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To explore the flame spread mechanisms over the solid fuel sheets, downward flame
spread over vertical polymethylmethacrylate sheets with thicknesses from 1.75 to
5.75 mm have been examined in the quiescent environment. The dependence of the
flame spread rate on the thickness of sheets is obtained by one-dimensional heat
transfer model. An equation for the flame spread rate based on the thermal proper-
ties and the thickness of the sheet by scale up method is derived from this model.
During combustion, temperature within the gas and solid phases is measured by a
fine thermocouple. The pyrolysis temperature, the length of the pyrolysis zone, the
length of the preheating zone, and the flame temperature are determined from the
experimental data. Mathematical analysis has yielded realistic results. This model
provides a useful formula to predict the rate of flame spread over any thin solid fuel.
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Introduction

Polymers are used in nearly every commercial buildings, residential house, transporta-
tion vehicle, etc. Thus the majority of polymer containing end products (cables, carpets, furni-
ture, ...) must pass some type of regulatory test to help assure public safety from fire. To mini-
mize their hazards, the burning behaviors and combustion mechanism should be understood.
Polymethylmethacrylate (PMMA) is a transparent material and has excellent corrosion resis-
tance. These advantages make it so popular and widely used in building, industry, and the gen-
eral consumer products market [1]. Therefore, attention is restricted to PMMA, whose proper-
ties are simpler and better understood than those of most other polymeric materials.

Flame spread over the surface of polymeric material is one of the problems in fire re-
searching. Many mathematical and experimental models have been constructed to describe the
process of flame spread over a solid fuel. The controlling mechanism of flame spread appears to
differ with the surrounding conditions, such as the oxygen concentration [2], or the direction of
the gas flow velocity relative to the direction of the flame spread [3, 4]. The flame spread rate de-
pends on the rate of heat transfer from the flame into the preheat region (unburned fuel). The es-
timation of the heat transfer not only through gas phase but also through solid phase is important
for further understanding. Gas phase conductive/convective heat transfer from flame to the solid
fuel is the dominate path for downward flame spread [1, 5].
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In order to estimate the rate of heat transfer, one needs to know the detail temperature
profiles in the gas and solid phases. Esfahani et al. [6], and Esfahani [7] determined the history
of temperature in the solid and gas phases of the PMMA sample by a numerical model.
Fernandes-Pello et al. [8, 9], Hirano et al. [10], and Krishnamurthy et a/. [11] measured the his-
tories of surface and interior temperature of PMMA for horizontal flame spread by using of
thermocouples.

In the present work, the relation between the flame spread rate and the thicknesses
over the thin solid sheets is studied by order of magnitude analysis and investigates the effects of
the type of the heat flux on the flame spread rates. The temperature histories were obtained from
chart recording of the fine thermocouple output. The lengths of the pyrolysis zone and the pre-
heating zone were extracted from the temperature histories. Analytical results show a good
agreement with the experimental results.

Physical model

A sample of thin solid sheet fuel (PMMA) is burned with a slit burner from its top sur-
face and is held in the quiescent environment at a fixed temperature 7. The sample is assumed
to be very large in width and length so that, a one-dimensional model is appropriate for spread-
ing behavior. The lengths of the sample are considered without expansion during combustion.

The schematic of the physical problem is
shown in fig. 1. The reaction zone can be di-
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— i combustion zone. In the initial zone, preheat-
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(préﬂgi;ﬂng) tion zone, where the rapid thermal de- compo-

Supporting =5 sition occurs, is due to the convection heat flux

e - from combustion product to the sample. The

diffusion flame is formed over this zone which
is called combustion zone. For the flame prop-
agation, the most important processes take
place in the thermal decomposition zone. The
solid fuel situated ahead of the flame edge is heated from the ambient temperature to the pyroly-
sis temperature, 7,. When the temperature of the sample rises, bubbles form and the pyrolysis
occurs. The pyrolysis temperature of most polymers is between 180 and 400 °C [4]. When the
temperature of the layer exceeds to a pyrolysis temperature, the intensity of gasification is
enough to form a diffusion flame. The combustion process occurs as long as the gaseous
volatiles are intensively delivered into the reaction zone.

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

Experimental setup

A schematic of experimental apparatus is shown in fig. 2, according to ASTM 1356. Ex-
periments were carried out under the normal atmospheric conditions, 7.,=300 K, P, =90 kPa. Sam-
ple PMMA sheets are made from various thicknesses of 1.75 to 5.75 mm. The sheets are made by
Acrylic Enterprise Co., Ltd. in Taiwan. The dimensions of the sample sheets are 150 mm high and
40 mm wide, set up vertically and ignites at the top edge by a pilot flame. A 25 pm wire diameter
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chromel-alumel thermocouple was used to measure ~ _'©  Flame
the history of the temperature in solid and gas
phases. The thermocouple is pressed into a hole
which is drilled in the middle of the sample, about 40
mm under the top edge. At every 1 s, the recorded
data by thermocouple is entered to a computer. For
each thickness, the test is repeated 3 times to mini-
mize experimental errors.

