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ABSTRACT

A numerical study was conducted to evaluate the use of a two-dimensional adaptation of
the Discrete Ordinates Method to estimate the flame radiation energy for burning walls. The
methodology extends previous work by substituting the constant soot radiative fraction,
approach by two-equations, a soot model and a radiative transfer equation without scattering.
Predictions for the burning rate distribution, flame structure and velocity field on wall fires in a
parallel configuration were carried out for one and two burning walls. The main parameter varied
was the distance between the walls. Transport equations for mass, momentum, gas-phase mixture
and enthalpy are solved using a finite volume method. Velocities, temperature and turbulent
quantities were correlated to experimental data. A good agreement was observed between
computations and experimental data. These results have implications when identifying and
assessing the risk associated to the bulk storage of materials for different wall spacing/height
ratio.
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INTRODUCTION

During the last three decades, extensive information has been provided for single wall
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fires [1-5]. The information reported includes burning rate, flame structure and velocity fields. In
contrast, the configuration where the fire occurs inside parallel walls, common to storage arrays
in warehouses, has not been described by a rigorous mathematical analysis. The vertical channels
between adjacent stacks offer an ideal pathway for fire growth therefore, in such circumstances,
fire protection is difficult. There is a need to understand fire spread mechanisms in more detail to
enable better quantification and reduced of risks by avoiding specific geometrical configurations.

Experiments [6, 7] have shown that combustion between parallel vertical walls, in which
a buoyancy-induced draft develops, is more intensive than that over a single vertical wall.
Unfortunately, little attention has been given so far to the description of this phenomenon. To the
best knowledge of the authors, the first numerical and experimental analysis addressing wall fires
in a parallel configuration is the work of Tamanini [7]. In this study a previously developed
theoretical model for a single wall fire was extended to simulate a fire inside parallel walls by
pre-assigning a free-parallel stream velocity. In spite of the important findings of this work,
description of the characteristics of the diffusion flame and buoyancy-induced draft in the parallel
configuration remained limited.

This consideration has provided the main motivation for the present work. An efficient
parabolized procedure, developed recently by the authors [8], is used as the framework for this
numerical study. The main advantage of the parabolized procedure lies in its rapidity and its
economical storage, particularly when dealing with the strong coupling of the two initially
unknown controlling parameters: the burning rate and buoyancy-induced flow. Soot and radiation
models are incorporated to the numerical scheme. Predictions of the mean temperature, velocity
and turbulent quantity are first compared with available experimental data [6] for a propane fire
in the parallel wall configuration. Work has been undertaken to understand the effect of such
geometry on the heat fluxes and the accompanying burning rate which occurs when a flame is
burning between combustible surfaces.

THEORETICAL ANALYSIS

In vertical parallel wall fires, the mean cross-sectional pressure within the channel will be
less than the surrounding pressure at the same elevation. The flow is solely induced and vertically
accelerated by buoyant forces through the stream wise momentum equation. The basis of the
mathematical model employed has been described in detail elsewhere [8] and will not be repeated
here. The model incorporates the differential conservation equations of mass, momentum, energy,
soot and chemical species. All symbols used in this section have their usual fluid dynamical
meaning : p is the density, Y; the mass fraction, u stream wise velocity, T temperature, g the

gravity, rr and r, are the stoichiometric oxygen mass requirement for fuel and soot, respectively.

Turbulence

For the vertical parallel wall fire, the Reynolds number of the buoyancy-induced flow is
usually higher than 3000, and turbulence can be considered fully developed. We have chosen to
adopt the k —¢& turbulence model [9] because its strong and weak sides are well known. The
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Reynolds stresses and fluxes are calculated through the turbulent kinetic energy, k and its
dissipation, € [9]. The fluctuating flow is also affected by the buoyancy term [10],
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in which the normal gradient diffusion is taken into account, giving the realistic predictions for
the streamlined flow. In general, the empirical constants (C; and C,) are assigned the standard
values [9, 10].

Gy

Combustion

The Eddy-Break-Up model [11] is used for treating the interaction between turbulence
and combustion, and based on the concept of a single irreversible step reaction. The fuel reaction
rate is taken to be the slowest of the turbulence dissipation rates corresponding to fuel (Yyg,),

oxygen (Y ) or hot products (Y, ), written as:

,C
e (l+re)

where Cr and C'R are constants equal to 4 and 2 respectively.
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Soot Formation and Combustion

For computational simplicity, the two-equations soot model [12], is chosen for this work
to predict soot concentration (¢ ). The soot formation and its oxidation are incorporated into a
turbulent flow calculation in two convection-diffusion equations that compute a mean precursor
particle number density and mean soot concentration. The combustion of soot particles is
modeled according to the Eddy-Break-Up concept formulated as:

R.=Apc,Ex min[l,——l‘“——]

k CststPYers
The activation energies, pre-exponential factors (A) and the empirical constants can be found in
reference [12].

