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To ex plore the flame spread mech a nisms over the solid fuel sheets, down ward flame 
spread over ver ti cal polymethylmethacrylate sheets with thick nesses from 1.75 to
5.75 mm have been ex am ined in the qui es cent en vi ron ment. The de pend ence of the
flame spread rate on the thick ness of sheets is ob tained by one-di men sional heat
trans fer model. An equa tion for the flame spread rate based on the ther mal prop er -
ties and the thick ness of the sheet by scale up method is de rived from this model.
Dur ing com bus tion, tem per a ture within the gas and solid phases is mea sured by a
fine ther mo cou ple. The py rol y sis tem per a ture, the length of the py rol y sis zone, the
length of the pre heat ing zone, and the flame tem per a ture are de ter mined from the
ex per i men tal data. Math e mat i cal anal y sis has yielded re al is tic re sults. This model
pro vides a use ful for mula to pre dict the rate of flame spread over any thin solid fuel.
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In tro duc tion

Poly mers are used in nearly ev ery com mer cial build ings, res i den tial house, trans por ta -
tion ve hi cle, etc. Thus the ma jor ity of poly mer con tain ing end prod ucts (ca bles, car pets, fur ni -
ture, …) must pass some type of reg u la tory test to help as sure pub lic safety from fire. To min i -
mize their haz ards, the burn ing be hav iors and com bus tion mech a nism should be un der stood.
Polymethylmethacrylate (PMMA) is a trans par ent ma te rial and has ex cel lent cor ro sion re sis -
tance. These ad van tages make it so pop u lar and widely used in build ing, in dus try, and the gen -
eral con sumer prod ucts mar ket [1]. There fore, at ten tion is re stricted to PMMA, whose prop er -
ties are sim pler and better un der stood than those of most other poly meric ma te ri als.

Flame spread over the sur face of poly meric ma te rial is one of the prob lems in fire re -
search ing. Many math e mat i cal and ex per i men tal mod els have been con structed to de scribe the
pro cess of flame spread over a solid fuel. The con trol ling mech a nism of flame spread ap pears to
dif fer with the sur round ing con di tions, such as the ox y gen con cen tra tion [2], or the di rec tion of
the gas flow ve loc ity rel a tive to the di rec tion of the flame spread [3, 4]. The flame spread rate de -
pends on the rate of heat trans fer from the flame into the pre heat re gion (un burned fuel). The es -
ti ma tion of the heat trans fer not only through gas phase but also through solid phase is im por tant
for fur ther un der stand ing. Gas phase con duc tive/con vec tive heat trans fer from flame to the solid 
fuel is the dom i nate path for down ward flame spread [1, 5].
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In or der to es ti mate the rate of heat trans fer, one needs to know the de tail tem per a ture
pro files in the gas and solid phases. Esfahani et al. [6], and Esfahani [7] de ter mined the his tory
of tem per a ture in the solid and gas phases of the PMMA sam ple by a nu mer i cal model.
Fernandes-Pello et al. [8, 9], Hirano et al. [10], and Krishnamurthy et al. [11] mea sured the his -
to ries of sur face and in te rior tem per a ture of PMMA for hor i zon tal flame spread by us ing of
thermocouples.

In the pres ent work, the re la tion be tween the flame spread rate and the thick nesses
over the thin solid sheets is stud ied by or der of mag ni tude anal y sis and in ves ti gates the ef fects of 
the type of the heat flux on the flame spread rates. The tem per a ture his to ries were ob tained from
chart re cord ing of the fine ther mo cou ple out put. The lengths of the py rol y sis zone and the pre -
heat ing zone were ex tracted from the tem per a ture his to ries. An a lyt i cal re sults show a good
agree ment with the ex per i men tal re sults.

Phys i cal model

A sam ple of thin solid sheet fuel (PMMA) is burned with a slit burner from its top sur -
face and is held in the qui es cent en vi ron ment at a fixed tem per a ture T4. The sam ple is as sumed
to be very large in width and length so that, a one-di men sional model is ap pro pri ate for spread -
ing be hav ior. The lengths of the sam ple are con sid ered with out ex pan sion dur ing com bus tion.

