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The present work is addressed to the numerical study of the transient lami-
nar opposed-flow flame spread over a solid fuel in a quiescent ambient. The
transient governing equations — full Navier-Stokes, energy, and species (0x-
ygen and volatiles) for the gas phase, and continuity and energy equations
for the solid phase (fuel) with primitive variables are discretized in a stag-
gered grid by a control volume approach. The second-order Arrhenius ki-
netics law is used to determine the rate of consumption of volatiles due to
combustion, and the zero-order Arrhenius kinetics law is used to determine
the rate of degradation of solid fuel. The equations for the fluid and solid
phases are solved simultaneously using a segregated technique. The physi-
cal and thermo-physical properties of the fluid (air) such as density, thermal
conductivity, and viscosity vary with temperature. The surface regression of
the solid fuel is modeled numerically using a discrete formulation, and the
effect upon the results is analyzed. The surface regression of the solid fuel as
shown affects on the fuel surface and gas temperature, mass flux and veloc-
ity of volatiles on the top surface of fuel, total energy transferred to the solid
phase, etc. It seems the results to be realistic.
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Introduction

Flame spread over solid fuel surfaces has been a subject of intensive experimen-
tal and theoretical investigations [1-15] due to its importance to fire safety. A review of
modeling and simulation of combustion processes of charring and non-charring solid fu-
els was be done by Di Blasi [1]. Wichman [2] reviewed the theory of opposed-flow flame
spread. Fernandez-Pello and Williams [3] studied experimentally laminar flame spread
over polymethyl methacrylate (PMMA) surfaces. They measured spread rates, tempera-
ture and velocity field for various thicknesses of fuel. Mao et al. [4] numerically studied
the downward flame spread over thin solid of PMMA. They solved the steady-state, two
dimensional, laminar non radiative conservation equations of mass, momentum, energy,
and species for volatiles and oxygen in the gas phase.

DOI:10.2298/TSCI0702067A 67



THERMAL SCIENCE: Vol. 11 (2007), No. 2, pp. 67-86

The numerical study of flame spread over solid materials in a quiescent environ-
ment in microgravity was investigated by Bhattachrjee et al. [5]. They attached the coor-
dinate system to the solid surface and used the steady-state of governing equations for
both solid and gas phases. Also Bahattacharjee and Altenkirch [6] studied the effect of ra-
diation on opposed-flow flame spread over thin solid fuel in a microgravity environment.
They showed that at low opposing flow velocities, the radiation effects become signifi-
cant and are manifested in lowered spread rates and cooler and smaller flames. At higher
opposing flow, these effects disappear, justifying the neglect of radiation in most forced
and natural convection situation in normal gravity produced by thin fuel.

Di Blasi et al. [7] studied the ignition processes of polymeric materials with
gas-phase absorption of radiation. They used the unsteady-one-dimensional form of the
governing equations for both solid and gas phases. Bahattacharjee and Altenkirch [8]
compared the theoretical and experimental results in flame spread over thin condensed
fuels in a quiescent, microgravity environment. They showed that the theory compares
well with experimental near the flame leading edge. Ramachandra et al. [9] studied the
behavior of flame spreading over thin solid in microgravity by experimental methods.
They studied the effect of oxygen concentration and pressure of quiescent environment
on the phenomenon. Their experimental results show that the spread rate increases with
ambient oxygen level and pressure. Bhattacharjee ez al. [10] used experimental and com-
putational methods to study the effect of ambient pressure on the flame spread over thin
cellulose fuels in a quiescent microgravity environment. Jiang et al. [11] numerically
studied the steady upward flame spread over a thin solid in reduced gravity. They showed
that in the reduced gravity, the gaseous flame radiation is important for flame structure,
flame dimension, and extinction limit.

The unsteady flame spread to extinction over thick fuels in microgravity was
studied numerically by Altenkirch et al. [12]. They solved the governing equations for
both solid and gas phases separately.