Energy

By assuming that the fluid Lewis number is close to unity, the energy equation source
term is uniquely a function of the radiant flux vector. For the absorption in the flames, the gray
gas assumption has so far been used and will be used here. The radiation intensity is found by
solving a Radiative Transfer Equation (RTE) [13] without scattering as the soot particles are
small. The RTE describing the spatial variation of radiative intensity along each direction is
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solved through the use of a two-dimensional adaptation of the Discrete Ordinates Method [13].
Soot, CO; and H,O are considered as the primary products, and the radiant absorption-emission
properties for a non scattering gray medium, are functions of temperature and the concentration of
combustion products [14].

Boundary Conditions

Three boundary conditions prescribed are: inlet, burning or inert wall and the symmetry
plane. At the inlet, it is assumed here that the flow enters in the stream wise direction with a
uniform axial velocity, Uy , and at the ambient temperature and pressure.

At the wall surfaces, the non-slip condition is imposed by setting the stream wise velocity
to zero. The heat flux to the burning walls due to convection, and the wall's influence on the flow,
are calculated by help of the wall function method [15, 16]. For radiation, the burning wall is
treated as a diffusively reflecting and emitting surface with an emissivity of 0.3. The temperature
profiles along inert walls is determined using an emissivity of 1. The calculations correspond to a
one-dimensional analysis of convective and radiative heat fluxes. At the symmetry plane, for the
two burning walls case, the zero gradient condition is imposed.

Method of Resolution

The control volume method developed by Patankar [17] is used to discretize the partial
differential equations. The mean flow equations are numerically solved by using the SIMPLEC
procedure to handle the pressure-velocity coupling [18].

Of particular treatment, in the parabolized procedure, is the pressure-velocity coupling in
the stream wise direction (x). The stream wise pressure gradient is assumed to be practically
uniform in the cross-section (y), but strongly depend on the streamwise direction (x). The
parabolized procedure starts at the inlet plane of the channel and proceeds downstream until the
exit is reached. In order to start the calculation, the values of the two initially unknown
parameters: the inlet velocity (Up) and burning rate (mg), are required. This difficulty is

overcame by using the parabolized technique which is described as follows.

1. A uniform distribution of the burning rate (thg =3 x 10~ kg/m?s) is guessed for estimating

the total heat release rate and a possible range of the inlet velocity (Up) value varying from 0
to 3 m/s is prescribed according to the wall fire conditions.

2. With this inlet velocity and burning rate, the fluid flow is calculated, and the temperature
values are evaluated. Convergence is achieved when the normalized residuals are less than 1x
10? for each equation at each cross-section.

3. The radiation properties are specified, and the radiative source term is substituted into the
energy equation which is solved to update the dynamic and thermal fields.

4. Based on these velocity and temperature fields, the burning rate is re-calculated through the
convective (q.,,, ) and radiative (q,,, ) fluxes.
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5. This iterative procedure (2)-(4) is repeated to properly account for the non-linearity and inter
linkage between the dynamic and thermal fields until the burning rate change less than 5%.

6. Finally, the inlet velocity value, Uy, of the buoyancy-induced flow is determined by the
requirement that the pressure difference goes to zero at the exit. Iterative computational runs
that include steps (1)-(5), have to be made to obtain a final value of the inlet velocity.

MODEL VALIDATION

In order to validate the numerical model, two experimental configurations are considered
[6], as shown in Figures 1(a,b). Figurel(a) corresponds to a single burning wall case (Tests 1,3)
and Figure 1(b) to the two burning walls case (Tests 2,4). Two different wall spacing, L=0.062 m
(Tests 1-2) and L=0.1 m (Tests 3-4), were explored. All tests used sintered bronze burners which
were located on a wall of height H =1 m and propane as fuel. The gaseous fuel injection rate was
0.003 kg/m?s, adjusted to give a theoretical heat release of 52 kW for the single burning wall case
and 104 kW for the two burning walls case. Temperatures were obtained by means of fine wire
analogue compensated thermocouples. Velocities and turbulent quantities were determined using
a two-component Laser Doppler Velocimetry (LDV) system. All measurements for the four wall
fire conditions were conducted at the height of 0.9 m. Equivalent tests with condensed fuels can
not be found in the literature but are considered necessary to fully validate this approach.
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(a) Single burning wall opposed against an inert wall  (b) Two opposing burning walls
Figure 1. Schematic diagram of vertical parallel wall fires with a buoyancy-induced flow

