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A two-dimensional numerical model of opposed flow flame spread over thin solid fuel is formulated and modeled to study the
effect of gas phase heat sink (a wire mesh placed parallel to the fuel surface) on the flame-spread rate and flame extinction. The
work focuses on the performance of the wire mesh in microgravity environment at an oxygen concentration 21%. The simulations
were carried out for various mesh parameters (wire diameter, “d...” and number of wires per unit length, “N”’) and mesh distance
perpendicular to fuel surface “Yomeq”. Simulations show that wire mesh is effective in reducing flame-spread rate when placed at
distance less than flame width (which is about 1 cm). Mesh wire diameter is determined not to have major influence on heat
transfer. However, smaller wire diameter is preferred for better aerodynamics and for increasing heat transfer surface area (here
prescribed by parameter “N”). Flame suppression exhibits stronger dependence on number of wires per unit length; however, it is

relatively insensitive to number of wires per unit length beyond certain value (here 20 cm™1).

1. Introduction

Diffusion flames formed over condensed fuels are well
known to spread along the surface of the fuel by heat transfer
from flame to fuel surface ahead of the flame. The heat trans-
ferred from the flame to the fuel pyrolyzes it to vapors which
upon mixing with surrounding air form a combustible mix-
ture. This combustible mixture is ignited by the flame behind
and hence advances forward over the surface of the fuel.
The study of flame spread phenomena is primarily driven
by the need to have better fire safety, by means of enhanced
understanding of the mechanisms that control the spread
rates and extinction. Traditionally, the flame spread phenom-
ena over solid fuels are studied under two basic categories:
opposed flow flame spread and concurrent flow flame
spread. This classification is based on the relative direction of
flame spread with respect to the ambient gas velocity vector.
In opposed flow flame spread, the flame spreads against the
flow direction and in concurrent flow flame spread, the flame
spreads in the direction of flow. Present work relates to the
study of opposed flow spreading flame on thin solid fuel
(cellulose sheets with area density 57 g/cm?) in zero gravity.

Following the classical work of De Ris [1] on opposed
flow spreading flames in 1969, over the last four decades
research works have contributed significantly to the improve-
ment in the understanding of the flame spread phenomena.
The works [2-7] provide an excellent review on the develop-
ments up to the end of the century. In the past decade, more
sophisticated experiments [8, 9] and more complex numeri-
cal approaches [10] in higher dimensions have been adopted
to unravel the physics of flame-spread phenomena, yet com-
plexity of problem due to nonlinear interactions between
flow, heat and mass transfer along with chemistry in both
solid and gas phases has prevented a complete understand-
ing.

In almost all of flame-spread studies, a single fuel sheet
is taken to understand the flame spreading mechanisms
and flammability of solid materials. However, in practical
situations, spreading flame may interact with nearby cold
surfaces which will influence the flame-spread rates and
extinction limits. This has not been investigated especially in
microgravity where such interaction can have major implica-
tions. One such aspect which has not been addressed in the
literature is the way flame-spread suppression can be affected



by removing heat from the gas phase (here referred to as gas
phase heat sink). The present work reports a study on the
use of metallic wire mesh as gas phase heat sinks. Metal wire
mesh when placed parallel to the fuel surface act as a flame
extinguishing barrier by absorbing away heat from the flames
and thus reducing heat feedback to unburnt fuel. If this heat
feedback is reduced sufficiently, the pyrolysis of fuel will be
reduced to the extent that the flame cannot self-sustain and
therefore extinguishes. The aim of the study is to investigate
the effectiveness of this gas phase heat sinks in suppressing
flame and to examine the role of key controlling parameters.

2. Computational Domain and
Numerical Model

Figure 1 shows the schematic of opposed flow flame spread
configuration and the computational domain (bounded by
dashed line). The governing equations are formulated in
flame-fixed coordinates. Since the flame leading edge closely
follows the pyrolysis front on the fuel surface, here the flame-
fixed coordinate system is located on the pyrolysis front
(X = 0) of the solid where the fuel thickness is 95% of fresh
fuel thickness. The flame leading edge is shown stabilized
over the fuel near the origin with its tail extending down-
stream (X < 0). The free-stream-forced flow with uniform
velocity Uco enters the domain at a distance Xent (refer-
red to as flow entrance distance) from the origin. The flow
approaches the flame (in negative X direction) at a relative
velocity of Ur(x,y) = U(x,y) + Vs, where Vy is the
flame spread rate and U(x, y) is the local velocity. The
computational domain is subdivided into blocks in X and
Y directions. Based on grid dependence study and require-
ment for accurate positioning of wire mesh above the
fuel surface an optimized grid is generated for each
of these blocks (a total of 122 grid points in Y
direction and 204 grid points in X direction). The
minimum grid sizes in Y and X directions are 0.001 and
0.005 thermal lengths respectively. Since the flame spread
rate can change with time, the governing equations are writ-
ten in noninertial frame of reference. These equations and
major assumptions are written in noninertial frame of [11]
and are described next. The assumptions made in modeling
opposed flow flame spread over thin solids are listed below.

