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EXECUTIVE SUMMARY

The results of this study demonstrate that a one-dimensional numerical pyrolysis model called
ThermaKin, which was developed by SRA International, Inc. and the Federal Aviation
Administration, can be used to predict the outcome of gasification and cone calorimetry
experiments performed on a noncharring polymer. The predictions require the knowledge of
chemical (decomposition kinetics and thermodynamics), thermal (density, heat capacity, and
thermal conductivity), and optical (reflectivity and absorption coefficient) properties of the
material. Most of these properties can be measured in milligram-scale laboratory tests or
calculated from molecular structure. This work represents the first step toward development of a
comprehensive computational methodology for assessment of the impact of ultra-fire-resistant
materials and material substitutions on the likelihood of an in-flight fire and the severity of a
post-crash fire.
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INTRODUCTION

It has been demonstrated by a number of studies [1-3] that a numerical pyrolysis model can be
used effectively to analyze relationships between the fundamental physical and chemical
properties of a polymeric material (synthetic or natural) and its gasification behavior. In a
typical application, the model, which includes transient heat transfer coupled with simplified
decomposition chemistry, is used to compute the mass loss rate (MLR) from a one-dimensional
material object exposed to external heat. This study extends the previous work by providing a
thorough examination of whether such a model can be employed as a practical tool for prediction
and/or extrapolation of the results of fire calorimetry experiments.

The focus is on noncharring polymers, in particular—poly(methylmethacrylate) (PMMA), high-
impact polystyrene (HIPS), and high-density polyethylene (HDPE). First, thermal, optical, and
chemical properties of these materials were measured and/or obtained from the literature. An
effort was made to perform an accurate and comprehensive characterization of each material.
Subsequently, these materials were subjected to a series of gasification [4] and cone calorimetry
[5] tests. The cone calorimetry experiments (which are used to measure the heat release rate
(HRR) by a burning material) were performed under a broad range of conditions. The external
heat flux was varied between 23 and 75 kW m?; the initial sample thickness was varied between
3.0x10° and 2.9x10° m. In some experiments, the measurement of HRR was accompanied by
the measurement of temperature inside the material sample.

A one-dimensional numerical pyrolysis model called ThermaKin was used to simulate these
tests. ThermaKin is a flexible computational framework that solves energy and mass
conservation equations, which are formulated in terms of rectangular finite elements. A material
is represented by a set of components, which may undergo chemical and physical interactions.
The number of components and the number and nature of their interactions is dictated by the
availability of the quantitative information on the processes that take place inside the material.
In the current study, the descriptions of PMMA, HIPS, and HDPE were formulated on the basis
of the information that was obtained from the property measurements. The initial and boundary
conditions were set to match the conditions of the gasification and cone calorimetry experiments.
A description of the model setup, which includes an outline of the key processes that were
modeled, is given in the next section. A detailed description of ThermaKin, including its
mathematical formulation and numerical algorithms, can be found in references 6 and 7.

MODELING

Within the ThermaKin framework, each polymer was represented by 3 or 4 components.
Physical properties of a polymer below and above the solid-liquid transition temperature (Trans)
were described by components S and L, respectively. Components G and C represented the
products of polymer decomposition. The components were linked by the following first order
reactions:

S > L (1)

L - S )



L > G+ C 3)

Above Tyans, the rate of reaction 1 was defined by 1 s™ rate constant. Below Tgans, the rate was
set to 0. The opposite was true for reaction 2. This reaction took place (with the rate constant of
1 s) when the temperature fell below Tyans. In the case of PMMA and HIPS, reaction 1 and 2
were used to simulate an apparent glass transition. The rate constant was chosen in such a way
that, on the time scale of the simulations, this transition was essentially instantaneous. In the
case of HDPE, these reactions were used to simulate melting and crystallization. The heat of
reaction 1 was assigned the heat of melting (reported below). The heat of reaction 2 was
assigned the same value of heat with the opposite sign (for PMMA and HIPS, the heats of
reaction 1 and 2 were set to 0).

The rate constant of reaction 3 (kp) was defined by the Arrhenius expression:

E
kp = Aexp(— ﬁj 4)

where A is the pre-exponential factor; E is the activation energy; R is the gas constant; and T is
temperature. The thermodynamics of this reaction was defined by the heat of decomposition,
which was the sum of the heat of formation and heat of vaporization of decomposition products.
PMMA and HDPE decomposition products were represented by one component, G. HIPS
decomposed to 98% (by mass) of G and 2% of C. Component C was used to represent the
nonvolatile residue that this polymer produced during the gasification and combustion. Both G
and C were assigned the same physical properties as component L. G was the only component
that was designated as a gas, which means that it can undergo mass transfer. In ThermaKin,
mass transfer is driven by a concentration gradient and defined by the gas transfer coefficient.
The value of this coefficient was set sufficiently high (1x10° m? s* for all components
representing a polymer) to ensure that the flux of G out of a material object was always equal to
the rate of its production inside the object. In other words, the mass transfer was made so fast
that it had no effect on the rate of mass loss. Under these conditions, the concentration of G
inside the object was always negligible.

The primary mode of energy transfer inside all materials was conduction. In-depth absorption of
the radiative energy flux from the flame and/or external heater was also taken into account by
using the random absorption algorithm [6 and 7]. In this algorithm, a random sampling
(performed at the frequency of 1 per time step) is used to distribute the energy inside a one-
dimensional object in accordance with the assumption of exponential attenuation (Beer-Lambert
law). The emission (loss) of radiative energy is also computed using this sampling, which means
that, at any given time, the object absorbs and emits radiation at/from the same depth. In the
current setup, all components representing a given polymer were assumed to have identical
absorption coefficients and emissivities. The emissivities were calculated as 1 minus
reflectivity.