In the simulation, a higher density of grid nodes is generated using a series distribution
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close to the wall. The grids used are 18 for Tests 1-2 and 24 for Test 3-4, respectively. The axial
step size was selected such as it would cause the local mean velocity and temperature to change
by approximately 5%. With this continuously varying step size, about 200 forward steps are
required to cover the burning wall height (H) of 1 m. The integro-differential RTE is solved only
in a fixed number of discrete directions using the Discrete Ordinates Method [13]. For this two-
dimensional calculations 48 discrete directions spanning a full range of the total solid angle have
been chosen. Global execution time on the DEC3000/alfa for obtaining the final values of the
inlet velocity is about 3 hours.

Figures 2(a,b) show the comparison between the temperature calculations and the
different tests. Note that the lines and symbols definition of Tests 2 and 4 in Fig.2b correspond to
that of Tests 1 and 3 in Fig.2a, respectively. It can be seen that, for all cases, agreement between
theory and experimental temperatures is relatively good in terms of magnitude and distribution.
The temperature increases with the distance from the burning wall from about 850 K to a
maximum of 1360 K, then it progressively decreases beyond the reacting zone. Calculations at
different heights show a highly similar character of the temperature profiles along the burning
wall. The most significant discrepancies are observed for the cases where the burning wall
opposes an inert one. The model tends to underestimate temperature levels (about 150-200 K)
near the inert wall as the spacing between the walls increases (Test 3, L=0.1 m) and to over
estimate the location of the temperature peak as the distance decreases (Test 1, L=0.062 m).
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(a) Tests 1 (L=0.062 m) and 3 (L=0.1 m) (b) Tests 2 (L=0.062 m) and 4 (L=0.1 m)
Single burning wall (x/L=0.9) Two burning walls (x/L=0.9)

Figure 2. Predicted (lines) and experimental (symbols) mean temperature and velocity profiles

As shown in Figures 2(a,b), the general shape of the mean velocity profiles is correctly
predicted. Agreement between prediction and experiment is relatively good except for Tests 1 and
2 for which the quantitative discrepancies appear significant with an underestimation of about
15% in the peak velocity (Test 2) and of 20% in the location of the maximum value (Test 1).
Comparison between experiments and calculations for Tests 1 and 2 is difficult since buoyant
instabilities are introduced as the flames approach the opposing wall or flame. The buoyant
instability are not taken into account in the simulation, and this effect becomes more important as
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the wall spacing decreases. Another important source of error is the actual velocity
measurements. Accurate measurements of the mean velocity are usually difficult to perform as
the flame fills the entire width of the gap (Test 2, L=0.062 m), inducing strong buoyant
instabilities. Furthermore, a rectangular window, needed for the LDV measurements, has to be
made at the height of 0.9 m on each of the burning walls introducing perturbations during the
experiments.

In the vertical parallel wall fire, the flow (oxidizer) is buoyantly induced from a quiescent
environment of ambient air due to thermal expansion, through the stream wise driving pressure.
The inlet velocity value of the buoyancy-induced flow is determined by the requirement that the
driving pressure goes to zero at the channel exit, as shown in Figure 3. In general, the driving
pressure increases with the height at the lower part of the channel, attains a maximum and then
decreases towards zero at the upper one. Although the case of two burning walls (Tests 2, 4)
reinforces the driving pressure, the strong effect of the flame prevents air entrainment towards the
channel. Consequently, when an inert wall is replaced by a burning one a decrease of the air
entrainment into the channel is observed. The mass of air entrained drops from 1.3 kg/m’s (Test
1) to 1.21 kg/m?s (Test 2) for L/H=0.062, and from 1.43 kg/mzs (Test 3) to 1.25 kg/mzs (Test 4)
for L/H=0.1.
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Figure 3. Prediction of stream wise driving Figure 4. Predicted (lines) and experimental
pressure between vertical parallel burning  (symbols) profiles of the velocity fluctuation at
walls for Tests 1-4 a height of 0.9 m for Tests 3-4 (L=0.1 m)

