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h i g h l i g h t s

� We experiment the airborne release
of particles during thermal degrada-
tion of polymers.

� A “peak of release” was identified
during the first instances of thermal
stress of Plexiglas.

� The duration of the peak of release
was linked to the heat flux applied to
the Plexiglas.

� Heat flux has a low influence on the
airborne release fraction (ARF).

� The influence of the diameter of
particles on the ARF depends on
polymer.

g r a p h i c a l a b s t r a c t

a b s t r a c t

Experimental results are reported on the resuspension of particles deposited on polymer samples repre-
sentative of glove boxes used in the nuclear industry, under thermal degradation. A parametric study was
carried out on the effects of heat flux, air flow rate, fuel type and particle size distribution. Small-scale
experiments were conducted on 10 cm × 10 cm PolyMethyl MethAcrylate (PMMA) and PolyCarbonate
(PC) samples covered with aluminium oxide particles with physical geometric diameters of 0.7 and
3.6 �m. It was observed for both polymer (fuel) samples that heat flux has no effect on the airborne
release fraction (ARF), whereas particle size is a significant parameter. In the case of the PMMA sample,
ARF values for 0.7 and 3.6 �m diameter particles range from 12.2% (±6.2%) to 2.1% (±0.6%), respectively,
whereas the respective values for the PC sample range from 3.2% (±0.8%) to 6.9% (±3.9%). As the particle
diameter increases, a significant decrease in particle release is observed for the PMMA sample, whereas
an increase is observed for the PC sample. Furthermore, a peak airborne release rate is observed dur-
ing the first instants of PMMA exposure to thermal stress. An empirical relationship has been proposed
between the duration of this peak release and the external heat flux.
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1. Introduction

In the nuclear industry, radioactive products are man-

ufactured, handled and treated in a confined manner
using special glove boxes mainly composed of polymethyl
methacrylate (PMMA) or polycarbonate (PC) sheets. The
handling of radioactive materials in powder form may
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List of symbols

Al2O3 aluminium oxide or alumina
ARF airborne release fraction (%)
ARR airborne release rate (h−1)
Dae aerodynamic diameter of particle considered (�m)
Dp geometric diameter of particle considered (�m)
dt time interval considered for computation of param-

eters (s)
DTfire duration of fire (s)
DTpeak duration of peak release (s)
ICP-MS inductively coupled plasma–mass spectrometry
mAer Rel aerosol mass released during time interval consid-

ered (mg)
mAer Init initial aerosol mass deposited on polymer sample

(mg)
•
mfuel fuel mass loss rate per second and per surface area

(g/m2 s)
mfuel t fuel mass at time t (g)
mTot Aer Rel total aerosol mass released (mg)
MMAD mass median aerodynamic diameter (�m)
MTU110 alumina powder with MMAD = 1.4 �m and

Dp = 0.7 �m
PC polycarbonate
PMMA polymethyl methacrylate
s second
t time interval considered (s)
Tpeak time delay of peak release (s)
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SPM102 alumina powder with MMAD = 7.1 �m and
Dp = 3.6 �m.

ontaminate the inner walls of glove boxes and this
articulate surface contamination may be released in the event
f an accident such as a fire [1]. This release of radioactive par-
icles is of great interest in the field of nuclear safety since the
article size distribution covers the range of inhalable and lung
eposition fractions [2,3]. Beyond the nuclear industry, the role
f nanomaterials in our society has grown significantly over the
ast decade and the issue of aerosol release during combustion
f nanocomposites has become a matter of increasing concern in
ndustrial applications [4,5]. Therefore, in order to quantify the
oxicological and environmental impact of a fire occurring in an
ndustrial or nuclear facility, it is necessary to be able to predict the
elease rate of contaminant aerosols under such accident condi-
ions. Since a fire is an extremely complex event leading to various
hysical phenomena, no research is currently available describing
uch conditions in a phenomenological manner. Nevertheless,
egarding airborne releases in the event of a polymer fire, several
xperimental studies are reported in the literature addressing
ifferent scales (i.e. from the analytical scale [6–12] to the real
cale [13,14]), contaminants (oxide and salt) and fire conditions
flaming, non-flaming). Similarly to the results reported by previ-
us authors [15], we present in Fig. 1 a summary of available data
n airborne release fractions (ARF: mass of contaminant released
n aerosol form divided by the overall mass of contaminant
eposited) for the glove box materials most commonly used in the
uclear industry (mainly PlexiglasTM PMMA and LEXANTM PC) and