The one-dimensional objects that were used to model the gasification and cone calorimetry
experiments consisted of two layers. The top layer, which represented a polymer sample, was
initially composed of component S. The initial thickness of this layer was taken to be equal to
the initial sample thickness. The bottom layer consisted of component U that represented an
insulating material used in the experiments. This component was assigned the thermal properties
of Foamglas® (used in the gasification tests) or a Kaowool™ blanket (used in the cone
calorimetry). Their densities (p), heat capacities (c), and thermal conductivities (k), which were
obtained from the manufacturers, are listed in table 1. To simulate the presence of aluminum foil
between the sample and insulator, the gas transfer coefficient and emissivity of component U
were set to 0. The insulating layer was specified to be 0.013 m thick. Doubling the thickness
did not produce any significant changes in the results of the simulations. The initial temperature
of both layers was always set at 298 Kelvin (K).

Table 1. Properties of Insulating Materials

p c k
Material (kg m?) (J kg™ K™Y (Wm™ K™
Foamglas 120 840 0.08"
Kaowool blanket 48 800° 0.08"

This value was estimated from the material composition (50% of silica and 50% of alumina).
® This value was measured at about 500 K.

The top surface of the objects was specified to have no resistance to the outward gas flow. The
surface was exposed to the same radiative external heat flux (EHF) that was measured in the
corresponding experiment. In the case of cone calorimetry, the radiative heating that took place
before ignition was accompanied by convective cooling. The convection was defined by a
convection coefficient of 8.2 Wm™? K™ and an outside temperature of 298 K. The value of the
coefficient was obtained by using a formula for the natural convection from a horizontal plate in
air [8]. The plate had the dimensions of the cone calorimetry specimen holder (0.115 x 0.115
m). The temperature of the plate was taken to be 484 K, which is half way between the room
temperature (298 K) and the mean of the experimental top-layer temperatures (reported below).
The bottom surface of the objects was defined to be completely impenetrable to heat and mass
flows.

The energy and mass conservation equations were solved by subdividing the objects into
5x10™ m thick elements and using a 0.01 s time step. Reducing these integration parameters by
an order of magnitude did not produce any significant changes in the results of the simulations.
MLR histories were obtained by recording the mass flux of component G out of the top surface.
In the simulations of the cone calorimetry tests, MLR was converted to HRR by multiplying it by
the corresponding mean value of the total heat released (reported below). An ignition of the top
surface was specified to occur when HRR exceeds 10 kW m™ (this value of the threshold gave
the best agreement between the times to ignition determined from experimental HRR histories
and the corresponding times of appearance of a sustained flame recorded by an operator). The



flame was modeled by turning off the convective cooling and adding a constant radiative heat
flux onto the surface.

EXPERIMENTAL

PROPERTY MEASUREMENTS.

DENSITY. The polymers used in this study were provided in the form of large (approximately
2m x 1 m) sheets, which were about 6x10° m thick. The information on the polymers is
summarized in table 2. Room temperature densities were determined by measuring dimensions
of 0.1 kg to 0.2 kg rectangular pieces of these materials. The densities of PMMA, HIPS, and
HDPE were found to be 1200 kg m™, 1030 kg m™, and 960 kg m™, respectively. Literature
density data [9] for PMMA, polystyrene (PS), and HDPE are plotted in figure 1 (points) as a
function of temperature. The literature values at room temperature are within 2% of those
measured in this work. On the basis of this agreement, it was assumed that the literature data
provide a sufficiently accurate description of the variation of density with temperature for the
materials under study.

Table 2. Polymers Used in This Study

Polymer | Color Manufacturer Trade Name
PMMA | Clear | Atofina Chemicals, Inc. Plexiglas G®
HIPS White | Westlake Plastics Company | HIPS
HDPE | White | Poly Hi Solidur, Inc. HD Natural SR
1300
¢ PMMA
BE 2 o PS
2 4 HDPE
1100 F
bz
oen 1000 E
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Q
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Figure 1. Polymer Densities



The density data were reduced by fitting them with linear functions:

P=po+pT (5)

In the case of HDPE, it was assumed that below its 407 K melting point the density is constant.
The melting point of HDPE was determined in a previous work [10]. The results of the data
reduction are shown as lines in figure 1. The parameters of the fitted functions are given in
table 3.

Table 3. Parameters (of equation 5) Describing Temperature Dependence of Density

Temperature Po P1
Polymer Range (kgm?®) | (kgm3K?
PMMA - 1380 -0.60
HIPS - 1210 -0.53
HDPE T<407 K 950 0
T>407 K 1010 -0.56

HEAT CAPACITY. The heat capacities of PMMA, HIPS, and HDPE were measured in a
previous study [10] using differential scanning calorimetry. The results of those measurements
were expressed using a piecewise linear function:

|

The parameters of this function, which were converted to be used with temperature in K, are
listed in table 4. Among the three polymers, melting was detected only for HDPE. The heat of
melting (which took place at Tyans = 407 K) was determined to be 2.2x10° J kg™,

Cso t CSlT ’ T <Ttrans
Cot CLlT ) T 2Ttrams

(6)

Table 4. Parameters (of equation 6) Describing Temperature Dependence of Heat Capacity

Cso Cs1 Tirans CLo CL1
Polymer | Jkg ' K?) | Okg'K?) | (K) | Qkg' K" | (kg'K?)
PMMA -1330 8.6 403 1120 2.4
HIPS -660 6.4 421 1710 0.7
HDPE -1040 9.0 407 370 5.1

THERMAL CONDUCTIVITY. Thermal conductivity was measured using a Thermoflixer™
apparatus (SWO Polymertechnik GmbH), which is based on the transient line source method
[11]. A bubble-free sample of polymer melt was obtained by repeatedly inserting and
compressing small amounts of polymer into a cylindrical sample container (0.010 m in diameter
and 0.025 m in length). The container was located in the center of a temperature-controlled
oven. A thin probe containing a heater wire and thermocouple was inserted along the axis of the




container into the molten sample. Thermal conductivity was determined from a small (2 to 5 K)
change in the probe temperature that occurred within the first 10 s of power output from the
probe heater. The measurements were performed in the temperature range between 315 K and
the stability limit, which was set to be 50 K below the temperature at which the polymer begins
to loose mass (the mass loss information was obtained from the thermogravimetric analyses
described below).

