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Abstract

Under normal operating conditions, polymer foams protect sensitive items from mechanical, electrical, and thermal
shocks. However, in an accident scenario where a fire is present, polymer foams pyrolyze, changing heat paths
by creating voids or collecting in new areas. Material properties also change as the virgin material becomes char,
gases, and liquids. In a sealed system, the gases created by the pyrolysates can also pressurize the system, leading
to breach. Understanding the pyrolysis, heat transfer, and pressurization of these materials in a fire is vital for safety
assessments. To investigate such a scenario, a 2-D finite element conduction-radiation model with porous media flow
and a pyrolysis chemistry model was created. The gas velocity is solved through Darcys approximation, and the heat
transfer and pressurization are determined by solving the continuity, species, and enthalpy equations in the condensed
and gas phases. A vapor-liquid equilibrium (VLE) model is used to determine the phase of the pyrolysates. The
model was validated using experimental data that showed that the rate of pressurization and the local temperatures
are dependent on orientation with respect to gravity. In addition, at the high temperatures and pressures seen in these
experiments, it is expected that the organic pyrolysates will exist in both the liquid and gaseous phases. The model
reproduces the orientation dependence of the temperature and pressure, as well as the condensation and evaporation
of organic pyrolysates. Uncertainty is analyzed using a Latin Hypercube approach, and sensitivities are ranked using
the Pearson correlation. The inverted orientation has a larger spread in uncertainty, due the buoyant flow. The model
was generally sensitive to the density of the steel, the density of the foam, and the pyrolysis reactions.
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1. Introduction

Polymer foams are used in any number of applica-
tions, from consumer goods, such as couches and au-
tomobiles, to protecting items in the storage and ship-
ping. Under normal operating conditions, they provide
mechanical, electrical, and thermal isolation, such as
in the case with storage and shipping, when polymer
foams are used for protection. However, in an acci-
dent scenario where a fire is present, polymers are a
source of fuel. There are approximately 90,000 acci-
dents involving tractor-trailers in the US per year [1].
In these accidents, the cargo is typically packaged in
polymer foams, which can accelerate the spread of a fire
through the trailer. The National Fire Protection Associ-
ation states that there are over a 1,000 warehouse fires in
the US per year, and they cite flammable solids, liquids,
and gases as the item first ignited in 6% of these fires
[2]. In air travel, there are concerns over the shipment
of electronics that contain lithium batteries, as they are
known to overheat and catch fire [3]. Electronics are of-
ten packaged in polymer foams for protection against
shocks. In addition, electronics may be placed in a
sealed container, to avoid contact with water. However,
the gases created by pyrolysis can pressurize a sealed
system, leading to an explosion. Understanding how
polymer foams behave in a range of scenarios is vital to
fire safety analyses.

While modeling polymers and other organics in high
heat environments is crucial, it is also challenging due to
complex physics, uncertain thermal properties, and the
relatively low pyrolysis temperatures. When polymers
are exposed to a source of heat, such as fire, they un-
dergo both physical and chemical changes [4]. Not only
to the pyrolysates have new material properties, but the
heat paths of the system are altered by creating voids or
by dripping onto components. The changing heat paths
and pressurization can change the outcome of safety as-
sessments.

To successfully model the pyrolysis of polyurethane,
a chemical kinetics mechanism must be proposed. This
is typically done by performing thermogravimetric anal-
ysis combined with Fourier transform infrared spec-
troscopy (TGA-FTIR) [5, 6]. To successfully simulate
the pyrolysis of a solid, more than just the kinetic mech-
anism must be modeled. Heat, momentum, and mass
transfer must also be considered. These simulations
have been performed for a variety of materials, from
woods and other natural materials [7], to polymers such
as PMMA [8], and polyurethanes [9]. Darcys law has
been used to numerically study the flame stabilization
in a porous burner [10, 11], as well as the flow through

a pyrolyzing medium [12, 13]. Darcys law has also been
used to study the heat and mass transport in developing
char layers in polymers [14].

The liquid phase is also of interest when studying py-
rolyzing polymers. For thermoplastics, an external heat
source can cause the polymer to melt and flow. Melt-
ing polymers can change the flammability properties of
the material [15] as well affect the upward flame spread
[16]. The melting of the polymers can also cause the
dripping and pooling of flammable liquid [17, 18].

