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Abstract

The decomposition of unconfined rigid polyurethane foam has been modeled by a kinetic
bond-breaking scheme describing degradation of a primary polymer and formation of a thermally
stable secondary polymer. The bond-breaking scheme is resolved using percolation theory to
describe evolving polymer fragments. The polymer fragments vaporize according to individual
vapor pressures. Kinetic parameters for the model were obtained from Thermal Gravimetric
Analysis (TGA). The chemical structure of the foam was determined from the preparation tech-

niques and ingredients used to synthesize the foam. Scale-up effects were investigated by simu-

lating the response of an incident heat flux of 25 W#am a partially confined 8.8-cm diameter
by 15-cm long right circular cylinder of foam which contained an encapsulated component. Pre-
dictions of center, midradial, and component temperatures, as well as regression of the foam sur-

face, were in agreement with measurements using thermocouples and X-ray imaging.
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Introduction

EXECUTIVE SUMMARY

This report describes the decomposition of unconfined rigid polyurethane foam using a
kinetic bond-breaking scheme, lattice statistics, and vapor liquid equilibrium. Bond-breaking is
based on degradation of a primary polymer and formation of a thermally stable secondary poly-
mer. The bond-breaking scheme is resolved using percolation theory. The polymer fragments
vaporize according to individual vapor pressures. This report describes the chemical structure of
the polyurethane foam used in this study, the chemical mechanism used to describe bond break-
ing, the details of the lattice statistics using percolation theory, and the vapor-liquid equilibrium
model used to determine the split between liquids and gas formation. The report also describes
the method used to determine the kinetic coefficients, a comparison between predicted and mea-
sured mass loss for various TGA experiments, an uncertainty and sensitivity analysis of the PUF
model, and a comparison between the predicted shape of a regression front and measured shape of
the regression front using X-ray tomography. The report ends with a Summary and Conclusions

section.

1. INTRODUCTION

Rigid polyurethane foams are used as encapsulants to isolate and support thermally sensitive
components within weapon systems. When exposed to abnormal thermal environments, such as
fire, various encapsulated components are designed to fail sequentially. In hazards analysis, the
thermal response of the encapsulated components depends primarily on the behavior of the foam.
Modeling foam decomposition is a difficult problem not only because of the numerical challenges
associated with steep reaction fronts but also the difficulty of describing important chemical and

physical processes, such as non-Newtonian liquid flow. In the current report, thermal transport
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and decomposition chemistry are discussed in detail. Mass transport, species diffusion, bubble
mechanics, fluid flow, and gravitational effects are beyond the scope of this report.

In the past, simplifying assumptions regarding the encapsulating foam have been made for
predicting component failure. For example, the decomposition of foam has been ignored, by
assuming the foam was not present and adjusting surface emissivities to match thermocouple
data, or by changing physical properties of the foam at prescribed temperatures. Such approxima-
tions were consistent with equivalent approximations necessary for single processor calculations.
With the advent of massively parallel computers, high-consequence predictions of foam decom-
position can be made with a more fundamental foam decomposition model founded on experi-
mental observations to determine accurate decomposition rates, decomposition species, and
physical properties of the evolving solid residue.

Computational models used in hazards analysis at Sandia National Laboratories are

designed to accommodate mass loss associated with foam decomposition. For example, Fig. 1

shows a COYOTEfinite element calculation of a block of material containing nonreactive com-
ponents of various shapes exposed to a constant energy flux. In this calculation, the encapsulating
material was assumed to decompose by removing elements from the computational domain based
on the element exceeding a specified temperature, without using a realistic decomposition mecha-
nism. Actual tests of polyurethane foam exposed to abnormal thermal environments, such as fire,
show the system response to be more complex.

Several groups studying the decomposition of large macromolecules have employed sta-

tistical network fragmentation models to describe decomposition chemistry. For example,
Solomon and coworkefhave implemented a computationally intensive Monte Carlo technique

to describe the breakup of coal. Grant et-dlhave used pseudo lattice structures, referred to as

10



Introduction

Fig. 1 Example calculation of inert components encapsulated in rigid polyurethane foam ini-
tially at 100° C exposed to a constant flux on the entire exposed surface. Elements
were removed when element temperature exceeded 150° C. Although foam regres-
sion is shown as a function of time, a decomposition model was not used for this cal-
culation. Figure used with permission from Gartiing.

Bethe lattices, to obtain closed-form solutions of the network statistics as derived by Fisher and

Essanf These closed form solutions parallel the determination of molecular weight distributions

during polymer synthesis leading to the critical condition required to form infinite polymer net-

works referred to as “gels” by FIorK/.In the present report, Flory’s methods of building polymers
are used to decompose polymers by assuming that closed rings or cycles cannot form and that
bond reactivity is independent of the size of the polymer fragment containing the bond. Bond

breaking is assumed to be a random scission process that describes the extent of reaction.

