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The pres ent work is ad dressed to the nu mer i cal study of the tran sient lam i -
nar op posed-flow flame spread over a solid fuel in a qui es cent am bi ent. The
tran sient gov ern ing equa tions – full Navier-Stokes, en ergy, and spe cies (ox -
y gen and volatiles) for the gas phase, and con ti nu ity and en ergy equa tions
for the solid phase (fuel) with prim i tive vari ables are discretized in a stag -
gered grid by a con trol vol ume ap proach. The sec ond-or der Arrhenius ki -
net ics law is used to de ter mine the rate of con sump tion of volatiles due to
com bus tion, and the zero-or der Arrhenius ki net ics law is used to de ter mine
the rate of deg ra da tion of solid fuel. The equa tions for the fluid and solid
phases are solved si mul ta neously us ing a seg re gated tech nique. The phys i -
cal and thermo-phys i cal prop er ties of the fluid (air) such as den sity, ther mal 
con duc tiv ity, and vis cos ity vary with tem per a ture. The sur face re gres sion of 
the solid fuel is mod eled nu mer i cally us ing a dis crete for mu la tion, and the
ef fect upon the re sults is an a lyzed. The sur face re gres sion of the solid fuel as 
shown af fects on the fuel sur face and gas tem per a ture, mass flux and ve loc -
ity of volatiles on the top sur face of fuel, to tal en ergy trans ferred to the solid
phase, etc. It seems the re sults to be re al is tic. 

Key words: flame spread, down ward, polymethyl methacrylate,, sur face
re gres sion, com pu ta tional fluid dy nam ics, ig ni tion 

Introduction

Flame spread over solid fuel sur faces has been a sub ject of in ten sive ex per i men -
tal and the o ret i cal in ves ti ga tions [1-15] due to its im por tance to fire safety. A re view of
mod el ing and sim u la tion of com bus tion pro cesses of char ring and non-char ring solid fu -
els was be done by Di Blasi [1]. Wichman [2] re viewed the the ory of op posed-flow flame
spread. Fernandez-Pello and Wil liams [3] stud ied ex per i men tally lam i nar flame spread
over polymethyl methacrylate (PMMA) sur faces. They mea sured spread rates, tem per a -
ture and ve loc ity field for var i ous thick nesses of fuel. Mao et al. [4] nu mer i cally stud ied
the down ward flame spread over thin solid of PMMA. They solved the steady-state, two
di men sional, lam i nar non ra di a tive con ser va tion equa tions of mass, mo men tum, en ergy,
and spe cies for volatiles and ox y gen in the gas phase.
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The nu mer i cal study of flame spread over solid ma te ri als in a qui es cent en vi ron -
ment in microgravity was in ves ti gated by Bhattachrjee et al. [5]. They at tached the co or -
di nate sys tem to the solid sur face and used the steady-state of gov ern ing equa tions for
both solid and gas phases. Also Bahattacharjee and Altenkirch [6] stud ied the ef fect of ra -
di a tion on op posed-flow flame spread over thin solid fuel in a microgravity en vi ron ment.
They showed that at low op pos ing flow ve loc i ties, the ra di a tion ef fects be come sig nif i -
cant and are man i fested in low ered spread rates and cooler and smaller flames. At higher
op pos ing flow, these ef fects dis ap pear, jus ti fy ing the ne glect of ra di a tion in most forced
and nat u ral con vec tion sit u a tion in nor mal grav ity pro duced by thin fuel.

Di Blasi et al. [7] stud ied the ig ni tion pro cesses of poly meric ma te ri als with
gas-phase ab sorp tion of ra di a tion. They used the un steady-one-di men sional form of the
gov ern ing equa tions for both solid and gas phases. Bahattacharjee and Altenkirch [8]
com pared the the o ret i cal and ex per i men tal re sults in flame spread over thin con densed
fu els in a qui es cent, microgravity en vi ron ment. They showed that the the ory com pares
well with ex per i men tal near the flame lead ing edge. Ramachandra et al. [9] stud ied the
be hav ior of flame spread ing over thin solid in microgravity by ex per i men tal meth ods.
They stud ied the ef fect of ox y gen con cen tra tion and pres sure of qui es cent en vi ron ment
on the phe nom e non. Their ex per i men tal re sults show that the spread rate in creases with
am bi ent ox y gen level and pres sure. Bhattacharjee et al. [10] used ex per i men tal and com -
pu ta tional meth ods to study the ef fect of am bi ent pres sure on the flame spread over thin
cel lu lose fu els in a qui es cent microgravity en vi ron ment. Jiang et al. [11] nu mer i cally
stud ied the steady up ward flame spread over a thin solid in re duced grav ity. They showed 
that in the re duced grav ity, the gas eous flame ra di a tion is im por tant for flame struc ture,
flame di men sion, and ex tinc tion limit.