The sche matic of the phys i cal prob lem is
shown in fig. 1. The re ac tion zone can be di -
vided into three ma jor parts: the ini tial (pre -
heated zone), ther mal de com po si tion, and
com bus tion zone. In the ini tial zone, pre heat -
ing oc curs mainly due to ab sorp tion of ther mal
en ergy and en ergy trans ferred through this re -
gion by con duc tion. The ther mal de com po si -
tion zone, where the rapid ther mal de- com po -
si tion oc curs, is due to the con vec tion heat flux 
from com bus tion prod uct to the sam ple. The
dif fu sion flame is formed over this zone which
is called com bus tion zone. For the flame prop -
a ga tion, the most im por tant pro cesses take
place in the ther mal de com po si tion zone. The

solid fuel sit u ated ahead of the flame edge is heated from the am bi ent tem per a ture to the py rol y -
sis tem per a ture, Tp. When the tem per a ture of the sam ple rises, bub bles form and the py rol y sis
oc curs. The py rol y sis tem per a ture of most poly mers is be tween 180 and 400 ºC [4]. When the
tem per a ture of the layer ex ceeds to a py rol y sis tem per a ture, the in ten sity of gasi fi ca tion is
enough to form a dif fu sion flame. The com bus tion pro cess oc curs as long as the gas eous
volatiles are in ten sively de liv ered into the re ac tion zone.

Ex per i men tal setup

A sche matic of ex per i men tal ap pa ra tus is shown in fig. 2, ac cord ing to ASTM 1356. Ex -
per i ments were car ried out un der the nor mal at mo spheric con di tions, T4 = 300 K, P4 = 90 kPa. Sam -
ple PMMA sheets are made from var i ous thick nesses of 1.75 to 5.75 mm. The sheets are made by
Acrylic En ter prise Co., Ltd. in Tai wan. The di men sions of the sam ple sheets are 150 mm high and
40 mm wide, set up ver ti cally and ig nites at the top edge by a pi lot flame. A 25 mm wire di am e ter

80 Mamourian, M., Esfahani, J. A., Ayani, M. B.: Experimental and Scale up Study of the ...

Figure 1. The schematic view of the combustion
process in the solid sheet



chromel-alumel ther mo cou ple was used to mea sure
the his tory of the tem per a ture in solid and gas
phases. The ther mo cou ple is pressed into a hole
which is drilled in the mid dle of the sam ple, about 40 
mm un der the top edge. At ev ery 1 s, the re corded
data by ther mo cou ple is en tered to a com puter. For
each thick ness, the test is re peated 3 times to min i -
mize ex per i men tal er rors.

Ex per i men tal re sults

The tem per a ture dis tri bu tion
for var i ous thick nesses of the sam -
ple is shown in fig. 3. It shows that 
the solid tem per a ture in creases
grad u ally (A-B), then it sharply
in creases (B-C) and reaches to a
peak point (C), the py rol y sis tem -
per a ture about 390 ºC, then de -
creases slightly (C-D) and af ter
(D), it jumps rap idly to a higher
level (E). The re lease vol a tile of
flam ma ble gases moves to the
outer at mo sphere and mixes with
air and ab sorbed ther mal en ergy.
Then the mix ture ig nites and the
tem per a ture in the gas phase in -
creases. The tem per a ture reaches to a max i mum value of about 950 ºC (G), and fi nally falls to
the am bi ent tem per a ture (H). These ex per i men tal data is about 7% less than the nu mer i cal pre vi -
ous works of Kashani et al. [2] and Esfahani et al. [ 6]. This may be, due to the ef fect of ra di a tion
that was ne glected in our pre vi ous works [2, 6]. The in ter pre ta tion of the his tory is the fol low -
ing. The first lo cal max i mum py rol y sis re gion (C) oc curs when the junc tion of the ther mo cou ple
moves from the solid into a liq uid-like layer ad ja cent to the sur face of the sam ple. There af ter, the 
prop er ties of the sam ple is changed, and thereby ac count ing for the tem per a ture to de crease. The 
first peak (C) and the sud den in crease in the re corded tem per a ture (E) pro vides lower and up per
lev els for the sur face tem per a ture (py rol y sis re gion) Tp l and Tp u, re spec tively. The char ac ter is tic 
length LP, de fined in this level and con firms the re sult of Fernandez-Pello et al. [8]. The ob -
served jump in tem per a ture pro file at (E) is due to ten sion in the junc tion into the gas phase. The
fluc tu a tions of mea sured tem per a ture are due to vari a tion of gas flow around the ther mo cou ple.
The smooth trace in the liq uid-like layer (py rol y sis re gion) seems to in di cate that bub bling may
not be a prob lem at high flame spread rates. At lower flame spread rates, due to the dif fer ence in
the se ver ity of the fluc tu a tions be tween gas phase and con dense phase, ther mo cou ple lo ca tion is
less pro nounced. Some times ob serv able fluc tu a tions ap pear prior to the at tain ment of the first
max i mum tem per a ture (C). These fluc tu a tions are at trib uted to bub ble for ma tion in the liq -
uid-like layer, a phe nom e non which is known to oc cur at lower flame spread rates. The sharp -
ness of in crease of tem per a ture var ies from one test to an other and may de pend on fine de tails of
the man ner in which the ther mo cou ple as sem bly is set into the sam ple. In some test the jump is
dif fi cult to dis cern, and the lev els on the sur face tem per a ture are less cer tain. In these cases the

