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Abstract

Although smolder combustion has been extensively studied both computationally and experimentally,
relatively few theoretical studies have examined the two-dimensional structure of the smolder wave. In
this paper, two-dimensional smolder in polyurethane foam is modeled with a two-dimensional numerical
formulation that includes a seven-step kinetic model of the polyurethane smolder reaction mechanism.
The two-dimensional model formulation includes the effects of heat, mass, species, and momentum
transfer of the porous solid and gas phase. The seven-step decomposition reaction mechanism, which
includes a secondary char oxidation and an additional char pyrolysis step, was developed using genetic
algorithm optimization. The model was used to study the two-dimensionality of a forward propagating
smolder wave. The model results show a two-dimensional structure in the temperature, species, and
reaction profiles that agrees qualitatively with experimental observations. Oxygen is consumed at the
reaction front, as expected, which leads to different reaction pathways governing the final products (i.e.
thermal char and oxidative char). It was found that the model response is sensitive to boundary
conditions, thermal properties, and heats of reaction for the char oxidation reaction. The incorporation of
the secondary oxidation reaction step in the model paves the way to further analysis of the transition to

flaming process.
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Nomenclature

Letters

A Reactant species

c Specific heat capacity (J/kg-K)
D Diffusivity (m?/s)

E Activation energy (J/mole)



h Enthalpy (J/kg)

hey Volumetric heat transfer coefficient (W/m>-K)
AH  Change in enthalpy (J/kg)

jj Diffusive mass flux of gaseous species j (kg/m’-s)
k Thermal conductivity (W/m-K)

K Permeability (m?) and number of condensed-phase reactions

m"  Mass flux (kg/m>-s)

M Number of condensed-phase species
M Molecular mass (kg/mol)

n Reaction order or property exponent
N Number of gaseous species

Pressure (Pa)

q" Conductive heat flux (W/m?)

R Universal gas constant (J/mole-K)
T Temperature (K)

t Time (s)

X Distance (m)

X Volume fraction (-)

Y Mass fraction (-)

z Distance (m)

Z Pre-exponential factor (s™)

Greek symbols

14 Parameter in radiative thermal conductivity expression



7

Emissivity (-)

Viscosity (m*/s) and mass fraction coefficients
Density (kg/m’)

Stefan-Boltzmann constant (W/m?-K*)

Porosity (-)

Subscripts

A

d

by

Species A

Destruction

Formation

Gaseous or gas-phase
Condensed-phase species i

Gaseous species j

Heterogeneous reaction k

Reference (as in 7}) or radiative (as in k;)
Solid-phase (really, condensed-phase)
Initial (as in 7j)

Ambient

Integrated (summation)

Superscripts

()

Weighted, or averaged



1. Introduction

Smolder combustion has received considerable attention in the literature both experimentally [1]-[12]
and computationally [13]-[30]. Experimental focus has ranged from studying smolder propagation to
examining transition to flaming for various fuels. Most smolder combustion models presently available
in literature are one-dimensional [13]-[23], with the exception of a handful of two-dimensional models
[24]-[28], as well as a three-dimensional model by Saidi et al. [29]. Despite the widespread prevalence
of polyurethane in the built environment, only one model of multi-dimensional smolder in polyurethane
foam has been presented [27]. Thus, our computational understanding of multi-dimensional smolder
propagation, particularly in polyurethane foam, remains limited. The present paper examines two-
dimensional smolder wave propagation in polyurethane using a comprehensive numerical model. The
contribution of the present work lies in the complexity of the reaction mechanism and in the two-
dimensional structure of the reaction front in polyurethane. The reaction mechanism includes three
pyrolysis reactions and four oxidation reactions. One of the oxidation reactions included is what has
been referred to as “secondary char oxidation”, which has been identified as the key step leading to
transition to flaming [10], [12]. While the current focus is not to examine the transition from smoldering

to flaming, the work establishes the framework to potentially do so in the future.

2. Model Formulation

The computational model formulation includes the two-dimensional conservation equations for a
thermal and oxidative reacting porous material. The equations are solved numerically using a finite
difference formulation that was also utilized in previous work by Lautenberger [30]. A "zero-
dimensional" transient formulation can be invoked to simulate "lumped" system with negligible
gradients of temperature and species, as occurs in ideal TGA experiments. The code can also simulate

both one-dimensional and two-dimensional systems. Below, the governing equations are presented for



the 2D formulation. The 2D simulations are run with a 1 mm x 1 mm grid size and a time step of 0.1 s.
Reducing the grid spacing and time step by a factor of 2 resulted in no significant difference in the

calculated results, so these calculations are considered sufficiently resolved.

