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ABSTRACT

The unsteady behaviour of a buoyant methane diffusion flame is simulated numerically. The turbulent
transport and the reactive mixture are evaluated using a RNG — k — ¢ — g turbulence modelling and a
presumed shape (B-function) pdf approach. A fine description of radiation is achieved by using a two-
equation submodels for the description of soot formation and a differential P1-approximation to calculate
the irradiance field. The numerical results show that the buoyant flow above the flame is characterized
by the development of large eddies on both sides of the column formed during the expansion of the hot
gases. The growth of these buoyancy driven instabilities is also marked by an oscillatory behaviour as it
can be noticed on the time evolution of the flame height.

INTRODUCTION

The control of phenomena occurring during the expansion of a fire requires the understanding of the
physical mechanisms which govern the flame behaviour (combustion rate, flame temperature ...) and
their interaction with the buoyant turbulent flow which develops in the vicinity of the flaming zone. Pool
and natural fires are characterized by a very low initial momentum and are strongly affected by buoyancy
effects [1]. To study the behaviour of this kind of fire, it is more convenient to perform experiments by
injecting gaseous hydrocarbon through a porous burner, to obtain flow patterns in the combustion zone
similar to those encountered for a fire and reproducible experimental conditions [2]. It is well known
that the fire plume consists of three distinct regions: the persistent flame, the intermittent flame and the
buoyant plume [3, 4]. Experimental studies have shown that oscillatory behaviour have been observed
above buoyant diffusion flames [5, 6]. The formation of coherent structures above a fire plume results
from the development of buoyancy driven instabilities, which, in turn, leads to vortex shedding and flame
flickering. Most of numerical simulations based on statistical approach do not reproduced this unsteady
behaviour [7] excepted more recent works developed from large eddy simulations (LES) [8] or RNG
turbulence modelling [9]. Experimental investigations have shown relatively low centerline temperature
levels, with a maximum value ranges from 1100/K to 1300A representing approximately half of the
flame temperature in adiabatic conditions. Two reasons can explain this divergence, the radiation heat
transfer and the temperature fluctuations. Neglecting the radiation heat transfer, the flame temperatures
predicted from statistical formulations remains higher than experimental data (1600 — 2000A7). Including
a radiation heat loss representing 50% of the energy released by the combustion reaction, the maximum
temperature level can be reduced to 13004 (7, 1]. The modifications of the radiative properties of the gas
mixture result from the formation of combustion products (CO, H,0, CQ) and soot particles in the flame.
This last one represents in fact the most important contribution. It explains why the radiation heat loss
for poor sooting gaseous fuels (such as methane) represents only 20 — 25% of the chemical energy released
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during the combustion. In most of proposed numerical studies, the radiation heat loss is introduced
reducing the flame temperature or the energy released by the combustion [10]. The specificity of the
present study is that the radiation heat transfer is not fixed a priori but is integrated in the calculation
including the contributions due to combustion products and soot particles. Recent numerical results
obtained from large eddy simulations [8] or RNG statistical turbulence modelling [9] have reproduced
the pulsating behaviour which characterizes buoyant fires. These studies have also demonstrated that
averaging the instantaneous temperatures allowed to find mean temperature distributions in agreement
with experimental correlations obtained for a methane/air flame expanding from a square porous burner
[11].

The configuration studied in the present paper is represented in Figure 1. A gaseous fuel (methane)
is injected through a porous burner (0.3m large); the dimensions of the 2D computational domain are
3m x 3m.