Esfahani and Sousa [13] studied numerically the ignition of epoxy by a high ra-
diation source. They solved the transient two dimensional governing equations for both
gas and solid phases separately. They can estimate the ignition delays for epoxy. Sousa
and Esfahani [14] also studied by numerical methods the ignition of PMMA which in-
duced by monochromatic radiation. In recent work, Esfahani [15-17] studied the effect of
oxygen concentration on the degradation of PMMA by numerical methods.

In the most of the previous works, the governing equations solved for gas and
solid phases separately and coupling the solution for the solid and gas phases through the
boundary conditions at the gas-solid interface. Also in all of the previous works, some of
the researches studied just the ignition delay and some of them studied just the rate of
flame spread over solid fuel. In this study, it is tried to solve the transient two-dimen-
sional governing equations for both gas and solid phases simultaneously. The pilot igni-
tion has been used to achieve the burning situation. The present model has capability to
study both the ignition delay and the flame spread over solid fuel. Also in this study, the
effect of surface regression of the solid is considered, while in previous work, its effect is
assumed to be negligible. The proposed model is suitable to predict the flow field and
flame spread over all thicknesses of solid fuel.
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Mathematical model

Figure 1 shows the computational domain, and the
relative location of the solid fuel. The fuel is repre-
sented by a vertical thin and long (thickness equals
0.001 m and height equals 0.02 m) of non charring
solid fuel (PMMA) on the left bottom corner of the
computational domain. The computational domain is
performed over a 0.1 m height (x direction) by 0.03 m
wide (y direction). The mathematical model is based
on the partial differential equations for conservation of
mass, momentum, energy, and species in the gas and
solid phases. The coordinate system is fixed relative to
the computational domain, therefore it should be used
the unsteady form of the governing equations. The two
dimensional transient governing equations in the gas
phase are as follows:

Computational domain

Gas phase

l o
:l/ Igniter

Solid phase

/UL

v

Figure 1. Schematic of compu-
tational domain and coordinate

— Continuity equation system
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In eq. (3), X is the body force per unit volume in the x direction. The energy
equation with the assumption of constant specific heat at constant pressure for gas phase
is:

— Energy equation

0(pT) , 9(puT)  0(pvT) =LV(kVT)+£ ®)
ot ox oy

€p Cp

where G is the rate of energy generation due to chemical reaction which can be deter-
mined from the following relation:

G =—SpAh )

In the energy equation, it is assumed the viscous dissipation and the net heat loss
by radiation to be negligible [6].

— Species equations

for fuel:

0pYy) | Olpu¥y)  OpYe) _ 0y 0%k 1, O op 2 )i s, (10)
ot Ox oy Ox

and for oxygen:

9(p¥o)  OlpuTo)  OpVYo) _ 0 ( py 0¥, O p Yo, g
ot ox 0y ox %

The rate of consumption of volatiles (Sy) due to combustion can be determined
from the second-order Arrhenius kinetics law [18]:

Eg

The amount of oxygen consumed is determined by using the following relation:
M
So =Spvo—= 13
0 =5FYo (13)

F

The transient two dimensional equations governing the conservation of mass
and energy for the solid phase are:
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— Continuity equation

amll
—= 14
ox vPs (14)
— Energy equation
oT . OT,
pcs—+ T, —T)pS, (¢, —¢cg)+m'c, =
ot ox
-2 kg T +i ks—aTS +pS,AH (15)
ox 0x oy Oy

In this equation it is assumed the volatiles within the solid moves only in the x di-
rection. The rate of volatiles generation in the solid can be determined from the zero-or-
der Arrhenius kinetics law [18]:

— ES

v —

The total volatiles flux from the surface of the solid can be determined from eq.
(14):

L
m'" = (I)Svpsdx (17)

Also the variation of solid density vs. time due to degradation can be determined
from the following relation:

Ps——s,p, (18)
ot

The flow is assumed to be incompressible in what concerns the variation of den-
sity with pressure; however the variation of density of the gas phase with temperature is
taken into account, and is determined from the following relation:

pT =p.T., (19)

The variation of viscosity of air with temperature is determined from Suther-
land’s law [19], as follows:

A

u =1458-10-6
T +1104

[Ns/m2] (20)

The variation of the specific heat at constant pressure, ¢, and of the Prandtl num-
ber (Pr), of air with the temperature is practically negligible, therefore, ¢, and Pr are as-

sumed to be constant within the temperature; with this assumption, the variation with
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temperature of the thermal conductivity for the gas phase is determined through the value
of i by using the relation:

k:?—:’ 1)

Initial and boundary conditions

The initial conditions for the velocity components, temperature, and species are
follows:

ulx, y,0)=0, v(x,y,0=0, T(x,y, 0)=T.,, Y y, 0)=0,

Yo(x, y, 0) = Yo, inthe gas phase, and Yu(x, y, 0) =0 in the solid phase (22)

where concentration of oxygen in the solid phase keep zero during the process.

The igniter is placed on a small zone in the gas-solid interface on the top of the
solid, and its power input per unit volume is 3.5-10% W/m?. The total power input of
igniter per unit length of fuel depth is about 190 W/m. This power input is started at time
zero, and is continued until flame ignition occurs, which is usually around 2 s, and be-
yond this time, it is shut off. For this process the flow is assumed to be symmetric about a
vertical plane passing through the center of the solid fuel (fig. 1), therefore only one half
plane will be considered. The boundary conditions for the symmetry plane (y = 0) are as
follows:

Ou _or _dYe _ Y
oy 0dy 0y 0y

v=0 and =0 (23)

The other boundaries are located relatively far away from the heat source, and
the pressure is assumed to have a constant value. In this study the relative pressure is
taken as zero (p., = 0). Two types of conditions for the energy and species equations are
used at the “far-field” boundaries, namely:

T=T,, Yo=Yy, Yp=0 (inflow ) (24)

oo

6_T_8YO _0Yg
on On on

=0 (outflow) (25)

where 7 is the direction perpendicular to the surface of the boundaries.

Numerical method

The non-linear coupled partial differential equations are integrated by the con-
trol volume formulation to obtain the discretized equation set [20, 21]. The convec-
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tive/diffusive link coefficients are based on the second order upwind scheme [22]. The
governing equations were discretized for uniform staggered grids in the solid phase and
non-uniform staggered grids in the gas phase, which reach their smallest value at the
gas-solid interface. The expansion coefficients for the dimension of meshes in the gas
phase are chosen so that the maximum aspect ratio of meshes is less than 5 in the whole of
computational domain. The discretized equations for fluid and solid (fuel) phases were
solved simultaneously. The values of the components velocity and the concentration of
volatiles and oxygen in the solid phase are set zero by choose of suitable source terms in
the discretized momentum and species conservation equations [20]. A line-by-line
TDMA iterative method [20] was used to solve the discretized governing (algebraic)
equations.

To avoid eventual divergence in the iterative solution, in the early times the un-
der-relaxation factors of 0.45, 0.45, 0.55, 0.7, 0.7, and 0.55 were used for u, v, p, T, Y,
and Y,,, respectively, and beyond ignition, time equals 2 s, their values reduce to 0.3, 0.3,
0.5,0.4, 0.4, and 0.4. These values of under-relaxation give adequate rate of convergence
for the solution of governing equations.