(1) The solid is assumed to be thin (both thermally and
aerodynamically), for a thermally thin fuel the tem-
perature is constant across its thickness. The aero-
dynamically thin condition implies that the flame
standoff distance is much greater than the thickness
of the solid so that the solid phase boundary condi-
tions are applied at Y = 0.

(2) As the flame spreads, the finite length of fresh fuel
ahead of flame decreases in time. In present formu-
lation flame spread is considered for fixed fuel length
ahead of flame. This flame is assumed to represent
the instantaneous flame in the inherently unsteady
spread. This assumption holds if entrance length

Journal of Combustion

ahead of flame of gas is larger compared to the
thermal length scale.

(3) The solid is assumed to burn ideally; that is, it vapo-
rizes to form fuel vapors without melting or forming

ash.
(4) The solid radiation is assumed to be diffuse.

(5) The flow velocities in this work are small (<1—2m/s)
so the flow is assumed to be laminar.

2.1. Gas Phase Model. The gas phase model consists of two-
dimensional Navier-Stokes equations for laminar flow along
with the conservation equations of mass, energy, and species.
The specie equations are for fuel vapor, oxygen, carbon diox-
ide, and water vapor. The normalization procedure is similar
to the one used by Kumar [12]. A one-step, second-order,
finite rate Arrhenius reaction between fuel vapor and oxygen
is assumed. The governing equations are presented in a non-
dimensional form. The nondimensional governing in the gas
phase are summarized below.

Continuity equation:
op -

X-momentum equation:

%-{—V . [pu(j— (%)Vu] = —pe+t (é)
e 2]+t ] + (1) 22220
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Y-momentum equation:
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where Re = LrUrp*/p*,Lr = a*/Ug, Tr = (Lr*Lg)/a*,
Ur = Up+ Vs, Ug = [grBr(Te — Tr)a* ] is the reference
buoyancy induced velocity.

Specie equation:

a(gfi) v [pY,ﬁ - (Lie,) (PDiVYi)] =" (4)

i=F,0,,CO,;,H,0,N,.
Le; = Ly/D}/Lx/Up = a*/Dj, Lewis number for species i,

Ler; = 1.0, Leo, = 111, Leco, = 1.39, Lep,0 = 0.83, Le, =
1.0, ;" = fiop" = fiDap?YrYo, exp(—Eg/T),
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FIGURE 1: Schematic of a spreading flame over solid fuel and the computational domain.
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The stoichiometric combustion of fuel in air can be written
as follows:
where
C6H1005 + 6(02 + 3.76 Nz) — 6C02 + 5H20 + 2256N2
(6) 70 (T .
N hi + [ y—20sk CpidT
For the above one-step cellulose and air stoichiometric Cp = ZCp,iYi, hi = e >
reaction, the stoichiometric ratios are i=1 (CP T°°) (9)
fF =-1, fo2 = —1.1852, fco2 = 1.6296, p*c* Ur
(7) Bo = %
fin,o = 0.5556, fn, = 0. (aT3)

Energy equation:

dpc, T -
M +c,V - [pTU— <KVT>}
ot cp

The term V - g, accounts for energy exchange due to radiative
participating media. The radiative heat flux g, is obtained
from solution of the radiative transfer equation using discrete
ordinate method.



All thermal and transport properties are temperature
dependent and are modeled following Smooke and Gio-
vangigli [13]:

u _ Klep  pD; _(l)w
w*  wk*/cy  p*Df  \T*

(10)
i = F,0,,C0,,H,0,N,.

Here, T*(1250K) is the mean of the adiabatic flame tem-
perature in air and ambient temperature.