The results of the measurements are shown as points in figure 2. For PMMA, the thermal
conductivity is significantly lower than the values reported in the literature [12], 0.19 W m™ K™
at 273 t0 323 K and 0.25 W m™ K™ at 373 K. For HIPS, the near room temperature values agree
with those measured by Zhang, et al. [13] for PS (0.16 W m™ K™ at 305 to 510 K). However,
these authors do not observe a substantial increase in the thermal conductivity with increasing
temperature present in the current data. For HDPE, it is the midrange data, measured at 370 to
440 K, that demonstrate a reasonable agreement with the value of 0.22 W m™ K™ reported by
Zhang, et al. (for polyethylene of unspecified density, in the same temperature range). For low
temperatures (315 to 350 K), the thermal conductivity of HDPE measured here appears to be
significantly lower than the value of 0.31 W m™ K™ observed by these authors (at 320 K).
Discrepancies of similar magnitude between the data obtained by different laboratories were
reported in earlier publications [13 and 14] (and were explained by the sensitivity of the thermal
conductivity to subtle variations in the polymer structures).

0.4—0_""|'-'-|-"'|""|""|""|IIII
o PMMA
035 o HIPS
A  HDPE
~ 030 f
¥
‘s 025
=
< 020 f
0.15 |
010" : : : : : :
300 350 400 450 500 550 600 650

T (K)

Figure 2. Thermal Conductivities



The thermal conductivity data obtained in this work were reduced by fitting them with a
piecewise linear function of temperature:

k ={ kSO + kSle T<Ttrans (7)
kLO + kLlT, T 2Ttrans

The fits are shown as lines in figure 2; the parameters are listed in table 5. Tians Values used in
these fits are those obtained from the heat capacity measurements.

Table 5. Parameters (of equation 7) Describing Temperature Dependence of
Thermal Conductivity

kSO kSl Ttrans kLO kL1
Polymer | Wm*K?") | Wm*K? | (K) | Wm?K?Y | (WmtK?
PMMA -0.01 4.7x10* 403 0.01 4.0x10*
HIPS -0.02 5.5x10* 421 0.20 0.6x10*
HDPE 0.15 1.1x10™ 407 0.08 4.2x10*

REFLECTIVITY AND ABSORPTION COEFFICIENT. The interaction of a polymeric
material with a flux of infrared radiation can be described by two parameters, the reflectivity (r)
and absorption coefficient (o). In general, these parameters strongly depend on the radiation
wavelength and may also depend on the material’s temperature. Capturing these dependencies
leads to a complex radiative energy transfer model that requires a lot of experimental data, which
are not readily available. The studies by Hallman, et al. [15] and Tsilingiris [16] represent rare
attempts to provide a simplified quantitative description of this interaction. In the former study,
wavelength-dependent reflectivities measured for several common plastics were averaged over
emissive power distributions of a blackbody at several temperatures. The average reflectivity
values corresponding to the materials used in the current study are listed in table 6. These values
were obtained for a blackbody temperature of 1000 K, which is the closest match to radiant
heater temperatures used in the burning rate measurements (described below).

Table 6. Parameters Describing Absorption of Radiative Heat

(04
Polymer | r (m™)
PMMA 0.15 2700
HIPS 0.14 | 2700°
HDPE 0.08 1300

2 This value is a crude estimate.

Tsilingiris performed calculations of the total transmissivity (t) of 5x10°- to 5x107%-m-thick
polymer films to blackbody radiation. The author also provided an expression (based on the
assumption of exponential attenuation) that relates the transmissivity and absorption coefficient:



o 2 In(1—|r) —Int

(8)

where | is the polymer film thickness. This expression (together with the average reflectivities
determined by Hallman, et al.) was used to calculate the absorption coefficients listed in table 6.
The transmissivity data used in these calculations were obtained for a blackbody temperature of
873 K, which was the highest temperature used in the study by Tsilingiris. HIPS was not among
the materials analyzed in that study. Here, it was assumed that the absorption coefficient for this
polymer is equal to that of PMMA.

DECOMPOSITION KINETICS AND THERMODYNAMICS. The kinetics of polymer
decomposition was studied using a Mettler Toledo TGA/SDTAB851° thermogravimetric analyzer.
Polymer samples of 2x107° to 5x10° kg were heated from 373 to 1003 K at the rate of 0.05 K s,
0.17 K s, and 0.5 K s™. The experiments were conducted in a nitrogen atmosphere (the sample
compartment was continuously purged with 6x10”" m® s of ultra-high purity nitrogen). The rate
constants of decomposition (which was assumed to be a first order reaction) were calculated by
numerical differentiation of mass loss data:

Am

kD B (mres - m)At ®)

where m is the current mass; Am is the change in this mass during a short time At; and my is the
residual mass at the end of experiment. The rate constants (calculated using At = 3 s) are plotted
in Arrhenius coordinates in figure 3.
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For PMMA and HIPS, the rate constants can be fit reasonably well by the Arrhenius expression
(equation 4). The pre-exponential factors and activation energies obtained for these polymers
are listed in table 7. For HDPE, the rate constants show a systematic dependence on heating
rate. One possible explanation of this dependence is that the mass loss is partially controlled by
the rate of delivery of heat into the sample, which means that, during the decomposition, the
sample does not keep up with the set heating rate. The results of an additional
thermogravimetric experiment performed at 0.017 K s™ support this explanation. These results
show that when the heating is sufficiently slow (0.05 to 0.017 K s™), the heating rate dependence
becomes insignificant (see figure 3). Therefore, the Arrhenius parameters for the decomposition
of HDPE, which are listed in table 6, were determined by fitting only the low heating rate data
(which, presumably, are not affected by heat transfer).