It is assumed that the regression of the solid takes place just on the top surface of
the solid fuel. The reduction of solid density with respect to time due to degradation can
be calculated from eq. (18) and then also the density of the first row meshes on the top
solid fuel reduces continuously as time elapses. When the density of these meshes was
being less than a criteria value, for example less than 10% of the initial density of solid,
this row of meshes filled with the gas phase and next row of meshes in the solid phase
takes place in the vicinity of the gas phase, and undertakes variation of its density. On the
other hand the solid height reduces discretely by a solid mesh size due to burning. This
trend is continued till to burn the whole of solid fuel. The flame spread rate is calculated
from the following relation:

Ax
Vp =—3 (26) 15
nAt s F
N
where 7 is the number of interval times that E 1.2[ Af=01s

taken for the first row of meshes of the solid
to be burnt.

Results and discussion

To show the verification of the results,
those are presented for different mesh sizes i
and different time steps. The variation of 0 5 10 tls] 15
non-dimensional temperature of the top
solid sprface Wi.th re'spect to t.ime for differ- Figure 2. The variation of the non-dimen-
ent solid mesh sizes is shown in fig. 2. In the sional fuel surface temperature vs. time for
carly times before about 2 seconds, when  gifferent mesh sizes for the solid region
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0.1 the pilot is on, the top surface temperature
of the solid increases sharply. After that
time, the pilot is shut off and these curves
are approximately plateau. The wiggles
that are seen in the plateau region of those
1 \2 curves are concerned to high temperature
0.25s 10520 gradient of solid phase in the vicinity of
gas-solid interface [3, 13, 23] and to the
nation of surface regression numerical

x [m]

0.08

0.06}

0.04F

0.02" model.
NS Figure 3 shows the variation of the
o:' ‘ r, o symmetric plane temperature (center line
0 500 1000 1500 2000 2500  temperature) vs. time. The highest gradi-

T, [K ) .
Kl ent centerline temperature takes place in

the region between the gas-solid interface
Figure 3. The variation of temperature at the  and combustion zone (points A and A') for
symmetric plane vs. time all times. The location of that high gradi-

ent at the start of the processes, point A,

moves downward to point A' as time
passes due to moving of that interface to down, because the solid fuel burns from the top
surface.

The numerical surface regression model represents the solid surface regression is
take placed step by step, while the solid surface regression actually is a continues phenome-
non. The proposed numerical model with using fine meshes in the solid phase could cap-
ture the high gradient solid temperature at the top solid surface and the regression phenom-
enon better than the model with using course meshes in solid phase. This conclusion is
obviously shown in the curves of fig. 2. The amplitude of the wiggles in the plateau region
is decreased with decreasing solid mesh size so that its relative value decreases from 13.4%
for the solid mesh size equals 0.2 mm to less than 4% for mesh size equals 0.05 mm; this
shows monotonic behavior of the numerical results and the finest grid tends to the inde-
pendent limit. Of course the CPU time for the fine solid mesh is more than the course solid
mesh. For example, in every day (24 hours) with the Pentium 4, 2800 MHz, the phenome-
non progresses 14 seconds with the solid mesh size equals 0.2 mm, while that progress less
than 1.5 seconds for the solid mesh size equals 0.05 mm i. e. more than 10 days need to
achieve the results for fine mesh. Certainly, the results based on the course solid mesh are
dependent on the solid mesh size that is caused to fair the validation of the numerical re-
sults.

Figure 4 represents the variation of solid surface temperature with respect to
time for different time steps. This figure shows that the history of the solid surface tem-
perature approximately is independent of time steps. The amplitude of wiggles is in-
creased a little with decreasing of time step, which could be in the order of round of error.

The variation of mass flux of volatiles per unit length of solid fuel from the top
solid surface with respect to time for different solid mesh sizes is shown in fig. 5. In the
early times, before 1 s, the solid temperature is not enough high to begin the degradation of
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Figure 4. The variation of the non-dimen-
sional fuel surface temperature vs. time for
different time steps

fuel and hence there is not any mass flux of
volatiles on the top surface of solid fuel. But
beyond that time, the degradation in the solid
fuel is occurred and mass flux of volatiles in-
crease sharply. Energy with the flow of
volatiles transfers from the solid to the gas.
This phenomenon causes to reduce the solid
temperature and mass flux of volatiles. The
wiggles in the plateau region of curves in fig.
5 are also concerned to the regression numer-
ical model. The amplitude of wiggles is high
for the solid mesh size equals 0.2 mm and its
value decreases extensively by decreasing
the solid mesh size so that its relative value
decreases from 26.6% for the solid mesh size
0.2 mm to 2.49% for mesh size 0.05 mm. Fig-
ure 6 shows the variation of the volatiles ve-

