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Abstract

Although well studied, there are still interesting features about the ignition and steady
burning rate behaviour of PMMA when heated by thermal radiation. In this
contribution, the dependence on external heat flux of ignition delay time ang stead
mass flux of PMMA are investigated numerically. Ignition is modelled by the critical
mass flux criterion. The heat transfer model includes effects of heat lost by out
gassing, change of volume during degradation and absorption of radiation in both
condensed and gaseous phases. Model results are compared to experimental data for
both ignition delay time and quasi-steady mass flux across a range of heat fluxes from
20 to 210 kWit and the importance of both gas-phase and condensed-phase radiation

absorption effects are discussed.

Nomenclature

Roman Symbols

c Specific heat capacity / Jkig™

D Thermal diffusivity / ris™

h Convection heat transfer coefficient / "
H Reaction heat / JKg

J

Natural log of pre-exponential factor
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k Arrhenius reaction rate s
I Sample thickness / m
m  Mass flux/ kgdm?
m”  Mass production rate per unit volume / kg&’
q"  Heat flux/ Wn¥
S Location of exposed surface of sample / m
t Time /s
T Temperature / K
y Distance into sample normal to exposed surface / m
z Distance above sample normal to exposed surface / m
Greek Symbols
Absor ptivity
1) Characteristic thermal penetration depth / m
£ Emissivity
K Absorption coefficient
A Thermal conductivity YWWm K™
7, Gas-phase absorption parametsmfkg™
P Density / kgnt
o Stefan-Boltzmann constant / Vi

Important Subscripts

a Ambient conditions

ig A quantity at ignition

0 A quantity at the initial location of the exposed surface (y = 0)
S A quantity at the moving exposed surface (y = s)

) A steady-state value

1. Introduction

For high heating rates, heat loss mechanisms are insignificant for short exposures and
SO one might expect that ignition behaviour of simple solids under such conditions

would be dominated by external heat flux. If the often-used engineering
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simplification of ignition at a critical surface temperature is adopted, it follows that

the reciprocal of the square root of ignition time should be proportional to external

heat flux. Interestingly, this turns out not to be the cage|[1][ - ABler a thorough

analysis of a one-dimensional mathematical model for ignition (including an

alternative criterion for ignition) Bal & Rejin [p] concluded that the observed variation

of ignition time from the inverse square root correlation at high external heat flux

could not be explained by:

o Taking heat losses into account at the exposed surface.

o Using a critical mass flux rather than a critical surface temperature ignition
criterion.

o Using a more detailed reaction scheme for condensed phase degradation.

o Incorporation of temperature dependent thermal properties.

They went on to demonstrate that the deviation of ignition delay time from the inverse
square root correlation could be explainedipgepth absorption of radiation in the

condensed phase.

Measurements of the transmissivity of black PMMA (Polygast) [4] suggest that the

absorption coefficientx is approximately 960fh indicating a characteristic
absorption depth of ~1mm. If the external heat fluxiat the exposed surfacgs
temperature and is thermal conductivity then ignoring in-depth absorption, the
characteristic thermal penetration depth assuming conduction heat transfer is

0 ~AAT/({", where AT is a physically significant temperature interval. For ignition

it is sensible to takeAT as the characteristic kinetic temperature rangg [6], which

corresponds approximately to the temperature range over which the material
pyrolyses at constant heating rate. Thus it seems reasonable that in-depth absorption

of radiation becomes important whe <<1, i.e. whenq” >>&JIAT . For PMMA

with x as aboveg = 0.2 Wnmi'K™ and AT ~ 150 K (seg Figure|4 belowkAAT is

approximately 30 kWi and so it is likely that in-depth absorption should be

accounted for at high radiation heat flux.