Table 7. Parameters Describing Decomposition Reactions

A E ho hc
Polymer | (s @mol™ | (@kgh | (@kgh
PMMA | 85x10% | 1.88x10° | 8.7x10° | 2.41x10’
HIPS 1.2x10% | 2.47x10° | 1.0x10° | 3.81x10’
HDPE 4.8x10%% | 3.49x10° | 9.2x10° | 4.35x10’

The heats of the decomposition reactions (hp) were measured in a previous study [10]. They are
listed in table 7. Also listed in table 7 are the heats of combustion of volatile decomposition
products (hc). Note that, unlike hp, positive hc represents an exotherm. Both hp and hc were
normalized by the initial sample mass. The heats of combustion were determined using a
microscale combustion calorimeter operating in the controlled thermal decomposition mode [17].
The pyrolysis was performed in a nitrogen atmosphere by heating a small (2x10° to
4x10°® kg) sample of material from 373 to 1173 K at the rate of 1 K s™. Under these conditions,
PMMA and HDPE volatilized completely, while HIPS produced 2% (of the initial sample mass)
of nonvolatile residue. In the thermogravimetric experiments described above, all materials left
behind small amounts, 1% to 4%, of residue.

UNCERTAINTIES IN PROPERTIES. The uncertainties in property values were determined
from the scatter of the data and expressed as +2 normalized standard errors (the standard errors
were normalized by the corresponding values of the mean). The uncertainties in reported heat
capacities, the heat of melting, heats of decomposition, and thermal conductivities were
determined to be £15%. The uncertainty in densities is £5%. The uncertainties in the heats of
combustion and activation energies are less than £3%; the uncertainty in the Arrhenius pre-
exponential factors is around +50%. The uncertainties in reflectivities and absorption
coefficients could not be determined because of the lack of the necessary information in the
corresponding literature sources. Crude estimates of these uncertainties are +20% and +50%,
respectively.
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BURNING RATE MEASUREMENTS.

SAMPLE PREPARATION. Polymer samples were prepared by compression-molding of one or
several 0.1 m x 0.1-m-square pieces that were cut from supplied 6x103-m-thick sheets. The
pieces were laid on top of each other inside a square (0.105 x 0.105 m) metal mold and
subjected to 2x10° to 5x10° kg of load, which was applied from the top. To soften the polymers,
the compression was performed at elevated temperatures. HIPS and HDPE were compression-
molded at 423 K. A somewhat higher temperature of 453 K was used for PMMA. After the
compression was complete, the samples were cooled to room temperature, removed from the
mold, and cut to 0.101- x 0.101-m or 0.080- x 0.080-m squares. The former size was used for
cone calorimetry, the latter for gasification experiments. The samples were made in three
thicknesses: thick, medium, and thin. The thick samples were 0.024 to 0.029 m; the medium
samples were 7.7x10° to 9.4x10° m; and the thin samples were 3.0x10° to 3.4x10° m. The
thickness variation within a single sample was less than 10%. No further conditioning of the
samples was carried out.

CONE CALORIMETRY. The heat released by burning polymers was measured using a cone
calorimeter built by Fire Testing Technology Limited. The standard setup, calibration, and
measurement procedures [5] were followed. Polymer samples were mounted horizontally, using
a specimen holder with the edge frame. The bottom of the holder was lined with a 0.013- to
0.025-m-thick Kaowool blanket (see table 1 for its properties), which rested on top of the
0.025-m-thick Kaowool M board. The bottom and sides of each sample were wrapped with
2x10°-m-thick aluminum foil. The HRR calculation was based on the measurement of oxygen,
carbon monoxide, and carbon dioxide concentrations in dried exhaust gas.

The only deviation from the standard was in the distance between the bottom surface of the cone
heater and the initial position of the top surface (face) of a polymer sample. This distance was
set at 0.038 m (instead of 0.025 m specified in the standard). This was done to accommodate
charring polymers that expanded during the tests. The results obtained for the charring polymers
will be the subject of a separate future technical note. As a consequence of the distance
adjustment, the gap between the face of a sample and a spark plug, which was used to ignite the
sample, increased to 0.020 m (0.013 m is specified in the standard).

During the heat release measurements, EHF (provided by the cone heater) was set at 25, 50, or
75 kW m. These settings, which approximately correspond to the heater temperatures of 860,
1040, and 1170 K, were obtained using a flux meter positioned at a location equivalent to the
initial position of the center of the sample face. To understand whether these flux values provide
an accurate representation of the external heat fluxes experienced by the samples during the
tests, the following experiments were carried out. First, the flux meter was shifted horizontally
from the central position in four different directions, as shown in figure 4. While this revealed 1
to 2 kW m? deviations from the set heat flux of 50 kW m™, the mean value for the off-center
measurements was found to be the same as the flux measured at the center. Next, the flux meter
was lowered by 0.01 m and the measurement of the off-center fluxes was repeated. In that case,
the mean of the fluxes was found to be 92% of the set flux. The presence of the edge frame did
not have a significant effect on these measurements.
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Figure 4. Heat Flux Measurements

Based on these observations, it was concluded that no correction was needed for EHF
experienced by thin samples. Thick-sample EHF were corrected by a factor of 0.92 because,
during the tests, the sample faces averaged about 0.01 m below their initial position. For
medium samples, faces that averaged 4x10® m below their initial position used a proportionally
smaller correction reflected in the correction factor of 0.97. All EHF values reported below
(with the exception of those describing gasification experiments) have been corrected by the
corresponding factors.