11



Introduction

The PolyUrethane Foam (PUF) decomposition model discussed in the present report is
based on three fundamental aspects of thermal decomposition: 1) a kinetic bond-breaking mech-

anism, 2) lattice statistics to describe the evolving polymer fragments, and 3) vaporization of the

small polymer fragments (oligomers) with high vapor pressures as discussed by FletcHe? et al.
The Bethe lattice statistical model is referred topascolation theorysince the technique has

been used historically to describe fluid flow through a network of permeable and impermeable
sites. To use percolation theory in a bond-breaking mechanism, the intact bonds correspond to
impermeable sites, and the broken bonds correspond to permeable sites. The PUF model parame-
ters include the Arrhenius kinetics - controlling bond-breaking, the initial bridge population, the
coordination number, and the average site molecular weight. The initial bridge population is
assumed to be composed of both strong bridges and weak bridges (discussed further in Section 3).
The coordination number describes the connectivity of thermally stable sites by bridges.

In the current report, the term “polymer” will be used to describe the infinite lattice struc-
ture, the term “polymer fragments” refers to the finite fragments resulting from polymer decom-
position, and the term “oligomer” will be used to describe the finite fragments that evolve into the
gas phase. The term “bridge” is used to represent the part of the polymer structure separating
thermally stable “sites.” “Bridges” are connected to “sites” by chemical bonds. When a bond is
broken, a bridge is also broken. A more detailed discussion of “bridges,” “sites,” and “bonds” can
be found in Section 2.

The remainder of this report is organized as follows: The next section describes the chem-
ical structure of the polyurethane foam used in this study. Section 3 describes the chemical mech-
anism used to describe bond breaking. Section 4 presents the details of the lattice statistics using

percolation theory as applied to bond breaking. Section 5 describes the vapor-liquid equilibrium

12



Chemical Structure

model used to determine the split between liquid formation and gas formation. Section 6 dis-
cusses the method used to determine the kinetic coefficients for the bond-breaking reactions as
well as presents a comparison between predicted and measured mass loss for various TGA exper-
iments. Section 7 presents an uncertainty and sensitivity analysis of the PUF model. Section 8
shows a comparison between the predicted shape of a regression front and shape of the regression

front using X-ray tomography. Some general remarks close the report.

2. CHEMICAL STRUCTURE

Detailed information regarding the chemical structure of the polyurethane foam is required to pre-
dict foam decomposition using lattice statistics. The structural units and resulting polymeric net-
work of manysynthesizednacromolecules, such as polyurethane foam, can be inferred from the

starting materials and the synthesis of the macromolecule. Confirmation of the structure is often

obtained using IR spectroscopy, solid-state N{Rd other analytical chemistry techniques.

The most common chemical structural units of the rigid polyurethane foam and the distri-
bution of these structural units are shown in Fig. 2 and were estimated using proprietary synthesis
details and assuming equal reactivity of the hydroxyl groups. Various graphic representations of
specific chemical structural units are also shown in Fig. 2. These structural units have been
assembled to give a representative picture of the foam. The model foam shows the polyurethane
structure as a large matrix (essentially infinite) of toluene diisocyanate groups connected by ali-
phatic bridges made from trimethylol propane, adipic acid, diethylene glycol, and small amounts

of phthalic anhydride.

13



Chemical Structure
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Fig. 2 Most common chemical structural units and hypothetical chemical structure of rigid
polyurethane foam. The graphic symbols are composed of ingredients used to make
the specific foam.
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Figure 3 shows the three most common structural units divided into sites and bridges. The
coordination numbeg+1, and molecular weights for specific structural components are shown in
Fig. 3. This information can be used to determine the average coordination number, as well as the
average molecular weight of the sites and bridges as discussed further in Section 6. In the present
report, the sites are assumed to be primarily composed of trimethylol propane units and the dieth-
ylene glycol units. The bridges are composed of the TDI and adipic acid structures.

As the bonds break at elevated temperatures, fragments of finite molecular weight are gen-
erated. The fragments, with low molecular weights and corresponding high vapor pressures,
evaporate to form gaseous oligomers as shown at the bottom of Fig. 2. Higher molecular weight

fragments, with low vapor pressures, remain in the condensed phase.

3. KINETIC MECHANISM

In this study, the initial polymer structure begins to degrade between 250 and 350° C as bridges

between sites are either broken or become thermally stable via the evolution of light gases, similar

to the cellulose decomposition model discussed by Grant®amdl Shafizadef. At these tem-
peratures, secondary reactions between functional groups can also form bridges between sites,
creating a secondary polymer structure. The secondary polymer is assumed to decompose analo-

gously to the primary polymer, but at temperatures above 350° C and at a different rate.