In-depth absorption of radiation in the condensed phase is only part of the problem,

however. Kashiwagi’s observations of ignition of PMMA by CQ lasef [1] show that

there is significant absorption of radiation by gaseous MMA in the plume above the

degrading sample and the role of gas-phase absorption in ignition and steady burning
rate is unclear. Measurements of quasi-steady mass flux (the approximately steady
mass loss rate per unit surface area due to out-gassing of volatiles for an initially thick

sample also referred to as “burning rate”) as external heat flux is varied indicate a

nonlinear trend at high heat flux [2] - [4]. This is unexpected from simple ablation

theory, which predicts that steady mass flux should be proportional to the ratio of net

heat flux at the exposed surface to heat of gasification [7] { [1i]radiation

absorption in the condensed phase provides an explanation for the observed variation
of ignition delay time, then does it also account for the observed trend in mass flux?

In this paper, a mathematical model of ignition and pyrolysis of PMMA is carefully

investigated. Naturally in-depth absorption of radiation is included, but other features

not considered in Bal & Rein’s model|[5][are also included such as heat lost by out-

gassing and change of volume during degradation. Change of volume occurs as the
sample pyrolyses. It is unlikely that this will have much effect on ignition behaviour,
especially at high heat flux, but an early paper by the author [12] demonstrates that it
can have a significant effect on mass flux at moderate heat flux. Bal & Rein
accounted for gas-phase absorption using the device of a gas-phase absorption
coefficient, assuming that a constant fraction of the incident radiation is absorbed by
the pyrolyzate above the exposed surface. In this approach a more involved model of
gas-phase absorption is developed, where the amount of absorption depends on the
mass flux of pyrolyzate. We begin with a brief discussion of the expected, order of
magnitude, effect of condensed phase absorption on ignition. We then go on to
consider a more detailed model of pyrolysis and ignition together with a simplified
model for gas phase absorption of radiation. Where possible parameter values for the
model are chosen based on either literature values or experimental data and, prior to
the main analysis, results are compared with experimental cone calorimeter data for
mass flux. The roles of condensed- and gas-phase absorption of radiation in ignition

and steady burning rate are then investigated numerically.



2. Ignition at a Critical Temperature

2.1 The General Problem

The simplest possible model of ignition is the critical surface temperature

approximation, where ignition is assumed to occur as soon as the exposed surface

reaches a characteristic temperatdje Bal & Rein| [5] concluded that ignition

behaviour at high heat flux was not greatly affected by the choice of ignition criterion
(critical temperature or critical mass flux) and so for convenience we shall adopt the
simpler approach for this order of magnitude analysis. Coincident with this
approximation of ignition is the additional assumption that the solid remains inert for

temperatures belowgl

When in-depth absorption of radiation occurs in a 1-D translucent solid, the total heat
flux " consists of two components]’=-A0T/oy+Qg. Here the first part is
conducted heat flux, where y is distance below the exposed surfacej;arsl

transmitted radiation flux. Thus for an inert solid with constant thermal properties,

conservation of energy implies that

or o ,oT
= A= 1
] o

Herep is density ana is specific heat capacity. Usually, the in-depth radiation term

is modelled by Beer’s law: (i =(1-ag ) exp(xy). Here « is the absorption

coefficient already defined above.

At the exposed surfaceyE 0) of the solid there are three possibilities for the fate of
incident radiation: it can be absorbed, reflected or transmitted. For simplicity it shall
be assumed that there is no reflected radiation. The unexposed swrfatg i§
assumed to be well insulated and opaque, so the net heat flux there is zero. Under

these conditions, the boundary conditions are



—/1%:ang+h(Ta—T)+w(Ta4—T4) aty=0, )
aT "
—/15+qu0 aty=I. 3

Here ay is absorptivity, ¢y is incident radiation, h is the convection heat transfer
coefficient, T, is ambient temperature,is emissivity ando is the Stefan-Boltzmann

constant. When Kirchoff's law applies, the emissivity and absorptivity are equal

however there is no guarantee that this is always true.

Applying the boundary conditions at the exposed and unexposed surfaces, it follows

that the steady-state temperature distribufipy) is given by
1 y
T.O)=To+> j . dy, (4)

whereT, (the temperature gt= 0) satisfiesq + h(T, —T,)+ ga(Ta“ —TO“): 0.