THERMAL  SCIENCE: Vol. 13 (2009), No. 1, pp. 79-88 81

Figure 2. A schematic of the apparatus

Figure 3. Temperature distribution in the solid and gas phase



first tem per a ture peak is taken as the lower level, and the up per level is placed where gas phase
fluc tu a tions clearly be come ev i dent.

The tem per a ture dis tri bu tion in the sam ple that is shown in fig. 3 in di cates that the high
tem per a ture zone of solid re gion is lo cated in the vi cin ity of the foot of flame. The val ues of each
mode of heat flux shows that the ma jor part of net heat trans fer rate into the sam ple is in this crit i cal 
zone, and then the en ergy bal ance in this zone plays the ma jor role for the flame spread rate [12].

In the ther mal de com po si tion zone, deg ra da tion oc curred in the char ac ter is tic length
LP and it can be ob tained at re gion (C-D) in fig. 3. In the ini tial zone, pre heat ing oc curred in the 
char ac ter is tic length Ls and the tem per a ture in creased from ini tial tem per a ture, T4, to py rol y -
sis tem per a ture, Tp,l. Then Ls can be ob tained at re gion (A-B) (for ex am ple: if d = 1.75 mm
then, Lp = 0.2 mm and Ls = 2.87 mm) and it is pro por tional to thick nesses of the sam ple and

con sis tent with the pre vi ous 
works  [13-15].  If  Q and Y  are
de fined as  q/qp and –(y  + Lp)/Ls,
re spec tively  (where q   = T – T4 and 
qp = Tp l – T4), then the non-di -
men sional tem per a ture dis tri bu -
tions in the solid phase, for the
var i ous thick nesses of the sam ple
are shown in fig. 4. It shows that
for all thick nesses the curves tan -
gent to the x axis at Y » 0.95 and
the slope of the curves de creased
with in creas ing the thick nesses of 
the sam ple. 

The o ret i cal con sid er ation

Fig ure 5 de picts a down ward flame spread over a
sheet of ar bi trary thick ness in a flame fixed co or di nate at
the foot of flame. The hor i zon tal and ver ti cal axis are in -
di cated by x and y, re spec tively. On a fixed co or di nate,
there is a flow of solid fuel in the neg a tive di rec tion of y
at the ve loc ity of Vf.

