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SUMMARY

A simple one-dimensional analytical model has been developed to describe the processes
involved in the transient burning of non-charring thermoplastic materials. The model includes
conduction, convection, and radiation effects for flaming materials. The burning rate solution is
obtained by numerically solving an ordinary differential equation and an algebraic equation with
flame radiative heat flux as a specified variable. The effect of convective blowing is also included
in the model. The model is used to compute the flame heat fluxes for PMMA pool fires at various
sizes. The results show the range of convective and radiative heat fluxes from the PMMA flame
for pool fires ranging from 0.023 to 1.50 m
2 or 0.151 -1.22 m diameter.

safety it is important to be able to predict
the transient burning rate of solid materials. In view of the complexity of the burning
process, a general model for the prediction
of the burning rate of a solid is not available. Specific models have been developed,
but they are limited to specific classes of
materials and do not apply in general.
Consequently, the evaluation of materials
and products for contribution to fire has
been subject to interpretation and empirical practices.

I NTRODUCTION
A fire

typically starts from ignition of solid
liquid fuels. Solid and liquid fuels serve
as suppliers of gaseous fuel in support of
fire. This mass loss, or burning rate, is
governed by the heat transfer at the surface of the fuel. In general, the burning of
or

solid is not a steady state phenomena,
but is a complex process involving gas
a

phase reactions, conduction, convection,
and radiation heat transfer, diffusion of
gaseous species, and chemical decomposition of the condensed phase fuel. The dynamic burning of solid materials is one of
the key and difficult topics to be addressed
in the evaluation of material flammability
and fire safety. The way a building fire
develops and spreads, and the amount of
damage. that ensues, is greatly influenced
by the characteristics of the burning due
to interior furnishings and contents. Therefore,
in order to ensure life and building fire
*

’

factor that affects the dynamicc
a solid material is the flame
heat flux. The heat flux received from the
flame controls the burning behavior of the
solid or liquid fuel. A knowledge of flame
heat flux is also important in the interpretation of material test data and its relationship to real fire scenarios. Models for
burning rate and flame spread require such
heat flux information. In particular, the
flame radiative heat flux is the least understood, yet it is the dominant flux in
A

principal
burning of
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realistic fires. Despite this need, it is surprising
that so little is known about the flame
heat flux under realistic fire conditions.
The effects of scale, orientation, and enclosure have not been studied in a systematic way. Lacking fundamental approaches
that can be practically implemented, it is
suggested that experimental correlations
might have greater immediate practicality. However, data are lacking to even
explore such an approach. In this study,
flame heat flux will be computed from the
burning rate data of PMMA pool fires.
These results should also apply to other
fuels of similar radiative properties.

Their theoretical results are in good agreement with measured mass loss rates and
measured temperature distribution in the
vaporizing PMMA. Kindelan and WilliamS7
used asymptotic expansions to obtain a
solution to a semi-infinite solid undergoing pyrolysis subject to a constant heat
flux. These models all vary in their degree
of approximations. Some include pyrolysis
kinetics for a decomposition model in contrast to the simple constant temperature
surface evaporation used here. Generally,
it is found that the surface evaporation
model is valid for high enough heat fluxes
which are expected in this application of
flame heat transfer.

Recently Iqball has presented a one-dimensional analytical burning rate model
to describe the processes involved in the
dynamic burning of a solid thermoplastic
material. The burning rate model includes
flame and external radiation, conduction,
and convection effects. The burning rate
solution is obtained by numerically solving an ordinary differential equation and
an algebraic equation. It considers an integral
approach to the burning rate of a finite
solid. Flame radiation heat flux must be
specified, and can be a function of mass
loss rate. The gas phase aspects are considered steady, whereas the solid phase is
one-dimensional and unsteady.