Thermocouple
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Experimental results straps E’
The temperature distribution Figure 2. A schematic of the apparatus
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Then the mixture ignites and the Figure 3. Temperature distribution in the solid and gas phase
temperature in the gas phase in-

creases. The temperature reaches to a maximum value of about 950 °C (G), and finally falls to
the ambient temperature (H). These experimental data is about 7% less than the numerical previ-
ous works of Kashani et a/. [2] and Esfahani ez al. [ 6]. This may be, due to the effect of radiation
that was neglected in our previous works [2, 6]. The interpretation of the history is the follow-
ing. The first local maximum pyrolysis region (C) occurs when the junction of the thermocouple
moves from the solid into a liquid-like layer adjacent to the surface of the sample. Thereafter, the
properties of the sample is changed, and thereby accounting for the temperature to decrease. The
first peak (C) and the sudden increase in the recorded temperature (E) provides lower and upper
levels for the surface temperature (pyrolysis region) 7, and 7, ,, respectively. The characteristic
length L,, defined in this level and confirms the result of Fernandez-Pello et al. [8]. The ob-
served jump in temperature profile at (E) is due to tension in the junction into the gas phase. The
fluctuations of measured temperature are due to variation of gas flow around the thermocouple.
The smooth trace in the liquid-like layer (pyrolysis region) seems to indicate that bubbling may
not be a problem at high flame spread rates. At lower flame spread rates, due to the difference in
the severity of the fluctuations between gas phase and condense phase, thermocouple location is
less pronounced. Sometimes observable fluctuations appear prior to the attainment of the first
maximum temperature (C). These fluctuations are attributed to bubble formation in the lig-
uid-like layer, a phenomenon which is known to occur at lower flame spread rates. The sharp-
ness of increase of temperature varies from one test to another and may depend on fine details of
the manner in which the thermocouple assembly is set into the sample. In some test the jump is
difficult to discern, and the levels on the surface temperature are less certain. In these cases the
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first temperature peak is taken as the lower level, and the upper level is placed where gas phase
fluctuations clearly become evident.

The temperature distribution in the sample that is shown in fig. 3 indicates that the high
temperature zone of solid region is located in the vicinity of the foot of flame. The values of each
mode of heat flux shows that the major part of net heat transfer rate into the sample is in this critical
zone, and then the energy balance in this zone plays the major role for the flame spread rate [12].

In the thermal decomposition zone, degradation occurred in the characteristic length
Lp and it can be obtained at region (C-D) in fig. 3. In the initial zone, preheating occurred in the
characteristic length L and the temperature increased from initial temperature, 7., to pyroly-
sis temperature, 7, . Then L can be obtained at region (A-B) (for example: if 6 = 1.75 mm
then, L, = 0.2 mm and L; = 2.87 mm) and it is proportional to thicknesses of the sample and

consistent with the previous
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Figure 4. Non-dimensional temperature distribution in the
solid phase

Theoretical consideration

Figure 5 depicts a downward flame spread over a
sheet of arbitrary thickness in a flame fixed coordinate at
the foot of flame. The horizontal and vertical axis are in-
dicated by x and y, respectively. On a fixed coordinate,
there is a flow of solid fuel in the negative direction of y
at the velocity of V.

Scale up

To identify the relevant time and length scales, atten-
tion is focused on the leading edge of the flame where the
fundamental mechanism of any flame spread occurs.
Three control volumes, as shown in fig. 5 are investi-
gated. The first region in the gas phase of size Wx6x L,
the second region in the thermal decomposition zone of
size WxoxLp, and finally, the third region in the solid
W s phase of size WxdxL,. W and 6 are the sample width in

# the x direction and the thickness of the sample in the z di-
rection, respectively. The length scales, L,, L, and L in
the y direction is unknown at this point.

*

Figure 5. Control volume at the flame
leading edge in the gas and solid phase
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In the control volume of gas phase, the volatiles and oxidizer react to raise the gas tem-
perature from pyrolysis temperature 7, to a characteristic flame temperature 7. In the control vol-
ume of thermal decomposition, gasification occurred in the constant pyrolysis temperature 7,,. Fi-
nally, in the control volume of solid phase, the temperature change from its initial temperature 7.,
aty=—(Lp+ L) to the characteristic pyrolysis temperature 7}, at the pyrolysis surface (y=—Lp).

