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1 Previous studies

The phenomenological analysis of wind-assidlathe spread has been made to gain insight into the
mechanisms governing the flame spread rate. Theeflspread rate is measured, and the flame-to-futdce
heat fluxes are estimated from the existing flapread theories [1]. By assuming that convective traasfer
can be neglected, a flame spread correlation owerzdntal PMMA surface is also available [2]. A dem
empirical result derived for a turbulent wind-aidgatead shows that the flame length is only a fanabf the
heat release rate [2]. The flame shape (heighttgng also described mainly from sets of equatideisved by
applying Froude number preservation, combined wiime experimental data [3]. The smoke movement is
experimentally studied by using a horizontal mddahel with propane gas burners as fire sourcesldiitag or
theoretical treatments are significantly simplifiethd must resort to large-scale fires to validateirt
assumptions.

2 Objective of this work

This work has focused on a rigorous analysiuding the material properties, heat transfer he t
condensed fuel, chemical kinetics, soot and turmdeeffects. This is the first numerical study wfbulent
wind-aided flame spread over a flat horizontal &cef of a condensed fuel in a highly confined chiannea
scale where radiation and buoyancy are significihe time-averaged flame height/length, and flaoméase
heat flux are compared with the experimental d&jabpsed on a fuel controlled fire, and a relagivgbod
agreement is obtained. This approach to the fielleting of fire spread over condensed fuel surface
emphasizes high enough spatial and temporal résoluPredictions are provided of the transient nlass,
flame front, pyrolysis length and flame shape (tbffigight) at various wind velocities.

3 Theoretical analysis

Controlling mechanisms of three dimensional flowmbustion, soot production and radiation are calple
with a Large Eddy Simulation (LES). The basic itbehind the LES technique is that the eddies thadwad for
most of the mixing are large enough to be calcdlat#h reasonable accuracy from the equations witl fl
dynamics.Applying the filtering operation to each term inetlconservation equations of mass, momentum,
energy and species, and decomposing the dependeiables ¢, v, w, p, etc) into resolved and subgrid
components results in the filtered governing equeti The unresolved scale eddy motion can be grudel
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accounted by using Smagorinsky model for whichl¢imgth scale of turbulent viscosity is tied to gral and its
time scale is determined by the local resolvabssigation rate. The turbulent scalar flux is basedan eddy
viscosity assumption. Combustion of the condensedl PMMA) is described by a mixture fraction eqoat
via a single irreversible step. The soot formated its oxidation are incorporated into a turbuléatv

calculation in two convection-diffusion equatiors bbtaining the precursor particles density anot smmber
density. The interaction between soot combustiath tanbulence is modeled according to the Eddy-Bigpk
concept. The radiation intensity is found by salvthe radiative transfer equation without scatgpthrough the
use of a Finite Volume Method. The overall absanpttoefficient for the soot and gas mixture is ghted in
function of the temperature and concentration @hlzostion products. The mass loss rate of the caadkefuel
is determined from the energy available for pyroigzfuel and the heat of vaporization. Flame radraflux is

computed from a discrete representation of theatai intensity equation. The Couette flow is assdno
prevail near the wall surface, and the convectigat ieedback is calculated from a wall functione Timite-

difference technique is used to discretize the igadifferential equations. All spatial derivativegre
approximated by second-order central differencaestha flow variables are updated in time using =plieit

second-order Runge-Kutta scheme.

4 Validation from a model channel with an uniform fue | injection

In order to see the validity of the numerical medeimparison to the experimental data from a chdfinee
as shown in Figure 1, is first presented. The pteditime-averaged flame height/length are detexthinom
the predicted persistent flame, as shown in Figumn the median plane (x-z, y=0.2 m), and compai#u the
experimentally-determined ones in Figure 3 as atfan of the wind velocity varying from 0.5 to 2m/s. Both
the experiment and prediction show that the flaemgth progressively increases, and however, tineeflacight
decreases with wind velocity. Comparison betweesdipted and measured mean flame-surface heat flux
downstream behind the burner (=R), along the burning wall centerline (y=0.2 m)piesented in Figure 4.
The predicted total heat flux closely follows thengral behavior of the experimental data in a rafgeind
velocity from 0.7 to 2.5 m/s. Just downstream béhime burner (x<0.25 m), the total heat flux is found to
decrease with an increase of the wind velocity tdueduction in the flame thickness (cf. Fig.2)r Bavay from
the burner (x->0.5 m), the total heat flux, as a whole, is préipoal to the wind velocity mainly due to the
increase of the flame length (cf. Fig.2). By takingp account an uncertainty of 10-15% during ekpent due
to buoyant instability, agreement between predicéod measurement is good, enabling a numericdy siti
flame propagation over a condensed fuel surfaeecimannel.