The wire mesh is modeled as heat sink term in the energy
equation but contributes no effect on the flow (momentum
equation). The resistance to flow by mesh can be neglected
if the mesh wire blockage in gas flow is not large (typically
<50% of mesh physical area). The heat flux absorbed by the
mesh is modeled as

Qsink Ay
A, —th—gx (Tgas

- Tsurface) > ( 1 1)

where A,, denotes wire mesh heat transfer area and A, is the
total mesh span area. Tsurface is local temperature of the wire
mesh. Since the flame propagates in direction opposite to the
flow, it encounters mesh at ambient temperature, and since
exposure time of mesh to the flame is small, Tsy;face is taken to
be constant at 300 K. Another consequence of constant wire
temperature is that radiation from the wire can be neglected.
While this assumption will over predict heat sink capacity
of wire mesh, the results of parametric study carried out
here are not likely to change as only relative improvement
is sought. If the number of wires per unit length (N) is the
same in both directions then sink heat flux becomes

Qsink

Ag =hx (77 X Ewr X ZN) X (Tgas _Tsurface)- (12)

Here h is the heat transfer coefficient for external transverse
flow across cylindrical wires given by [14]

2
1/6
h= =060+ R | (3
dyr [1+(0.559/Pr) ]

2.2. Solid-Phase Model. The thin solid fuel model comprises
equations of continuity and energy in one-dimension along
with a solid fuel pyrolysis law. The solid is assumed to burn
ideally; that is, it vaporizes to form fuel vapors without
melting or charring, which holds true for thin cellulosic fuels,
where flame spread rate is dictated by combustion of vola-
tiles and not by slow combusting of char [15]. The solid con-
sidered here is a cellulosic material with half thickness 7 =
0.0038 cm and density 0.75 g/cm’. The pyrolysis of fuel is
modeled using a one-step, zeroth-order, Arrhenius kinetics,
and the radiation loss from the solid is included. The pyro-
lysis model relating fuel vapor mass flux from the solid to the
surface temperature can be represented as follows:

th = Agps exp(%ES) = pVy. (14)
S

The governing equations in solid phase are as follows.
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Mass conservation:

oh
Psz(h)x —m= PSE (15)

Relation between fuel thickness and surface temperature is
obtained as

A (“E) . 13k
= en(T0) Hy 5 16)
Energy equation:
q
qc + % + r(hTs)x - r(h)x
(17)

d(Tsh)
ot ’

(1 =c)Tp + (=L) +cTs] = pscs

where T = p.c;V¢/p*cp U.
The kinetic parameters in gas-phase and solid-phase
models are taken from work of Tolejko et al. [16].

3. Boundary Conditions

The elliptic nature of the governing equation for the gas
phase requires prescribing information at all the boundaries.
These boundary conditions are mentioned below.

AT X = Xpmayx (upstream or inlet)

Ue -V
u= 7( — f> , v=0
Ur
T = 1> YOZ = Yoz,inlet) Yi =0 (l = F) COZ) HZO)
(18)
At X = Xmin (downstream or exit)
U, =0, v,=0,
(19)
Ifu>0, T=1, Yo,=Y0,0, Yi=0,
where i = CO,,H,0, F.
Ifu<0, T,=0, (Y),=0, (20)
where i = O,,CO,, H,O, F
At Y = 0 (fuel surface or Y symmetry plane)
Vy
u=—U—R, V=vy, T =T
Yy =m+ =25
MIFE .y m LCF ( a)/ , (21)

D; i )
mYj, = P <8Y ) (i = 02,CO,, H,0).
Le; \ 9y /,
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AtY = yma (far field boundary)

Vy
u:—U—R, vy =0, v, =0,
ifv>0:Ty =0, (Yo,), =0, (Yi), =0, 22)
ifv<0:T=1, Yo,=Yo, VYi=0,

where i = F,CO,, H,O0.

The boundary conditions for the solid phase governing
equations are the prescribed fuel thickness and the surface
temperature at fuel leading edge upstream of flame at x =
Xmin, Ts = 1, h = T/Ly.

Here the fuel vapor mass flux i1, blowing velocity v,,
and surface temperature T; as functions of x and z are deter-
mined by the coupled solutions of the solid-phase equations.