One challenge with developing numerical models is
determining the material and chemical properties of the
materials being modeled. Optimization methods, such
as genetic algorithms, shuffled complex evolution, and
sequential quadratic programming can be useful in this
regard [19–22]. Statistics can be brought to bear not
only on model calibration but also model uncertainty
[23, 24] and sensitivity [25, 26]. These methods can
also be combined to conduct rigorous validation of a
model [27, 28], or to understand the probability of an
event occurring, for example, power cable failure [29].
While these are all powerful tools, it has been shown
that once uncertainty is propagated through a high num-
ber of reaction mechanisms, the resulting spread in the
simulated data can be larger than when using a smaller
number of mechanisms [30, 31].

This work presents a porous media plus Arrhenius-
rate based chemistry modeling technique used to de-
scribe the pyrolysis, heat transfer, and pressurization of
polymeric methylene diisocyanate (PMDI)-polyether-
polyol-based polyurethane foam when heated in a
sealed container. A vapor-liquid equilibrium (VLE)
model is added, as at the temperature and pressures seen
within the sealed container, it is possible for the py-
rolysates to be in the condensed or vapor phase. The
results of the model are compared with experiment. Un-
certainty is analyzed, and sensitivities are discussed.

2. Experimental Motivation

Prior experimental work studied PMDI pyrolysis in a
configuration consisting of a cylindrical stainless steel
container filled with foam along with an embedded
metal object (Fig. 1). The temperature of the lid was
maintained until the gases generated by the decompos-
ing foam caused the can to breach. Experiments were
performed in upright and inverted orientations (Figure
2), and pressure and temperature were monitored. More
information about these experiments can be found in
[32]. The inverted experiments are shorter in duration
than the upright experiments, due to faster pressuriza-
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Figure 1: Exploded view of the geometry

Figure 2: Description of upright and inverted heating, using a 2D rep-
resentation of the geometry shown in Figure 1, where the can lid is
the heated surface.

tion. This difference in response is believed to be caused
by the flow of both liquid and gaseous pyrolysates.

3. Computational Model

3.1. Porous Media
The porous media model approach assumes the can

is filled with foam that may exist in two phases: the
condensed (solid) phase and the gas phase. The con-
denced phase foam has an associated porosity, which is
a function of reaction. In the gas phase, Darcy’s law is
used to approximate the flow of the fluid and the conti-
nuity, species, and enthalpy conservation equations are
solved. The ideal gas equation of state is used to re-
late pressure and density. In the condensed phase, the
species and enthalpy equations are solved, and the two
phases are coupled through source terms in the species
equations and a volumetric heat transfer term in the en-
thalpy equations. This derivation is based on the model
in Lautenberger et al. [33].

In this model, the conductivities of the char and vir-
gin foams are determined by summing the volume av-
eraged conductivities for each solid phase. An effective
radiative conductivity is then added to this value, based

Table 1: Major pyrolysis products
Molecule Formula Molar Mass (g/mol)
Propylene glycol C3H8O2 76
Aniline C6H5NH2 93
4-methylaniline C7H9N 107
Phenyl isocynatate C7H5NO 119

on the diffuse approximation for radiation heat transfer
through an optically thick medium. The reaction kinet-
ics were derived through TGA-FTIR [34–36], and ap-
proximated by:

FoamA→0.56CO2 + 0.44LMWO (1a)
FoamB→HMWO (1b)
FoamC →0.5char + 0.5HMWO (1c)

Where FoamA, FoamB, and FoamC are representa-
tive moieties of PMDI, comprising fractions of 0.45,
0.15 and 0.4, respectively. Low molecular weight
organics (LMWO) and high molecular weight organ-
ics (HMWO) represent two general classes of organic
molecules with an average weight of 80 and 120 g/mol,
respectively. Table 1 shows a list of the major py-
rolysates detected through FTIR.