or main contaminant particles (UO2 [6,7]; 80% UO2–20% PuO2
8,9]; CeO2 [10,12,14]; 84% CeO2–16% EuO2 [13,14]; CsCl [14];
o2O3 [14]; La2O3 [14]). It is clearly apparent that a significant

iscrepancy could be identified between the results obtained from
ifferent experimental studies. In many cases, the discrepancies
bserved for one particular fuel could be associated with different
xperimental conditions and/or procedures. No specific parametric
Fig. 1. Airborne release fraction for powders deposited on different solid fuels (dots
represent experimental results while geometric mean values, given in brackets, are
represented by each bar of the histogram).

study has been conducted addressing the effects of heat flux or
physical diameter of contaminant particles.

Beyond these discrepancies, an analysis of the literature raises
the issue of the relevance of such experiments conducted under
different conditions (heat flux, vertical or horizontal orientation)
and with different particulates (aluminium, caesium, europium,
uranium oxides, etc.). In most cases, the aerodynamic particle diam-
eter (Dae) has been considered because it is a size parameter that
can be easily determined experimentally (particularly by means
of a cascade impactor [12,13]). Nevertheless, it should be kept in
mind that the aerodynamic diameter represents the diameter of
a sphere with the same settling velocity as the particles consid-
ered and a density of 1000 kg/m3. Such a diameter is useful for
characterizing the size distribution of an aerosol but needs to be
converted to a geometric diameter (taking into account particle
density and shape factor) in order to describe the behaviour of a
particle deposited on a stable surface and to compute the forces
applied to this particle (adhesion, drag, lift, etc.). For example,
recent theoretical developments [16,17] have demonstrated that
the most relevant size parameter for modelling air flow resuspen-
sion is the physical particle diameter (geometric diameter for a
sphere) rather than the aerodynamic diameter. Such an approach
is suitable for nearly spherical particles whose geometric diameter
could be easily defined, but transposition to irregularly shaped or
agglomerated particles (fibres, metal oxides, combustion aerosols,
etc.) is not a trivial issue and requires further theoretical develop-
ment.

Despite this issue, some useful conclusions may be drawn from
the available literature on polymer samples. Indeed, the results
obtained by several authors [7,13] reveal that the sample type (i.e.
polymer composition) has an impact on the quantity of aerosol
released. According to several authors, the bubbles produced
during pyrolysis of PMMA samples (mainly MMA) significantly
increase particle release and are one of the explanations for the
peak release phenomenon first observed in the 1980s [8,9,13]. Nev-
ertheless, this peak release phenomenon has not been described
in a quantitative manner and, considering the scattering of experi-
mental results available in the literature, the effects of heat flux and

particle diameter have been scarcely investigated. Consequently,
the aim of the present work is to provide, for a given particulate
material, more experimental evidence on the significant param-
eters involved (sample type, heat flux, particle size distribution)
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Fig. 2. Experimental set up for pa

nd on the time-based evolution of airborne release during thermal
egradation of different polymer samples.

. Experimental procedure

.1. Aerosol contamination and choice of materials

Aluminium oxide (alumina, Al2O3, Alumines Durmax S.A.) was
hosen as a particulate material because it is commercially avail-
ble with different size distributions and because it is a very
table material that is hardly oxidized under the thermody-
amic conditions of a fire. Two thermoplastic polymers used in
he composition of glove boxes were investigated: polymethyl

ethacrylate (PMMA, PMMA 1.18, Delire SA), and polycarbo-
ate bisphenol-A (PC, LEXANTM 9030-112, General Electric). The
ain difference between these polymers is that during ther-
al degradation, PMMA depolymerises at more than 99% [18]
hereas intensive and intumescent charring is observed for