4. Gas Radiation Model and
Boundary Conditions

A direct treatment of radiation involves solving the radiative
transfer equation (RTE) for intensity distribution over the
field of interest. The RTE is solved by the discrete ordinates
method using the quadrature set from Balsara [17]. The
transfer equation for radiation energy (in nondimensional

form) passing in a specified direction Q through a small dif-
ferential volume in an emitting, absorbing and nonscattering
gray medium, in two-dimensional coordinates can be written
in S-N approximation as

aI X, ,Q 81 X, >Q
(o Q) 00 0) gy (3, y,0)
ox oy
(23)
= a(x, y)Ip(x, y) + 7 I(x, y, Q) dQy,
47-[ W,':47T

where ordinate m = 1,2,..., M.

&,n = direction cosines in x and y direction and the
number of ordinates, M = 25(N,(N, +2))/8, where “k” is the
number of dimension, K is the absorptivity of the medium,
and “N,” is the order of S-N method.

The finite difference equation of the S-N discrete ordi-
nates equation can be written as follows:

EMAL™ — AL, + " [A L — AL+ AV - K - 1,

= AV - K(I),.
(24)

As for the boundary condition, the outgoing radiation
intensity from the wall can be expressed as

I(ry, Q) = e(ry)Ip(ry) +

(1-a)
T

XJ [n- Q" |I(r,,Q)dQ', n-Q>0,
nQ)’'<0
(25)

where ¢, & emissivity and absorptivity of the wall surface.

Once the radiation intensity field is obtained, the total
incident radiation, radiative flux, and the divergence of
radiative flux in the rectangular domain is obtained from the
following formulae.

The incident radiation can be written in S-N approxima-
tion as

M
G(x,y) = Lﬂf(x,y,ﬂ)dﬂ = S WM (x,y). (26

m=1

The divergence of radiative flux for the assumptions of emit-
ting, absorbing and nonscattering gray is shown below:

V- qr(xy) = alx,y)[40T (x,y) = G(x,p)].  (27)

It was mentioned earlier that the mean absorption coef-
ficient K(x, y) for the gas mixture is needed. In this work,
soot is assumed to be absent so the participating gases are
carbon dioxide and water vapor. One-dimensional studies by
Bedir et al. [18] and Rhatigan et al. [19] have shown that even
for a flame as thin as one or two centimeters, the flame is not
optically thin. This is because the self-absorption of the
gaseous species in their radiating bands. By comparison with
the more accurate results obtained from a narrowband radia-
tion model in one-dimensional flames, it was shown that the
Planck-mean results overpredict net emission from the flame
[18, 19]. To improve the computed heat flux at the surface
or ambient, a correction is needed. One such procedure has
been proposed in [19] and is adopted in this work. This
procedure is described briefly below. The local Plank-mean
absorption coefficient for the mixture can be given by K, =
Pco, - Kp(cop) + Pr,0 * Kp(m,0), where P; represents the partial
pressure of species i. The values of K, for each species are
from Tien [20] as a function of temperature. A novel feature
used here is the incorporation of a calibration procedure [19]
for the mean absorption coefficient. The calibration of the
absorption coefficient against the narrowband results
through a quasi-one-dimensional flame is to account for the
different optical lengths in different part of the flame and the
effect of spectral self-absorption of gaseous species. There-
fore the local absorption coefficient K used in this work is set
to equal to K(x, y,z) = CK, where Cis the correction factor.
In the downstream flame region of X > 0, C is determined by
an optical traverse in the Y-direction (perpendicular to the
solid) and using empirical relation proposed in [19]. For the
region of X < 0 where the flame is highly two-dimensional,
two traverses are made from X = 0, one in the Y-direction
and the other in X-direction toward upstream.

5. Numerical Solution Methodology

The system of coupled partial differential equations for the
flow and combustion in the gas phase is solved numerically
by SIMPLER algorithm [21]. The nonlinear equations are
discretized using finite-volume-based difference technique.
The velocities are stored at staggered grid locations with
respect to the scalar. The resulting set of algebraic equations
is solved by sweeping plane-by-plane in each direction.
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FiGgure 2: Computed flame (shaded region); temperature field (bottom) (1 unit = 300 K); and net heat flux on the fuel surface.

Along each plane, the line-by-line procedure is used,
which is a combination of Gauss-Seidel and the tridiagonal
matrix algorithm (TDMA). The gas-phase system is coupled
with the sold-phase equations, which are solved by finite-
difference technique. The gas- and solid-phase equations are
solved in turn; each provides input in the form of boundary
conditions for the other. Steady-flame spread is an Eigen
value, which is determined iteratively using bisection method
by forcing the pyrolysis front (95% of the fresh fuel thick-
ness) tooccurat X =Y = 0.