Modak and Croce8 have investigated burning behavior of horizontal PMMA pools

(PMMA [polymethylmethacrylate],

a

plastic

known commercially as plexiglas was chosen because of its ideal representation as
a thermoplastic, and its widespread use in
research) of varying sizes. The pool fire
configuration includes flame radiative and
convective effects, transient heat conduction, laminar and turbulent burning. They
investigated the burning rate of 51 mm
thick horizontal PMMA pool fires. This
study yielded excellent data on the transient burning rate of square pools ranging
in size from 0.023 m2 to 1.5 m2, or 15 cm
to 1.22 m on a side. These sizes are expected to produce laminar to turbulent
burning conditions as size increases. Surface heat fluxes were not measured in their
study, but Modak and Croce inferred the
flame radiative heatflux by using the measured
mass loss rate in a one-dimensional transient pyrolysis model of the PMMA. In
their analysis, they assumed a constant
flame convective heat flux of 6.4 kW/m2
which does not account for any variations
due to surface blowing effects. However, a
significant error was introduced when they
did not include the effect of surface reradiation. They used a numerical model to
perform this analysis. Because of this error,
it was decided to recompute these flame
heat fluxes with the approximate burning
rate model developed by Quintiere and
Iqba 12. In doing so, we included the effect

A non-flaming analysis has been described
by Quintiere and Iqball. A similar analysis has also been present by Agrawal and
Atreya3. These show good accuracy of the
approximate integral solution with exact
numerical and experimental results of PMMA.
Hence, applications to PMMA are expected
to yield good results. Other burning rate
models for thermoplastic are also available. Steckler et. al. 4 have presented a onedimensional analytical model for transient
gasification of non-charring materials similar
to Quintiere and Iqba 12 using a different
approximate analytical method. Delichatsios
and Chens have provided a numerical solution for pyrolysis of non-charring materials. Vovella et.al.66 have conducted a
theoretical and experimental investigation of the thermal degradation of PMMA.
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of blowing by the stagnant film ln(1+ B)
formulation for convection. Also we corrected their analysis by including the reradiation term.

of the results is shown in Figures 1 and 2,
where the preheating temperature is shown
before ignition occurs. Also a physical
description of the thermoplastic model is
shown in Figure 3. Since this solution has
good accuracy when tested against numerical
results, it was decided to apply it to the
data of Modak and Croce8.

Orloff and De Ris9 have presented an algorithm for the burning of moderate scale
(0.1-0.7 m diameter) PMMA pool fires in
terms of the pool scale and fuel properties.
They developed an empirical equation for
flame radiation as a function of the burningrate. Under some conditions, when flame
radiation is underpredicted, a solution for
burning rate is not possible. Our attempts
at incorporating their formula led to such
results. Brosmer and Tien 10 have presented
a model for flame radiation and fuel radiative blockage in PMMA pool fires. Their
model included an inner cone of fuel within
a homogeneous flame zone. Their results
were compared to the steady state heat
flux results computed by Modak and Croce8.
We shall show the corrected results and
this new comparison later.

The model for a semi-infinite thermoplastic material, includes preheating to ignition before pyrolysis based on the use of
ignition temperature. Also, only surface
vaporization is considered at a constant
vaporization temperature. An integral solution

MATHEMATICAL FORMULATION
AND DERIVATION
The present burning rate model is an extension of the purely pyrolysis non-flaming model of semi-infinite thermoplastic
material under external radiative heat flux
presented by Quintiere and Iqba 12 . An example

2. Mass loss rate of PMMA exposed to 40 kW/m2
incident heat flux.

Figure

1. Surface temperature of PMMA exposed to 40 kW/
m2 incident heat flux.

Figure 3.

Figure
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Model for

a

thermoplastic-like

solid material.

solution for the preheating period
a single nonlinear algebraic
for
the net surface heat flux. An
equation
extension of the integral solution to the
vaporization period yields the following
equations for solution.

yields

a

in terms of

where

An energy conservation applied to the control
volume for the solid in Figure 4 yields
gas, y

=

0 -

convective flame heat flux

4f,r - flame radiative heat flux
Qexc,
where
T -

external radiative heat flux

E -

emissivity of the solid surface

re -

reflectivity of the solid surface

temperature

T 0- ambient temperature
TV - vaporization temperature

4 supplies the thermal boundary
condition for the stagnant film model to describe
the gas phase reaction zone, based on Kanury’1.
Specifically this is rewritten as