C [19]. Polymer sample sizes were 100 mm × 100 mm × 8 mm and
00 mm × 100 mm × 9.5 mm for PMMA and PC, respectively. Polymer
amples were covered with Al2O3 particles according to a spe-
ific protocol (see Fig. 2). Alumina powders were dispersed in a
edimentation chamber (99 cm × 30 cm × 15cm) for 5 min using a
otating brush generator (RBG 1000 PALAS©, powder feed rate:
30 mm/h, rotating brush speed: 1160 rpm, air pressure: 2 bar cor-
esponding to 80 L/min). Dispersion was then stopped and the
hamber, filled with alumina, was hermetically sealed. Alumina
articles were deposited by sedimentation on polymer samples
laced at the bottom of the chamber, so as to obtain a uniform
urface deposition of 1 mg/cm2. The spatial homogeneity of the
eposition was investigated by weighing 9 fibreglass filters (25 mm

n diameter) placed on the polymer sample during particle sedi-
entation inside the chamber. Discrepancies ranging from −5% to
12% were reported between the particle deposition mass per area
easured on these filters and the expected homogeneous contam-
nation deposition of 1 mg/cm2. Moreover, the mass of the particles
eposited was monitored by adjusting the generation parameters
nd by weighing the polymer samples before and after contamina-
ion.
deposition on polymer samples.

Two different particle sizes were considered: a first powder
(MTU110) having a mass median aerodynamic diameter (MMAD)
of nearly 1.4 �m and a second powder (SPM102) with a MMAD
of 7.1 �m. It should be noted that these MMADs were measured
with an ANDERSEN cascade impactor. The resulting particle size
distributions are presented in Fig. 3. Nevertheless, even though
the MMAD is extremely useful from an experimental point of
view, one must keep in mind that it represents the diameter of
a spherical particle with the same settling velocity as the parti-
cle considered. By definition, the aerodynamic diameter cannot
be used to describe the behaviour of a particle deposited on the
surface of a polymer. The analysis of experimental results will
therefore be based on the geometric particle diameter Dp. Assum-
ing a density (�p) of 3980 kg/m3 for alumina (in agreement with
experimental measurements as per NF EN ISO 787-23) and spheri-
cally shaped particles (which is not entirely the case, see Fig. 3), the
geometric diameter Dp can be computed using the equation Dp ∝
Dae/

√
�p, yielding 0.7 �m and 3.6 �m for MTU110 and SPM102,

respectively.

2.2. Combustion test bench

The combustion test bench is shown in Fig. 4. It consists of a FTT
(fire testing technology) mass loss cone calorimeter modified for
aerosol sampling. A conical radiant heater is used to apply heat
fluxes ranging from 10 to 100 kW/m2 on the surface of a hori-
zontally oriented sample placed on a weighing cell. The distance
between the heater and the sample is 25 and 60 mm for PMMA
and PC, respectively. A 100 mm diameter exhaust duct is mounted
above the radiant heater. The air flow rate (ranging from 50 to
150 m3/h) is imposed by means of a fan and is monitored via a
calibrated orifice linked to differential pressure transducers. Soot
and contaminant particles are sampled via isokinetic probes, with
the sampling flow rate maintained at 10 lpm (litres per minute)
with a Brooks mass flow controller. Special attention has also been
given to the position of the sampling point on the exhaust duct so

as to maintain a homogeneous particle concentration. The probe is
located at a distance of 3.2 m from the radiant heater, and 0.8 m (8
diameters) after a 90◦ bend, thus ensuring good mixing conditions
at the sampling point as per ISO 2889/2010 and ANSI N13.1-1969.



Fig. 3. Mass size distributions in terms of aerodynamic diameter and TEM micrographs of alumina powders.
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Fig. 4. Experimental device used for the thermal d

our filters were sampled during each test and analyzed by ICP-MS
Inductively Coupled Plasma Mass Spectrometry) to measure their

luminium content. Two heat fluxes and two air flow rates were
sed to simulate non-flaming and flaming thermal degradation of
olymer samples. Experimental conditions and theoretical particle

osses (see Section 2.2) are presented in Tables 1 and 2.

able 1
xperimental parameters considered for thermal degradation of PMMA.