6. Results

The simulations were carried out for slow forced flow with
a velocity of 10 cm/s in microgravity environment with 21%
O, on cellulose sheets with area density 57 gsm (grams per
square meter). The flame spreads in downward direction,
and according to classical heat transfer theory on flame
spread [22] over thin solid fuel, the opposed flow propagat-
ing flame spreads by heat feedback from the flame to the
solid fuel upstream of the flame. The present model was
extensively validated against experimental data in both
microgravity environments [10] and in normal gravity (1g.)
[23], where a numerical study supported by experiments was
carried out on flame inhibition by wire mesh of downward
spreading flame. Thus, the present model is expected to
offer reasonable prediction and physical insight into the
flame suppression of microgravity-opposed flow spreading
flame for experimental data which is not available in the
literature. Figure 2 shows in detail the computed flame struc-
ture. The flame width (maximum distance of flame from
the fuel surface) is about 1 cm. The computed flame is shown
as shaded region bounded by reaction rate contour of
10~* g/cm?/s [24]. Figure 2 also shows spatial distribution of

flame temperature (nondimensionalized to ambient temper-
ature of 300K). The hottest region of the flame is located
approximately in the midway of the reaction zone. In the
upper half of Figure 2 local net heat flux (which is sum total
of the conductive and radiative heat fluxes) from the gas
phase to the fuel surface along the surface of the fuel surface is
presented. One can note that the net heat flux reaches a
maximum near the flame leading edge where flame is close
to the surface and trails off in both upstream and down-
stream directions. As mentioned above the flame spread
rate is directly proportional to the integrated net flux ahead
(upstream) of flame (i.e., for all x > 0). Here we have
presented only an illustrative numerical prediction. A more
rigorous comparison can be found in [10].

In the presence of metallic wire mesh, a part of heat
generated in flame will be absorbed by the wire and thus
affect heat feedback to the fuel surface. If this heat feedback
is reduced sufficiently the flame will extinguish. From the
expression for Qsink/Ag (11)—(13) we see that the only mesh
parameter that influences the sink heat flux is “N” (number
of wires per unit length). It is understood from the formu-
lation (11)—(13) that, although the effect of parameter wire
diameter (d,.) is present, it is not expected to have a major
influence on heat transfer. Apart from mesh parameters
the position of mesh (Ymesn) with respect to fuel surface
is an important parameter. First a set of computations
were performed for mesh-wire diameters (dy;) of 0.010 cm
for numbers of wires per unit length (N) of 5cm™! and
40 cm™! placed at various distances above the fuel surface.
It should be mentioned here that for a given wire diameter
(dwr) increasing “N” decreases the flow area for the gases to
pass through the mesh and also increase the resistance to the
flow. This means that for thicker wire diameter, the limiting
value of “N” (for blockage fraction <50%) would be lesser
compared to thinner diameter wires. Therefore, even though
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the heat transfer to the wire mesh is nearly independent of
mesh wire diameter, the selection of smaller diameter wires
will allow a larger “N” with minimal resistance to the gases
flowing across the mesh. This in turn is expected to have
larger bearing on heat transport to the wire mesh. Based on
the above-mentioned reasons a wire mesh wire diameter of
0.010 cm was selected for further computations.

The effects of wire mesh location (Yesn) and number of
wires per unit length (N) on suppression of spreading flame
are explored next. Figure 3 presents nondimensional temper-
ature contours (1 unit = 300K) and visible flame (shaded
region enclosed by reaction rate contour 10~* g/cm®/s) in
presence of wire mesh with wire diameter of 0.0010 cm. Two
types of mesh, thin with N = 5cm™! (Figure 3(a)) and dense
with N = 40 cm™! (Figure 3(b)) are shown placed at 1.30 cm,
1.0 cm, 0.90 cm, and 0.75cm. One can note that since the
flame width (height above fuel surface) is about 1 cm, placing
of mesh at distances larger than 1cm has small effect
on flame shape and spatial temperature distribution. At
distances below 1 cm, flame is seen to shrink in size and have
lower temperatures. However, a drastic drop in flame size is
observed only at distances below 0.90 cm for N = 40 cm™!
and 0.75cm for N = 5cm~ L. It is also noted that higher
values of “N” (here say N = 40 cm™!) which have larger heat
transfer area are more effective in reducing the maximum
flame temperature compared to wire mesh with lower “N”
values (here N = 5cm™1).