Fig. 1. Model channel fire, and the coordinateesystor numerical simulation
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Fig. 2. Predicted thermal field for the wind velies of U=0.5 and 2.5 m/s
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Fig. 3. Comparison between predicted and measuféd. 4. Comparison between predicted and measured
flame height/length total heat flux

5 Results and discussion

The situation encountered in the present wedhbwn in Figure 1, where the PMMA is 1 m in ldngt), 0.4
m in width and 2 mm in thickness (thermally thirest). The upstream edge of the PMMA is ignited urade
heat flux of 20 kwW/rf provided by a gas burner fire. The heat flux friste flame incident upon the unburned
fuel surface is responsible for heating of the awefto the ignition temperature, causing the firespread.
Figures 5 and 6 show variations of the flame lefigtight as a function of the pyrolysis front foetiwind
speeds between 0.5 and 2.5 m/s. The flame propagatier condensed fuel surface occurs in two sgoees
modes. In the first mode ¢lL<0.3), when the flame is confined within a boundiayer, the flame is elongated
in the downstream direction with an essentiallystant flame shape (k2L,, H;=0.2L;). Transition to the
second mode, occurring earlier at low wind veloglty<l m/s) where the flame stands up to form a buoyant
plume, characterized by a significant increasdashé height. For the wind velocity of 0.5 m/s, #ome with the
oxygen mass fraction higher than 15% is reduceddisapnside the channel, and therefore, we have a
ventilation-controlled fire. In this case, the extel;, of the visible flame (T>450 °C) is 4.5 times thaolysis
length, L,. The transition from the boundary layer to thenpdumode is evident from a sharp rise in the sldpe o
the curves, and is seen to occur gt £0.4 where the ratio (Froude number) of the humtal and the upward
forces in the flow stream is low. However, for gteong wind velocity of 2 m/s, oxygen is still aledile in the
large portion of the channel, and we have a fuelrodied fire. The flame length increases with theolysis
front, reaching an asymptotic value of 2 timespleolysis length. Globally, the extent;, lof the visible flame
(T>450 °C) for a ventilation-controlled fire is altotwo times that for fuel-controlled fire. The rib@ at low
wind velocity is roughly six times thicker than that high wind velocity mainly due to buoyancy aaid

entrainment.
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Fig. 5. Predicted flame height for differen U Fig. 6. Predicted flame length for differ&h
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An expression for the flame spread velocity, defias the pyrolysis front advancement rate, is eéerin the
following form, Vi=dL//dt, as shown in Figure 7.;¥ppears to be generally higher for higher windoiy. The
predicted spread velocities are the same ordemsaghitude (cm/s) as the measured spread rate dGMeIPH 1,
2]. The overall flame spread process can be dividemltwo modes. For the first boundary layer mgdgL
<0.25), V is essentially constant with the pyrolysis frohtansition to the second mode, a quick increasé4 of
occurs up to a maximum value of3.5 cm/s due to the constant total heat flux. BgBishows variations of
the spatial average fuel mass loss (pyrolysis), fliax(g/n?s), with the predicted pyrolysis front,,Lat different

wind speeds between 0.5 and 2.5 m/s. It is seénithancreases quickly as the fire propagates upytb £0.4

and is generally higher at lower wind velocity. Bag L/L>0.4, the fuel pyrolysis rate reaches an asyniptot
value of approximately 25 gfsin spite of the wind speed variation.
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Fig. 7. Flame spread velocity for differ&ht Fig. 8. Predicted spatial fuel miass flux

6 Conclusion

The behavior of the large-scale, highly transilame spread over noncharring solid fuel surface
reasonably well predicted by using Large Eddy Satioh. In a boundary layer mode, the fire spread &
generally higher at stronger wind speeds. Tramsit® a plume mode, happening sooner at lower wind
velocities, is marked by a rapid increase of taenf height. The flame tends to stand up and trembkéat to the
fuel surface with a contribution by radiation highlkan 60% of the total heat flux. For low wind aegity, the
flame length is found to be roughly 4.5 times tlgeopysis length. The predicted maximum spread ohte+ 0.5
cm/s is essentially independent of air flow. Ongoivork is accounting for a dynamique subgrid-scatelel of
turbulence for the wind-aided flame spread in ancle&
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