Proceedings of the 12" I nternational Fire Science & Engineering Conference, Interflam 2010, 5-7" July
2010, University of Nottingham, UK, Volume 2, pp. 1725-1730. | SBN 978 0 9541216-6-2, 2010.

SIMULATING A RAIL CARFIRE USING A FLAME
SPREAD MODEL

Xiaogin Hy Zhaozhi Wang, Fuchen Jia, Edwin R. Galea
Fire Safety Engineering Group, University of Gre@ahyLondon SE10 9LS UK

ABSTRACT

In this paper, an enhanced flame spread model mgited in the SMARTFIRE CFD fire
simulation software is used to simulate a railfoar The study focuses on three areas: demonggrati
the shortcomings of the single criterion of surfageition temperature in flame spread models;
reproducing the rail car fire using the enhancathél spread model and investigating the effects of
configuration and burnable properties of intericatemials on the fire development. The results show
that the enhanced flame spread model is bettert@alveproduce the fire experiment results compared
with flame spread models using the ignition tempeeaas the sole ignition criterion. The result®a
demonstrate that the configuration of the intefioniture and burnable properties of materials are
important factors affecting the time to flashover.

INTRODUCTION

In flame spread models, the gasification processobifl material is usually handled in two
ways, one is the prescribed fuel rate measured fsomll-scale experiments such as the cone
calorimeter under various radiant heat fluxes; atfile other is to use a fuel generation rate based
a measured heat of vaporizatioNo matter which approach is adopted, ignitiongerature is one of
the most important model parameters in simulatiegspread of fires on solid surfaces — determining
which cell faces are considered to be ignited. Tétieally, the criterion of surface ignition
temperature alone is sufficient for CFD fire sintidas if computational meshes are reasonably fine.
However, in practice, large-scale fire simulatiossially make use of coarser meshes as the use of a
fine mesh is often prohibitively expensive. As @&ule the predicted fire development may not
accurately follow that of the actual fire. Furthemm, it is often difficult to initially ignite thdire in
CFD simulations using the single ignition criteridro compensate for this deficiency an artificially
large heat release rate (HRR) is often used taliiyiignite the materiafs

In this study, an enhanced flame spread model, lwhias first developed by Jia ef @nd then
successfully applied in simulations of a full-scalecraft fire test and the mock-up of the Rhode
Island nightclub firé®, is used to simulate a rail car fire. This studguses on three areas. The first is
to reproduce the full-scale rail car fire test wilie enhanced flame spread model. The second is to
demonstrate the shortcomings of the single critedabsurface ignition temperature in flame spread
models due to the use of an unpredictable HRRHerinitial ignited area or burner. The third is to
investigate the effects of configurations and bhlagproperties of interior materials on the fire
development by repeating the simulation with charngfeelated parameters.

FIELD FIRE MODELS

In field modelling, the fluid is governed by a gt three-dimensional partial differential
equations. The generalised governing equationlffeadables is expressed as equation [1]

aa;’tq%div(pUqa) = div(r,010) + S, 1[L
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where o represents the fluid vaiablggs andu are the local density and velocity vectpy; is the
effective exchange coefficient af; s represents the source term for the correspondinighta o

and timet is an independent vaiable. The SMARTFIRE V2 .8oftware is used to perform the fire
simulations in this study. The CFD engine in SMARRE has many physics features that are
required for fire simulation, including a radiatiomodel, a volumetric heat release model, a gaseous
combustion model, smoke modelling and k-epsilobulence model.