Scale up

To iden tify the rel e vant time and length scales, at ten -
tion is fo cused on the lead ing edge of the flame where the 
fun da men tal mech a nism of any flame spread oc curs.
Three con trol vol umes, as shown in fig. 5 are in ves ti -
gated. The first re gion in the gas phase of size W´d´Lg,
the sec ond re gion in the ther mal de com po si tion zone of
size W´d´LP, and fi nally, the third re gion in the solid
phase of size W´d´Ls. W and d are the sam ple width in
the x di rec tion and the thick ness of the sam ple in the z di -
rec tion, re spec tively. The length scales, Lg, Lp, and Ls in
the y di rec tion is un known at this point.
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Figure 4. Non-dimensional temperature distribution in the
solid phase

Figure 5. Control volume at the flame
leading edge in the gas and solid phase



In the con trol vol ume of gas phase, the volatiles and ox i dizer re act to raise the gas tem -
per a ture from py rol y sis tem per a ture Tp to a char ac ter is tic flame tem per a ture TF. In the con trol vol -
ume of ther mal de com po si tion, gasi fi ca tion oc curred in the con stant py rol y sis tem per a ture Tp. Fi -
nally, in the con trol vol ume of solid phase, the tem per a ture change from its ini tial tem per a ture T4

at y = – (LP + Ls) to the char ac ter is tic py rol y sis tem per a ture Tp at the py rol y sis sur face (y = – LP).

Time scale

There are three char ac ter is tic times that their scales are as fol lows, in the gas phase:

t
L

V
g

g

g

µ (1)

where Vg is the ve loc ity of volatiles from the solid sur face into the gas phase due to advection. In
the solid phase:

t
L

V
s

s

f

µ (2)

where Vf is the flame spread rate and Ls is es ti mated from the tem per a ture dis tri bu tion in the
solid phase that is ob tained by the ex per i men tal re sults in the pre vi ous sec tion. The char ac ter is -
tic de com po si tion time is scaled as the time it takes for the py rol y sis re ac tion to pro duce the
max i mum pos si ble amount of fuel va por pro duc ing. Then in the ther mal de com po si tion:

t
Q

q
p

s

p

µ (3)

where Qs = rsLsWd Cs(Tp – T4) is the max i mum heat stored in the solid, and q q Wp p= ¢¢ d is the
heat con sumed by the py rol y sis zone. To eval u ate the ef fect of the py rol y sis ki net ics, a zero or -
der of Arrhenius law can be cho sen.

The flame spread is ob tained based on a few sim pli fy ing as sump tion as fol lows:
– steady-state process,
– the temperature is uniform throughout the thickness of the sample,
– all thermal properties of the fuel sample are constant,
– convection heat transfer coefficient is constant,
– movements of the volatiles within the liquid-like layer (pyrolysis region) are neglected,
– tg is assumed to be large with respect to the characteristic chemical time justifying the

assumption of infinitely fast chemistry,
– tg is assumed to be small with respect to the radiative time scale justifying all neglected

radiative effects, and
– tp is assumed to be small with respect to ts allowing the use of a constant pyrolysis

temperature.
The spread mech a nism, there fore, is com pletely heat trans fer lim ited and the re sult ing

re gime is gen er ally called ther mal re gime.

Length scale

In the gas phase, Lg can be ob tained as the dif fu sion length in the y di rec tion within the
avail able char ac ter is tic time [16]. Since ¶T/¶t µ ag¶

2T/¶y2, then Lg can be ob tained as:

L tg g gµ a (4)
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By sub sti tut ing eq. (1) into eq. (4):

L
V

g
g

g

µ
a

(5)

In the solid phase and in a sim i lar man ner, Ls can be ob tained as:

L ts s sµ a (6)

By sub sti tut ing eq. (2) into eq. (6):

L
V

s
s

f

µ
a

(7)

Note that the spread rates and the ve loc ity of volatiles are still un known in these ex pres -
sions. The heat flux of ra di a tion can be ne glected for thin fuel [8, 17, 18], and then the spread rate
from an en ergy bal ance for the py rol y sis con trol vol ume of fig. 5 is ob tained as:

¢¢ = ¢¢ + ¢¢q q qg d p (8)

where ¢¢ ¢¢q qg d, , and  ¢¢q p , are the dif fu sion heat flux that is pen e trated from gas phase to the gasi fi -
ca tion sur face, the con duc tion heat flux dif fused through the solid, and the heat flux that is con -
sumed to de grade the solid phase, re spec tively. Each term and its or der of mag ni tude in eq. (8)
can be ob tained as:

¢¢ = - µ
-

q k
T

y
k

T T

L
g g

g
g

F p

g

¶

¶
(9)