The solution of the transient inert problem presents no particular difficulties.
Delichatsios and Zhang present an approximate solution in [13]. However for what
follows below it is worth considering the high heat flux limit in some detail.

2.2 High Heat Flux Limit

Here we note that if the external heat flux is sufficiently high, so that

asdy >> h(‘l’ig —Ta)+(c,r7('l'i;1 —Ta“), where T, is the temperature at ignition, then heat

losses are negligibleup to ignition. This is illustrated if Figure|1, where the regions

! Note that this is equivalent to the external heat flux being very much greatenhéheritical heat flux
(see next section).



above the curves correspond to high external heat fluxes for different values of the

radiation parametemT /h.
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Figure 1. High heat flux limits.

When this is the case, setting

T=T+T,+ %t qoy( —j jq dy, (5)
lpc

and substituting this expression into (1) it follows tiatmust satisfy the standard

diffusion equationdT, / &t = D&T,/dy?, where D = 1/(pc) is the thermal diffusivity.
Furthermore, application of the boundary conditions (2) and (3) without surface heat
losses implies thatdT,/oy=0 at both bounding surfaces. Since the initial
temperature is assumed to be ambient throughout, the initial temperature distribution

for T, must be



<1 1)"”
Tl(o,y)=%(1—5ylj—zj%dy. (6)
0

If Beer's law is assumed, it is immediately apparent from Eqn. (5) that for ignition at a

critical temperaturd,, the ignition timet;, will be of the form

Ig’

|2 T Iqrr
to=—f| 2,2, I |. 7
“ D [Ta AT, KJ (7

Alternatively, in the high heat flux limit (HHFL) for a thick solid, the temperature

profile may be approximated by

_ {To(t)+(Ta—To(t))y/ff(t),os y< (), @

T,, y>o(t),

where T,(t) is again the temperature at the exposed surface y = @@hds the

thermal penetration depth (now a function of time). Integrating the temperature

equation (1) over the thermal penetration depth, we find that

)
pcjaTlatdy: qg{l— (1—aR)e”‘5}. Now using the facts that
0

—dey Td5/dt+jaT/atdy, dey~g( +T,) and d/dt=ds/dtd/ds it

follows that

2 dt

do dT, o x5
Lot - -, ©

The boundary condition on the exposed surface mean3hat, = a;(,0/A and so
when the external heat flux is sufficiently high, such th@t»/bc(T -T )/aR, i
follows that k6 will always be small. Thereford(52)/ dt ~2D, in the HHFL and so

& ~+/2Dt. Hence ignition timet,, and ignition temperature will be approximately



related by T, ~T, +ag0;,/2Dt, /A and consequently in terms of the parameter

groupings given in Egn. (7) above,

12 1 (T, N (n)
YL EA "
AR o

a

In particular, it follows that

1 aggyv2D

Jto AT -T.)

(11)

and so we see that\/gwill reduce in direct proportion ter,.

3. Ignition at a Critical Mass Flux: Reactive Solid

3.1 Energy Equation

Consider for simplicity a solid that on heating undergoes a single-step first-order

degradation reaction of the formm/dt=—k(T)m, where m is the ratio of sample

mass to initial massk(T) =expJ-T,/T), J is the natural logarithm of the pre-

exponential factor and, is the activation temperature. Bal & Rein|([5] showed that

ignition behaviour was not greatly affected by inclusion of a more sophisticated
pyrolysis model, so only this simple first-order single-step approach will be
investigated. Also, as above, heat transfer in one direction only (normal to the
exposed surface) is modelled. Now consider a thick sample of solid where
temperature gradients are not negligible. As the solid is heated gas is generated,
which we assume escapes as soon as it forms (so that the local geresigins

constant). This implies that there will be a reduction in sample volume as gasification

proceeds (s¢e Figure 2).