2.1 Two-Dimensional Governing Equations

Assumptions inherent in the model formulation include:

e Each condensed-phase species has well-defined “properties”: bulk density, specific heat
capacity, effective thermal conductivity, permeability, porosity

e Specific heat capacity and effective thermal conductivity vary by a three-parameter model as

#(T)=¢,(T/T.)* where T, is a reference temperature, ¢y is the value of k or ¢ at T,, and

specifies whether ¢ increases or decreases with 7

e Radiation heat transfer across pores is accounted for by adding a contribution to the effective
thermal conductivity that varies as 77> where yis a fitting parameter

e Averaged properties in conservation equations are calculated by appropriate mass or volume
fraction weighting

e All gaseous species have equal diffusion coefficients

e Darcian pressure-driven flow through porous media

e Unit Schmidt number (v= D)

e Gas-phase and condensed-phase are in thermal equilibrium (7'=T)

e There is no net shrinkage (volume change) due to reactions

e No homogeneous gas-phase reactions occur

The two-dimensional conservation equations, derived for the two-dimensional computational domain

shown in Fig. 1, are presented below as Equations (1)-(8).



Condensed-phase mass conservation:
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Condensed-phase species conservation:
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Gas-phase mass conservation:
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Condensed-phase energy conservation:
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Pressure evolution equation:
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Refer to the nomenclature section for explanation of all symbols. Note that a subscript i refers to the

condensed-phase and a subscript j refers to the gas-phase. An overbar denotes a weighted or averaged

quantity, i.e. k = inki . See [30] for details.



The governing equations described above yield a system of coupled algebraic equations that are solved
numerically. The recommendations of Patankar [31] are followed closely. Due to the nonlinearity
introduced by the source terms and temperature-dependent thermophysical properties, a fully-implicit
formulation is adopted for solution of all equations. The gas phase species, gas phase momentum, and
condensed phase energy conservation equations are solved using a computationally efficient tridiagonal
matrix algorithm (TDMA). The two-dimensionality of the governing equations is handled using a line-
by-line TDMA. The condensed phase mass and condensed phase species conservation equations are
solved with a customized fully implicit solver that uses overrelaxation to prevent divergence. Source
terms are split into positive and negative components to ensure physically realistic results and prevent
negative mass fractions or densities from occurring [31]. Newton iteration is used to extract the
temperature from the weighted enthalpy and the condensed phase species mass fractions. Convective

terms are fully upwinded. Additional details are given in [30].

2.2 Source Terms

The governing equations presented earlier contain several source terms attributed to chemical reactions

= m = m N/ N/ m

(@, 05,0 0,07, and Q.S’k) that must be quantified. Heterogeneous reaction stoichiometry is

written in general form as:

N N
1kg A4, +ZV;’k kg gasj —>v,, kg B, +ZV}”,{ kg gasj  where v, = P, 9)

= =l Py,



Each reaction k converts a condensed-phase species having index A4; to a condensed-phase species
having index B;. Gases may be consumed or produced in the process. The destruction rate of condensed-

phase species A, by reaction £ is calculated as either thermal or oxidative pyrolysis:

g

m EYAk — E _
s, (ﬁYAk ) (,OYAk )z Z, exp(—R—;) (forn, , =0) (10)
-m 15 YAk ' — 10, k E
@y = (,BYAk )2 (pYAk )Z [(1+Y02) —I}Zk exp(—R—;j (forn, , #0) (11)
(PY), =(PY), +[ @ (r)dz (12)

The formation rate of condensed-phase species B; by reaction k is related to condensed-phase bulk

density ratios as:

.Am — -mk =&Cbm> (13)

The formation rate of all gases (conversion rate of condensed-phase mass to gas-phase mass) by reaction

k1is:
- m - m p " - m
O, = (I_VB,k)wdAk = (1_ - ]a)dAk (14)

The net generation rate of gaseous species j from condensed phase reaction k is calculated as:

- m - m

O = O, Vs jk (15)

where y;« 1s the N by K species yield matrix, see [30] for details.



Associated with each reaction £ is a heat of reaction:
Q) =@}, AH, (16)
The total source terms appearing in the conservation equations are obtained by summing over all

=

K
: Loam
reactions: @, = Za)fg,k .
k=1

2.3 Reaction Mechanism

The postulated reaction mechanism used here includes seven steps:

Reaction I: Foam —v,, B foam+v,, Thermal Pyrolysate

Reaction 2: B~ foam — v, Thermal Char+v,, Thermal Pyrolysate

Reaction 3: Thermal Char — Thermal Pyrolysate

Reaction 4: Foam + v,, O, »>v., Char+v,, Oxidative Pyrolysate (17)
Reaction 5: Foam + v, O, > v, B— foam+v, Oxidative Pyrolysate
Reaction 6: Char + v,, O, >V, a-char+v,, Oxidative Pyrolysate