¢¢ = ¢¢ ¢¢ = -
æ

è
çç

ö

ø
÷÷òq m h m A

E

T
yp f v f s s

s

s
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R

dr exp
0

4
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è
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ç
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ø

÷
÷

q A h L
E

T
p s s v p

s

pR
r exp (11)

¢¢ = - µ
-

q k
T

y
k

T T

L
d s

s
s

p

s

¶

¶

4
(12)

The or der of mag ni tude of en ergy flow (each term in eq. 8) can be cal cu lated from the
prop er ties of tab. 1 and the re sults are listed in tab. 2. By com par ing each term with the oth ers, it
is con cluded that all of the terms have the same or der.

Scal ing rules [21] im plies ¢¢qg and ¢¢ + ¢¢q qd p  in eq. (8) to be the same or der:

k
T

k
T T

L
A h L

E

T
g

F p

g
s

p

s
s s v p

s

pR

T

L

-
µ

-
+ -

æ

è

ç
ç

ö

ø

÷
÷

4
r exp (13)
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Ta ble 1. Prop erty of PMMA and the char ac ter is tic lengths

Prop erty Value Ref. Prop erty Value Ref. Prop erty Value Ref.

TF [K] 1223  [3] ag [m
2s–1] 2.19·10–5  [11] R [Jmol–1K–1] 8.314

 Tp [K] 673  [3] Cs [Jkg–1K–1] 1500  [3] Ls [mm] 2.87 [*]

T4 [K] 300 CPg
[Jkg–1K–1] 1005  [11] Lg [mm] 0.36 [*]

ks [Wm–1K–1] 0.19 [3] hv [Jkg–1] 1.356·106 [19] Lp [mm] 0.20 [*]

kg [Wm–1K–1] 0.02624 [11] Es [Jmol–1] 1.33·105  [20] d    [mm] 1.75

as [m
2s–1] 1.0644·10–7 [3] As [s

–1] 2.92·109  [20]

 *Estimate from the present work



Due to mass con ser va tion, re duced
mass of the solid fuel equals the mass of
volatiles; ¢¢ = ¢¢m ms v  then:

V Vf
g

s
g=

r

r
(14)

The flame spread rate can be es ti -
mated from the fol low ing re la tion, by
sub sti tut ing eqs. (5) and (6) into eq. (13):

V F F
L

C

C T T
f T c s

s s s p

µ +
-

æ

è

ç
ç

ö

ø

÷
÷

a
a

1 11

4

(15)

where, FT, Fc, and C1 de fines as:

F
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C
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4
, , exp1 (16)

As dis cussed in pre vi ous sec tion, Ls is pro por tional to d for thin fuel and then we have:

V F F
C

C T T
f T c s

s s p

µ +
-

æ

è

ç
ç

ö

ø

÷
÷

a
d a

1 11

4

(17)

Since all of the pa ram e ters ex cept Vf and d to be con stant, then the re la tion be tween Vf

and 1/d, is lin ear. This re sult is iden ti cal to the pre vi ous ex per i men tal work of Mamourian et al.
[13], the o ret i cal study of Ayani et al. [14], Suzuki et al. [15], and Bhattacharjee et al. [3]. By
sub sti tut ing the prop er ties of PMMA into eq. (17), it yields:

V f µ +01077
1

00680. .
d

(18)

In the other way the spread rate also can be ob tained from an en ergy bal ance for the
pre heat ing con trol vol ume of fig. 5. Each terms and its or der of mag ni tude can be ob tained as:

q W C V T T W C V T Tpst s s f s s s f= - µ -r d r d( ) ( ) ( ) ( )4 4 (19)

q h L W T T h L W T Tc c s s c s p= - µ -( )( ) ( )( )2 24 4 (20)

q k W
T

y
k W

T T

L
d s

s
s

p

s

= - µ
-

( ) ( )d d
¶

¶

4
(21)

where, qst, qc, qd, and hc are the stored en ergy in the solid phase, the con vec tion heat trans fer
from the solid phase to the am bi ent, the con duc tion heat dif fused through the solid phase, and
the con vec tion heat trans fer co ef fi cient, re spec tively. The non-di men sional forms of the above
equa tions are listed in tab. (3).