Total mass of gas liberatec
from entire solid per unit
surface area ds

y = s(t) 1T

y = s(t+ At) I ds
m'(y,t)
Control [~ e - Y
Volume “-p—————____ e B vty
mr'(y+Ay,t)
Sample attime t Sample at time ¢ A4t

Figure 2. Definition of control volume.

The degradation reaction implies that the generation rate of gas per unit sample
volume will be given by’ = pk. Let the location of the exposed surface be given
by y=s(t), wheres(0)=0. Now consider a control volume fixed in space, located
between y andy+ Ay, and letri"'(y,t) denote the mass flux of solid that flows past

point y at time t due to the reduction of volume.

Conservation of mass then implies &’ /oy =—r and integrating this, we find

|
that the local mass flux is given b’ =pI kdy. Since the remaining solid mass per
y

unit area isps, it follows that the location of the exposed surface will be given by the

solution of the integro-differential equation

ds |
" j kdy, s(0)=0. (12)

Applying similar considerations to conservation of energy, it is possible to show that
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) ATy, ), @9

ot oy

where, as above, the total heatxflg’=-10T/oy+q;, H,is the heat of the
gasification reaction andy,c,T is the rate of outflow of heat per unit sample volume

due to out-gassing;, being the specific heat capacity of the gas.

o/

Using the expressions fon" and iy, the energy equation may be rewritten in more

convenient form

pc%r=—pc%r;[kdy—pk[(cg —cJT+ Hg]+§y(z%—qg} (14)

Note that this equation must be solved throughout the volume of remaining solid
s(t)<y<l.

3.2 Gas-Phase Attenuation of Incident Radiation

It is possible that radiation incident on the exposed surface may be attenuated by gas-

phase absorption above the sample. Bealliey| [2], [3], was unable to estimate

attenuation for a pyrolysing PMMA sample but instead used a propylene burner with

an embedded heat flux gauge. She first measured the heat flux from the propylene
flame only and then varied the output from the apparatus' external source and noted
the new heat flux readings. She concluded that there was no attenuation by either the

flame or the propylene gas. Earlier, Kashiwagi [1] conducted an elegant series of

experiments on PMMA (and red oak) using a,@&3er as the radiation source. In his
experiments, a small hole was cut in the samples and a heat flux gauge was placed
directly beneath them so that he could measure attenuation through the pyrolyzate
prior to ignition. He concluded that there was significant attenuation prior to ignition
and that the ratio of incident heat flux to initial heat flux, i.e. 1 - attenuation,

decreased approximately exponentially with time. Note that there is no contradiction
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between these observations: Kashiwagi measured attenuation of the radiation by
gaseous MMA and Beaulieu measured combined attenuation by propylene and a

flame. There is no reason why these effects should be the same.

To estimate the effect of gas-phase attenuation, consider a column of pyrolyzate
above the sample surface being advected upwards with speed v. In an instrument
such as an oxygen consumption calorimeter, the mass flow rate of air is always much
greater than mass flow rate of pyrolyzate, so to leading order we may assume that v is
constant. Furthermore, consider a layer at height z above the sample surface at time t.

The layer has taken time/v to reach height z, and so the mass flux of pyrolyzate at

the sample surface when the layer first formed wiét —z/v). Assuming there to

be no mixing between layers in the column, in time sipit follows that the
thickness of the layer will baz=vAt and the mass of pyrolyzate in the layer will be
Am, :Acrﬁé(t—z/v)At, where A, is the cross-sectional area of the column. It is
reasonable to suppose that attenuation of radiation through the layer will be directly
proportional to the mass of pyrolyzate in theelaysince each particle has the
potential to absorb radiation. In other words, we would expect that