The un steady flame spread to ex tinc tion over thick fu els in microgravity was
stud ied nu mer i cally by Altenkirch et al. [12]. They solved the gov ern ing equa tions for
both solid and gas phases sep a rately.

Esfahani and Sousa [13] stud ied nu mer i cally the ig ni tion of ep oxy by a high ra -
di a tion source. They solved the tran sient two di men sional gov ern ing equa tions for both
gas and solid phases sep a rately. They can es ti mate the ig ni tion de lays for ep oxy. Sousa
and Esfahani [14] also stud ied by nu mer i cal meth ods the ig ni tion of PMMA which in -
duced by mono chro matic ra di a tion. In re cent work, Esfahani [15-17] stud ied the ef fect of 
ox y gen con cen tra tion on the deg ra da tion of PMMA by nu mer i cal meth ods.

In the most of the pre vi ous works, the gov ern ing equa tions solved for gas and
solid phases sep a rately and cou pling the so lu tion for the solid and gas phases through the
bound ary con di tions at the gas-solid in ter face. Also in all of the pre vi ous works, some of
the re searches stud ied just the ig ni tion de lay and some of them stud ied just the rate of
flame spread over solid fuel. In this study, it is tried to solve the tran sient two-di men -
sional gov ern ing equa tions for both gas and solid phases si mul ta neously. The pi lot ig ni -
tion has been used to achieve the burn ing sit u a tion. The pres ent model has ca pa bil ity to
study both the ig ni tion de lay and the flame spread over solid fuel. Also in this study, the
ef fect of sur face re gres sion of the solid is con sid ered, while in pre vi ous work, its ef fect is
as sumed to be neg li gi ble. The pro posed model is suit able to pre dict the flow field and
flame spread over all thick nesses of solid fuel.
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Mathematical model

Fig ure 1 shows the com pu ta tional do main, and the
rel a tive lo ca tion of the solid fuel. The fuel is rep re -
sented by a ver ti cal thin and long (thick ness equals
0.001 m and height equals 0.02 m) of non char ring
solid fuel (PMMA) on the left bot tom cor ner of the
com pu ta tional do main. The com pu ta tional do main is
per formed over a 0.1 m height (x di rec tion) by 0.03 m
wide (y di rec tion). The math e mat i cal model is based
on the par tial dif fer en tial equa tions for con ser va tion of 
mass, mo men tum, en ergy, and spe cies in the gas and
solid phases. The co or di nate sys tem is fixed rel a tive to
the com pu ta tional do main, there fore it should be used
the un steady form of the gov ern ing equa tions. The two 
di men sional tran sient gov ern ing equa tions in the gas
phase are as fol lows:

–  Continuity equation
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Fig ure 1. Sche matic of com pu -
ta tional do main and co or di nate
system



In eq. (3), X is the body force per unit vol ume in the x di rec tion. The en ergy
equa tion with the as sump tion of con stant spe cific heat at con stant pres sure for gas phase
is:

–  Energy equation
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where &G is the rate of en ergy gen er a tion due to chem i cal re ac tion which can be de ter -
mined from the fol low ing re la tion:

&G = – SFDh (9)

In the en ergy equa tion, it is as sumed the vis cous dis si pa tion and the net heat loss
by ra di a tion to be neg li gi ble [6].