Equation

density of the solid
c - gas phase specific heat
k - thermal conductivity of the solid
fit&dquo; - mass loss rate per unit area
p-

y -

r -

.

measured downward from the surface

A quadratic profile for temperature is assumed as

where the last term

2 into

Equation

1

comes from substituting
Equation 4, and L is defined as
effective heat of gasification which includes

Equation

which satisfies T~ at the surface and T at 8
alongwith zeroheatloss. SubstitutingEquation

an

2 into

transient and radiatives effects.

yields

From Kanury&dquo; it is shown, when Equation 5b is
used in place of the steady state pure convective

conditions,
where

ex = l =’
pc

thermal

diffusivity

of the

solid.
A conservation of energy

vaporizing
yields

where

applied to the
Figure 3

surface control volume in

and
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B -

SOLUTION METHODOLOGY

Spalding number,

Yox... - ambient oxygen mass fraction,

The burning rate equation requires an initial
condition over the thermal penetration depth 5
at time of ignition ti. This is approximated from
the preheating integral used by Quintiere and

xr - flame radiative fraction,
stoichiometric oxygen to fuel mass ratio, and
cg - gas phase specific heat at constant pressure.

r -

Iqbal z,

as

Substituting Equation 5 and Equation 7 in
Equation 6 gives governing equation for the
burning rate
samples of PMMA in the experiments
conducted byModak and Croce8 were ignited by
a liquid fuel in the times listed in Table 1. The
initial value for 5 was computed from Equation

The

9 at these times.

The quantity

is called the

An application of the present model is now
used to compute the flame heat fluxes by
using the experimental burning rate data
of Modak and Croce 8. Their results are
shown in Figure 4. They were able to represent their experimental results after ignition
by the following empirical relation:

blocking

factor, which effectivly reduces the heat transfer
cofficient he from its pure heat transfer value
as the mass transfer razz increases.
The initial burning rate m; was taken as 4 g/m2
sec. The time constant, 0, and the steady state
burning rate fii] are given in Table 1. In some
cases the experimental results did not actually
achieve steady state so ms is an inferred value.

The algebraic Equation 8 and the first
order ordinary differential Equation 3 can
be solved simultaneously by an iterative
procedure at each time step to obtain consistent convergence.

Table 1. Experimental results from Modak and Croce 8 and
flame heat fluxes.
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computed steady

state

5. Computed flame convective heat flux for
square PMMA pool fires.

Figure

Figure 4. Experimental burning rate for seven square PMMA
pool fires’.

The flame heat flux

The calculated values of convective heat
transfer coefficient are given in Table 1 for
different pool sizes.

be computed by
substituting Equation 10 into Equation 3 and
solving for 8 by a Runge-Kutta method. Then
from Equation 8 and 10, the flame radiative
heat flux is computed for each time. The
convective heat flux follows from the Equation
8

seven

can

RESULTS
The transient convective heat transfer behavior
of the different scale pool fires is shown in
Figure 5. The convective heat fluxes for
large pools drop off rapidly in time, and is
significant for earlier time. It suggests
that the three smallest pools are laminar,
and the rest are turbulent. For large turbulent pool fires the effect of convection
heat transfer is much less significant.

as

Values selected for the properties and ambient
conditions are given in Nomenclature.
The convective heat transfer coefficient was
evaluated for natural convection for a horizontal
slab face up at a uniform temperature for
different pool diameters. From Dolman 12.

Figure 6 shows the computed results of
the transient flame radiative heat fluxes
for seven different sizes of PMMA pools.
These results suggest that the flame radiation is generally higher in large diameter pool fires and is much less significant
in small diameter pool fires. It is interesting to note that for the inferred results,
the model yields initial results for flame
convective heat fluxes of approximately
7.0 to 9.0 kW/m2, and the radiative heat
fluxes of approximately 15.0 to 20.0 kW/
m2. As burning increases, the convective
heat fluxes decreases to as low as 3.0 kW/
m2, and the radiative heat flux increases
to as high as 40.0 kW/m2, for the large pool

where kr is the gas phase thermal conductivity
at the film temperature Tr, C and m are
constants, depends upon type of flow (laminar
or turbulent) and the equivalent diameter of
the pool:

at
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steady burning.