As for the comparison for the normalized velocity fluctuations, /u’u’/u (u is the local

velocity), only Tests 3 and 4 will be compared since the results are representative of all cases
studied. As shown in Figure 4, agreement between experiment and prediction is seen to be
relatively good inside the reacting region. The velocity fluctuation first decreases once away from
the burning wall (y/H>0.1) where turbulence is principally produced by shear stress, to a
minimum at the flame sheet, and then increases in the core flow region. Moreover, the case of
two burning walls (Test 4) brings about a decrease of the level of the velocity fluctuation due to
re-laminarization caused by buoyancy effects. Within the cold flow region (y/L>0.5) near the
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inert wall significant differences between prediction and experiments are noticeable for Test 3.
The discrepancies are mainly due to three-dimensional effects [8], which may be very pronounced
with the decrease of the effect of buoyancy and which are inherent to the experimental facility. It
appears that, for Test 3, the discrepancies between the resulted temperature and velocity fields are
associated with the underestimation of the velocity fluctuation.

RESULTS AND DISCUSSION

The model can be used to extract interesting information by considering two characteristic
physical situations:

(a) When a burning wall opposes an inert wall (Fig.1a), it is important to know how the
geometry affects the ease with which the surface temperature, of the inert wall, can increase
beyond characteristic ignition temperatures. Pre-heating towards ignition is of great relevance
since it describes the time available before involvement of remote fuels. For this work a reference
value of T=600 K will be used for ignition (corresponds to typical values used for piloted ignition
of PMMA in a vertical configuration). The opposing flame can be considered the pilot.

(b) Once the facing wall has ignited, it is important to understand how the geometry
influences the flame structure, and as a consequence, the convective/ radiative fluxes, the
accompanying burning rate and the mass of unburned fuel convected beyond the walls.

The effect of reducing the distance (L) to the burning wall (Fig.1a) on the distribution of
the surface temperature of the facing inert wall is shown in Fig. 5. The wall spacing/height ratio
(L/H) varies from 0.35, 0.25, 0.15, 0.1 up to 0.062. It can be seen that the surface temperature of
the inert wall increases with height. Temperatures higher than 600 K are only reached as the
separation (L/H) is reduced to less than 0.15. That means that once the inert wall is replaced by a
PMMA one, its solid surface will pyrolyze due to heat feedback from the high temperature gases
in the flame. In this work, the phenomena of the ignition and flame spread are not modeled. It is
assumed that the facing inert wall (PMMA) as shown in Fig.1a, can be ignited, and once ignited,
these conditions give rise to two diffusion flames as shown in Fig.1b. However, for large
separation (L/H>0.2), ignition of the opposing surface does not occur and the case of a single
burning wall opposed an inert one (Fig.1a) has to be considered.

Heat transfer from the flame towards the wall significantly affects the mass burning rate
once the flame is established, therefore it is appropriate to conduct a systematic evaluation on the
effects of confinement on convective and radiative heat transfer.

The predicted convective heat flux, q,,, . With height of the burning wall is displayed in

Figure 6. It may be intuitively expected that the effects of confinement on the fire-induced air
flow and flame structure will in turn influence the convective heat transfer processes. For the high
level of confinement (L/H<0.2, two burning walls case), the convection flux is found to increase
at first with increase of the wall spacing/height ratio (L/H) from 0.06 to 0.1, and decrease later
with further increase of that to 0.15. It is found that the highest level of confinement (L/H=0.062)
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brings about a dramatic reduction in convection flux after the merging of the two diffusion flames
at x/H=0.6. This is principally due to a significant flame stand-off distance induced by a lack of
oxidizer at the core which in turn will reduce the temperature gradient near the burning surface.
However, the moderate separation (L/H=0.1) maintains a high convective flux due to the shift of
the reacting zone towards the burning surface which tends to reinforce the normal temperature
gradient there. For the low level of confinement (L/H>0.1) the convective flux rapidly decreases
from the highest value at the leading edge to a minimum, at the height (x/H) of 0.4, then slightly
increases downstream due to the enhancement of the turbulence level. Single burning wall cases
L/H=0.25 and L/H=0.35 show similar patterns than the last two burning walls case (L/H=0.15)
reinforcing the notion that for low levels of confinement convection in a channel with two facing
burning walls acts as two independent burning walls [3, 5]. Note also that the convective flux
with the presence of an inert wall (L/H>0.2) is more important than that between two burning
walls, this is due mostly to the lower turbulence level (Fig.4) in the last case.
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Radiation flux from the high temperature gases in the flame to the burning wall, as
presented in Figure 7, is computed from a discrete representation of the radiative intensity field. It
can be seen that fire between two burning walls (L/H<0.2) exhibits a high radiation flux: this
becomes very noticeable when the flame fills up the entire width of the gap downstream
(x/H>0.6), giving direct flame impingement on both burning walls. Direct radiation from the two
diffusion flames remains considerable, and the overall contribution to the heat flux from this
source is higher than 80%. As the separation (L/H) increases up to 0.1, the radiative heat flux
increases until it reaches a maximum. The spacing/ height ratio (L/H) of 0.1 gives the highest
radiative heat flux due to the increase of radiation pathways. Further increase in L/H is found to
decrease the flame radiation flux significantly (L/H=0.15) due to the attenuation of the interaction
between the two diffusion flames. In the most extreme case where the ratio, L/H, varies from
0.062 to 0.1, the radiation flux is almost six times that for single burning wall case (L/H>0.2).
The high contribution of the radiation flux is a consequence of the interaction of the two diffusion
flames becoming very pronounced for a moderate separation (L/H<O0.15).
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The PMMA burning rate, as shown in Fig.8, is controlled by the convective and radiative
heat feedback from the high temperature gases in the flame to the pyrolyzing surface. It is
assumed that the combustible is in equilibrium gasification, and the temperature of pyrolyzing
surface of a free burning PMMA slab remains approximately constant at 636 K. The
thermodynamic properties of PMMA can be found elsewhere [3, 7]. For two burning walls case
(L/H<0.2), the burning rate increases with height and depend on the separation, whilst for a single
burning wall case (L/H>0.2), the burning rate is independent of the separation. Changes in the
burning rate are caused by a change in the dominant heat transfer mechanism from convective for
single burning wall to radiative for two burning walls. Of particular interest is a maximum local
burning rate occurring for a wall spacing/height ratio (L/H = 0.1).