3.2. Vapor-Liquid Equilibrium

The organic products listed in Table 1 have satura-
tion pressures such that they are expected to condense
at the pressures and temperatures seen experimentally.
Figure 3 shows the quality of aniline, one of the ma-
jor decomposition products, over the range of pressures
and temperatures seen in the experiment. Laid over the
quality graph is the experimental response. The since
these lines pass through the region where could be in
either the gas or liquid phase, it is necessary to include
a model to calculate the vapor-liquid split.

To this end, vapor-liquid equilibrium equations were
added to the porous media framework. For each
species participating in the vapor-liquid equilibrium
(CO2, HMWO, LMWO) a reaction representing the
evaporation and condensation of the species is incorpo-
rated in the model:

COliquid
2 ↔COgas

2

HMWOliquid ↔HMWOgas

LMWOliquid ↔LMWOgas

The rate of each of these reactions is modeled using a
form of the Hertz-Knudsen equation [37], modified to
allow for non-ideal behavior by using the fugacity of
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Figure 3: The contour lines show the quality of aniline for the pres-
sures and temperatures seen in the experiment. The dashed lines are
the experimental response, which pass through the region where ani-
line would be in both a liquid and gaseous state.

the species in each phase in place of the pressure and
saturation pressure:

ω =
A

2 −Cc

(
2

πMRT
(Ce fliquid −Cc fgas)

)1/2

(3)

where A is the specific surface area, M the molecular
weight of the species, Ce and Cc the evaporation and
condensation coefficients, and fliquid and fgas the fugac-
ities of the species in each phase respectively. For the
purposes of the VLE model we are primarily interested
in modeling equilibrium and have no data on the kinet-
ics of the phase change. In these mixtures Ce = Cc

and is sufficiently large to maintain equilibrium but not
make the kinetics unnecessarily stiff. Each gas-phase
species are treated as ideal, so fgas = Pi where Pi is
the partial pressure of the species. The fugacities of the
HMWO and LMWO liquid species are modeled using
the Antoine equation:

log10

(
fliquid

)
= A −

B
T + C

(4)

with coefficients based on aniline. Finally, the fugacity
of CO2 in the liquid phase is modeled using Henry’s law
fliquid = H(T ) since there is interest in regimes above the
critical pressure of CO2.

A 2-D finite element model composed of tetrahedral
elements is evaluated in the Sierra Thermal/Fluids mul-
tiphysics code [38] to computationally simulate the ex-
periments. Convective and radiative boundary condi-
tions are applied to all sides of the can, with the excep-
tion of the heated surface, where a radiative boundary
condition is prescribed.

Table 2: Parameters used in LHS method

Foam
(virgin, liquid, char)

Bulk Density
Solid Density
Rosseland Coefficient
Bulk Conductivity
Specific Heat Capacity
Permeability
Molecular Weight

Reactions
Heat of Reaction
Activation Energy
Mass Fractions

Gas Products

Specific Heat Capacity
Mass Diffusivity
Viscosity
Molecular Weight
Saturation Pressure

Steel

Density
Thermal Conductivity
Specific Heat
Emissivity

Boundary Conditions Convection Coefficient
Lid Temperature

3.3. Model Uncertainty

Model uncertainty and sensitivity are evaluated in
Dakota [39] using a Latin Hypercube Sampling (LHS)
approach. See Saltelli et al. [40] and Helton [41] for
a description of the LHS method. The LHS method re-
quires specifying a distribution for each parameter. Be-
cause data are not available to formulate a distribution,
a functional form is assumed. As a first estimate, a trun-
cated normal distribution for each parameter (Table 2)
is assumed with a mean and standard deviation. The
mean is assumed to be a value of 1 that is multiplied
by the nominal parameter values (e.g., thermal conduc-
tivity, k(T ) = piknom(T )). 420 LHS samples were se-
lected. The parameters were varied by ±10%, except for
the lid temperature (±2%), the activation energy (±2%),
and the virgin foam density (±5%). The lid temperature
and foam density were both reduced because they are
well known, and the activation energy was reduced such
that it would encompass the experimental TGA data.
When a LHS approach is used, correlation coefficients
can be directly calculated provided that the number of
LHS runs is greater than the number of parameters. The
correlation coefficients are computed using the Pearson
correlation [32]. This approach assumes a linear cor-
relation between the response and the parameter and is
also referred to as the Pearson correlation coefficient.
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Figure 4: Simulation results (solid) with experimental values (dashed)
for upright (grey) and inverted (black) for the pressure in the can. Simu-
lation and experiment are both presented with ±2 standard deviations of
the data.