6. Computed flame radiative heat flux for
square PMMA pool fires.

Figure

pool fires

Figure 8 compares the computed results of
laminar and turbulent pool fires. For small
pool size (0.023 m2) the flame radiation
starts from 15.50 kW/m2 and after 4000
seconds drops to 12.30 kW/m2. Similarly
flame convection starts from 9.0 kW/m2
and after 4000 seconds it drops to about
7.80 kW/m2. For large pool size (1.50 m2),

8.

Comparison of experimental flame heat transfer

vs.

flame radiation starts from 20 kW/m2 and
after 4000 seconds it reaches about 40.50
kW/m2. This shows that the flame radiation effects on the burning behavior are
significant in turbulent pool fires. The flame
convection effects in turbulent pool fires
are also significant; flame convective heat
flux varies with time from 8.85 kW/m2 to
2.6 kW/m2. This shows that the blocking
effects of the convection in transient burning is initially low and when the fire gets
bigger the convection drops because the
blocking effects increase at high mass
transfer.

7 shows the results of experimental burning rate data plotted against the
flame radiative heat flux computed from
the empirical flame radiation equation of
Orloff and De Ris9.

Figure

Figure

for seven square PMMA
Orloff and De Ris9 flame radiation model.

Figure 7. Experimental burning rate

seven

results of 0.023 m2 and 1.50 m2 PMMA
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pool fires.

Heat transfer components for
1.50 mz PMMA.

Figure 9.

a

turbulent pool fire

Figure 9 shows heat transfer components
for a turbulent pool fire (1.50 m2 PMMA).
These computations include conduction, reradiation, convection, fuel gasification (burning
rate) and flame radiation.

Figure 11. Radiative energy blockage in large pool fires, from
Brosmer and Tien10.

surface heat flux is negative. This shows
the sensitivity of the model to flame radiation. Hence, their model could not be used
to predict results.
11 shows a two-region flame shape
the fuel surface developed by Brosmer
and Tien 10 for the prediction of flame radiation to the fuel surface for PMMA pool fires.
It consists of two homogeneous regions rep-

Figure

Figure 10 compares the flame radiation results
computed from the present model and the
empirical flame radiation prediction of Orloff
and De Ris9 as a function of the burning
rate. Where the prediction of the Orloff and
De Ris9 model falls below the computed
experimental value in Figure 10, the transient burning rate model given by Equations 3 and 8 has no solution. Here the net

Figure
flux

10.

near

resenting combustion and fuel vapor zone.
The flame temperatures for combustion and
fuel vapor zone are taken as 1350 K and 900
K

Experimental and theoretical flame radiative heat
loss rate of turbulent pool fire, 1.50 m2 PMMA.

respectively.

Figure 12. Corrected results of
surface.

vs. mass
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steady flame radiation to pool

Figure 12 shows their results for PMMA
pool fires for the conical core vapor zone

model,

a conical-homogeneous flame model
without the vapor zone, and a cylindrical
flame model. The experimental results for
flame radiation from Modak and Croce8
have been corrected in this figure. The
corrected results were calculated by including reradiation term, and as described

previosly.

CONCLUSIONS
A

simple approximate burning rate model
has been presented to predict the mass
loss rate, flame convective and radiative
heat transfer for PMMA pool fires. The
analytical model is applicable to thermoplastic materials and can be applied to
zone fire models to predict growth of fire
in

a

compartment.

Dynamic results for the flame radiative
heat flux in Figure 6 show, as expected,
that the flame radiative heat flux will
generally increase as the burning rate
increases especially for the larger pools.
Accurate and complete methods to predict
the flame radiation in attempts at predicting the burning rate of real materials have
some deficiencies. The approximate modelI
used to infer the flame heat flux for these
PMMA pool fires is sufficiently accurate
to expect that the inferred results are
reasonably reliable.
The radiative models suggested by Orloff
and De Ris9, and by Brosmer and Tienl° do
not fully explain the observations for flame
radiation. Moreover, theoretical solution
closure was found to be sensitive to the
values of flame radiative heat flux computed. Hence, no general theoretical result for burning rate could be computed.
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