2
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Figure S. The variation of the mass flux of
volatiles on the top surface of fuel vs. time
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Figure 6. The variation of the velocity of
volatiles on the top surface of fuel vs. time

locity on the gas-solid interface vs. time. Since the mass flux of volatiles in the solid surface
is proportional to volatiles velocity at that location, then the variation of them are com-

pletely similar (figs. 5 and 6).

Figure 7 shows the variation of solid surface temperature and gas temperature in
the vicinity of that surface, and difference of those temperatures with respect to time. In
the threshold of turning on pilot, the major part of the energy generation in the pilot is
stored in the pilot zone and hence increases the temperature of that zone with respect to
time. Since the heat capacity (pc,) of the gas phase is less than that of solid phase, then the
gas temperature in the vicinity of solid surface is more than the solid surface temperature.
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Figure 7. The variation of solid surface
temperature, gas temperature in the vicin-
ity of that surface, and temperature differ-
ence between those locations vs. time

Also the thermal conductivity of the gas
phase (k =~ 0.02 W/mK) is less one order of
magnitude than that of the solid phase (k=
= 0.2 W/mK) and the fluid around the solid
phase is quiescent during that time. Thus en-
ergy of pilot in the gas phase transfers to the
solid phase more than the gas phase. This ac-
tion cause the rate of increasing of solid sur-
face temperature is more than the gas tem-
perature in the vicinity of that surface and
hence the temperature difference between
them decrease with respect to time till 1 sec-
ond. The mass flux of volatiles after 1 sec-
ond (fig. 5) and the exothermic chemical re-
action begins on the vicinity of solid
surface. This phenomenon causes to in-
crease the gas temperature on that location
and the temperature difference between the

gas and solid phases increases till 1.2 second. After this time, the flow is begun stronger
around the solid phase while the pilot is begun off. These events cause the rate of increas-
ing of gas temperature in the vicinity of solid surface decreases and even cause to reduce
the gas temperature at that location. Then the temperature difference between those two
phases reduces till to reach to the plateau region.

The variation of net heat transfer to the solid phase vs. time (fig. 8) can be repre-
sented by the results of fig. 7. To continue of burning the solid fuel, heat must be trans-
ferred from the gas phase to the solid phase. Therefore heat transfer by diffusion from the
gas phase to the solid phase must be dominated to the heat transfer by advection of the

151
)é i At=0.1s
%1.2-
o i N - Ax,=0.20 mm
i ———-Ax,=0.10 mm
09} ——— AX,=0.07 mm

.‘ : N »
0.67 NN ! /
A \/\"L'\\/\fi_«"\AJ\-\

~
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07‘.“|‘..‘|.“‘
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Figure 8. The variation of the heat transfer
to the solid fuel vs. time
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flow of volatiles on the solid surface. Since
the heat diffusion between solid and gas
phases is proportional to the temperature
difference between them, then the variation
of'net heat transfer to the solid phase vs. time
during the first second of the process is simi-
lar to the temperature difference between
gas and solid phases (figs. 7 and 8). The sud-
denly reduction in the net heat transfer to the
solid phase around 1.2 s is associated to the
increasing of contribution of heat transfer by
advection due to suddenly increasing mass
flux of volatiles on the solid surface at that
time (fig. 5). The amplitude of the wiggles in
the plateau region of curves in fig. 8 is re-
duced with decreasing the solid mesh size.
Since the heat diffusion is the dominate fac-
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tor in the process and the variation of tem-
perature in the vicinity of the interface is
very sharp (fig. 3), thus it is reasonable that
the net heat transfer to the solid phase ex-
tremely depends upon the solid mesh size,
which is shown in the curves of fig. 8. The
net heat transfer to the solid phase can be
predicted more accurate by choosing
smaller size for meshes.