(((zt) - q(z— Az 1))/ (z,t) oc Y (t— 2/ V)AL, where ¢/(zt) is the magnitude of

radiation at height z and time t. It therefore follows tdt,t) satisfies

aq” 77 2 M1
=Ly (t—z/v), 15
= Vq.mg( zIv) (15)

where 7 is a constant of proportionality with dimension&gt that will depend on
the absorbing properties of the pyrolyzate. Now, if the height of the column of

pyrolyzate is Zzax and the radiation atzzn.x has magnitudej.,, , then the magnitude

at the sample surface will b, where

Zonax !V
6L = ¢ exr{—n | rw;(t—r)dr) (16)
0
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Physically z._, /v is the time taken for the pyrolyzate to advect through the column

and if this is small compared to the timescale on which out-gassing from the sample

occurs, then
oL ~ A, expl— i (1)), (17)

where u=z__n/v is an alternative constant with dimensions oflg, which we

shall refer to as the gas-phase absorption paramBteysically, if one were able to
measure the radiation flux at the exposed surface during pyrolysisuthesuld

correspond to the gradient of the grapHrc(ﬂgxt/q;’) plotted against the mass flux of

escaping pyrolyzate.

It must be appreciated that the model set out above will be a gross oversimplification
of the actual physical situation and serves only as a first-order approximation to
guantify the effect of gas phase absorption. The flow field above the sample surface
during out-gassing of volatile species will be complex and it is likely that this will
have a large effect of the local density of pyrolyzate and hence attenuation.
Furthermore, it should be noted that the nature of the experimental setup, including its
physical dimensions, the wavelength of incident radiation and the total flow rate of

gases, will also affect the value af

3.3 Post Ignition Behaviour and Numerical Solution

In order to model post-ignition behaviour, an ignition criterion is required together
with an additional term in the boundary condition at the exposed surface to account

for heat flux from a flame. Here the device of critical mass flux [14] is used to

determine ignition and following earlier observatipng([9], [10] it is assumed that the

heat flux from a flame is constant. From the discussion above, we take

—,1% = e ©Xpl— i 1)+ (T, ~T)+ a0 (T2 = T). (18)

Here
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(19)

ext

N AN A
o q07mg<mgn’

P A A

q0+qf’mgzmgn’

at the exposed surface, whetg, is the critical mass flux at ignition angf is the

flame heat flux.

We shall assume that Beer's law applies and so the in-depth radiation flux is now

Or = (1_ aR)qut eXp[_ K(y_ S)] .

Due to the nonlinearity of the temperature equation, recourse to numerical methods is
inevitable. The method adopted here is a fully-implicit finite difference schethe wi
a non-uniform grid. In the numerical solution, the node density is greatest at the

exposed surface so that temperature variation and the in-depth radiatiogy,tema

adequately resolvéd The node density used in the calculations is shofvn in Fi%}ure 3.

1000 -
€
€
2 1004
%) ]
()]
o
(@]
Z
S
3 10 4
E 4
>
=
1 T T T T T T T T T T T

0.0 0.2 0.4 0.6 0.8 1.0
y/l

Figure 3. Node density (in number of nodes per mm) used in numerical calculations.

2 The in-depth radiation flux at the exposed surface varies on a length stadesaf the node spacing
Ay must be sufficiently small so thay << 1/k, or equivalently the node densityty/>> «.
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4. Parameter Values

For convenience it will be assumed that Kirchoff's law is valid, é&.e.az. The

model parameters used in the numerical simulations, with the exception of the gas-

phase absorption parameter, are giveén in Tgble 1 and are justified below.
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Parameter Symbol | Value
Ambient temperature T, 298 K
In-depth radiation lengt| 1/« 1 mm
scale

Critical mass flux for r,, 2.5 gs'm?
ignition

Convection heat transfq h 25 Wnmi’K ™
coefficient

Absorptivity o 0.56
Flame heat flux q 23 kwm®
Thermal conductivity A 0.2 Wni'K™
Specific heat capacit c 1466 JkgK™
(solid)

Specific heat capacit| c, 1960 JkgK™
(gas)

Density 0 1200 kgn?®
Activation temperature T, 17072.2 K
Natural log of pre{J 20.76 In(3)
exponential factor

Heat of reactior] H, 0.84 MJKg'
(gasification)

Table 1. Model parameter values.

The in-depth length scale for radiation, thermal conductivity, critical ignition mass

flux and density were taken in-line with other values used in the lite

raty

e [5[], [14].