Figure 5: Simulation results (solid) with experimental values (dashed)
for upright (grey) and inverted (black) for the temperature of the em-
bedded object. Simulation and experiment are both presented with ±2
standard deviations of the data.

4. Results and Discussion

To validate the model, it is compared to experimen-
tal results with a virgin foam density of approximately
320 kg/m3 (20 lb/ft3) heated to 1073 K at a rate of 150
K/min. The simulations are terminated when the can
in the experiment breached, 480 seconds in the inverted
configuration and 900 seconds in the upright. In the ex-
periment, the pressure and the temperature of the ob-
ject are monitored, so are the quantities used to validate
the model. The uncertainty of the model is analyzed by
calculating the average and standard deviation of the re-
sponses from the ensemble of runs. The average result
for pressure, with ±2 standard deviations for both the
simulation and experimental error, is presented in Fig-
ure 4. While the average pressure is higher than the ex-
periment for both orientations, the qualitative agreement
is good. The model is able to predict the differentiation
between the orientations, and the shapes of the curves
are similar to the experimental results. In the inverted
case, the experimental data hits the bottom edge of the
bound of uncertainty. The range of the uncertainty at
the end of the simulation is 3.3 MPa for upright and
4.8 MPa for inverted. The main contributors to the un-
certainty are shown in Table 3, in order of importance
based on a response weighted time integration of the
Pearson correlation. In general, the pressure was most
sensitive to parameters that controlled the CO2 produc-
tion. The average result for the temperature of the em-
bedded object, also with ±2 standard deviations for both
the simulation and experimental error, is presented in
Figure 5. The average result for temperature matches
very well with the experimental results. The differenti-
ation between the models is well predicted, and the ex-

Table 3: Top Five Sensitivity Results
Inverted Upright

Pressure

FoamA Mass Fraction FoamA Mass Fraction
Heat Flux CO2 Mass Fraction
CO2 Mass Fraction Steel Density
Activation Energy FoamC Virgin Foam Bulk Density
Virgin Foam Bulk Density Heat Flux

Temperature

Heat Flux Steel Density
Steel Density Heat Flux
Activation Energy FoamC Virgin Foam Bulk Conductivity
Char Rosseland Coefficient Activation Energy FoamC
Foam Specific Heat Char Rosseland Coefficien

periment lays within the bounds of uncertainty for both
orientations. The range of the uncertainty at the end
of the simulation is 40 K for upright and 60 K for in-
verted. As seen in Table 3, heat flux and steel density
dominate, as is expected since the object is steel, how-
ever, the foam properties and reaction mechanisms are
in play, as the most direct heat path is through the foam.

The liquid mass fraction (on a condensed phase basis)
is plotted in Figure 6, along with the progression of the
reaction (contour lines). The reaction front is not a sin-
gle line due to the three step reaction. The contour fur-
thest from the heated surface represents the separation
between virgin foam and reacted foam. As the FoamA
reaction has fastest rate, it is the first to be consumed,
while FoamC, which the slowest rate, is the last. Be-
tween the two contour lines is a mixture of reacted and
unreacted foam, and between the second contour and
the heated surface is char. The reaction creates gasses
that are free to flow throughout the foam domain. It
is from these gases that the liquid is formed. As seen
in Figure 6, when the gases advect to cooler regions of
the can, they condense, and form liquid deposits. These
deposits can be seen in the virgin foam, as well as on
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Figure 6: Results of the nominal simulation, where the foam is col-
ored by the liquid mass fraction (on a condensed phase basis), and
the progress of the reaction is marked by the contour lines, where
the space between the lines is where the reaction is occurring. This
is shown for several points in time, notably 480 seconds (when
the inverted can breached) and 900 seconds (when the upright can
breached). The can remains for reference only.

the object, as it is cooler than the adjacent char. As time
progresses, the temperature increases, and not only does
the reaction progress, but the liquid product turn into a
gas. These are both routes through which the pressure
will increase.