The variation of total heat release due to
combustion in the computational domain vs.
time for different solid mesh sizes is shown
in fig. 9. There is not any heat release due to
combustion before 1 s but beyond this time,
its value increase sharply till to reach to the
plateau region. Also this figure shows that
the amplitude of wiggles in the plateau re-

40007

Qcomb [W/m]

2000

1000 [

U — 10 ¢ 15

Figure 9. The variation of the total heat re-
lease due to combustion in the computa-
tional domain vs. time

gion is reduced by decreasing the solid mesh size, which is consistent with previous find-

ings.

The variation of volatiles concentration
in the gas phase (Y§) in the vicinity of the
top surface of solid with respect to time for
different solid mesh sizes is shown in fig.10.
This figure shows the value of Y in that re-
gion is equal zero in the early time and be-
yond 1 s, its value increases sharply till to
reaches the plateau region. The wiggles in
that region are concerned to the numerical
regression model. When a row of meshes in
the top of solid phase is removed due to
burning and meshes of that row filled with
the gas phase, the value of Yg decrease sud-
denly. The reduction of solid surface tem-
perature (fig. 2) and reduction of mass flux
of volatiles (fig. 5) at times of removing the
first row meshes of the solid phase cause to
reduce the value of Y7 at those times.

601
Y [%]|
50
40f
30fF
20F

10F

o 5 10 ¢ 15

Figure 10. The variation of volatiles
concentration in the vicinity of the top
surface of fuel vs. time

The variation of oxygen concentration in the gas phase (¥,)) in the vicinity of the
top surface of solid with respect to time for different solid mesh sizes is shown in fig. 11.
In early times, the value of Y, is constant and equals to the value of Y, at the initial time.
Oxygen consumes due to combustion and its concentration reduces till to reach to the pla-
teau region. When the first row of meshes in the top of solid phase fills with the gas phase,
the value of Y decreases and the value of Y, increases in the vicinity of top interface as
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shown in figs. 10 and 11, respectively. From those figures, it is clear that the value of ¥ is
less sensitive to the solid mesh size than the value of Yy, but both values of them tends to
independent limit for the solid mesh size less than 0.07 mm.

The variation of regression rate of the solid surface (flame spread) vs. time for
different solid mesh sizes are shown in fig. 12. This figure shows the threshold of regres-
sion increases with increasing the solid mesh size. This is physically true because the in-
terval time for the burning of the first row meshes is proportional to the solid mesh size.
This figure also represent the flame spread over solid fuel is independent of solid mesh

size for mesh size smaller than 0.07 mm.

40
Y [%][
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Figure 11. The variation of oxygen

concentration in the vicinity of the top
surface of fuel vs. time
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Figure 13. The variation of vertical

component velocity at the symmetric plane
vs. time
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Figure 12. The variation of regression rate of
the surface solid (flame spread) vs. time

Figure 13 shows the variation of vertical
component of velocity in the symmetric
plane with respect to time. The moving of
the top solid surface to down due to burning
causes the velocity curves in the symmetric
plane at 20 s moved lower than that curve at
10 s.