The heat release measurements performed at 49 kW m? of EHF on the samples of medium
thickness were accompanied by temperature measurements. A hand-held probe was used to
measure the temperature of the top layer of a burning sample (Twp). The measurement was
performed by submerging the tip of the probe into the polymer melt, as shown in figure 5. An
effort was made to hold the thermocouple bead (which was about 1x10 m in diameter) as close
as possible (but still below) the top surface of the sample. During each measurement, the probe
was kept submerged for 25 s. The temperature value was obtained by averaging the readings
collected during the last 17 s. The temperature of the sample bottom surface (Tyottom) Was also
measured. A bead of type K thermocouple was attached to this surface (near its center) with a
small piece of fiberglass tape. The temperature signal from this thermocouple was collected
continuously throughout the heat release measurement.

Ceramic Tube

Type K Thermocouple

41:‘41.5><103 m

0.015m Sample

Figure 5. Measurement of the Top-Layer Temperature
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GASIFICATION EXPERIMENTS. A gasification apparatus, somewhat similar to a cone
calorimeter, was used to measure the rates of mass loss from polymer samples exposed to radiant
heat. The apparatus, which was designed and constructed at the National Institute of Standards
and Technology, consists of a load cell located in a sealed stainless-steel cylindrical chamber
that is 1.70 m tall and 0.61 m in diameter. The heat flux is provided by a large (0.30 m in
diameter) cone-shaped heater. The flux is controlled by adjusting the distance between the
sample and the heater, which is held at a constant temperature of 1023 K. To maintain a
negligible background heat flux, the interior walls of the chamber are painted black and water-
cooled to 298 K. The tests were conducted in a nitrogen atmosphere, which removed any
potential effects of the gas phase or surface oxidation on the gasification processes. A detailed
description of the apparatus and testing procedures is given in reference 4.

Only the medium thickness samples of were used in the gasification experiments. The bottom
and sides of each sample were wrapped with aluminum foil. The samples were positioned
horizontally on the top of a 0.025-m-thick block of Foamglas insulation (see table 1 for its
properties), which rested on the load cell. During the experiments, the faces of the samples were
exposed to a constant EHF of 52 kW m.

RESULTS

Every polymer studied in this work has exhibited some aspects of gasification behavior that may
have affected the consistency of the experimental observations. A layer of foam that formed on
the top of PMMA samples during gasification and combustion interfered with the top-layer
temperature measurements. In some HIPS and HDPE cone calorimetry tests, a thin, black film
formed on the top surface before ignition. The formation of the film, which occurred in less than
50% of the tests, was not repeatable and could not be associated with an exact set of conditions.
In the case of HIPS, the film formation was also observed in the gasification apparatus. All
experiments involving HDPE were accompanied by spattering and splashing of the polymer
melt. This behavior resulted in a significant loss of sample in some cone calorimetry tests
(further discussion of the impact of this behavior on the test results is given below). Despite the
presence of the edge frame, thin samples of all polymers warped and formed bubbles early in the
experiments. The samples usually regained their shapes around the time of ignition.

GASIFICATION.

The MLR versus time dependencies obtained from the gasification experiments are shown as
open circles in figure 6 (this figure also contains the results of modeling, which are discussed
below). The MLR of PMMA and HIPS have similar shapes. The MLR of HDPE behaved
somewhat differently; it increased steeply toward the end of test. This increase may be caused
partially by the inability of the aluminum foil wrap to contain the sample. The photographs of
the sample taken in the beginning and end of this test show an expansion of the top-surface area
by about 10%. This expansion is not taken into account in the calculation of MLR, which is
normalized by the initial area of the sample face. No significant expansion of the top surface
was observed in the PMMA or HIPS gasification experiments.
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CONE CALORIMETRY.

The HRR histories obtained from the cone calorimetry experiments are shown as open circles in
figures 7, 8, and 9 (these figures also contain the results of modeling, which are discussed
below). One significant difference between the shapes of the gasification MLR and cone HRR
profiles obtained under similar conditions (medium thickness, EHF ~ 50 kW m™) is the presence
of an extended shoulder on the right-hand side of HRR maxima. This shoulder, which is most
evident in the cone calorimetry data obtained for thin samples, was caused by a slow burning of
the residual material located under the edge frame lip.

600

600

Thin PMMA Medium PMMA
sp0 | EHF = 25 kW m” 8RO, - ] s00 | EHF = 24 kW m*

400 400

-

= 300 f = 300 f
= =
§ 200 F § 200 F
100 f 100 f
04 04 b
0 100 200 300 400 500 0 200 400 600 800 1000
1(s) 1(s)
500 . ' .
Thick PMMA
EHF =23 kW m™
400 |
‘= 300 F
= 3
= B
~ 200 |
4 :
100 | 2 L
0 --

1500 2000 2500 3000

1(s)

0 500 1000

Figure 7. Results of Experimental (open circles) and Simulated (solid lines) PMMA Cone
Calorimetry Tests
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Each HRR curve was recorded with a frequency of 1 s and characterized by a set of four
parameters: peak HRR, average HRR, time-to-ignition, and time-to-peak HRR. The peak HRR
was calculated by determining the maximum value of 10 s moving average. The averaging was
used to reduce the contribution of noise in the data to the value of the peak. The time-to-peak
HRR was defined to be the time to the middle of the time interval corresponding to the peak
HRR. The time-to-ignition was defined as the time when HRR exceeds the threshold of
10 kW m™ for the first time (this value of the threshold gave the best agreement between the
times-to-ignition determined from experimental HRR histories and the corresponding times of
appearance of a sustained flame recorded by an operator).