In Figures 4 and 5, the temperature and pressure re-
sponses of the upright and the inverted do not differ-
entiate themselves until between 350 and 400 seconds.
This can also be seen in Figure 6, where the shape of
the reaction front and the liquid mass fraction of the
foam is very similar at 350 seconds, but by 400 sec-
onds, there is a difference between upright and inverted.
From that point, the reaction progresses faster in the in-
verted than in the upright orientation. At 480 seconds,
in the inverted orientation both reaction contour lines
are well past the object, whereas in the upright, there is
a larger spread between the two lines, and neither has
progressed as as far. This can be explained by the dif-
ference in the temperatures fields, as shown in Figure

Figure 7: Results of the nominal simulation, where the foam is colored
by the solid phase temperature, and the isotherms represent the gas
temperature, in increments of 100 K. The temperatures are shown at
480 seconds (when the inverted can breached) and 900 seconds (when
the upright can breached. The can remains for reference only.

7. Here the foam is colored by the solid phase tempera-
tures, and the contours show the gas phase temperature,
in increments of 100 K. In the inverted case, buoyant
gas plumes can be seen. These plumes begin to form
at 370 seconds, and increase the heat transfer to the vir-
gin foam. The shape of the plumes in Figure 7 and the
shape the reaction front in Figure 6 show how this influ-
ence the reaction, and thus gas production and pressure
rise. Another feature of the inverted to note is the high
temperature gradient near the reaction front, as well as a
10-15 K difference between the gas and solid phase tem-
peratures. In the upright, there are no plumes, the tem-
perature gradient is much lower, and the solid and gas
phase temperatures tend to be within a couple degrees of
each other. The heat is slower to move through the foam
domain, which is reflected in the slower progression of
the reaction front. However, between 480 seconds and
900 seconds, the can does heat substantially, as can be
seen in the evaporation of the liquid products. The reac-
tion front also widens, so while the FoamA and FoamB
reaction continues to progress, increasing the pressure,
the production of char slows.

Many of the observations from Figures 6 and 7 bring
light to the uncertainty analysis and sensitivity study.
For example, the inverted orientation has a larger spread
in uncertainty. This is due to the buoyant flow. Small
changes to parameters can causes the flow to acceler-
ate or decelerate, changing the rate at which heat is
transferred. In the minimum pressure and temperature
cases, the buoyant flow appears nearly a minute later
than in the maximum pressure and temperature cases.
The flow can be effected by any number of parameters,
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such as the heat flux, the amount of gas produced, and
the progress of the reaction. For example, when the ac-
tivation energy of FoamC reaction is lowered, char is
more easily produced. This would be true in both the
upright and inverted, but inverted is more sensitive to
the response because the char is more permeable than
the virgin foam, thus the flow can move faster.

5. Conclusions

The safety analysis of engineered systems that use
polymer foams is dependent on accurate modeling the
pyrolysis, heat transfer, and in the case of sealed sys-
tems, pressurization. To that end, a model was created
to simulate pyrolyzing PMDI polyurethane foam in a
pressurizing sealed system. The model is able to simu-
late orientation-dependent pressure and temperature re-
sponses. The results compare well in both temperature
and pressure. The uncertainty is analyzed and sensitivi-
ties were assessed using a strategy where the uncertainty
in the input parameters is (mostly) equal across the pa-
rameter space. It was seen that the inverted orientation
is more sensitive to variation in the parameters, due to
the effect on the buoyant flow, which is the main driver
of heat in that orientation.

This work is a step forward in modeling the pyrol-
ysis of polymers with products in the liquid phase. In
the future, now that a liquid phase can be generated, a
model to advect that liquid needs to be implemented.
In addition, the sensitivity of the model to the produc-
tion of CO2 highlights the need for a reexamination of
the reaction scheme. The reactions are known to be de-
pendent on pressure, as seen in the difference between
the unconfined and partially confined TGA results [36].
However, the pressures reached using partially confined
TGA pale in comparison to the pressures seen within
the can. Future work should incorporate a pressure de-
pendent reaction mechanism.
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