The growth of flow field around the
solid fuel vs. time is shown in fig. 14 by the
variation of velocity vectors in the computa-
tional domain. The biggest velocity vector is
near the top surface of solid at time equals
0.1 s that it is concerned to existence of ed-
dies in that position. As time passes, eddies
grow and due to the effect of buoyancy
force, they move to the top boundary of
computational domain. The biggest velocity
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Figure 14. The variation of velocity vector in the computational domain vs. time
(1 cm =4 m/s)

vector takes place in the top boundary of computational domain beyond the early times.
During 0 to 5 s, the velocity of flow field increases due to buoyancy force and beyond that
time till to 20 s, there is not any obvious changes in the velocity of the flow field that rep-
resents the flow field reaches to steady-state situation.
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The variation of isotherms in the computational domain vs. time is shown in fig.
15. This figure also shows the isotherms grow from 0 to 5 s and after 5 s reach to
steady-state situation. In the early times (0-1 s) conduction to be dominates in the gas
phase, thus the isotherms grow slowly and they have approximately a circular shape. The
energy transfers through the gas phase between about 1 to 1.5 s faster than the early times
because the advection mode of energy to be dominates in the flow field and hence the iso-
therms grow faster than the early times. The isotherms suddenly grow between 1.5to 2 s
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Figure 15. The variation of isotherms in computational domain vs. time

80



Ayani, M. B., Esfahani, J. A., Sousa, A. C. M.: The Effect of Surface Regression on ...

that is concerned to the threshold of combustion in the gas phase. This trend is continued
till to reach steady-state situation.

Figure 16 shows the variation of Y} in the symmetric plane vs. time. This figure
shows the degradation in the solid fuel takes place beyond the first second and therefore
the Yy in the symmetric plane to be growing after 1 s and beyond 5 s actually that quantity
does not change. That figure also shows the maximum value of Y7 is takes placed in the
vicinity of the solid phase and its value decreases with increasing the height from the
solid surface. This means the flame does not forms just on the solid surface, but it forms
within a small distance from that surface. The variation of Y maximum location in fig. 16
is concerned to the reduction of solid fuel height due to burning.

The variation of Y in the symmetric plane vs. time are shown in fig. 17. This figure
are also confirmed the results of fig. 16. The value of Y, in the symmetric plane approxi-
mately is constant in the early times (Yo = Yp..). Beyond 1 s, its value decreases to reaches
steady-state situation. As shown in fig. 17 the minimum value of Y at the symmetric
plane (v = 0) is occurred in a region near the solid surface that the height of it increases
with respect to time till to reaches to the steady-state situation. This phenomenon con-
cerned to the growth of flame size in the threshold of combustion, because that region is
the flame region. This figure also shows the flame is apart from the solid surface.

0.1 0.1
x [m] x [m]
0.08 0.08
0.06 0.06
0.04f 0.04
0.02p 0.02 t=025s
oo v o1 L
0 25 50 5 100
Yo (%4 0 10 20y, ] 0
Figure 16. The variation of concentration Figure 17. The variation of concentration
of volatiles at the symmetric plane vs. time of oxygen at the symmetric plane vs. time

The effect of surface regression on the results is shown in figs. 18-20. Figure 18
shows the variation of solid surface temperature and gas temperature in the vicinity of
that surface with and without using of surface regression models vs. time. The regression
surface of solid has more effect in the plateau region of those curves. The solid surface re-
gression causes to increase the solid surface temperature and decrease the gas tempera-
ture in the vicinity of top solid surface. The solid density is assumed to be constant when
the surface regression is not considered. Since the mass flux of volatiles is proportional to
the solid density (eq. 17) then the surface regression causes to decrease that mass flux and
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Figure 18. The effect of surface regression
on the solid surface and gas temperature

the transfer of energy by advection mode
through the solid phase. This phenomenon
causes to increase the solid surface tempera-
ture that is shown in fig. 18. Also the reduc-
tion of mass flux of volatiles in this model
cause to decrease the rate of chemical reac-
tion and heat release due to combustion and
therefore cause to decrease the gas tempera-
ture as shown in fig. 18. Then the tempera-
ture difference between the gas and solid
phases with using the surface regression
model is less than that difference without us-
ing the surface regression model (fig. 18).
On the other hand, heat diffusion to the solid
phase with using the surface regression
model is less than that heat without using

that model. But as shown before, the advection mode of energy without using the surface
regression model is more than that mode of energy with using that model. Since diffusion
mode of heat to the solid phase dominates to the advection mode of energy through that
phase, it is expected the net energy transferred to the solid phase without using the sur-
face regression model should be more than that energy with using that model. This fact is
completely shown by fig. 19 that is represents the variation of net energy transferred to
the solid phase vs. time with and without using the surface regression models.