–  Species equations

for fuel:

¶

¶

¶ (

¶

¶

¶

¶

¶

¶

¶

¶

¶

( ) ) ( )r r r
r

Y

t

uY

x

vY

y x
D

Y

x
F F F

AB
F+ + =

æ

è
ç

ö

ø
÷ +

y
D

Y

y
Sr AB

F
F

¶

¶

æ

è
çç

ö

ø
÷÷ + (10)

and for oxygen:
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The rate of con sump tion of volatiles (SF) due to com bus tion can be de ter mined
from the sec ond-or der Arrhenius ki net ics law [18]:
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The amount of ox y gen con sumed is de ter mined by us ing the fol low ing re la tion:
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The tran sient two di men sional equa tions gov ern ing the con ser va tion of mass
and en ergy for the solid phase are:
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–  Continuity equation
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In this equa tion it is as sumed the volatiles within the solid moves only in the x di -
rec tion. The rate of volatiles gen er a tion in the solid can be de ter mined from the zero-or -
der Arrhenius ki net ics law [18]:
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The to tal volatiles flux from the sur face of the solid can be de ter mined from eq.
(14):

¢¢ = òm S x
L

v sd
0

r (17)

Also the vari a tion of solid den sity vs. time due to deg ra da tion can be de ter mined
from the fol low ing re la tion:
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The flow is as sumed to be in com press ible in what con cerns the vari a tion of den -
sity with pres sure; how ever the vari a tion of den sity of the gas phase with tem per a ture is
taken into ac count, and is de ter mined from the fol low ing re la tion:

rT = r4T4 (19)

The vari a tion of vis cos ity of air with tem per a ture is de ter mined from Suther -
land’s law [19], as fol lows:

m = ×
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The vari a tion of the spe cific heat at con stant pres sure, cp and of the Prandtl num -
ber (Pr), of air with the tem per a ture is prac ti cally neg li gi ble, there fore, cp and Pr are as -
sumed to be con stant within the tem per a ture; with this as sump tion, the vari a tion with
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tem per a ture of the ther mal con duc tiv ity for the gas phase is de ter mined through the value 
of m by us ing the re la tion:

k
c

=
pm

Pr
(21)

Initial and boundary conditions

The ini tial con di tions for the ve loc ity com po nents, tem per a ture, and spe cies are
fol lows:

u(x, y, 0) = 0,   v(x, y, 0) = 0,   T(x, y, 0) = T4,   YF(x, y, 0) = 0,

YO(x, y, 0) = YO4   in the gas phase,   and    YO(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 in ter face on the top of the

solid, and its power in put per unit vol ume is 3.5·108 W/m3. The to tal power in put of
igniter per unit length of fuel depth is about 190 W/m. This power in put is started at time
zero, and is con tin ued un til flame ig ni tion oc curs, which is usu ally around 2 s, and be -
yond this time, it is shut off. For this pro cess the flow is as sumed to be sym met ric about a
ver ti cal plane pass ing through the cen ter of the solid fuel (fig. 1), there fore only one half
plane will be con sid ered. The bound ary con di tions for the sym me try plane (y = 0) are as
fol lows:
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The other bound aries are lo cated rel a tively far away from the heat source, and
the pres sure is as sumed to have a con stant value. In this study the rel a tive pres sure is
taken as zero (p4 = 0). Two types of con di tions for the en ergy and spe cies equa tions are
used at the “far-field” bound aries, namely:

T T Y Y Y= = =4 4, , ( )O O F inflow0 (24)
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where n is the direction perpendicular to the surface of the boundaries.

Numerical method

The non-lin ear cou pled par tial dif fer en tial equa tions are in te grated by the con -
trol vol ume for mu la tion to ob tain the discretized equa tion set [20, 21]. The con vec -
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tive/dif fu sive link co ef fi cients are based on the sec ond or der up wind scheme [22]. The
gov ern ing equa tions were discretized for uni form stag gered grids in the solid phase and
non-uni form stag gered grids in the gas phase, which reach their small est value at the
gas-solid in ter face. The ex pan sion co ef fi cients for the di men sion of meshes in the gas
phase are cho sen so that the max i mum as pect ra tio of meshes is less than 5 in the whole of 
com pu ta tional do main. The discretized equa tions for fluid and solid (fuel) phases were
solved si mul ta neously. The val ues of the com po nents ve loc ity and the con cen tra tion of
volatiles and ox y gen in the solid phase are set zero by choose of suit able source terms in
the discretized mo men tum and spe cies con ser va tion equa tions [20]. A line-by-line
TDMA it er a tive method [20] was used to solve the discretized gov ern ing (al ge braic)
equa tions.