The convection heat transfer coefficient was taken as a representative value from a

recent detailed experimental investiga

on [15]. The flame heat flux was taken from

other studiep [9], [10] and the heat of the gasification reaction was calculated from

average bond energiEs [16]. The specific heat capacity of the solid was taken as a
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representative value for PMMA and the specific heat capacity of the gas as a

representative value for MMA (both obtained from WWW-based data tables).

The Arrhenius parametefsand T, for the reaction rate are obtained from constant

heating rate thermogravimetric (TG) experiments for standard PMMA samples in
nitrogen, previously published in an earlier study [17]. It was felt important to
estimate these parameters from an experiment in an inert atmosphere since the oxygen
concentration at the exposed surface is likely to be significantly below normal
atmospheric levels due to out-gassing of MM#Ahere is a problem with using TG

data at standard heating rates such as 10 - 50 K/min in that in practice, the heating
rates at the exposed surface of the sample will greatly exceed these values. For
example, at 50 KWif, the ignition time of black PMMA is ~30 s, indicating a
heating rate at the exposed surface of ~600 K/min. At 100 kWime corresponding
heating rate is ~1800 K/min.Without specialised equipment it is impossible to
investigate thermal degradation at such high heating rates and so data from our
analyser's maximum heating rate of 50 K/min was usathturally, if one were
concerned with a detailed examination of the kinetic mechanism then this heating rate
would be too high. However, in this application heating rates are so high that it is
likely that many of the individual nuances of the degradation mechanism will be
smeared togethefThis perhaps may account for the reason why more detailed kinetic
mechanisms do not explain the observed ignition trend at high heat flux as noted by
Bal & Rein [5].

In order to obtain estimates of the Arrhenius parameters, model fits were compared to
both experimental mass loss and mass derivative curves. Residuals for the fits to each

curve were calculated and the sum of residuals was minimised in order to obtain the

best parameter estimates. The resulting best fits are shpwn in Rigure 4.

-17 -



1.0 1 ~0.02

0.8 X
~
»n (0]
7] o Experimental Mass =
T Fraction ©
S 0.6 i . >
= Fit to Mass Fraction L 0.01 ‘=
®© o Experimental Mass )
-"é‘ Derivative o
— (04-  —— Fitto Mass Derivative 1=
~ i)
« 3]
3 ©
= 02- i
: (%}
- 0.00 &
=

0.0

T T T T T T T T T T T T T T T T
200 300 400 500 600 700 800 900 1000
Temperature / K

Figure 4. Constant heating rate TG data and optimal fits for PMMA at 50 Kmin.

The absorptivity o, and absorption coefficienk were estimated by comparing

model predictions for mass flux to experimental cone calorimeter results at an
external heat flux of 50 kWi using a PMMA sample of initial thickness 12 mm.

Figure 3 shows a contour plot of the residual, defined by

1/2
tstop

Residual = ti (10— ety (20)

stop 0

where iy, | is the experimental mass flux from the cone calorimeterrgfg, is the

predicted mass flux from the model.
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Figure 5. Contour plot of mass flux residual.

It is apparent from Figure|5 that the residual has an approximately flat basin (shown

by the dashed curve) in the neighbourhood of the minimum. This unfortunately
means that there is no clearly defined optimum and any values within the dashed
region will produce good fits to the experimental data. Therefore, broadly in line with

other observations [4]5]|it was decided to tak&#/x as 1 mm and seek the optimum

ag that minimised the residual. This process gives the best valag aé 0.56, as

Figure § confirms| Figure| Bhows the optimum fit together with the experimental

data for comparison.
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Figure 7. Comparison of model with cone calorimeter results for standard parameter values
shown i .