The enhanced flame spread mddelsed in these simulations is briefly describecthis model, all
combustible surfaces are assigned a face patcthvusidentified as a burnable material. At the end
of each time step, conditions at a cell face ofianable face patch are assessed to determine iffone
the two ignition criteria is reached

A. the material surface temperature reaches its anie@mperature;

B. the pyrolysis front advances from an adjacent Imgysiell face to the cell face in question.

Besides the ignition temperature and flame spraseby the density, thickness, conductivity, specifi
heat, and HRR (kW/f) from cone calorimeter experiments are also reguirs model inputs. Once a
cell face is ignited, it starts to release a ceréanount of fuel according to the time dependemibg
rate (kg/mis) for this material. Unlike in FDS simulatinshe flame spread rate is the only additional
parameter in this enhanced flame spread model. ig@ugsked previously, the criterion of surface
ignition temperature alone is sufficient to simaldire spread along combustible solid surfaces. In
practice however, within CFD fire simulations igoit of a solid surface can be strongly mesh
dependent making it generally impractical to perforeliable simulations. In the case of wind
opposed flame spread, extremely fine meshes insaskdlame fronts are required to accurately
predict fire spread. It is very likely that, witlharse meshes, no fire spread is predicted at alfiré&

is normally a large scale phenomenon, it is praiviblly expensive and impractical to use extremely
fine meshes in fire simulations. In addition tcstdilemma, it is impossible to know in advancehat t
mesh generation stage what fire conditions (wirgilséed or opposed) are likely to occur at a given
point. Therefore, as a practical engineering mettiladne spread rate, which is measurable from
experiments, is introduced alongside surface igmitemperature in the enhanced model presented in
this paper.

In this study, the original flame spread mddes further refined to minimise the mesh dependefce
the simulation results. This is achieved by divigeach solid surface cell (or ‘original face celifjto

a number of sub-cells. The ignition criterion B,igihwas applied to the ‘original face cell’, wileb
adopted for each sub-cell in this paper. Once acsillface is ignited, it starts to release a certa
amount of fuel according to its area. The reledsetl from this sub-cell contributes to the control
volume adjacent to the ‘original face cell’. Theremt implementation method for the flame spread
model equivalently utilise very fine meshes for fteane to spread based on the flame spread rate
without any increase in the number of the controlumnes in the computational domain. The
additional computational cost due to refining theface cells is negligible compared with typical
CFD runtimes.

FIRE AND SIMULATIONS

SP Technical Research Institute of Sweden condugtfice experiment within a rail car
compartmerft(see Figure 1 (a)), with dimensions and locatioihree thermocouple trees shown in
Figure 1(b). A burner with a HRR of 7 kW was apgli® the seat in one of the rear corners for 76
seconds. The properties of burnable materialsigtezllin Table 1. Additional information concerning
the experimental facilities was kindly provided kg Maria Hjohlman, one of the authors of the SP
reporf. As reviewed in the SP repQrthe heat fluxes received by the seats and wallse test fires
are around 35kW/frand 50 kW/rfirespectively. Therefore, the cone calorimeter HRRRa for these
materials under corresponding heat fluxes are usdbese simulations. For example, Figure 1(c)
shows the cone calorimeter HRR data for the sédis. flame spread rates for the seats were
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estimated from separate tést®©ther materials are expected to be ignited maliylythe ignition
criterion A after the fire is well established amdonservative value of 0.001 m/s is thereforerassu
here for their flame spread rate. The eddy dissipatombustion model (EDM)s used to simulate
the burning of the combustible gases released ftmrignited materials, with an effective heat of
combustion of 17.5 MJ/kg for polyurethane foaml—(goo_gNo.om)S. The multi-ray radiation model
with 48 rays is used to represent thermal radia#onunstructured mesh is applied to represent the
complex rail car geometry (Figure 2). A mesh sifeammund 0.06 m is adopted in all simulations
based on mesh sensitivity study as seen in Figune ®hich the solid squares represent the actual
measured data before 190 seconds while the emptyessjare estimations after this tfme
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Figure 1. (a) Interior and (b) top view of the carment; (c) Cone calorimeter HRR data for seats