MATHEMATICAL FORMULATION

The variables transported (mass, momentum, energy ...) by the turbulent flow are decomposed as ¢ =
6+ ¢" where § is defined as the average value of ¢ evaluated over a finite range of time At:
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Applying this averaging procedure to the instantaneous conservation equations of mass, momentum,
energy ... and introducing a density-weighting formulation we obtain [12, 13, 5, 14]:
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where @7; is the average stress tensor expressed as
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where u;, h, g;, qf, p, p are the velocity components, the enthalpy, the gravity acceleration, the radiative
heat flux, the density, and the viscosity, respectively. The superscripts (), (), and () denote time
average, density-weighted Favre average and density-weighted Favre fluctuation. In fact this procedure is
comparable to Large Eddy Simulations (LES), in the present case the equations are transformed using a
time filtering. This method allows to follow the formation and the dynamics of coherent structures which
are present in the plume and which contribute significantly to the interaction between the flame and the
near field region. The contribution due to the small scale structures is represented using the Boussinesq’s
eddy viscosity concept:
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To calculate the corresponding turbulent contributions in the scalar transport equations, a gradient
diffusion model is used:
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di; is the Kronecker delta and o4 the turbulent Prandtl/Schmidt number for ¢.
where k and ¢ are, respectively, the turbulence kinetic energy and its dissipation rate.

To avoid the unphysical behaviour obtained with standard k — ¢ turbulence modelling for the calcula-
tion of weak turbulent flows [15], a sct of modified transport equations for k and ¢ derived from the

Renormalization Group (RNG) theory [16, 17] is used:
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where P, and W are respectively the shear and buoyancy turbulent production terms:
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The turbulent reacting gas mixture is evaluated using presumed pdf-3-function method:
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where a and b can be determined from the values of mean mixture fraction (f ) and its variance (§ =
solutions of the following transport equations [13, 10]
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The Favre-averaged mass fraction of species 7 is then determined from
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For the present study, a one-step irreversible reaction (methane/air) is used, assuming that Y;(f) are
linear functions except at the stoichiometric value fy; [10]. The enthalpy-temperature dependence is

treated using CHEMKIN thermodynamic data base [18].

Various experimental measurements have shown that radiative heat transfer cannot be neglected for a
good evaluation of the energy balance in a laminar or a turbulent diffusion flame. The radiative heat
loss can represent 20 — 50% of the chemical energy released during the combustion reaction [14, 1]. Two
mechanisms contribute to radiative heat loss, namely the radiation of the combustion products (CO2 and
H,0) and the radiation of soot particles in the flame [19, 20, 14]. If soots are represented by spherical
pure carbon particles, two variables are necessary to represent the soot field, respectively the number

density n, and the volume fraction f,:
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where the source terms representing the different contributions to the soot production phenomena (nu-
cleation, coagulation, oxidation, surface growth) are evaluated as
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u'* is the mean thermophoretic velocity component in the j-direction:
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Psoot is the soot particle density (1.8g/cm®), Cy, Cs, Cs, Cy, Ta, T the coefficients and activation
temperatures

Ca =6.54 x 10%em?3/g? - K1/% . s,

Cs = 1.3 x 103em® /K2 . 5,

Cs = 1.44 x 10°g,

Cy = 1.0 x 103cm3/g?/3 . K1/2 .5,

T = 4.61 x 10°K,

T, = 1.26 x 10°K,

No = 6.02214 x 10%*mol~! Avogadro’s number).

The term Wy, relative to soot oxidation on the right-hand side of eqs (21) and (22) corresponds to soot
oxidation, it is evaluated from the rate for oxidation of pyrolytic graphite {21],
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For the radiation heat transfer, the gas-soot mixture can be considered as a gray medium characterized by
an absorption coefficient including the contributions of combustion products and soot particles. Then the
irradiance field and the radiative heat flux can be calculated by solving the Radiative Transfer Equation
(RTE) developed using the Pl-approximation [22, 23):
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For methane/air flame the absorption coefficient can be approximated as [19]:
QR = ap = @pro + Gso0t = 0~14\T;;o + 1862.71/’7‘ (m_l) (32)

To obtain an accurate representation of such turbulent reactive flow, including unsteady behaviour and
high gradient regions (shear layer. combustion front), the set of partial differential equations previously
described is solved using a Finite Volume method including a second order backward Euler scheme for
the time integration and an Ultra-Sharp method for the evaluation of convection-diffusion fluxes between
two adjacent control volumes [24]. This method combines the use of a high order upwind convective
scheme introducing no numerical diffusion, with a flux limiter strategy which damp the oscillations
sometimes introduced by this kind of scheme. The pressure-velocity coupling is treated using a non
iterative algorithm based on a projection method [13]. At the open boundaries zero shear stress is
assumed and the normal velocity component is evaluated from continuity equation using a pressure
correction procedure. For the other variables (T, k,¢,Y; ...) a zero flux condition is assumed for outlet

flow and far field conditions (T = 300K,k = ¢ = 10~%,¥; = Y2 ...) for inlet flow.