Reaction 7: a-char + v,, O, —> (1 - VOJ) Products

The mechanism in Equation (17) is an extension of that presented by Rein et al. [20], [22]. The primary
difference is that two additional reaction steps corresponding to char degradation (reactions 3 and 7) are
included. The mechanism consists of the following reactions: two foam pyrolysis steps (reactions 1 and
2), a char pyrolysis step (reaction 3), two foam oxidation steps (reaction 4 and 5), and two char
oxidation steps (reactions 6 and 7). The subscripts f, P, TC, a, and Pr are used to represent f-foam,
pyrolysate, thermal char, a-char, and products, respectively. The indices 1 through 7 are used to
represent each reaction step as numbered in Equation (17). To simplify the model, the gaseous species

“thermal pyrolysate”, “oxidative pyrolysate”, and “products” are tracked as a single species designated

“pyrolysate” and are referred to hereafter as pyrolysate.
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The 25 unknown kinetics parameters (pre-exponential factors, activation energies, reaction orders, and
stoichiometry coefficients) contained in the above decomposition model were estimated from TGA data
[3] in nitrogen and air environments at 20 °C/min heating rate by genetic algorithm optimization [30].
The best-fit Arrhenius parameters are summarized in Table 1. In the oxidative pyrolysis reactions, no,

was set to 1.

3. Two-Dimensional Simulation of Smolder Structure

The experiments simulated here [6] involve the forward propagation of a smolder wave through a
polyurethane foam cylinder 12 cm in diameter and 14 cm in length. The experiments were conducted in
microgravity on the NASA Space Shuttle (mission STS-108). Temperatures were measured with
centerline thermocouples installed at eight axial locations. The sample holder was a Vespel® cylindrical
shell. The smolder reaction was initiated with a porous igniter at one end of the cylinder. Air was forced
into the foam sample at the igniter end so that the smolder wave propagated in the same direction as the
airflow. While the igniter was energized (during the first 400 s of the experiment), the forced airflow
velocity was approximately 0.01 mm/s. The igniter was de—energized at 400 s, at which time the airflow
was increased to its nominal value of 5 mm/s. The Vespel sample holder acted as a heat sink, and post-
test pictures indicated a two-dimensional smolder front. Thus, these experiments serve as a good
qualitative test of the present 2D model. It should be noted that the experiments had an axisymmetric
cylindrical geometry. However, as a first approximation to modeling two-dimensional effects, the
experiment is simulated here using Cartesian (rectangular) coordinates because the primary goal of the

present paper is to qualitatively examine two-dimensional smolder structure.

The computational domain is presented in Fig. 1. Convective boundary conditions are imposed on the
condensed-phase energy equation at the top and sides of the domain. The temperature at the igniter

(inlet) is specified to match that recorded experimentally. For the gas-phase species conservation
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equation, the incoming flow composition is specified, and high Peclet number is assumed at the outlet so
no boundary condition is required [31]. The sides are impermeable to mass transfer, so a zero gradient
boundary condition is applied to the gaseous species conservation equations. Similarly, for the pressure
evolution equation, a zero gradient boundary condition is set at the side walls to ensure a zero flux
condition. At the inlet, the pressure gradient is set to give the specified mass flow rate, and the pressure

at the outlet boundary is assumed to be atmospheric.

Model input parameters used in the simulations are shown in Table 1 (reaction parameters) and Table 2
(thermophysical properties). These were estimated utilizing genetic algorithm optimization. Heats of
reaction and the v coefficient for oxygen were estimated by comparing model calculations of centerline
temperature to experimental thermocouple measurements. Thermal properties were estimated in a

similar way using the values from Rein ef al. [22] as a starting point.

Figure 2 shows simulation progress at 635 s, corresponding approximately to the time at which the
igniter has reached its peak temperature. The temperature profile shown in Fig. 2a demonstrates the two-
dimensional nature of the smolder wave. The temperature gradients are a balance between the smolder
front heat release and heat losses through the boundaries. The progression of reaction 1 is shown in Fig.
2b and it can be seen that the reaction rate drops to zero at a location where the temperature profile
changes from a high to a low temperature. The reaction zone thickness for reaction 1 is fairly small; this
implies that as soon as reaction 1 begins the rest of the reactions progress quickly. In examining the
mass fractions of species present, different reaction pathways can also be examined. The domain above
the reaction front shown in Fig. 2b is pure foam and the domain below the reaction front has been
consumed to form B-foam or char. Foam can be consumed through pyrolysis to form B-foam or through
oxidation to form char. In examining which reaction is consuming the foam, it is found that the reaction

pathways are approximately a 50/50 split. There is 50% char and 50% thermal char left in the area
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upstream of the reaction front. The a-char is more prevalent near the 14 cm boundary (bottom); this is
expected because fresh oxidizer flows in at this surface. Oxidizer is consumed at the reaction front, so
the region directly behind the reaction front is oxygen deficient, which causes products that are formed
in the absence of oxygen to form. However, at the inlet, fresh oxidizer is introduced and oxidative
pyrolysis can occur. Two dimensional effects are strongly evident in the simulation. At the edges of the
domain, the reaction front is quenched due to heat losses (two-dimensional effect). The reaction front

propagates fasted along the centerline, where it is well insulated from the surroundings.

