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rial, while all or part of the in-depth loss into the solid material or the net radiation at its surface is dis-
regarded. The aim of the present study is to improve the accuracy and predictive capability of solid fuel
pyrolysis models. Both the steady and transient burning of thick clear polymethyl methacrylate (PMMA)
slabs are investigated. First, experiments are conducted to evaluate quantitatively the energy flux com-

f)(;/)lll\\//lvgrds: ponents at the S}Jrfaces of steady-burning vertically oriented slabs. The ‘totali heat flux from the flame is
Pyrolysis measured, showing a decrease from 30.9 to 23.4 kW/m? as the sample height increases from 2.5 to 20 cm.
Spectral radiation A specific procedure for estimating the surface reradiation of burning slabs is conducted, changing from
Model the vertical to the ceiling configuration, where flame self-extinction occurs. At midheight of the slab, the
Experiments surface reradiation heat flux is as high as 11.5 kW/m?, which corresponds to the emissive power of an

equivalent blackbody at a temperature of 671 K, in accordance with current spectroscopic measurements.
Local steady-burning mass loss rates are then deduced from the energy balance at the fuel surface and
compared with direct measurements, showing good agreement. Second, the transient burning of ther-
mally thick slabs of clear PMMA is studied experimentally and numerically. Pure pyrolysis, for incident
heat fluxes of 14 and 18 kW/m?, and flaming experiments are conducted. A one-dimensional numerical
model is proposed to solve the problem of conjugated heat transfer into the semitransparent material,
assuming that the exposed surface is a perfect emitter and a perfect absorber (soot-covered). The Schus-
ter-Schwarzschild approximation is employed to calculate in-depth radiation, using data for the absorp-
tion coefficient of clear PMMA with a very fine spectral resolution. Model results exhibit the same trend
as that revealed in experiments for the rise in temperature in the sample and the regression rates. Results
show that the surface temperature tends asymptotically to a constant value, which increases with the
incident heat flux, and that steady burning occurs when the surface temperature saturates. Similar
steady-burning regression rates are obtained for the 18 kW/m? and flaming configurations. It is found
that for the flaming case, the increase in the steady-burning regression rate due to higher incident heat
flux and surface temperature is nearly compensated for by the decrease of regression rate caused by
higher losses (outward reradiation and heat of gasification)
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the surface of the burning material as (Fig. 1a).
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The left-hand terms of Eq. (1) represent the heat fluxes from
the flame and the heat carried to the surface by the polymer in
its nonvolatile state. The right-hand terms represent the outward

* Corresponding author at: IUSTI, 5 rue Enrico Fermi, 13453 Marseille cedex 13,
France.
E-mail address: bernard.porterie@univ-amu.fr (B. Porterie).

http://dx.doi.org/10.1016/j.combustflame.2014.07.004
0010-2180/© 2014 The Combustion Institute. Published by Elsevier Inc. All rights reserved.


http://crossmark.crossref.org/dialog/?doi=10.1016/j.combustflame.2014.07.004&domain=pdf
http://dx.doi.org/10.1016/j.combustflame.2014.07.004
mailto:bernard.porterie@univ-amu.fr
http://dx.doi.org/10.1016/j.combustflame.2014.07.004
http://www.sciencedirect.com/science/journal/00102180
http://www.elsevier.com/locate/combustflame

Y. Pizzo et al./Combustion and Flame 162 (2015) 226-236 227

Nomenclature

heat capacity (J/kg/K)

blackbody emissive power (W/m)
gravitational acceleration (m/s?)

convective heat transfer coefficient (W/m?/K)
heat of gasification (J/kg)

defined as hpg = hye + fTTi cp(T)dT (J/kg)

heat of vaporization (J/kg)

heat of pyrolysis (J/kg)

heat of melting (J/kg)

initial slab thickness (m)

laminar boundary layer

pyrolysis rate per unit area (kg/m?/s)
mass loss rate

refractive index (-)

polymethyl methacrylate

heat flux (W/m?)

surface reflectivity (-)

radiative heat flux (W/m?)
regressing surface location (m)
time (s)

temperature (K)

distance from the leading edge (m)
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y space coordinate along the sample thickness direction
(m)

Greek letters
3 emissivity

wavenumber (m™!)

absorption coefficient (m™')

thermal conductivity (W/m/K)

density (kg/m?)