Table 1. Material properties

Metal HPL
Seat laminate L aminate PVC carpet Table
Thickness (m) 0.05 0.02 0.02 0.002 0.03
Density (kg/m°) 77 648 548 1400 616
Conductivity (W/mK) 0.015 1.07 0.11 0.25 0.11
Specific Heat (J/kg) 1200 2500 2500 1500 2500
Ignition temperature (°C) 346 607 526 278 433
Flame soread upward 0.005 0.001 0.001 0.001 0.001
rate(m/ssp)) lateral 0.0025 0.001 0.001 0.001 0.001
downward 0.001 0.001 0.001 0.001 0.001
Propane burner 5000 i
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Figure 2 Setup with mesh size of around 0.06 m rei@uHRRs for Base Case

A total of eight scenarios are investigated in #tigly. They are

Base Case: the rail car fire experiment with holes in thgdage racks and actual material properties.
Case 1: the same as Base Case but the flame spreadratedt is increased by 10%.

Case 2: the same as Base Case but the flame spreadratedt is decreased by 10%.

Case 3: the same as Base Case but the luggage racksra@mbustible.

Case 4: the same as Base Case but the holes in the leiggakgs are not included in the model.

Case 5: the same as Base Case but the luggage racksra@mbustible and without holes.

Case 6: the same as Base Case but the ignition critéBidgs inactive. The HRR from the burner for
the initial burning area is the same as that inettgeriment.
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Case 7: the same as Case 6 but a large HRR of 1500 kK\Wiitich was used in the investigation of
the nightclub firé, is applied for the burner.

The setup of the Base Case is the same as inréh¢éefit. Cases 1-5 involve variations in material
properties and furniture configuration. These sasake use of the enhanced flame spread model.
In contrast, Cases 6 and 7 and the wofkutilise the surface ignition temperature as tHe gmition
criterion. These simulations make use of varioitsal HRRs as the ignition source.

RESULTSAND DISCUSSIONS

Firstly, the simulation results from the Base Case compared with the experimental
observations namely, the measured HRR and tempesaflihe predictions in the Base Case with the
enhanced flame spread model and the material pirepesrovided in the SP repbrare in good
agreement with the observed fire dynamics in theeerent. For example, in Figure 4a we see the
entire seat on which the fire is initiated and mdrthe neighbouring seat are involved in the &te
132 seconds and in Figure 4b we see that the npoeldictions are in good agreement.

(a)
Figure 4 (a) Observed fire development and (b)ipted burning locations at 132s.

Flashover is a critical factor affecting passengsusvivability in rail cars. The ability to accusy
predict the onset of flashover is therefore onéhefkey requirements for fire models. The defimitio
of flashover for enclosure fires is generally at¢edpas occurring when the upper layer gas
temperature exceeds 6. In the experimental analysis, the onset of flashavas defined as
occurring when the HRR begins to rapidly escllaf®r the purpose of convenient comparisons
among all scenarios, the measured HRR value of W7at the reported onset of time to flashover
(180 seconds) is regarded as a criterion for flashom this study. With this criterion, the preigid
time to flashover in the Base Case is 165 secdfidsife 3), which is only 15 seconds or 8.3% sooner
than the observed time.

The measured and predicted Base Case temperatur28 an and 1.0 m above the floor for
thermocouple tree 3 are depicted in Figure 5. Tleasured temperatures at 2.3 m high gradually
increase to 158C at 85 seconds, and then rapidly increased t&@6idt 123 seconds followed by a
guasi-steady state until 180 seconds. The predietegeratures at this height essentially follow the
measured trends. However, the curve of the predistis shifted to left by approximately 30 seconds.
The measured temperatures at 1.0 m high increasdysio 138°C at 176 seconds followed by a
rapid increase due to the occurrence of flasholke simulation has successfully reproduced the
sudden change of the measured temperatures aotitsn.