PMMA samples 100 mm × 100 mm × 8 mm at 2.5 cm from the radiant panel, 100 mg of al
Non-flaming conditions

Experiment no. Air flow rate (m3/h) Heat flux (kW/m
1–3 50 25
4–6 50 25
7–9 100 25

10–12 100 25

Flaming conditions
Experiment no. Air flow rate (m3/h) Heat flux (kW/m
13–15 50 45
16–18 50 45
19–21 100 45
22–24 100 45
ation of samples and aerosol measurement tools.

3. Analysis of samples
3.1. Experimental protocol

The experimental resuspension protocol comprises several
steps. Polymer samples with particle deposition are placed in the

umina

2) Dp of alumina (�m) Theoretical losses (%)
3.6 64
0.7 19
3.6 16
0.7 16

2) Dp of alumina (�m) Theoretical losses (%)
3.6 61
0.7 12
3.6 9
0.7 9



Table 2
Experimental parameters considered for thermal degradation of PC.

PC samples 100 mm × 100 mm × 9.5mm at 6 cm from the radiant panel, 100 mg of alumina
Non-flaming conditions

Experiment no. Air flow rate (m3/h) Heat flux (kW/m2) Dp of alumina (�m) Theoretical losses (%)
1–3 50 35 3.6 26
4–6 50 35 0.7 15
7–9 100 35 3.6 33

10–12 100 35 0.7 16

Flaming conditions
Experiment no. Air flow rate (m3/h) Heat flux (kW/m2) Dp of alumina (�m) Theoretical losses (%)
13–15 50 50 3.6 31
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16–18 50 50
19–21 100 50
22–24 100 50

ombustion chamber and the test begins with the application of
eat flux (t0). Aerosols are sequentially sampled from aerosol filters
uring non-flaming and flaming tests. The polymer sample residue

s then weighed and aerosol filters are analyzed by ICP-MS after
ach test. Tests are recorded with a High-Definition (HD) camera
nd the ignition time, delay of occurrence and duration of the peak
elease (significant particle release during the first instants of the
xperiment) are visually determined from the timecode of the HD
ideo.

.2. Analysis of samples

Since the airborne release fraction (ARF, see Section 2.3) is deter-
ined by filter sampling and ICP-MS, the chemical analysis of the

amples was carefully carried out. Reference solutions and filters
ontaining a known amount of alumina were prepared and ana-
yzed according to the experimental protocol used for each sample.

linear relationship with a slope of 1.08 (within the measurement
ncertainty range of the ICP-MS system) was obtained between
eference and measured concentrations, thereby confirming the
eliability of the method used to measure the aluminium mass
n the samples. On the other hand, the loss of particles inside the
xhaust duct was computed based on empirical relationships [20].
ince dilution within the hood is sufficient to bring the temperature
nside the exhaust duct close to room temperature, thermophoresis

as neglected and only diffusion, inertial impaction, sedimentation
nd turbulent diffusion were taken into consideration. According to
hese relationships and the thermophoresis hypothesis, the particle
osses presented in Tables 1 and 2 depend on experimental condi-
ions and are potentially underestimated. Furthermore, since the

ain assumption for estimating particle losses in our experimental
est bench concerns the release during combustion of pure alumina
articles without polymer or pyrolysis by-product coatings, it is dif-
cult to evaluate the under or over-estimation of particle losses. To
ddress this issue, the size distribution of airborne particles will be
haracterized by means of a cascade impactor.

.3. Measured and calculated parameters

Several parameters were determined during the experiments
onducted on the test bench. The first set of parameters concerns
he thermal behaviour of the polymer samples during thermal
egradation. The ignition time Tignition (delay between application
f heat flux and self-ignition of fuel) and mass loss rate per surface
rea (fuel mass burned per second and per surface area Sfuel) were

omputed based on the data recorded by the weighing machine
sed in the test bench.