To avoid even tual di ver gence in the it er a tive so lu tion, in the early times the un -
der-re lax ation fac tors of 0.45, 0.45, 0.55, 0.7, 0.7, and 0.55 were used for u, v, p, T, YF,
and YO, re spec tively, and be yond ig ni tion, time equals 2 s, their val ues re duce to 0.3, 0.3,
0.5, 0.4, 0.4, and 0.4. These val ues of un der-re lax ation give ad e quate rate of con ver gence
for the so lu tion of gov ern ing equa tions.

It is as sumed that the re gres sion of the solid takes place just on the top sur face of
the solid fuel. The re duc tion of solid den sity with re spect to time due to deg ra da tion can
be cal cu lated from eq. (18) and then also the den sity of the first row meshes on the top
solid fuel re duces con tin u ously as time elapses. When the den sity of these meshes was
be ing less than a cri te ria value, for ex am ple less than 10% of the ini tial den sity of solid,
this row of meshes filled with the gas phase and next row of meshes in the solid phase
takes place in the vi cin ity of the gas phase, and un der takes vari a tion of its den sity. On the
other hand the solid height re duces dis cretely by a solid mesh size due to burn ing. This
trend is con tin ued till to burn the whole of solid fuel. The flame spread rate is cal cu lated
from the fol low ing re la tion:

V
x

n t
F

s=
D

D
(26)

where n is the number of interval times that
taken for the first row of meshes of the solid
to be burnt.

Results and discussion

To show the ver i fi ca tion of the re sults,
those are pre sented for dif fer ent mesh sizes
and dif fer ent time steps. The vari a tion of
non-di men sional tem per a ture of the top
solid sur face with re spect to time for dif fer -
ent solid mesh sizes is shown in fig. 2. In the
early times be fore about 2 sec onds, when
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Fig ure 2. The vari a tion of the non-di men -
sional fuel sur face tem per a ture vs. time for 
dif fer ent mesh sizes for the solid re gion



the pi lot is on, the top sur face tem per a ture
of the solid in creases sharply. Af ter that
time, the pi lot is shut off and these curves
are ap prox i mately pla teau. The wig gles
that are seen in the pla teau re gion of those
curves are con cerned to high tem per a ture
gra di ent of solid phase in the vi cin ity of
gas-solid in ter face [3, 13, 23] and to the
na tion of sur face re gres sion nu mer i cal
model. 

Fig ure 3 shows the vari a tion of the
sym met ric plane tem per a ture (cen ter line
tem per a ture) vs. time. The high est gra di -
ent cen ter line tem per a ture takes place in
the re gion be tween the gas-solid in ter face
and com bus tion zone (points A and A') for 
all times. The lo ca tion of that high gra di -
ent at the start of the pro cesses, point A,
moves down ward to point A'  as time

passes due to mov ing of that in ter face to down, be cause the solid fuel burns from the top
sur face.

The nu mer i cal sur face re gres sion model rep re sents the solid sur face re gres sion is
take placed step by step, while the solid sur face re gres sion ac tu ally is a con tin ues phe nom e -
non. The pro posed nu mer i cal model with us ing fine meshes in the solid phase could cap -
ture the high gra di ent solid tem per a ture at the top solid sur face and the re gres sion phe nom -
e non better than the model with us ing course meshes in solid phase. This con clu sion is
ob vi ously shown in the curves of fig. 2. The am pli tude of the wig gles in the pla teau re gion
is de creased with de creas ing solid mesh size so that its rel a tive value de creases 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 be hav ior of the nu mer i cal re sults and the fin est grid tends to the in de -
pend ent limit. Of course the CPU time for the fine solid mesh is more than the course solid
mesh. For ex am ple, in ev ery day (24 hours) with the Pentium  4, 2800 MHz, the phe nom e -
non pro gresses 14 sec onds with the solid mesh size equals 0.2 mm, while that prog ress less
than 1.5 sec onds for the solid mesh size equals 0.05 mm i. e. more than 10 days need to
achieve the re sults for fine mesh. Cer tainly, the re sults based on the course solid mesh are
de pend ent on the solid mesh size that is caused to fair the val i da tion of the nu mer i cal re -
sults.

Fig ure 4 rep re sents the vari a tion of solid sur face tem per a ture with re spect to
time for dif fer ent time steps. This fig ure shows that the his tory of the solid sur face tem -
per a ture ap prox i mately is in de pend ent of time steps. The am pli tude of wig gles is in -
creased a lit tle with de creas ing of time step, which could be in the or der of round of er ror.