Unfortunately there is a lack of information to quantify the gas-phase absorption

parameter. Kashiwagi’s earlier work|[1]|suggests that there was significant gas-phase

absorption in his experiments. However, the apparatus used in his work and the
spectral characteristics of the heat source are significantly different to an oxygen
consumption calorimeter and the discussion in §83.2 suggests that there is every reason
to suppose that the gas phase absorption parameter is sensitively dependent on
experimental apparatus. Given that ignition occurs at a relatively low mass flux, in a
well-ventilated experiment such as a cone calorimeter it is reasonable to suppose that
gas-phase absorption plays little part in ignition. However, in the quasi-steady region
where mass flux is significantly higher than at ignition, it is possible that gas-phase

absorption is important.
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5. Results

Beaulieu| [2], [3

broader super-set discussed by Bal & |

Reil

, presented empirical ignition results that are representative of a

0 [5]. Beaulieu's results were obtained using

25 mm thick specimens in the AFM apparatus where an infra-red lamp is used as the

heat source. Neither Beaulieu or Bal & Rein make mention of the earlier work of

Kashiwagi [1]

similar levels of heat flux at the exposed surface.

, Where &0, laser was the primary

Figure § shows results from the model with the p

heat source used and delivered

arameter set given in Table 1 with

the experimental data of Beaulleu

2],|[Bashiwag

[1] and the coated PMMA data

of Jiang et al. [4]. Also shown in the figure are model results obtained with slightly

different values forc and a, corresponding to the

shown ir] Figure

parameteg had little discernible effect on ignition b

— 10 nfskg! and so no results are explicitly include

upper region of the dashed area

5.As suggested above, it was found that the gas-phase absorption

ehaviour for values in the range O

] in Fig!]re 8.
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Figure 8. Comparison between model and experimental data for ignition time (in seconds).

The obvious point to note is the model confirms that in-depth absorption plays an

important role in ignition at high heat flux. Also, the scaling given by Egn. (11) is

preserved, i.el/\/g reduces approximately in direct proportiondg at high heat

flux.

Naturally, an optimum choice fog, could be found by computing the best fit of

model predictions directly with the experimental datf in Figyre 8. However, the
author felt that a stronger case for the validity of the model could be promoted if a

value for o, was found at a single heat flux and then used for model predictions

across the heat flux spectrum.

The graph ip Figure|9 shows the effect of varying the gas-phase absorption parameter

without ignition when the external heat flux is set to 100 K¥Vrithe dependent axis

corresponds to the ratio of heat flux at the sample surfagg, toi.e. 1- attenuation,

and the dependent axis is time. The gragh in Figufe 10 shows the same heat flux

ratio, but with fixed at 5.0 rfiskg" for the three heat fluxes that Kashiwagi used in

his experiments [1] Although the magnitude of attenuation at this valug & much

less than Kashiwagi reported, the qualitative behaviour is strikingly similar.
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Figure 9. Effect of gas-phase absorption parametee on attenuation
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Figure 10. Effect of external heat flux on attenuation.

Beaulied [3] reported interesting behaviour for the steady-state sample mass flux at

high external heat flux. As heat flux increased, her measurements showed a nonlinear
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variation in steady mass flux with external heat flux at odds with the prediction from
simple ablation theory that steady mass flux is proportional to the ratio of external
heat flux to heat of gasification. Results from the model proposed here suggest that

this variation can be explained, at least in part, by gas-phase absorption of radiation.

The graph in Figure 13hows Beaulieu’s data for steady mass flux together with

model predictions for various values of the gas-phase absorption parameter. We note

that for external heat fluxes below 70 kWnthe empirical values agree with model
predictions for zero gas-phase absorptier 0). However for heat fluxes above this

value agreement only improves whgris increased. Analysis of the total sum-of-

squares residuafFigure 12) indicates that ~6.1m’skg” provides the best overall

fit.
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Figure 11. Comparison between model results for various values of the gas-phase absorption

parameter 4 and Beaulieu's AFM data for mass qu.

% Defined analagously to Eqn. (20).
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Figure 12. Goodness of fit of numerical results to observed mass flux.