Time scale
There are three characteristic times that their scales are as follows, in the gas phase:
t, c—= (1)

where V, is the velocity of volatiles from the solid surface into the gas phase due to advection. In
the solid phase:

t oc5 2)
Vi

where V; is the flame spread rate and L is estimated from the temperature distribution in the
solid phase that is obtained by the experimental results in the previous section. The characteris-
tic decomposition time is scaled as the time it takes for the pyrolysis reaction to produce the
maximum possible amount of fuel vapor producing. Then in the thermal decomposition:

t, o€ 9 3)
Tp
where O, = p LW5 C(T,—T.) is the maximum heat stored in the solid, and g, = ¢ W is the
heat consumed by the pyrolysis zone. To evaluate the effect of the pyrolysis kinetics, a zero or-
der of Arrhenius law can be chosen.
The flame spread is obtained based on a few simplifying assumption as follows:
— 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,
— 1, is assumed to be large with respect to the characteristic chemical time justifying the
assumption of infinitely fast chemistry,
— 1, is assumed to be small with respect to the radiative time scale justifying all neglected
radiative effects, and
— 1, is assumed to be small with respect to #, allowing the use of a constant pyrolysis
temperature.
The spread mechanism, therefore, is completely heat transfer limited and the resulting
regime is generally called thermal regime.

Length scale

In the gas phase, L, can be obtained as the diffusion length in the y direction within the
available characteristic time [16]. Since 07/0¢ o agazT /0)?, then L, can be obtained as:

Lg oc1/agtg 4)
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By substituting eq. (1) into eq. (4):

[ 5)
o —=
g v,
In the solid phase and in a similar manner, L, can be obtained as:
L, oc ot (6)
By substituting eq. (2) into eq. (6):
a
L, ooc—= 7
Y (7)

Note that the spread rates and the velocity of volatiles are still unknown in these expres-
sions. The heat flux of radiation can be neglected for thin fuel 8, 17, 18], and then the spread rate
from an energy balance for the pyrolysis control volume of fig. 5 is obtained as:

9 =43 + 45 (8)

where g, ¢, and g7, are the diffusion heat flux that is penetrated from gas phase to the gasifi-
cation surface, the conduction heat flux diffused through the solid, and the heat flux that is con-

sumed to degrade the solid phase, respectively. Each term and its order of magnitude in eq. (8)

can be obtained as: _— o7, i Ty - T, o)
4y =Ky xRy
Oy L,
qn — muh and mu — T p A exp _ ES dy (10)
p ity f ! s‘ts RTS
n ES
gy < pgAsh L, exp _RTP (11)
oT. T, -T,
" o_ —k S o0 k p 12
94 s ay s LS ( )

The order of magnitude of energy flow (each term in eq. 8) can be calculated from the
properties of tab. 1 and the results are listed in tab. 2. By comparing each term with the others, it
is concluded that all of the terms have the same order.

Scaling rules [21] implies ggand g4 + g} in eq. (8) to be the same order:

ky Ty k, T 1 +p,Ash,L, exp(— Es j (13)
L, L, RT,
Table 1. Property of PMMA and the characteristic lengths

Property Value Ref. Property Value | Ref. Property Value Ref.
Tr [K] 1223 [3] || g [m’s™'] 2.19-105 | [11]||R [Jmol 'K']| 8.314
T, [K] 673 [3] || G [Pkg 'K 1500 [3] | L [mm] 2.87 [*]
T. [K] 300 Cp, [Ikg'K'1| 1005 [11] || L [mm] 0.36 [*]
k [Wm 'K 0.19 3] |l A [Tkg™] 1.356:109 | [19] || L, [mm] 0.20 [*]
ke [Wm'K'] | 0.02624 | [11] || E;[Jmol ] 1.33-10% | [20] || 6[mm] 1.75
as [m’s™] 1.0644-107| [3] || 4s[s] 2.92-10° | [20]

*Estimate from the present work
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Due to mass conservation, reduced
mass of the solid fuel equals the mass of

Table 2. The maximum value and the order of magnitude
of energy flow

volatiles; m{ = m{, then: Mode of — Value | Order of
) .
v, - Py v, (14) energy [kWm 2] | magnitude
Py , Ty -T,
‘ a 40.1 102
The flame spread rate can be esti- )
. . g
mated from the following relation, by T _T
substituting egs. (5) and (6) into eq. (13): 9d kg pL = 24.7 102
S
1 C 1 E,
Veo FrFo | — +—1 15 ap A, L — 40.1 102
f T ¢ S[LS aSCS Tp —Tw J ( ) p PsAshyLy €Xp RTp
where, F, F,, and C, defines as:
T,-T, C E
Fp=-2 , c=—, Cy=A4h,L exp| —— (16)
Ty =T, C, RT,
g

As discussed in previous section, L is proportional tod for thin fuel and then we have:

Vo FrF o, 1,6 !
§ alC,T,-T.