The vari a tion of mass flux of volatiles per unit length of solid fuel from the top
solid sur face with re spect to time for dif fer ent solid mesh sizes is shown in fig. 5. In the
early times, be fore 1 s, the solid tem per a ture is not enough high to be gin the deg ra da tion of
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Figure 3. The variation of temperature at the
symmetric plane vs. time



fuel and hence there is not any mass flux of
volatiles on the top sur face of solid fuel. But
be yond that time, the deg ra da tion in the solid
fuel is oc curred and mass flux of volatiles in -
crease sharply. En ergy with the flow of
volatiles trans fers from the solid to the gas.
This phe nom e non causes to re duce the solid
tem per a ture and mass flux of volatiles. The
wig gles in the pla teau re gion of curves in fig.
5 are also con cerned to the re gres sion nu mer -
i cal model. The am pli tude of wig gles is high
for the solid mesh size equals 0.2 mm and its
value de creases ex ten sively by de creas ing
the solid mesh size so that its rel a tive value
de creases 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 vari a tion of the volatiles ve -
loc ity on the gas-solid in ter face vs. time. Since the mass flux of volatiles in the solid sur face 
is pro por tional to volatiles ve loc ity at that lo ca tion, then the vari a tion of them are com -
pletely sim i lar (figs. 5 and 6).

Fig ure 7 shows the vari a tion of solid sur face tem per a ture and gas tem per a ture in
the vi cin ity of that sur face, and dif fer ence of those tem per a tures with re spect to time. In
the thresh old of turn ing on pi lot, the ma jor part of the en ergy gen er a tion in the pi lot is
stored in the pi lot zone and hence in creases the tem per a ture of that zone with re spect to
time. Since the heat ca pac ity (rcp) of the gas phase is less than that of solid phase, then the 
gas tem per a ture in the vi cin ity of solid sur face is more than the solid sur face tem per a ture.
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Figure 5. The variation of the mass flux of
volatiles on the top surface of fuel vs. time

Fig ure 4. The vari a tion of the non-di men -
sional fuel sur face tem per a ture vs. time for 
dif fer ent time steps

Figure 6. The variation of the velocity of
volatiles on the top surface of fuel vs. time



Also the ther mal con duc tiv ity of the gas
phase (k » 0.02 W/mK) is less one or der of
mag ni tude  than  that of  the solid phase (k =
= 0.2 W/mK) and the fluid around the solid
phase is qui es cent dur ing that time. Thus en -
ergy of pi lot in the gas phase trans fers to the
solid phase more than the gas phase. This ac -
tion cause the rate of in creas ing of solid sur -
face tem per a ture is more than the gas tem -
per a ture in the vi cin ity of that sur face and
hence the tem per a ture dif fer ence be tween
them de crease with re spect to time till 1 sec -
ond. The mass flux of volatiles af ter 1 sec -
ond (fig. 5) and the exo ther mic chem i cal re -
ac tion be gins on the vi cin ity of solid
sur face. This phe nom e non causes to in -
crease the gas tem per a ture on that lo ca tion
and the tem per a ture dif fer ence be tween the

gas and solid phases in creases till 1.2 sec ond. Af ter this time, the flow is be gun stron ger
around the solid phase while the pi lot is be gun off. These events cause the rate of in creas -
ing of gas tem per a ture in the vi cin ity of solid sur face de creases and even cause to re duce
the gas tem per a ture at that lo ca tion. Then the tem per a ture dif fer ence be tween those two
phases re duces till to reach to the pla teau re gion. 

The vari a tion of net heat trans fer to the solid phase vs. time (fig. 8) can be rep re -
sented by the re sults of fig. 7. To con tinue of burn ing the solid fuel, heat must be trans -
ferred from the gas phase to the solid phase. There fore heat trans fer by dif fu sion from the
gas phase to the solid phase must be dom i nated to the heat trans fer by advection of the