NUMERICAL RESULTS AND DISCUSSION

The results reported in the present paper have been performed for a 140 x 70 cartesian grid. To obtain
an accurate representation of the boundary layer flow along the bottom boundary and the region where
the chemical reaction occurs, the mesh is locally refined near the lower boundary and on both sides
of the burner axis. The calculations are performed on PC (Intel Pentium Pro 200Mz), 60s of flame
simulation takes approximatively 4-6 hours of CPU time (using an average time steps At = 1072). The
inlet fuel velocity has been adjusted to obtain a 150kW/m pool fire. The instantaneous temperature
field reported in Figure 2, exhibits a dissymmetrical pattern. The maximum temperature is relatively
high (T ~ 2000K) (to compare with the instantaneous adiabatic flame temperature for methane is
T = 2250K). The stoichiometric flame contour is represented in Figure 4. As previously mentioned
for the temperature field, the development of coherent structures on both sides of the fire induces a
flickering of the flame surface. This instability is also observed on the time evolution of the flame
height reported in Figure 5. The frequency associated to the unsteady behaviour is about 0.7Hz (see
Figure 5) which indicates that probably only a part of the unsteady motion is represented in the present
calculation (for the same Froude number Fr a 10~* experimental correlations indicate a vortex shedding
frequency f ~ 2.7Hz [6, 25]). The present simulation can be interpreted as a temporal filtering [26] and
therefore all the flow structures (and their corresponding consequences upon the flame dynamics) cannot
be represented. The present study is limited to 2D calculations as the physical problem is 3D which can
also explain this divergence. The volume fraction of soot is represented in Figure 3, with a maximum
value observed in the flame ||f,||cc &~ 2.2 10~7 which is in agreement with experimental values measured
for methane/air diffusion flame [19). Figure 6 shows the instantaneous and time averaged (over 10s)
centerline temperature compared to experimental correlation [11] extended to a line fire configuration
assuming that for a rectangular burner beyond a length/width shape ratio equal to 3 the centerline
temperature depends only on fire power density (kW/m). As already mentioned in the literature [8] the
curve representing the instantaneous temperature is characterized by large amplitude oscillations due to
the flickering of the flame surface. In this case the maximum in temperature is about 1900 which is in
agreement with the experimental values measured for steady methane/air flame [19]. The time averaged
centerline temperature curve exhibits a more regular behaviour with a maximum in temperature reduced
to & 1500 which is in agreement with the numerical results obtained from large eddy simulations [8].
Above the flame in the buoyant plume, the decreasing rate of the centerline temperature is similar to
experimental correlations [11]. In Figures 7 and 8 the centerline soot volume fraction and mean soot
diameter are represented. These two curves indicate that soot oxidation is complete as the temperature
exceeds 1600K. The maximum soot particle radius is about. 70nm which is in accordance with the value
observed for a methane/air diffusion flame [19].
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Porous burner

Figure 1: Buoyant turbulent diffusion flame expanding from a porous burner.
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Figure 2: Closer view of the computed temperature field of a 150kW/m buoyant turbulent diffusion flame
using a 140 x 70 grid.
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Figure 3: Closer view of the computed of soot volume fraction field of a 150kW/m buoyant turbulent
diffusion flame.
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Figure 4: Stoichiometric contour of a 150k¥/m buoyant turbulent diffusion flame.
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Figure 5: Time evolution and normalized power spectrum of the stoichiometric flame height of a 150kW/m
buoyant turbulent diffusion flame.
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Figure 6: A comparison of the centerline temperature (instantaneous and time averaged) of a 150kW/m
buoyant turbulent diffusion flame with that deduced from the correlation of McCaffrey [11)].
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Figure 7: Centerline soot volume fraction of a 150kW/m buoyant turbulent diffusion flame.
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Figure 8: Centerline mean soot particle diameter of a 150kW/m buoyant turbulent diffusion flame
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