f dire reaches about 150°C directly above the fire
source.
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Fig. 1: Model of passenger train fire in railwayrioel — a) smoke development in 600 s; b) smoke laye
high along the tunnel length in 5 min.
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3. Conclusions

Findings from the numerical simulations of fire asmoke development in railway tunnels enables to
improve models of human evacuation during firedunnels. Similarly to shown study of model of
passenger wagon fire in $gk tunnel, gas temperature resolution, developmeamoke layer together
with visibility, toxicity of smoke and other paratees which are beyond the capabilities of CFD codes
may be evaluated. Except optimization of fire safgjuipment and evacuation scenarios, by the aid of
numerical models it is possible to improve emergepcocedures of IRS, provide accurate gas
temperature resolution for the design phase, et@lwmaterial behavior of tunnel linings and rail ked
elevated temperatures and during rapid coolingezhby firefighters.

Correctly applied CFD models may reproduce theitaisde behaviour of fire in each tunnel. The
degree, to which qualitative agreement is achieiedecessary to find out by the aid of verificatend
validation process. Accurate prediction of fire asmoke spread in tunnels on the bases of physical
properties is a promising approach how to stres$ittiman safety and fire design economy.
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Fig. 2: Model of passenger train fire in railwayninel — a) gas temperature in 600 s; b) temperatdre
tunnel linings in 600 s.
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