Secondly, the predicted fire development in theeBa@ase with the enhanced flame spread model is
compared with the predictions for the cases usiagstirface temperature as the sole ignition ooiteri
(Cases 6, 7 and the worléjnThe predicted HRRs for all scenarios and thalte$ronf are depicted

in Figure 6 while the times to flashover are corsgan Table 2. In Case 6 in which the burner HRR
and the time to remove the burner are the samethg iexperiment, the fire self extinguishes atter
removal of the burner within 76 seconds. To igtfie fire, an artificially large HRR of 1500 kW/m
(as used i) is used as the ignition source (Case 7). Thsltein a predicted time to flashover of 46
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seconds, which is much earlier than the 180 secobserved in the experiment. In Case 7 (85 in
an additional unpredictable parameter is introduoéal the model - an artificial initial HRR to star
the combustion process. The simulations presenfealso made use of the sole ignition criterion. In
spite of that it successfully started the fire gmddicted the occurrence of flashover however, its
predicted temperatures at 2.3 m above the flooth@mocouple tree 3 between 80 and 160 seconds
are much lower than found in the experimental da¢ée Figure 5). It also failed to reproduce the
gradual increase of HRR during this period of tifeee Figure 6). All these indicate that the fire
development be not correctly predicted. Cases &nd the work ifi demonstrate that using the
ignition temperature as the sole ignition criterioray not be adequate to correctly predict fire
development.
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Figure 5 Measured and predicted temperatures ahtoauple tree 3.
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Table 2. Predicted times to flashover (seconds)
Exp. Enhanced flame spread model Ignition temper ature alone
BaseCase | Casel | Case? Case3 Case4 | Caseb Case 6 Case7 | Workin®
180 165 142 188 243 112 180 Extinguish at 76s 46 7 16

Thirdly, the effects of material properties and cair configuration on the predicted time to flaghio

are analysed. To investigate the influence of flamesad rate in the enhanced flame spread model,
10% changes in the flame spread rate are madédosdats in Case 1 and 2. This change in flame
spread rate causes the flashover to occur 23 searnB.9% sooner or later than that in Base Case.
In these cases, the times to flashover appear tmllgenoderately sensitive to the flame spread rate

In the Base Case, the material properties forubgdge racks are those of wood as the majoritigeof t
racks are made from wood. In addition, the raaksperforated with a number of holes as seen in
Figure 1(a) and these are represented within trdemGases 3-5 are used to investigate the eftécts
the configuration and burnable properties of thekseon the fire development. Compared with the
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prediction in the Base Case, the non-combustild&sralelay the flashover time by 78 seconds or
47.3% to 243s (Case 3). The racks without holesedse the time to flashover by 53 seconds or
32.1% to 112 seconds (Case 4). The reason fosiméficant difference is that the accumulated hot

gases under the racks speed up the ignition ofaties. In addition, radiation from the accumulated

hot gases facilitates flame spread to other mdgesizch as the seats. Thus the configuration of the
rack is an important factor in determining the titneflashover. In Case 5 we have combined the
effects of Case 3 and 4, and so we find the timigaghover is between that of Case 3 and 4 i.e. 180
seconds, a delay of 8.3% compared with the Base.@ais clear that the combustible properties and

configuration of the luggage racks are importantdes in determining time to flashover.

CONCLUSIONS

This paper has examined the capabilities of armmrdd flame spread model by comparing
model predictions with experimental data deriveahfra rail car fire experiment. The enhanced
flame spread model utilises two ignition criteriaighition temperature and flame spread rate -
compared to the standard single ignition criterimodel which only makes use of ignition
temperature. As part of this study, the effeatafconfiguration and solid fuel material propestos
fire development was also studied. The main finsliabthis work include:

« The enhanced flame spread model is better ablepimduce the fire dynamics, HRRs and
temperature profiles measured in the rail car dixperiment than the standard flame spread
model.

< Within the rail car simulations, the time to flasko is not strongly sensitive to the flame
spread rate for the seat materials;

« Among all the factors investigated in this studye time to flashover is most sensitive to the
material properties and the configuration of thgglge racks.
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