Figure 3a shows a post-test cross section of the foam sample and the foam mass fraction computed at the
end of the simulation (Fig. 3b). The model compares qualitatively well with experimental results. From
the results presented in Fig. 2 and 3, the model shows two-dimensionalities in the smolder front, which
are also evident in the experimental photograph. From the above results, it is clear that the model is
capable of correctly modeling two-dimensional effects of polyurethane foam. Gradients in species,
temperature, reaction rates, and velocities are being appropriately captured by the model. As a result, the
model will be utilized in the future to perform more complex two-dimensional calculations for a range

of experimental conditions.

Figure 4 compares model and experimental temperature data. The figure shows temperature vs. time
profiles at centerline thermocouple locations. Peak temperatures indicate when the smolder front passes
a given location. The model portrays all of the physical processes that are present in the experimental
data, except the increase and plateau seen clearly at the 2.5 and 4.5 cm locations at ~72 °C, which is
most likely water evaporation. Peak temperatures match well, smolder velocities match fairly well also.
The smolder velocity calculated using experimental data is 3.3 mm/s and using model data is 2.4 mm/s.
It was found that the model was not sensitive to the heat of reaction for reactions 3 and 7, the final

pyrolysis step, and the final char oxidation step. This is not surprising because these two reactions play a
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small role in the smolder decomposition process under the present experimental conditions. The model
was most sensitive to the heat of reaction for reaction 6, the char oxidation step. This is anticipated
because this reaction has been shown to be the primary source of heat release in forward smolder

propagation.

In examination of the experimental data, the experimental temperature profiles start to decrease at 830 s
at 2.5 cm (from the top end); this suggests that smolder reactions are no longer generating heat. The
model shows that the peak temperature at 2.5 cm is at about 930 s. It is not surprising that the time to
reach a peak temperature is slightly off from the experimental data because the predicted smolder
velocity is slower than that in the experiment. Predicted peak temperatures are very similar to that of the
experiment. In experiments, peak thermocouple temperatures ranged from 410-450 °C. In the model,

peak temperatures in the reaction zone are approximately 430 °C.

4, Concluding Remarks

A two-dimensional computational formulation and a seven-step kinetic model were implemented to
examine the two-dimensional smolder structure in polyurethane foam. Experimental results were
utilized to assess the ability of the model to correctly predict two-dimensional smolder structure. The
model compares very well qualitatively with experimental data. Much insight is gained through
examination of the smolder propagation in two-dimensions. The inclusion of secondary oxidation
reactions adds further insight regarding the reaction mechanism taking place during forward smolder
propagation, in terms of reaction pathways and the effect of the presence of oxygen. Examining reaction
progress, mass fraction profiles, and temperature contours aids in further understanding of important
variables to the propagation of the smolder front. Simulation results are sensitive to thermal properties

and boundary conditions, and care should be taken when modeling smolder propagation.
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Table 1

Reaction parameters used in calculations

Pre-exponential Activation Reaction Heat of v

Reaction Factor Energy Order (-) Reaction (_‘;
(log10(1/s)) (kJ/mol)

1 18.5 227 0.80 40 J/g-foam 0

2 10.1 147 1.25 750 J/g-Bfoam 0
-2500 J/g-

3 8.9 173 0.92 thermalchar 0
4 15.1 188 0.50 -1500 J/g-foam 0.3
5 16.0 200 0.50 -1600 J/g-Bfoam 0.4
6 15.0 20 0.90 -2500 J/g-char 1.5
7 8.6 153 1.61 -2500 J/g-achar 1.5
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Table 2

Condensed phase thermophysical properties

. ko n  po N Co ne y K %
i Name P
(WmK) () (kg/m’) (-) OkgK) (&) (m)  (m) (m’/m’)

1  Foam 005 16 265 0 1760 0.7 0.001 5.2x10° 0.970
2 pfoam 005 1.6 180 0 1760 0.7 0.001 1.0x10° 0.979
3 Tge;a”;a' 005 16 1.1 0 1760 0.7 0.001 3.0x10° 0.998
4 Char 005 16 100 0 1760 0.7 0.001 3.0x10° 0.989
5 achar 005 16 24 0 1760 07 0001 3.0x10° 0.997
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