As mentioned before, it is expected the mass flux of volatiles on the solid surface
and therefore the volatiles velocity at that location without using the surface regression
model should be more than that parameter with using that model. Figure 20 shows the
variation of volatiles velocity with and without using the surface regression models vs.

-60 | With surface regression

Without surface regression

ol
0 5 10 t[s] 15

Figure 19. The effect of surface regression
on the net energy transfer to the solid
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time. This figure confirms the mentioned physical results especially in the plateau region
of the curves.

Concluding remarks

A numerical model is developed for the flame spread over a solid fuel in a quies-

cent ambient. The transient governing equations — mass, momentum, energy, and species
were solved for both gas and solid (fuel) phases simultaneously. This model consist the
effect of surface regression of the solid fuel. Based on this model, the following conclu-
sions can be drawn:

the surface regression of the solid fuel has effect on the solid surface temperature,
mass flux of volatiles and velocity of volatiles on the solid surface, net energy transfer
to the solid, etc.,
the surface regression numerical model represents that phenomenon takes place step
by step and it is assumed the solid height reduces discretely by a solid mesh size due to
burning. This model causes to create some wiggles in the results in the plateau regions
of curves, which those regions are concerned to the steady-state situation,
the amplitude of wiggles on the results depend upon the solid mesh size, which its
value is reduced monotonically with decreasing of solid mesh size so that if the solid
mesh size approaches to zero, it can be predicted, the wiggles will be removed
completely,
all of the results are independent of solid mesh size for the solid mesh size less than
0.07 mm and all of them are independent of time step for time step less than 0.25 s, and
the numerical model seems to provide valid predictions.

However, one important caution is required; thermal, thermo-physical, and

chemical properties of solid fuel and gas were obtained from literature source, have many
effect on the results.

Nomenclature

>
w

IEETZOmDS O A

S Tg-)
-

— pre-exponential factor, [s™']

— specific heat, [Jkg '"K™']

— specific heat at constant pressure for gas phase, [Jkg 'K ']
— binary diffusion coefficient, [m’s ']

activation energy, [Jkg ']

— rate of energy generation due to chemical reaction, [Wm ]
height of computational domain, [m]

— thermal conductivity, [Wm 'K ']

— height of solid fuel, [m]

— molecular weight, [gmol ']

— mass flux of volatiles on the solid fuel, [kgm’zs’l]

— Prandtl number, [-]

— pressure, [Nm ]
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— total heat release due to combustion, [Wm ']
— maximum of total heat release due to combustion, [Wm ']
— universal gas constant, [J mol 'K ']

— rate of pyrolysis reaction, [kgm s ']

— temperature, [°C], [K]

— time, [s]

— velocity component in the x direction, [ms ']
— velocity vector, [ms ']

— regression rate, [ms']

— velocity component in the y direction, [ms ']
— body force in the x direction, [kgm s ]

— coordinate along vertical direction, [m]

— mass fraction, [—]

— coordinate along horizontal direction, [m]

— width of computational domain, [m]

Greek symbols

AH— heat of degradation, [Jmol ']

Ah — heat of combution, [Jmolfl]
u — dynamic viscosity, [kgm’ls’l]
v — stoichiometric ratio, [—]

p — density, [kgm’3]

o — normal stress, [Nm’z]

7 — shear stress, [Nm‘z]
Subscripts

¢ — center plane (symmetric plane)
F — fuel

g — gas

i — chemical species

O — oxygen

s — solid

v — volatiles

0 — initial condition

o — ambient
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