flow of volatiles on the solid sur face. Since
the heat dif fu sion be tween solid and gas
phases is pro por tional to the tem per a ture
dif fer ence be tween them, then the vari a tion
of net heat trans fer to the solid phase vs. time 
dur ing the first sec ond of the pro cess is sim i -
lar to the tem per a ture dif fer ence be tween
gas and solid phases (figs. 7 and 8). The sud -
denly re duc tion in the net heat trans fer to the 
solid phase around 1.2 s is as so ci ated to the
in creas ing of con tri bu tion of heat trans fer by 
advection due to sud denly in creas ing mass
flux of volatiles on the solid sur face at that
time (fig. 5). The am pli tude of the wig gles in 
the pla teau re gion of curves in fig. 8 is re -
duced with de creas ing the solid mesh size.
Since the heat dif fu sion is the dom i nate fac -
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Fig ure 7. The vari a tion of solid sur face
tem per a ture, gas tem per a ture in the vi cin -
ity of that sur face, and tem per a ture dif fer -
ence be tween those lo ca tions vs. time

Figure 8. The variation of the heat transfer 
to the solid fuel vs. time



tor in the pro cess and the vari a tion of tem -
per a ture in the vi cin ity of the in ter face is
very sharp (fig. 3), thus it is rea son able that
the net heat trans fer to the solid phase ex -
tremely de pends upon the solid mesh size,
which is shown in the curves of fig. 8. The
net heat trans fer to the solid phase can be
pre dicted more ac cu rate by choos ing
smaller size for meshes.

The vari a tion of to tal heat re lease due to
com bus tion in the com pu ta tional do main vs. 
time for dif fer ent solid mesh sizes is shown
in fig. 9. There is not any heat re lease due to
com bus tion be fore 1 s but be yond this time,
its value in crease sharply till to reach to the
pla teau re gion. Also this fig ure shows that
the am pli tude of wig gles in the pla teau re -
gion is re duced by de creas ing the solid mesh size, which is con sis tent with pre vi ous find -
ings.

The vari a tion of volatiles con cen tra tion
in the gas phase (YF) in the vi cin ity of the
top sur face of solid with re spect to time for
dif fer ent solid mesh sizes is shown in fig.10. 
This fig ure shows the value of YF in that re -
gion is equal zero in the early time and be -
yond 1 s, its value in creases sharply till to
reaches the pla teau re gion. The wig gles in
that re gion are con cerned to the nu mer i cal
re gres sion model. When a row of meshes in
the top of solid phase is re moved due to
burn ing and meshes of that row filled with
the gas phase, the value of YF de crease sud -
denly. The re duc tion of solid sur face tem -
per a ture (fig. 2) and re duc tion of mass flux
of volatiles (fig. 5) at times of re mov ing the
first row meshes of the solid phase cause to
re duce the value of YF at those times.

The vari a tion of ox y gen con cen tra tion in the gas phase (YO) in the vi cin ity of the
top sur face of solid with re spect to time for dif fer ent solid mesh sizes is shown in fig. 11.
In early times, the value of YO is con stant and equals to the value of YO at the ini tial time.
Ox y gen con sumes due to com bus tion and its con cen tra tion re duces till to reach to the pla -
teau re gion. When the first row of meshes in the top of solid phase fills with the gas phase, 
the value of YF de creases and the value of YO in creases in the vi cin ity of top in ter face as
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Fig ure 9. The vari a tion of the to tal heat re -
lease due to com bus tion in the com pu ta -
tional do main vs. time

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



shown in figs. 10 and 11, re spec tively. From those fig ures, it is clear that the value of YO is 
less sen si tive to the solid mesh size than the value of YF, but both val ues of them tends to
in de pend ent limit for the solid mesh size less than 0.07 mm. 

The vari a tion of re gres sion rate of the solid sur face (flame spread) vs. time for
dif fer ent solid mesh sizes are shown in fig. 12. This fig ure shows the thresh old of re gres -
sion in creases with in creas ing the solid mesh size. This is phys i cally true be cause the in -
ter val time for the burn ing of the first row meshes is pro por tional to the solid mesh size.
This fig ure also rep re sent the flame spread over solid fuel is in de pend ent of solid mesh
size for mesh size smaller than 0.07 mm.