The average HRR was obtained by integrating an HRR curve (numerically) from the time-to-
ignition to the time of the end of test and subsequent division of the integral value by the length
of the time period used in the integration. The time of the end of test was defined as the time of
the final drop of HRR below 20 kW m™. The purpose of this threshold was to cutoff the part of
the curve dominated by signal noise (which was notably higher in amplitude at the end of test
than in the beginning). In most cone tests of HIPS performed at 46 to 75 kW m, the value of
HRR stayed above the threshold even after the complete cessation of flaming. In such cases, the
time of the end of test was taken to be the time of flameout.

The parameter values characterizing the experimental HRR data are listed in table 8 (this table
also contains the results of modeling, which are discussed below). As expected, both peak HRR
and average HRR (obtained for the samples of the same material and thickness) increased with
increasing EHF. The time-to-ignition and time-to-peak HRR also show a predictable trend,
decreasing with increasing EHF. For PMMA and HIPS, the average HRR (obtained at about the
same EHF) increased with increasing thickness; HDPE data do not show this trend. The peak
HRR tends to be the highest for the medium-thickness samples. The time-to-peak HRR
increased with increasing thickness. The time-to-ignition shows the same trend at low EHF
(23-25 kW m™). On average, PMMA, HIPS, and HDPE release heat at comparable rates.
However, HDPE did tend to produce higher peak HRR.
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Table 8. Summary of the Results of Experimental/Simulated Cone Calorimetry Tests

Time-to- Time-to-
EHF Sample Peak HRR | Average HRR | Ignition Peak HRR
Polymer | (kW m®) | Thickness" (KW m?) (KW m?) (s) (s)
PMMA 25 thin 500/530 280/ 340 113/131 | 230/260
24 medium 550/ 520 340/ 340 159/210 | 640/750
23 thick 460 / 490 350/ 300 209 /251 | 2380/ 2820
50 thin 850 /980 410/ 560 43 /40 140/ 140
49 medium 990/ 950 560 / 560 44 /43 430/ 420
46 thick 890/920 600 / 540 38/48 1310/ 1290
75 thin 1180/ 1410 590/ 740 20/ 20 90/100
73 medium 1350/ 1390 780/ 800 21/21 260/ 260
69 thick 1270/ 1330 850/ 780 14723 960 /930
HIPS 25 thin 580/610 280/ 440 186 /147 | 280/260
24 medium 610 /590 310/ 450 255/354 | 740/890
23 thick 480 / 500 350/ 370 313/492 | 2420/ 2780
50 thin 900/ 960 370/ 650 49/ 46 140/ 140
49 medium 920/950 500/ 620 55/55 440/ 430
46 thick 900/ 800 580 / 550 54 /62 1440/ 1400
75 thin 1140/ 1340 440 / 840 23122 100/90
73 medium 1180/ 1290 710/830 21/24 310/310
69 thick 1050/ 1080 730/ 740 19/26 | 1000/ 1060
HDPE 25 thin 490/ 680 230/ 350 225/287 | 480/390
24 medium 750/ 680 420/ 430 530/772 | 1310/1350
23 thick 580/ 640 330/ 350 624 /1377 | 3430/ 3810
50 thin 1080/ 1430 390/ 710 60 /100 200/ 170
49 medium 1480/ 1440 660/ 700 99/124 450 /430
46 thick 1440/ 1360 610/ 640 747140 | 1490/ 1520
75 thin 1880/ 2120 520/ 940 33/51 140/ 120
73 medium 2000/ 2140 940/990 38/56 320/ 290
69 thick 2350/ 2040 910/970 39/61 1140/990

“Thin, medium, and thick are used to refer to 3.0x10° to 3.4x10° m, 7.7x10° t0 9.4x10° m, and 0.024 to 0.029 m
ranges of thickness, respectively.

To evaluate repeatability of the HRR measurements, the cone calorimetry experiments
performed on medium samples at 49 kW m™ were repeated five times. The results are shown in
figure 10. The repeatability of the HRR data obtained for PMMA and HIPS were reasonably
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good, but were poor for HDPE. The poor repeatability is likely to be closely associated with a
high mobility of the polymer melt. In each cone calorimetry experiment performed on HDPE
(including those the results of which are shown in figure 9 and table 8), a fraction of the sample
spilled onto the outer surface of the edge frame and burned. Another fraction escaped burning
by splashing upon the cover of the load cell and leaking inside the edge frame. The unburned
fraction (which was determined by collecting and weighing the material that survived the test)
varied between 4% and 16% of the initial sample mass. The only exception was the cone
calorimetry test of a thin HDPE at 25 kW m™. In this case, the unburned fraction reached 33%.
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Figure 10. Repeatability of Cone Calorimetry Experiments (The HRR histories that have already
been shown in figures 7, 8, and 9 and summarized in table 8 are depicted as solid lines.)
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The peak HRR, average HRR, time-to-ignition, and time-to-peak HRR calculated for the curves
shown in figure 10 were used to provide an estimate of uncertainties in these parameters. The
uncertainties, which were formulated to represent the minimum significant difference between
the results of two tests, were calculated by taking two standard deviations of the difference in the
value of a parameter and normalizing them by the mean of this parameter. The results of these
calculations are given in table 9. As expected, the uncertainties reflect the HRR curve
repeatability. For the experiments involving PMMA and HIPS, the uncertainties are comparable
(with the exception of the uncertainty in the time-to-ignition). For HDPE, they are considerably
higher.