Stefan-Boltzmann constant (=5.67 x 1078 W/m?/K*)
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Superscripts and subscripts

cond conduction

conv convection

fl flame

id in-depth

p pyrolysis

T surface reradiation

s solid

00 ambient

rad radiation

n wavenumber-dependent property

reradiation, the in-depth losses into the solid, the heat carried by
the fuel vapors away from the surface, and the part of flame radi-
ation that is reflected by the surface. Since PMMA is a melting poly-
mer, the energy required to raise the temperature of a unit mass of
polymer from ambient temperature to the final pyrolysis temper-
ature T, and to melt it is given by hng = hpe + [TT: ¢p(T)dT, where
hmer is the heat of melting. The term h, is the effective heat of gas-
ification [1], assuming that pyrolysis and evaporation of the pyro-
lysis products only take place at the final pyrolysis temperature (in
this case the surface temperature), hg = hpg + hygp + hpyr, Where hyqp
and h,,y, are the latent heats of vaporization and pyrolysis.

Eq. (1) slightly differs from that given by Orloff et al. [2], who
disregarded melting, assuming that the polymer sublimes at a crit-
ical temperature and remains inert at temperatures below this. As
stated by Orloff et al. [2,3], for the steady burning of an infinitely
thick slab, the heat carried to the surface by the solid exactly
equals the conduction plus net radiation into the solid, yielding

1it"hag = g™ + . )
Eq. (1) thus becomes

g + Qe = g, +1i"hg + g 3)
or

q" + (1 —r)qf? = q,, + m"hg, (4)

where r is the surface reflectivity.

This indicates that the calculation of the steady burning rate
does not require the estimation of heat losses into the solid interior
(Fig. 1b).

Most pyrolysis models are based on assumptions regarding the
in-depth losses into the solid fuel. Following the pioneering work
of Emmons [4], where the flow field was approximated as a two-
dimensional reacting-boundary-layer problem for forced flows,
some researchers developed the reacting laminar boundary layer
(LBL) theory for free flows [5-8]. The LBL theory is based on the
assumptions that burning is steady and that convection is the only
mode of heat transfer, disregarding the radiative terms in the

energy balance equation at the fuel surface (Eq. (4)). Ahmad and
Faeth [9] developed an integral model to obtain the pyrolysis mass
flow rate, which avoids solving the set of LBL equations numeri-
cally. The LBL theory was assessed by comparison with experimen-
tal quantities such as the standoff distance [5] or the total burning
rate [6]. Furthermore, this theory served as a basis for the determi-
nation of the flame height [7,8], as well as other global properties
of the flame and of the flow field. These studies showed that the
agreement between experimental data and theoretical predictions
using the mass transfer number (also called the B number) was not
satisfactory. The origin of the discrepancies was identified by Tor-
ero et al. [10], who demonstrated the need to include nonconvec-
tive heat transfers at the surface, especially net radiation and in-
depth conduction for thick solid fuels. Another possible approach
is to adjust the pyrolysis mass flow rate calculated by the LBL the-
ory using experimental results [11]. An extension of this approach
including transient conductive heat losses was presented for
inclined burning slabs [12]. Rangwala et al. [13,14] modified the
two-dimensional LBL theory to incorporate finite-width (three-
dimensional) effects and heat losses, assuming that a fraction of
fuel diffuses to the sides.

Experimental studies were also performed to evaluate the con-
tribution of one or more surface energy flux components to the
burning rate. Some of the most comprehensive studies are listed
in Table 1 and briefly discussed here, focusing on MLR and heat flux
measurements. In their pioneering work, Orloff et al. 2] performed
a detailed, careful heat transfer analysis using 1.57-m-high, 0.41-
m-wide, and 4.5-cm-thick vertical slabs of transparent PMMA.
They measured the burning rate and total outward radiation (flame
plus surface) at different heights along the slab, attributing the sig-
nificant increase of the steady burning rate with height to increas-
ing flame radiation. Reradiant heat loss from the fuel surface vs.
height was deduced from that measured at midheight by means
of a thermopile radiometer, relating the MLR to the surface tem-
perature by a zero-order Arrhenius expression and a unit surface
emissivity. Despite the large sample size, the Arrhenius correction
induced only small variations of reradiant heat flux, no more than
1+7%. The convective heat flux was inferred from the steady surface
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