An additional parameter of interest is the unburned fuel at the exit of the channel, since it
will represent the potential flame height. The flame height can not be obtained by means of this
methodology mainly due to the inherent three dimensional and elliptic nature of the flow past the
channel. An evaluation of the unburned fuel will provide an estimation of the impact of the
channel geometry on the flame height. Characteristic values were calculated by integrating the
fuel mass fraction at the exit of the channel. In the case of a single burning wall the L/H ratio has
a weak effect on the total mass of unburned fuel at the end of the channel, with this effect
becoming almost negligible for L/H>0.2. The total mass flow of fuel were calculated for
L/H=0.25 and gave an estimate of 2.18 x 107 kg/s, for L/H=0.35 the total mass of fuel was
calculated to be 2.14 x 10® kg/s. In contrast, for two burning walls, the interaction between
flames results in a significant increase in the fuel mass fraction at the outlet of the channel leading
to a dramatic increase of the total mass of fuel as the distance between the walls decreases.
Calculated values showed that for L/H=0.15 the mass flow of unburned fuel was 6.76 x 10~ kg/s
increasing to 8.6 x 10 kg/s for L/H=0.1 and to 9 x 10" kg/s for L/H=0.062.
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CONCLUSION

The parabolized procedure is used to predict the thermal and dynamic fields of the vertical
wall fire in parallel configuration with a buoyancy-induced flow. The separation of two parallel
fuel plates has an important influence on the flame structure, and as a consequence, on the
convective/ radiative heat fluxes and the accompanying burning rate.

For a large separation (L/H>0.2), a combustible material (PMMA) can not be ignited by
the heat source from the opposing burning wall. In the case of a single burning wall against an
inert wall, moving the inert wall away from the burning one has no influence on the radiative and
convective fluxes. Thus, the burning rate along the combustible wall is only a linear function of
height. However, when the separation is small (L/H<0.2), a combustible wall (ie. PMMA) can be
heated by an opposing burning wall up to temperatures higher than 600 K. At this point
interaction between the two burning walls occurs. Convective and radiative fluxes are more
dependent on the separation of two burning walls, and as a consequence, a small change in
separation can cause a significant change in burning rate. The burning rate slowly increases with a
linear function of height upstream, and accelerates once the flame fills up the gap between the
burning walls. The maximum increase of the burning rate is predicted at a wall spacing/height
ratio (L/H = 0.1) due to the highest contribution by both convection and radiation.

The mass of unburned fuel exiting the channel increases significantly with the interaction
of the two flames and is almost unaffected by the interaction between the flame and an inert wall.
This has important implications on the determination of the flame height.

In spite of the above important findings, it is becoming increasingly apparent that success
in assessing the hazard of combustible materials which may be used in such configurations
depends on a complete modeling for the fire development. Ongoing work is considering the effect
of geometry on ignition and flame spread characteristics.
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