The effectiveness of wire mesh in suppressing the flame
is also reflected in the reduction of net heat flux to the solid
fuel. Figure 4 shows the net heat flux over solid fuel surface
for mesh with N = 5cm™! (Figure 4(a)) and N = 40 cm™!
(Figure 4(b)). Reduced heat fluxes are a consequence of
reduced gas temperatures and therefore follow the trend
seen in Figure 3. It is seen that reduction in net heat flux
is more for higher values of “N” (>20cm™!) and shorter
mesh distance (<0.90 cm). It is interesting to note that the
net heat flux curves for wire mesh placed above flame width
(>0.90 cm) are quite close to the net heat flux curve when
there is no inhibition. This suggests that heat removal from
the flame-leading edge is most effective compared to any
other location in the flame.

The flame-spread rate is directly proportional to the
integrated net heat flux over the preheat region of the fuel.
Therefore, the flame-spread rate reduction will follow the
trend observed in net heat flux to the solid fuel surface.
Figure 5 shows the variation of spread rates with mesh
distance for N = 5cm™!, 10cm™!, 20cm™!, and 40 cm™!. It
is seen that the spread rates change significantly for the mesh
placed below 1.3 cm. The spread rates begin to drop with
increasing steepness for mesh distance below 0.90 cm. It
is interesting to note that decrement in spread rates is
steeper for the mesh with higher “N.” Flame extinction was
observed at certain minimum mesh distance from the fuel
surface which ranged from 0.44cm (for N = 5cm™!) to
0.61cm (for N = 40cm™!). It should be pointed out here
that in the preceding study [23] with downward spreading
flame the minimum mesh distance for all mesh densities
were between 0.15-0.17 cm. Thus while for normal gravity
downward spreading flame the minimum distance was

nearly independent of mesh density, here we see that extinc-
tion distances show a stronger dependency on wire mesh
density “N.” Further it is interesting to note that for N =
20cm ™! and N = 40 cm™!, the flame-spread rates at various
mesh locations and the extinction distances (here at 0.60 cm
t0 0.61 cm, resp.) are very close. For lower values of “N” these
values are spread over a wider range. This suggests that N =
20 cm™! mesh density is enough to extract heat at any mesh
location up to flame extinction.

It should be noted reaction described here by use of a
global kinetics. The use of detailed kinetics will differ in the
spatial heat release in the flame [25]. It is reported [25] that
the peak heat release rates are closer to the fuel surface for
detailed chemistry model [25]. Therefore, the above-men-
tioned distances are expected to be predicted lower from
detailed kinetics compared to the global kinetics.

Since “N” was seen to have strong influence on flame
spread rate, further simulations were carried out at mesh
locations of 0.75cm and at distance near to extinction for
“N” values of 5cm™!, 10cm™!, 20cm™!, and 40 cm~?. Simi-
lar to the plots of Figure 3, Figure 6 presents temperature
contours and reaction rate contours for mesh distance of
0.75 cm from the fuel surface (Figure 6(a)) and at mesh dis-
tance close to extinction distance (Figure 6(b)). Lower maxi-
mum temperature and smaller flames are seen for meshes
with higher “N” indicating increasing heat sink effect with
increase in “N.” In Figure 6(b) for N = 5cm™! flame spilled
out of wire mesh but increasing “N” (N > 20cm™!) con-
tained flame between the mesh and fuel surface. However,
at near extinction distances from the fuel surface, the flame
was always contained between the mesh and the fuel surface.
The reason for this can attributed to the fact discussed above
that the wire mesh is close to the leading edge which pri-
marily controls the flame spread phenomena. Temperature
reduction in the flame-leading edge region drastically re-
duces the highly temperature sensitive reaction rates.

Figure 7 shows net heat flux along the fuel surface obser-
ved for cases presented in Figure 6. Figure 7(a) shows that
net heat flux profiles at wire mesh location of 0.75 cm, and
Figure 7(b) shows the net heat flux profiles at wire mesh
distances from fuel surface close to flame extinction loca-
tions. Inserting mesh at distance of 0.75 cm from the fuel sur-
face, even with less dense mesh as N = 5cm™! results in
drastic reduction in local net heat flux values once again
confirming that leading edge is the location heat sink will
be most effective. Further increase in “N” reduces local net
heat flux; however, one can note that for N = 20cm™!
and 40cm™! the net heat flux profiles are significantly
lower than for the case of N = 5cm™' and 10ecm™.
This indicates decreasing gains in terms of heat sink effect
by increasing “N” and that N = 20cm™! is sufficient
to remove extractable heat at this location and further
increase in “N” here is redundant. Further, it is interesting
to note that at near extinction the net heat flux profiles for
all cases of Figure 7(b) are practically identical indicating
a weaker dependence on N (here for N > 5cm™') in
determining flame extinction. This fact again emphasizes the
importance of heat extraction from flame leading edge is
most effective.
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F1GURE 3: Effect of N and Yeqn on flame size and temperature field—(a) N = 5c¢cm~! and; (b) N = 40 cm™!. The dashed line represents wire