•
fuel = mfuel t − mfuel t+dt

dt.Sfuel
,

0.7 16
3.6 34
0.7 19

where
•
mfuel, fuel mass loss rate per second and per surface area

(g/m2 s), mfuel t and mfuel t + dt, fuel mass at time t and t + dt (g),
dt, time interval considered for computation of mass loss rate per
surface area (s), Sfuel, fuel surface area (m2).

Parameters associated with aerosol release were also measured
or computed during each test. According to previous authors [9,12],
aerosol releases during thermal degradation of PMMA samples
are characterized by significant airborne releases during the first
instants of the test, particularly prior to fuel ignition. Therefore,
each test was recorded with a HD camera and the resulting videos
were analyzed to visually determine the delay of occurrence Tpeak
and duration DTpeak of this peak release. Sampling filters were used
to compute the characteristic parameters of aerosol release kinet-
ics. The first of these parameters is the airborne release rate (ARR),
which is defined as the ratio between the released aerosol mass
divided by the time interval considered (mainly the filter samp-
ling time, ranging from 30 to 90 s) and the initial aerosol mass
deposited on the sample surface. The second parameter is the air-
borne release fraction (ARF), which is defined as the ratio between
the total aerosol mass released during the test divided by the initial
mass of particles deposited.

ARR = mAer Rel

mAer Init.dt
ARF = mTot Aer Rel

mAer Init
,

where mAer Rel, aerosol mass released during time interval con-
sidered (mg), mAer Init, initial aerosol mass deposited on polymer
sample (mg), dt, time interval considered for ARR (s), mTot Aer Rel,
total aerosol mass released (mg).

4. Experimental results

4.1. Combustion parameters

Table 3 presents parameters describing the thermal behaviour
of the polymers considered. It should be noted that in the present
study, contrary to previous studies on the thermal behaviour of
such fuels [21], the fire is triggered without external energy (i.e.
without a spark as in the case of a cone calorimeter). Consequently,
the ignition time measured in the present study could be higher
than that reported by previous authors for similar fuels via the
international standard test method based on the use of a cone
calorimeter [22–24]. Moreover, since thermal behaviour results are
not influenced by the air flow rate, mean values are given hereafter
for all tests conducted at 50 and 100 m3/h under non-flaming and
flaming conditions. According to the results shown in Table 3 for

the two alumina powders considered here (Dp = 0.7 and 3.6 �m),
the burning behaviour (mass loss rate and ignition time) of the
fuel is not significantly modified by the alumina deposit. Never-
theless, a significant release of alumina was observed for PMMA



Table 3
Characteristics of fuels during thermal degradation (standard deviation in brackets computed from values obtained during 3 similar experiments, 95% of confidence with
k = 2).

Fuel Contaminant Heat flux (kW/m2) Mass loss rate (g/m2 s) Ignition time (s) Time delay of peak release (s) Duration of peak release (s)

PMMA SPM102 25 7.5 (2.4) No ignition 83 (5) 100 (6)
45 29.5 (4.7) 140 (88) 34 (6) 34 (9)

MTU110 25 8.5 (1.7) No ignition 63 (8) 100 (11)
45 30.2 (2.3) 141 (95) 20 (3) 37 (7)

PC SPM102 35 1.2 (0.6) No ignition N.V.I. N.V.I.
50 10.5 (2.8) 182 (76) N.V.I. N.V.I.

MTU110 35 2.0 (1.6) No ignition N.V.I. N.V.I.
153 (
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.V.I., not visually identified.

uring the first instants of the experiment, and the time delay of
his peak depends on the size of the deposition particles. It must
e noted that the results presented here concern only two contam-

nant particle diameters and that further investigation is needed
o confirm this first conclusion, especially for fine (0.1–1 �m) and
oarse (>10 �m) particles. In addition to this peak, one of the main
ifferences observed between the two polymers is the type and vol-

me of residues generated (see Fig. 5). For PMMA, the remaining
ass is highly negligible, whereas the intumescing behaviour of PC

ends to produce large amounts of residues.

ig. 5. Residues obtained after thermal degradation of PMMA (left) and PC (right). For th
white powder) while the intumescence of the PC involves a significant residue with som

ig. 6. Evolution of duration of peak release as a function of heat flux for PMMA. Photogr
s due to the strong thermal flux applied to the polymer sample) before and during the
eferences to color in this figure legend, the reader is referred to the web version of this a
82) N.V.I. N.V.I.