Table 9. Uncertainties in Parameters Characterizing Experimental HRR Histories

Parameter
Peak Average Time-to-Peak
HRR HRR Time-to-Ignition HRR
Polymer (%) (%) (%) (%)
PMMA 17 7 12 17
HIPS 10 6 34 15
HDPE 36 28 35 45

The HRR data collected in the cone calorimetry experiments were also used to determine the
total heat released. The total heat was calculated by taking the value of the integral used in the
calculation of average HRR and normalizing it by the initial sample mass. In the case of HDPE,
the sample mass was corrected by the amount of unburned sample. The total heat obtained from

24



the experiments performed on the same material shows little scatter and has no apparent
dependence on EHF or sample thickness. The mean values of the total heat released by PMMA,
HIPS, and HDPE are 2.41x10" J kg, 2.90x10" J kg™, and 4.24x10" J kg™, respectively. The
mean value uncertainties (which were calculated as +2 normalized standard errors) are smaller
than +3%. The ratio of the total heat and h¢ (listed in table 7) provides a measure of efficiency
of the cone calorimetry gas-phase combustion process. For PMMA and HDPE, this efficiency is
close to 100%. For HIPS, it is about 75%.

The amount of residue that PMMA and HDPE left inside aluminum foil wrap after the
completion of a cone calorimetry test was always negligible. On the other hand, HIPS produced
about 2% (of the initial sample mass) of white, flaky residue. This observation is consistent with
the results of the microscale combustion calorimetry (discussed above). A slow smoldering of
this residue is likely to be the reason why the HRR had a tendency to stay above 20 kW m™? even
after the complete cessation of flaming.

The results of the top layer and bottom-surface temperature measurements are shown as open
circles in figure 11 and dashed lines in figure 12. These figures also contain the results of
modeling, which are discussed below. These measurements were conducted during the same
cone calorimetry experiments that were used to assess the repeatability of HRR histories. Most
Twp values were obtained by probing the area near the center of the sample face. Probing a
peripheral area (near the edge of the edge frame) did not produce significantly different results.
All Typ, measurements were performed after ignition. The data suggest that the top surface of
HIPS is hotter than that of PMMA, while the surface of HDPE is the hottest. There is a
significant scatter (about £30 K) in the Ty, data. A possible dependence of Tip On time is
obscured by this scatter.

Unlike Tiop, Thottom ShOW a clear trend, increasing with time. The repeatability of Tyottom IS good
in the beginning of the experiments; however, it deteriorates toward the end. This deterioration,
which happens particularly early in the experiments involving HDPE, is most likely caused by a
strain in the thermocouple wires pressed against the bottom surface. When the thickness and/or
viscosity of the sample became sufficiently low, this strain made the thermocouple bead move
upward (through the sample). Therefore, the lowest values of Tyoom, Which presumably
correspond to the bead position closest to the bottom surface, are likely to be the most accurate.
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UNCERTAINTIES IN MODELING OF EXPERIMENTS.

The results of modeling of the gasification tests are shown as solid lines in figure 6. Taking into
account significant uncertainties in the material properties and the fact that no adjustable
parameters were used in the simulations, the agreement between the model of PMMA and HIPS
and the corresponding experiments is excellent. In the case of HDPE, the maximum MLR
predicted by the model is about 25% lower than that observed in the experiment. From this point
on, every relative difference is normalized by the mean of the values that are being compared.
However, about half of this difference can be attributed to the sample surface expansion, which
occurred during the experiment on HDPE.

Modeling of the cone calorimetry tests requires the knowledge of heat flux from the flame. The
value of this flux was determined by fitting the experimental HRR history obtained for a medium
sample exposed to 49 kW m™ of EHF. The flame heat flux specified in the model was adjusted
in 1 kW m increments until the best agreement between the simulated and experimental HRR
curve was identified. The quality of the agreement was determined on the basis of a visual
inspection. For PMMA, HIPS, and HDPE, the value of the flame heat flux was found to be
12 kW m?, 11 kW m, and 11 kW m™, respectively. For PMMA and HDPE, an assumption that
this flux does not depend on EHF or sample thickness resulted in a reasonable overall agreement
between the model and experiments. The results of the modeling are shown as solid lines in
figures 7 and 9. For HIPS, this assumption did not produce satisfactory results. While a good
agreement was achieved at intermediate EHF (46 to 50 kW m?), the model grossly
underpredicted the experimental HRR at low EHF and overpredicted the data at high EHF.

Several potential sources of these discrepancies were analyzed including the effects of
uncertainties in material properties. The most significant improvement in the agreement with the
experiment was achieved by assuming that the flame produced by HIPS attenuates the radiation
from the cone heater. A combination of a 25% reduction in EHF and 24 kW m™ flame heat flux
(both of which were assumed to be independent of EHF and sample thickness) resulted in the
simulated HRR histories that are shown as solid lines in figure 8. This assumption is consistent
with an observation of a large amount of soot produced in the HIPS cone calorimetry tests.
While no quantitative measurements were carried out, the amount of soot that was found on the
gas-sampling filter after a HIPS experiment was always many times larger than that deposited by
a similar-sized PMMA or HDPE sample. The soot particles forming in the flame are expected to
block some external radiation directed toward the sample and, at the same time, boost radiative
energy transfer from the flame.