mesh.
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F1GURE 4: Effect of N and Y, on net heat flux (a) N =5cm™ (b) N =40cm™'.
0.5 = microgravity ambient environment of 21% oxygen concen-
045 E tration. The study was carried out with primary objective of
E analyzing the effectiveness of wire mesh in retarding flame-
04 F spread rate and inducing flame extinction. The influence of
. E mesh variables, namely, mesh wire diameter (dy,), number
g0 E of wires per unit length (N), and mesh distance from fuel
< o3E surface (Ymesh) was investigated, and following conclusion
9] . :
g E may be drawn for this study.
0.25 . . . .
§ c , (1) The wire mesh is not effective when placed at location
2 02 F / above flame width (which is typically about 1 cm).
v u
g o015 E (2) Wire mesh when placed typically at distance
R = < 0.75cm (of the order of reference length, a*/Ug)
0.1 above the fuel surface is most effective in suppressing
F flame to extinction. At this location flame suppres-
00> E sion exhibits stronger dependence on “N” (number
0 E TR T I I B | i TN N T N T N N T T Y A OfWireS per unit length)
0 02 04 06 08 1 12 1.4

Mesh location (cm)

—— Without mesh -~~~ N=20cm™!
- N=5cm™! — N=40cm™!
- - N=10cm™!

FIGURE 5: Effect of metallic wire mesh on flame spread rates.

7. Conclusions

The numerical model for opposed flow spreading flame is
formulated and modeled to study gas phase heat sink effect
of metallic wire mesh placed parallel to a thin fuel surface in

(3) The mesh placed at a given distance from fuel
surface with larger number of wires per unit length
(“N”) is more effective in reducing flame-spread rate
for same operating conditions. However, the heat
sink advantage of increasing “N” comes with dimin-
ishing returns. Therefore, beyond certain value (here
20 cm™!), increasing “N” would not be very effective.

(4) Mesh wire diameter is determined not to have major
influence on heat transfer. However, smaller wire
diameter is preferred for better aerodynamics and for
increasing heat transfer surface area (here prescribed
by parameter “N”).

Here we note that the fuel Lewis number was assumed to
be unity. This was assumed as the exact products of pyrolysis
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FiGure 6: Effect of N on flame size and temperature field. (a) Yinesh = 0.75 cm and (b) Yiesh = near extinction. The dashed line represents

wire mesh.
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FiGure 7: Effect of N on net heat flux. (a) Ymesn = 0.75 cm and (b) Yiesh = near extinction.
at the surfage and their diffu.sivities are not known,. hence, E,: Nondimensional gas-phase activation energy
the fuel Lewis number remains an unknown quantity. The (= Eg/Ru/Tw = 35)
effect of fuel Lewis number has been studied [26] by varying E,: Solid-phase activation energy
fuel .Lew1s number over a wu.:le range (0.1 to 3). Tbe ﬂamg (3.274 x 10° cal/gmol)
location was reported to .Shlft w1th the change in Lewis E:: Nondimensional solid-phase activation
number. However, the maximum shift above the fgel surface energy (= Ey/Ry/Tw = 55)
was of the order of 1 mm. So, wh}le small quantitative change f: Stoichiometric mass ratio of species i and
in the results due to fuel Lewis number is expected, the fuel
qualitative trend is expected to remain the same. g,: Gravitational acceleration on surface of
Earth (g, = 981 cm/s?)
g: Gravitational acceleration
. . g+ Gravitational acceleration (g/g,)
Abbreviations hi: Enthalpy of specie i
As: Solid-phase preexponential factor hs: Nondimensional solid fuel thickness
(1.9 x 107 cm/s) (= ho/Lg) _
A,: Wire mesh area h:  Nondimensional fuel thickness (h/7)
B,:  Gas-phase preexponential factor K:  Absorptivity of the medium
(1.58 x 10° m*/Kg/s) Le: Lewis number of species I(Ler = 1,Leo, =
cp:  Reference gas-phase specific heat ~ L11,Leco, = 1.39, Len,0 = 0.83,Lex, = 1)
(0.33 cal/g/K) Ip: Pyrolysis length
cp:  Nondimensional gas-phase specific heat Iph: Preheat length
(=cp/cp) Lg: Reference length (gas-phase thermal
Cs:  Solid-phase specific heat (0.3 cal/g/K) ~ length, a*/Ug)
¢ cp/es(=1.1) L;: Reference length (solid-phase thermal
C: Correction factor length, @/ Vr)
C,,i: Nondimensional specific heat for specie i L: Nondimensional latent heat of solid
Da: Dambkohler number (L/e/Tow = =2)
Di: Diffusion coefficient of specie i L,: Length of wire
dwr: Mesh wire diameter M;: Molecular weight of species i
E,:  Gas-phase activation energy ri: Nondimensional mass flux from solid