(17)

Since all of the parameters except V;and d to be constant, then the relation between V;
and 1/, is linear. This result is identical to the previous experimental work of Mamourian et al.
[13], theoretical study of Ayani et al. [14], Suzuki et al. [15], and Bhattacharjee et al. [3]. By
substituting the properties of PMMA into eq. (17), it yields:

VeocOl 077% +0.0680

(18)

In the other way the spread rate also can be obtained from an energy balance for the
preheating control volume of fig. 5. Each terms and its order of magnitude can be obtained as:

dy = Ps (EW)CSVF (Ts - Too) X Py (5 W)Csz (Tp - Too) (19)
qe=hQLW)T, —T.) oc h, QLW )T, —T.,) (20)
T -T
qq =—k, (W) ZTS ok (SW)L—= (21)
y s

where, g, q., 94, and h_ are the stored energy in the solid phase, the convection heat transfer
from the solid phase to the ambient, the conduction heat diffused through the solid phase, and
the convection heat transfer coefficient, respectively. The non-dimensional forms of the above
equations are listed in tab. (3).

With the similar manner in the previous paragraph, ¢, ¢4, and g, to be the same order.

If g, oc g4 then we have:
Table 3. Non-dimensional form of heat

a
loc - z (22)  transfer mode in preheating zone
s
. 1§ t Conducti C ti
Therefore, V; oc a /L, and since L, oc § then: e oneneon omveeon
o 1 *s 2hoag Ly
Vi o Fs (23) VL, ke O
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If gy oc g
o 20s Lo (24)
Vik, o0
Therefore, V; oc 2ha/k)(L/0) and since L oc 6 then:
v, o 2hs (25)

Equation (23) shows that the relation between Vyand 1/, is linear and eq. (25) shows
that V;is a constant. By substituting 4, [21] and the properties of PMMA into the egs. (23) and
(25), these yields:

o 01064 26)
B
V, 00028 27)

For O(0) < 1 mm, O@©) = 1 mm, and O(@©) > 1 mm the order of magnitude of eq. (26) is
10!, 1072, and 1073, respectively. While the order of magnitude of eq. (27) is 10-2. By comparing
eq. (26) with eq. (27), it is concluded that:
— for O©) < 1 mm, eq. (27) can be neglected compare to eq. (26),
— for O©) > 1 mm, eq. (26) can be neglected compare to eq. (27), and
— for O©) = 1 mm, both equations must be considered.

Therefore, for all ranges of & eqgs. (26) and (27) yields:

V=01 064% +0.0280 (28)

This result confirms previous discussion — eq. (18) — and the published experimental
result by Ayani et al. [14]: 1
Ve =01038 5 +00347 (29)

The slope of the linear variation and the
intercept of relation presented in eqgs. (18),
(28), and (29) are listed in tab. 4.

Table 4. Slope of the linear variation and
intercept of relation

Slo.pi.(’f (s lh};ercept ot By comparing each term with the others,
variation [mm’s ] | relation [mms] it is concluded that all of the terms have the
eq. (18) 1.077-10! 6.80-102 same order. But the discrepancies to bring

out because of:

— the present work is based on the scale up
eq. (29) 1.038-10°" 3.47-107 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.

eq. (28) 1.064-10" 2.80-1072

Conclusions

An experimental study of downward flame spread along vertical sheet of PMMA was
conducted. An analytical model, based on the scale up, was also adopted to explain the flame
spread mechanism. This approach was reasonably successful in predicting the flame spread
rates. The following conclusions can be drawn from the results:

— 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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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 °C) 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.

Nomenclature Greek letters

A,  — zero order pre-exponential factor, [s7!] a — thermal diffusivity, [m2s!]

Cp, - specific heat of gas at constant pressure, o — thickness of sample, [mm]

[Tkg K] P — density, [kgm]

C, — specific heat of solid, [Jkg'K-']

E  — activation energy, [Jmol'] Subscripts

h,  — convection heat transfer coefficient, [Wm2K!]

h,  — enthalpy of volatiles, [Jkg!] d — diffusion

k  — thermal conductivity, [WmK-!] F — flame

L — length scale, [mm] S — fuel

m"”  — rate of mass loss, [kgm2s] g — gas phase

q — consumed heat, [W] p - pyrplysw

Q - maximum heat, [J] r — radiation

q" - heat flux, [Wm?2] s — solid

R — gas constant, [Jmol-'K-1] st — store

T — temperature, [K] sur - surropnd

t — time scale, [s] v - volagles

V:  — flame spread rate, [mms!] ~ — ambient

W — width of sample, [mm]
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