4.2. Particle resuspension kinetics

For PMMA, regardless of size distribution and heat flux,
a high release rate was observed during the first instants
of the experiments and prior to ignition (see Fig. 6). This
phenomenon has already been observed in the past [7–9,12]
and is mainly due to bubbles formed during depolymerisa-

tion of PMMA [8]. The time delay and duration of this peak
release phenomenon were determined using a high-definition
camera and are presented in Table 3. The delay of occurrence is

e PMMA, residual alumina particles could be easily identified in the sample holder
e visible traces of alumina powder.

aphs on the left side show the sample during thermal degradation (red colouration
peak release (white dust devils at the polymer surface). (For interpretation of the
rticle.)



Fig. 7. Al2O3 release rate (% per hour) as a function of time since application of heat flux for PMMA.

nction

c
w
t
i
(
d
fi
i
b

(
i
o
o
c
t
a
l
(
fi
a

a
(
a
o
a
m

Fig. 8. Al2O3 release rate (% per hour) as a fu

learly highly dependent on heat flux and contaminant particle size,
hereas the duration is only dependent on heat flux. Considering

he results given in the PhD thesis of Fernandez [10], we present
n Fig. 6 the correlation between the duration of the peak release
DTpeak) and the heat flux applied to PMMA contaminated with a
eposition of 1 mg/cm2. We also propose in this figure an empirical
tting of these results, similar to the one observed between PMMA

gnition time and heat flux [21], with a = 3.5 × 10−3 m2/kW s1/2 and
= 9.7 × 10−3 s−1/2.

In the same manner, the evolution of the aerosol release rate
ARR) as a function of time after application of heat flux is presented
n Fig. 7 for PMMA. In agreement with visual observations previ-
usly described, the ARR slightly increases just after the beginning
f the test and, after this peak release period, does not denote a spe-
ific trend of evolution. For non-flaming experiments (25 kW/m2),
he ARRs are similar at the beginning of the test for both MTU110
nd SPM102, but after 300 s the ARRs of SPM102 are significantly
ower than those measured for MTU110. For flaming experiments
45 kW/m2), the ARRs appear to be higher for MTU110 during the
rst 80 s prior to ignition (mainly during the peak release period)
nd are similar during combustion.

In contrast with PMMA, no peak release was identified for PC
nd no specific trend was noticed during the test for each heat flux
see Fig. 8) and data scatter over two orders of magnitude denoting

non-constant airborne release for this fuel. Beyond this scatter,

ne could mention that the intumescing behaviour of PC is not
reproducible phenomenon and represents a significant experi-
ental limitation and source of data scattering. Furthermore, the
of time since application of heat flux for PC.

evolution of airborne release as a function of time after application
of heat flux is not significantly affected by the size of the contami-
nant particles.

Fig. 9 presents the evolution of the ARR as a function of mass
loss rate for PMMA (left) and PC (right). For PMMA, no specific
trend of ARR could be observed as a function of mass loss rate. This
result is not in agreement with previous results [12] for vertically
oriented samples contaminated with CeO2 particles, since these
authors identified a significant increase in ARR as mass loss rate
increases. On the other hand, no specific trend has been reported
for PC, and the ARR appears to be independent of the mass loss rate
of the polymer.

4.3. Particle resuspension fractions

One of the most useful parameters for describing the release
of aerosols is the airborne release fraction ARF. This parameter
is determined using the aerosol mass released during every test
according to the mass of particles deposited. Mean values of ARF
for each fuel were computed (including losses correction accord-
ing to Section 2.2) as a function of heat flux and size distribution.
The results are presented in Table 4. Considering the mean values
presented in Table 4, Fig. 10 shows the ARF obtained respectively
for PMMA and PC as a function of heat flux.
In agreement with previous results [7,10], heat flux does not
appear to be a significant parameter and only slight discrepancies
(which are not significant according to experimental uncertain-
ties) on ARF could be observed between flaming and non-flaming



Fig. 9. Al2O3 release rate (% per hour) as a function o

Table 4
Airborne release fractions obtained for aluminium oxide particles on PMMA and PC
(standard deviation in brackets computed from values obtained during 3 similar
experiments, 95% of confidence with k = 2).