(2.086 x 10™* cal/gmol) (= m/p*/Ug)
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N: Number of wires per unit length

P Nondimensional pressure
(= (P~ Pu)/p*/Up)

P Planck number

Pu: Ambient pressure

Pr: Prandtl number

Qsink: Heat taken by mesh

qc: Conduction heat flux

qr: Radiative heat flux

yt oy

qr »qr : Positive and negative components of g, in
y-direction

qr: Net radiative heat flux in y-direction

q*",qF "+ Positive and negative components of g, in
x-direction

qr: Net radiative heat flux in x-direction

Re: Reynolds number

Ry: Universal gas constant

Ra: Rayleigh number

T*: Reference temperature (1250 K)

T: Nondimensional gas temperature (= T/T«)

Tt Ambient temperature (300 K)

T Nondimensional temperature at which L is
given (= Tp/Tw = 1)

T: Nondimensional solid temperature
(= Ts/ Too )

Tsurface:  Temperature of wire mesh

Tgas: Nondimensional gas temperature

Us: Reference buoyant velocity

Ug: Reference velocity (max(Us + Up))

U Forced flow velocity

u: Nondimensional velocity in x-direction
(=u/Up)

v: Nondimensional velocity in Y-direction
(= v/Ug)

Vi Flame spread rate

x, X: Nondimensional x-coordinate (= x/Lg)

Xi: Mole fraction of specie i

y,Y: Nondimensional y-coordinate (= y/Lg)
: Mass fraction of specie i
Ymesh:  Mesh location.

Greek Symbols

: Reference gas thermal diffusivity
(2.13 cm?/s)

as: Reference solid thermal diffusivity

& Solid emittance (0.92)
: Solid absorptance (0.92), gas absorption
coefficient

: Reference gas thermal conductivity
(1.93 x 10™* cal/c m/s/K)

x: Nondimensional gas thermal conductivity
(= k/k*)

: Reference gas viscosity (4.1 X 107* g/cm/s)
Nondimensional gas viscosity (= g/p*)

*: Reference gas density (2.75 x 10~* g/cm?)

Non dimensional gas density (= p/p™*)

*

RV/ET

Journal of Combustion

p.: Ambient gas density (1.15 X 10~ g/cm?)
pe Solid fuel density (0.75 g/cm?)
K Stefan-Boltzmann constant
(1.356 x 1072 cal/cm?/s/K*)
T Solid half-thickness (3.8 x 107> cm)
wp :  Nondimensional fuel source term
(= —Dap*Y§Yo, exp(—E,/T))

w;":  Sink or source term for species i(= fiwy")
B Extinction coefficient

w Scattering albedos

&, 1, u: Direction cosines in x, y and z directions

Q: Ordinate direction (&, 7, 4)
I: Nondimensional solid parameter
(= pSESVF/p*/C?;/UR).

Subscripts

f: Flame

it Speciesi (i =1,N)

B:  Refers to buoyant

F:  Refers to fuel

L: Refers to latent heat

Max: Maximum

Min: Minimum

Solid phase

Pyrolysis

Gas phase

Wire mesh

Along x-direction, or derivative with respect to x
Along y-direction, or derivative with respect to y
Reference

Value at wall

Value at far field.

g mNEENT Y

Superscripts

*: Evaluated at T*
—: Dimensional quantity.
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