Of course, a major assumption in the model is that flame heat flux is invariant to
changes in external heat flux. In all likelihood this assumption is faulty, but is
probably not responsible for the observed behaviour for the following reasen. A
external heat flux increases mass flux will also increase, which implies that if
combustion conditions remain broadly similar in the flame, then more heat should be
released. In other words, if anything we should expect the flame heat flux to increase

with external heat flux, which would have the effect of increasing mass flux above

the expected value. In reality,|as Figurg¢ 11 shows, the observed mass flux increases

with external heat flux more slowly than expected.

It is also unlikely that the kinetic mechanism can explain the deviation as increasing
external heat flux serves only to increase the temperature in the degrading solid.
Consequently since most degradation reaction rates are known to increase with

temperature, this is also unlikely to be the cause.
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6. Discussion and Conclusion

The analysis above lends further support to the suggestion that in-depth absorption of
radiation plays an increasingly important role in the ignition behaviour of PMMA as
external heat flux increases. The effect of in-depth absorption is to extend the ignition
delay time above what might be expected when it is ignored. Furtheriisre)so

likely that the quasi-steady mass flux (or burning rate) is strongly influenced by
absorption of external radiation by the pyrolyzate in the gas phase above the sample at
high external heat flux. Experimental results from external heating by.G&%er
confirm that absorption by the pyrolyzate is significant (although there are no
simultaneous measurements of mass flux). Experiments using cone calorimeter type
apparatus show that burning rate is lower than expected at high heat flux (although
there are no simultaneous measurements of gas-phase attenuation). A model of gas-
phase absorption was developed that predicted radiation attenuation to vary
exponentially with mass flux. Results from the model suggest that gas phase
absorption has little effect on ignition, but supports the hypothesis that there may be a
significant effect on mass flux. Unfortunately it is not yet possible to make a firm
statement about this effect due to the lack of experimental data correlating attenuation

with mass flux.

A further complication that is difficult to address fully is the amount of energy that is
actually absorbed by a solid or gas from a radiant heat source. The quantity of energy
absorbed is strongly dictated by the wavelength of the incident radiation. The solid or
gas absorbs radiation mainly in discrete bands of the infra-red spectrum, implying that
the absorption coefficients will depend on wavelength. In other words, if the
wavelength of the incident radiation changes, then the relative amount of energy
absorbed is likely to change. 1t is for this reason that Kashiwagi chose to use a CO

laser for his study

—

1] - it is, to a good degree of approximation, essentially

monochromatic. The emmision spectra of other heat sources used in the ignition
studies cited in this paper will be different, and may well vary with heat flux, and this
might play a significant part in some of the discrepancies noted above in empirical

observations. In particular, the observation reported by Beduligu [2] that there
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appeared to be little gas-phase absorption of radiation for propene is at odds with
Kashiwagi's observations of attenuation by PMMA pyrolyzate using the |&@r

and wavelength dependence of absorption could well be at the heart of this
inconsistency. The model used in the analysis above makes no allowance for
wavelength dependent effects and it may be for this reason that the agreement
between numerical results and ignition delay time is better for the monochromatic

CO, laser source than the heat source used in the AFM apparatus used by Beaulieu.

Another consideration to keep in mind when weighing the results reported here is the
relative importance of the thermal degradation mechanism of the solid fuel. PMMA
is typically chosen for study because it undergoes depolymerisation on heating. As
soon as radical fragments form by random cleavage, they rapidly unzip to produce
MMA monomer. If the unzipping process is much faster than the random cleavage
process (which is typically the case) then the rate-determining step for monomer
production will be determined by the rate of random cleavdgmore detailed study

of modelling the degradation mechanism of PMMA was undertaken by the author
using population balance methods [17]. In that work the author was able to
demonstrate that for an initial population of molecules with high degree of
polymerisation, when unzipping is much faster than initiation by random scission, it is
possible to show that the production rate of monomer is well modelledobycess

that is essentially similar to a one-step Arrhenius process. The model above uses a
simple one-step degradation process, which is a gross oversimplification of the true
mechanism, but at high heating rates may not be too limiting for PMMA. The
validity of this simplification for other polymers is highly dubious however.
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