The simulated HRRs were characterized by calculating the peak HRR, average HRR, time-to-
ignition, and time-to-peak HRR (these parameters were computed using the exact same
methodology that was applied to the experimental HRR curves). The results of the calculations
are given in table 8. The peak HRR and time-to-peak HRR agree well with the corresponding
experimental values for all polymers and under all conditions. In over 90% of cases, the relative
difference is within the experimental uncertainties (listed in table 9). The largest differences
between the simulated and experimental parameters (32% for peak HRR and 21% for time-to-
peak HRR) correspond to the test performed on a thin HDPE at 25 kW m™ of EHF. This is the
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experiment during which an extraordinarily high fraction of the sample (33%) escaped the
sample container.

Many average HRRs obtained from the simulations are notably higher than the corresponding
experimental values. The largest differences are observed for thin samples. For thin HIPS at
75 kW m?, the relative difference reaches the highest value of 63%. These differences are a
consequence of the presence of an extended right-hand-side shoulder in the experimental HRR
histories. As explained previously, this shoulder is a result of a slow-burning residual material
located under the lip of the edge frame. This process is not captured by the one-dimensional
model.

For PMMA and HIPS, the model predicts experimental times to ignition reasonably well. The
relative difference is within the experimental uncertainty for about 70% of all tests performed on
these materials. However, in the case of HDPE, most of the times to ignition are considerably
overestimated by the model. A high sensitivity of this parameter to EHF is probably the key
reason for the discrepancies (including those observed for PMMA and HIPS). The largest
relative difference of 75% between the simulated and experimental time-to-ignition is observed
for the test conducted on a thick HDPE at 23 kW m™. These times can be brought into a
complete agreement (the difference of less than 6%) by increasing the model EHF by 4 kW m™.
There are two factors that may justify this increase. The heat flux measurements (described
above) indicate that, in the cone calorimeter, EHF decreases with decreasing sample thickness.
A simplifying assumption that was used in this study is that EHF can be represented by a
constant value, which corresponds to half the initial thickness. Eliminating this assumption
would lead to 2 kW m™? increase in the pre-ignition EHF. These measurements also show that
EHF is not completely uniform. The fluctuations of the heat flux over the sample surface can
account for the other 2 kW m™2 The effects of nonuniformity of EHF on the ignition process
were evident in many low EHF cone calorimetry experiments. In these experiments, only a
fraction of the top sample surface was initially ignited. It usually took several seconds for the
flame to spread to the whole surface.

The values of Tip and Tpoom Obtained from the simulations are shown as open triangles in
figures 11 and 12. T, was determined by calculating the mean of the temperatures of the
elements comprising the top 1.5x10 m thick layer of the object (this thickness corresponds to
the depth that was probed experimentally). The temperature of the bottom element of the
polymer layer was assumed to correspond to Thowom. FOr HIPS and HDPE, the values of Ty, are
in good agreement with the experiment. For PMMA, the simulated Ty, values are slightly
higher than those determined experimentally, which may be a consequence of a systematic error
in the positioning of the temperature probe due to the presence of foam on the sample surface.
Taking into account that the lowest measured bottom surface temperatures are probably the most
accurate, Tpottom are predicted reasonably well for all polymers.

DISCUSSION
The results of this study demonstrate that a one-dimensional numerical pyrolysis model can be

used to predict the outcome of gasification and cone calorimetry experiments performed on
noncharring polymers. The predictions require the knowledge of chemical (decomposition
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kinetics and thermodynamics), thermal (density, heat capacity, and thermal conductivity), and
optical (reflectivity and absorption coefficient) properties of the material. Most of these
properties can be measured in milligram-scale laboratory tests or calculated from molecular
structure using group additivity [18].

To predict the results of a cone calorimetry experiment, the knowledge of the heat flux from the
flame onto the material surface and the total heat released in the flame are also required. In this
study, the flame heat flux was determined by fitting an experimental heat release rate curve with
the model. The total heat released was also calculated from this curve. It was shown that these
parameters do not depend on the external heat flux (from the cone heater) or initial sample
thickness, which means that the model can be used to extrapolate the results of a cone
calorimetry experiment to a different set of conditions (i.e., different external heat flux, initial
sample thickness, or backing material). In the case of a highly sooting polymer (such as high-
impact polystyrene), two experimental heat release rate curves (obtained at different external
heat fluxes) are required to perform the extrapolation because both the flame heat flux and the
fraction of the external radiation absorbed by the flame need to be determined.

Recently, Beaulieu and Dembsey [19] have carried out direct measurements of the flame heat
flux using the advanced flammability measurements apparatus (the setup that is similar to a cone
calorimeter). The results of their measurements, 20 kW m for black poly(methylmethacrylate)
and 11 kW m? for black poly(oxymethylene), fall within the range obtained in this work
(11 to 24 kW m™). This relatively narrow range suggests that the flame heat flux is not very
sensitive to the chemical structure of the polymer. Thus, for a cone calorimetry test of a
horizontally oriented polymeric sample, 16 kW m (the mean of the values obtained in this study
and reported by Beaulieu and Dembsey) should serve as a good first-order approximation of the
incident flame heat flux. The total heat released can also be estimated without performing a cone
calorimetry test. This heat can be approximated by the heat of combustion of volatile
decomposition products, which can be easily measured using microscale combustion calorimetry
[17] or calculated from atomic composition [20].

It should be noted that, regardless of the accuracy of the input parameters, the predictive ability
of the model is bound by certain fundamental limitations. These limitations arise from a high
sensitivity (or highly nonlinear response) of some aspects of the material behavior to
experimental conditions. In particular, the accuracy of prediction of the time-to-ignition is
expected to decrease rapidly as the external heat flux approaches its critical value (the minimum
value required for sample ignition). Near the critical heat flux, a small (1% to 5%) uncertainty in
this flux may result in a very large (100% or more) variation in the time-to-ignition. The
relatively poor agreement between the simulated and experimental times to ignition observed in
this study at low external heat fluxes is believed to be a manifestation of this limitation.
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