Fig ure 13 shows the vari a tion of ver ti cal
com po nent of ve loc ity in the sym met ric
plane with re spect to time. The mov ing of
the top solid sur face to down due to burn ing
causes the ve loc ity curves in the sym met ric
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
vari a tion of ve loc ity vec tors in the com pu ta -
tional do main. The big gest ve loc ity vec tor is 
near the top sur face of solid at time equals
0.1 s that it is con cerned to ex is tence of ed -
dies in that po si tion. As time passes, ed dies
grow and due to the ef fect of buoy ancy
force, they move to the top bound ary of
com pu ta tional do main. The big gest ve loc ity 
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Figure 11. The variation of oxygen
concentration in the vicinity of the top
surface of fuel vs. time

Figure 12. The variation of regression rate of
the surface solid (flame spread) vs. time

Figure 13. The variation of vertical
component velocity at the symmetric plane 
vs. time



vec tor takes place in the top bound ary of com pu ta tional do main be yond the early times.
Dur ing 0 to 5 s, the ve loc ity of flow field in creases due to buoy ancy force and be yond that 
time till to 20 s, there is not any ob vi ous changes in the ve loc ity of the flow field that rep -
re sents the flow field reaches to steady-state sit u a tion.
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     Figure 14. The variation of velocity vector in the computational domain vs. time
       (1 cm = 4 m/s)                                                                                                                



The vari a tion of iso therms in the com pu ta tional do main vs. time is shown in fig.
15. This fig ure also shows the iso therms grow from 0 to 5 s and af ter 5 s reach to
steady-state sit u a tion. In the early times (0-1 s) con duc tion to be dom i nates in the gas
phase, thus the iso therms grow slowly and they have ap prox i mately a cir cu lar shape. The
en ergy trans fers through the gas phase be tween about 1 to 1.5 s faster than the early times
be cause the advection mode of en ergy to be dom i nates in the flow field and hence the iso -
therms grow faster than the early times. The iso therms sud denly grow be tween 1.5 to 2 s
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Figure 15. The variation of isotherms in computational domain vs. time



that is con cerned to the thresh old of com bus tion in the gas phase. This trend is con tin ued
till to reach steady-state sit u a tion.

Fig ure 16 shows the vari a tion of YF in the sym met ric plane vs. time. This fig ure
shows the deg ra da tion in the solid fuel takes place be yond the first sec ond and there fore
the YF in the sym met ric plane to be grow ing af ter 1 s and be yond 5 s ac tu ally that quan tity
does not change. That fig ure also shows the max i mum value of YF is takes placed in the
vi cin ity of the solid phase and its value de creases with in creas ing the height from the
solid sur face. This means the flame does not forms just on the solid sur face, but it forms
within a small dis tance from that sur face. The vari a tion of YF max i mum lo ca tion in fig. 16 
is con cerned to the re duc tion of solid fuel height due to burn ing.

The vari a tion of YO in the sym met ric plane vs. time are shown in fig. 17. This fig ure
are also con firmed the re sults of fig. 16. The value of YO in the sym met ric plane ap prox i -
mately is con stant in the early times (YO = YO4). Be yond 1 s, its value de creases to reaches 
steady-state sit u a tion. As shown in fig. 17 the min i mum value of YO at the sym met ric
plane (y » 0) is oc curred in a re gion near the solid sur face that the height of it in creases
with re spect to time till to reaches to the steady-state sit u a tion. This phe nom e non con -
cerned to the growth of flame size in the thresh old of com bus tion, be cause that re gion is
the flame re gion. This fig ure also shows the flame is apart from the solid sur face.

The ef fect of sur face re gres sion on the re sults is shown in figs. 18-20. Fig ure 18
shows the vari a tion of solid sur face tem per a ture and gas tem per a ture in the vi cin ity of
that sur face with and with out us ing of sur face re gres sion mod els vs. time. The re gres sion
sur face of solid has more ef fect in the pla teau re gion of those curves. The solid sur face re -
gres sion causes to in crease the solid sur face tem per a ture and de crease the gas tem per a -
ture in the vi cin ity of top solid sur face. The solid den sity is as sumed to be con stant when
the sur face re gres sion is not con sid ered. Since the mass flux of volatiles is pro por tional to 
the solid den sity (eq. 17) then the sur face re gres sion causes to de crease that mass flux and 
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Figure 16. The variation of concentration
of volatiles at the symmetric plane vs. time