Fuel Contaminant Flux (kW/m2) ARF (%)

PMMA SPM102 25 2.1 (0.6)
45 2.7 (0.1)

MTU110 25 11.4 (4.9)
45 12.2 (6.2)

PC SPM102 35 6.8 (3.9)
50 5.8 (2.6)
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of the proposed correlations for the duration of the peak release
and the time required to reach a specific PMMA surface temper-
MTU110 35 3.9 (2.8)
50 3.2 (0.8)

onditions. However, it should be pointed out that few results are
vailable in the literature regarding the effect of heat flux on ARF.
inally, Fig. 10 demonstrates that ARF reported for flaming or non-
aming conditions, for the two diameters studied and for the two
olymers, are not statistically different.

On the other hand, Fig. 11 presents the evolution of ARF as a
unction of physical particle diameter. The experimental results
resented in Fig. 11 only concern horizontally oriented samples
nd are derived from both the present study and previous studies
7,12,13]. According to this figure, it is obvious that the physical
iameter of the contaminant particles could be considered as a sig-

ificant parameter but with varying impact depending on the type
f polymer.

For PC, our results show a slight increase in the ARF as the phys-
cal diameter increases. Nevertheless, we were not able to identify

Fig. 10. ARF as a function of heat flux.
f mass loss rate for PMMA (left) and PC (right).

other results from the literature with the same fuel and further
investigations are needed on the effect of particle diameter on ARF
associated with polycarbonate.

On the other hand, PMMA has been studied by several authors
[7,12,13] and under different conditions allowing us to identify a
significant decrease in ARF as a function of particle diameter.

5. Discussions

The main discrepancies between PMMA and PC can be summa-
rized in the form of release kinetics. For PMMA, a peak release rate
could be identified while for PC the release rate is not significantly
higher at the beginning of thermal degradation. This discrepancy is
mainly due to bubbles formed during depolymerisation of PMMA.
In this situation, and for a temperature ranging from 180 ◦C to
210 ◦C, the energy generated due to bubble bursting at the sur-
face of the polymer is enough to counteract the adhesion forces
and thereby to release particles in the gas phase. Therefore, the
evolution of the duration of the peak as a function of heat flux
(see Fig. 6) could be explained by the time required for the PMMA
to reach the upper critical temperature of 210 ◦C [8,9], for which
the bursting pressure of bubbles formed is too low to extract par-
ticles from the PMMA surface. Fig. 6 also presents a comparison
ature [25]. In the case considered here, fairly good agreement is
obtained between our results and the time required to reach a

Fig. 11. Evolution of ARF as a function of physical diameter for horizontal PMMA
and PC.
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during the thermal degradation of contaminated organic materials present in
nuclear installation). In French. PhD Thesis, Université de Savoie. Rapport CEA-
emperature of 275 ◦C, which is slightly lower than the ignition
emperature reported for PMMA on a cone calorimeter [21] but
n good agreement with the temperature range (250–275 ◦C) cor-
esponding to the first step of mass loss of the polymer determined
y thermogravimetric analysis (ATG) [25]. Nevertheless, it must
e noted that, according to the results presented here, the PMMA
urface temperature corresponding to the peak release rate is sig-
ificantly higher than the critical temperature of 210 ◦C reported by
revious authors [8,9]. To our knowledge, the present quantifica-
ion of time appearance and duration of this phenomenon has never
efore been published and despite its empirical character, this fit-
ing makes it possible to easily predict the duration of this peak
elease.

On the other hand, the uncertainties and scattering of results
ssociated with the ARR measurements obtained during each
xperiment make it difficult to draw any conclusions on the evo-
ution of ARR as a function of time or, as reported by [12], as a
unction of mass loss rate. Nevertheless, it should be noted that
n the present case (and in contrast to [12]), the samples are hor-
zontally oriented and, consequently, the release of particles due
o convective fluxes and fire plume is less pronounced than for a
ertical orientation. Direct measurement of ARR by Laser Induced
reakdown Spectroscopy [26] will be implemented on our test
ench to measure its evolution in near real time and to accurately
escribe the aerosol release kinetics during the first moments of the
xperiment.