With the sim i lar man ner in the pre vi ous para graph, qst, qd, and qc to be the same or der.
If qst µ qd then we have:

1 µ
as

f sV L
(22)

There fore, Vf µ as/Ls and since Ls µ d then:

V f
sµ

a

d
(23)
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Ta ble 2. The max i mum value and the or der of mag ni tude
of en ergy flow

Mode of
energy

Formula
Value

[kWm–2]
Or der of

magnitude

¢¢qg k
T T

L
g

F p

g

-
40.1 102

¢¢qd k
T T

L
s

p

s

- 4
24.7 102

¢¢qp rs s v p
s

pRT
A h L

E
exp -

æ

è

ç
ç

ö

ø

÷
÷

40.1 102

Ta ble 3. Non-di men sional form of heat
trans fer mode in pre heat ing zone

En ergy store Con duc tion Con vec tion

1
as

f sV L
2h

k V

Lc s

s f

sa

d



If qst µ qc:
1

2
µ

h

V k

Lc s

f s

sa

d
(24)

There fore, V h kf c s sµ ( / )2 a (Ls/d) and since Ls µ d  then:

V
h

k
f

c s

s

µ
2 a

(25)

Equa tion (23) shows that the re la tion be tween Vf and 1/ d, is lin ear and eq. (25) shows
that Vf is a con stant. By sub sti tut ing hc [21] and the prop er ties of PMMA into the eqs. (23) and
(25), these yields: 

V f µ
01064.

d
(26)

V f µ 0028. (27)

For O(d) n 1 mm, O(d) » 1 mm, and O(d) o 1 mm the or der of mag ni tude of eq. (26) is
10–1, 10–2, and 10–3, re spec tively. While the or der of mag ni tude of eq. (27) is 10–2. By com par ing 
eq. (26) with eq. (27), it is con cluded that:
– for O(d) n 1 mm, eq. (27) can be neglected compare to eq. (26),
– for O(d) o 1 mm, eq. (26) can be neglected compare to eq. (27), and
– for O(d) » 1 mm, both equations must be considered.

There fore, for all ranges of d eqs. (26) and (27) yields:

V f = +01064
1

00280. .
d

(28)

This re sult con firms pre vi ous dis cus sion – eq. (18) – and the pub lished ex per i men tal
re sult by Ayani et al. [14]:

V f = +01038
1

00347. .
d

(29)

The slope of the lin ear vari a tion and the
in ter cept of re la tion pre sented in eqs. (18),
(28), and (29) are listed in tab. 4.

By com par ing each term with the oth ers,
it is con cluded that all of the terms have the
same or der. But the dis crep an cies to bring
out be cause of:
– the present work is based on the scale up

method; therefore the constant values of
the relation have the same order, and

– a few simplifying assumption is used in the analysis of the flame spread.

Con clu sions

An ex per i men tal study of down ward flame spread along ver ti cal sheet of PMMA was
con ducted. An an a lyt i cal model, based on the scale up, was also adopted to ex plain the flame
spread mech a nism. This ap proach was rea son ably suc cess ful in pre dict ing the flame spread
rates. The fol low ing con clu sions can be drawn from the re sults:
– the flame spread rate based on the thermal properties and the thickness of the sheet by scale

up method is derived; it decreased inversely with increase the thicknesses of the sheet and
reached to a constant value,
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Ta ble 4. Slope of the lin ear vari a tion and
in ter cept of re la tion

Slope of the lin ear 
vari a tion [mm2s–1]

In ter cept of
re la tion [mms–1]

eq. (18) 1.077·10–1 6.80·10–2

eq. (28) 1.064·10–1 2.80·10–2

eq. (29) 1.038·10–1 3.47·10–2



– since non-dimensional equations are used, it can be concluded that this method can be
applied to other materials which have the physical behaviors like PMMA,

– the temperature profile shows, the temperature varies at the pyrolysis region (from 385 to
405 ºC) and not to be constant, and

– the gradient temperature at solid phase decreases with increasing the thicknesses of the
sample and the preheating length is proportional to the thickness of the sheet. 
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