Figure 17. The variation of concentration
of oxygen at the symmetric plane vs. time



the trans fer of en ergy by advection mode
through the solid phase. This phe nom e non
causes to in crease the solid sur face tem per a -
ture that is shown in fig. 18. Also the re duc -
tion of mass flux of volatiles in this model
cause to de crease the rate of chem i cal re ac -
tion and heat re lease due to com bus tion and
there fore cause to de crease the gas tem per a -
ture as shown in fig. 18. Then the tem per a -
ture dif fer ence be tween the gas and solid
phases with us ing the sur face re gres sion
model is less than that dif fer ence with out us -
ing the sur face re gres sion model (fig. 18).
On the other hand, heat dif fu sion to the solid 
phase with us ing the sur face re gres sion
model is less than that heat with out us ing

that model. But as shown be fore, the advection mode of en ergy with out us ing the sur face
re gres sion model is more than that mode of en ergy with us ing that model. Since dif fu sion
mode of heat to the solid phase dom i nates to the advection mode of en ergy through that
phase, it is ex pected the net en ergy trans ferred to the solid phase with out us ing the sur -
face re gres sion model should be more than that en ergy with us ing that model. This fact is
com pletely shown by fig. 19 that is rep re sents the vari a tion of net en ergy trans ferred to
the solid phase vs. time with and with out us ing the sur face re gres sion mod els.

As men tioned be fore, it is ex pected the mass flux of volatiles on the solid sur face 
and there fore the volatiles ve loc ity at that lo ca tion with out us ing the sur face re gres sion
model should be more than that pa ram e ter with us ing that model. Fig ure 20 shows the
vari a tion of volatiles ve loc ity with and with out us ing the sur face re gres sion mod els vs.
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Figure 19. The effect of surface regression
on the net energy transfer to the solid

Figure 20. The effect of surface regression
on the volatiles velocity on the solid
surface

Figure 18. The effect of surface regression
on the solid surface and gas temperature



time. This fig ure con firms the men tioned phys i cal re sults es pe cially in the pla teau re gion
of the curves.

Concluding remarks

A nu mer i cal model is de vel oped for the flame spread over a solid fuel in a qui es -
cent am bi ent. The tran sient gov ern ing equa tions – mass, mo men tum, en ergy, and spe cies  
were solved for both gas and solid (fuel) phases si mul ta neously. This model con sist the
ef fect of sur face re gres sion of the solid fuel. Based on this model, the fol low ing con clu -
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.
How ever, one im por tant cau tion is re quired; thermal, thermo-phys i cal, and

chem i cal prop er ties of solid fuel and gas were ob tained from lit er a ture source, have many 
ef fect on the re sults. 

Nomenclature

A –  pre-exponential factor, [s–1]
c –  specific heat, [Jkg–1K–1]
cp –  specific heat at constant pressure for gas phase, [Jkg–1K–1]
DAB –  binary diffusion coefficient, [m2s–1]
E –  activation energy, [Jkg–1]
&G –  rate of energy generation due to chemical reaction, [Wm–3]
H –  height of computational domain, [m]
k –  thermal conductivity, [Wm–1K–1]
L –  height of solid fuel, [m]
M –  molecular weight, [g mol–1]
m" –  mass flux of volatiles on the solid fuel, [kgm–2s–1]
Pr –  Prandtl number, [–]
p –  pressure, [Nm–2]
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Q –  total heat release due to combustion, [Wm–1]
Qmax –  maximum of total heat release due to combustion, [Wm–1]
R –  universal gas constant, [J mol–1K–1]
S –  rate of pyrolysis reaction, [kg m–2s–1]
T –  temperature, [°C], [K]
t –  time, [s]
u –  velocity component in the x direction, [ms–1]r
V –  velocity vector, [ms–1]
VF –  regression rate, [ms–1]
v –  velocity component in the y direction, [ms–1]
X –  body force in the x direction, [kgm–2s–2]
x –  coordinate along vertical direction, [m]
Y –  mass fraction, [–]
y –  coordinate along horizontal direction, [m]
W –  width of computational domain, [m]

Greek symbols

DH –  heat of degradation, [Jmol–1]
Dh –  heat of combution, [Jmol–1]
m –  dynamic viscosity, [kgm–1s–1]
n –  stoichiometric ratio, [–]
r –  density, [kgm–3]
s –  normal stress, [Nm–2]
t –  shear stress, [Nm–2]

Subscripts

c –  center plane (symmetric plane)
F –  fuel
g –  gas
i –  chemical species
O –  oxygen
s –  solid
v –  volatiles
0 –  initial condition
4 –  ambient
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