Regarding the ARF, our experimental results demonstrate that,
or our conditions, the heat flux is not a significant parameter. Nev-
rtheless, this conclusion is supported only by two fluxes for each
olymer and further investigations are needed to confirm the low
ependency of ARF as a function of heat flux. One interesting point
f investigation will be to determine a potential critical heat flux
in contrast with the thermal critical heat flux of 11 kW/m2 and
5 kW/m2 respectively for PMMA and PC [27]) corresponding to
ignificant airborne release.

The last point of discussion deals with Fig. 11 and evolution of
RF as a function of geometric particle diameter. Considering the
urely aeraulic entrainment of micronic particles, several authors
ave pointed out that ARF due to air flow increases with increasing
hysical diameter [16,17]. According to these authors, this evolu-
ion is explained by drag/lift and balancing adhesive forces (Van der

aals, capillarity, electrostatic and gravity). Assuming only air flow
tress, it is obvious that a particle with a physical diameter of 10 �m
s more easily released than a 1 �m one. Nevertheless, our experi-

ental results do not support this evidence and other phenomena
ould be suspected for counteracting this aeraulic entrainment,
uch as settling inside melted polymers, bubble bursting, surface
ension, etc. Beyond these remarks, another point of discussion
emains regarding the particle size distribution of the released
erosol. In the present work we have assumed the size distribution
f the airborne released fraction to be similar to the deposited one.
urthermore, in the case considered here, the particles deposited on
he polymer surface show a broad size distribution and the evolu-
ion of ARF as a function of physical diameter must therefore be
nterpreted with caution. Nevertheless, this point needs further
nvestigation regarding complex phenomena at particle/polymer
nterface and some technical improvements for depositing particles
t the polymer surface with a narrow size distribution and measur-
ng size distribution of the resuspended particles. As an example,
uture research will be conducted for particles with physical diam-
ters in the range 0.1–1 �m and beyond 10 �m. An experimental
escription of the bubbling phase inside melted polymer is cur-
ently in progress and will be used to validate a theoretical model
ecently developed [28] and to quantify the effect of bubble burst-

ng on the release of airborne particles at the burning polymer
nterface.

[

6. Conclusions

The results presented here show that the release of micronic
particles deposited on PMMA mainly occurred during the first
instants of pyrolysis and that a peak release was observed, in agree-
ment with previous authors. One of the main contributions of this
study remains the relationship between the duration of this peak
and the heat flux applied to PMMA samples. Despite this correla-
tion, the heat flux does not appear to influence the airborne release
fraction and the results obtained are in agreement for non-flaming
and flaming conditions. At the same time, ARF could be linked to the
characteristic size of the contaminant particles. Our results agree
well with previous results and we can conclude that the release of
particles deposited on PMMA samples is a threshold phenomenon.

In contrast to PMMA, we were not able to identify a peak release
for PC and the aerosol release rate did not evolve as a function of
time or heat flux. In the same way, the contaminant particle size is
a significant parameter and ARF tends to increase as the physical
diameter of the contaminant particles increases. By comparing this
evolution with that obtained for PMMA, the ARF obtained for PC
and for particles with diameter smaller than 1 �m is lower than for
PMMA while it is higher for Dp larger than 1 �m.

Beyond the discrepancies observed between PMMA and PC, the
key issue is the description of particle behaviour located at the
surface of thermally degraded polymers. It is well known that
PMMA and PC exhibit significantly different fire behaviours, on
one hand PMMA forms bubbles during its thermal degradation
whereas the intumescence of PC tends to increase its internal
porosity and volume during thermal degradation. Further investi-
gations are currently in progress to link the theoretical description
of thermal degradation of polymers with the physical and chemical
behaviour of particles at particle/polymer interface. The obser-
vation of released particles will be also performed by electronic
microscopy in order to describe potential interactions between
contaminant particles and thermally degraded PMMA and PC.
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