The PUF bond decomposition model is an extension of Grant &tbahd-breaking
scheme and is the first attempt to describe degradation of a polyurethane foam using percolation
theory with vapor liquid equilibrium. All of the PUF model parameters were obtained from data

taken near ambient pressures, and the model is not expected to perform well under heavy confine-
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A) 60% most probable structural unit of a rigid polyurethane foam

“bridge” “bridge”
l%ldg?e 176 g/mo
mo
g A
0 /@\/ )CJ)\ e
112 g/mo g
H H e}
N N N N\
J\!‘
Ty AT
site” 131S I e/mo

“bridge” 131 g/mo 0+1g: 3 “bridge”
176 g/mo 0+1=3 176 g/mo

B) 20% most probable structural unit of a rigid polyurethane foam

“bridge”
112 g/mo

176 g/mo

“bridge”

| “site”
176 g/mo 104 g/mo
o+1l=2

o+1=3

“bridge”
176 g/mo

C) 10% most probable structural unit of a rigid polyurethane foam

“bridge”

176 g/mo “site” “site” ____
104 g/mo “bridge” 104 g/mo bridge
o+tl=2 112 g/mo

o+l=2 176 g/mo
s O/\/O\/\o \/\O/\/%HNJ@/N O,

Fig. 3 Three most common structural units of a rigid polyurethane foam showing bound-
aries used to relate chemical structure to a Bethe lattice.
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Kinetic Mechanism

ment where secondary reactions between the vapor and solid are significant. Currently, an exper-

imental prograri'10 is being conducted to obtain additional information regarding the
decomposition mechanism with attention focused on confinement issues and pressure effects.

The kinetic scheme, along with a graphical description, is shown in Figs. 4 and 5. This
9-step mechanism with 11 “species” describes four events: 1) competition between local
crosslinking and side-chain formation within the primary polymer, 2) competition between
side-chain evolution from the primary polymer and the formation of a secondary polymer, 3)
competition between local crosslinking in the secondary polymer and side-chain formation within
the secondary polymer, and 4) side-chain evolution from the secondary polymer.

Thel, L, cq, andc, represent bridges as shown in Figs. 4 and 5. A representative labile
bridge in the primary polymet,, is the TDI structural component as shown boxed in Fig. 4. The
L bridge is shown in Fig. 4 connecting two trimethylol propane sites with urethane linkages. The
labile bridge in the secondary polymér,is also shown boxed in Figs. 4 and 5. Théridge is
composed of two toluene components linked by a carbodiimide group, ~N=C=N~L biidge
is connected to the polymer by two urethane linkages. Thermally stable bridges that connect
sites,c, andc,, are shown in Figs. 4 and 5. The thermally stable bridges are actually bonds and
do not contain mass. Under certain conditions, decomposing polyurethane foam produces a char
or carbonaceous residue that is thermally stable. In the present report, the formation of thermally
stable bonds contributes to char formation.

The 9, d, andg; represent side-chains or “danglers” in the primary polymer, side-chains
or “danglers” in the secondary polymer, and various gas species, respectively. Representative

“danglers” are shown boxed in Figs. 4 and 5. Reversible reactions are included to allow the “dan-

17
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Fig. 4 Kinetic mechanism for decomposition of rigid polyurethane foam with the primary
polymer decomposition pathway highlighted.
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glers” to reattach to the polymer. Such reactions will likely be more significant when the foam is
degraded under confinement. This nomenclature closely follows Graritt al.

The reaction sequence begins when a weak bond - e.g. the ether bond of the carbamate
group - is broken to form either a toluene diisocyanate (TDI) side-cl&mKig. 5) or evolves as
agas ¢, in Fig. 4) with concurrent stabilization of adjacent clusters forming a stable bradge (

Fig. 4). The TDI side-chains, referred to as danglers, may eventually evolve as light gas frag-
ments §, in Fig. 4) through subsequent, slower reactions. A secondary polymer may evolve as
two TDI side-chains react to form a weak bridde) (vith the subsequent evolution of GO
denoted ag3. The molecular weight df is twice the molecular weight af minus the molecular
weight ofgz. The degradation of the secondary polymer is assumed to be similar to the degrada-
tion of the primary polymer except the labile bridge in the secondary polymer has a higher molec-
ular weight.

The proposed mechanism in Figs. 4 and 5 is consistent with preliminary experimental
observation. For example, Fig. 6.A shows two bond types that likely break during thermal
decomposition:L] the ester bond of the carbamate group Bhthe ether bond of the ester group.
Experimental evidence of bond typé breaking is shown in Fig. 6.B, where an IR spectra of
decomposition gases obtained using isothermal TGA-FTIR analysis shows an increase in the
~N=C=0 stretch region of the IR spectra (wave number of 2250) from evolving gases sampled at
350° C, 400° C, and 450° C. Furthermore, solid-state NMR results, shown in Fig. 6.C, show the
depletion of the carbonyls associated with the adipic acid and isocyanate structure. The NMR
results are consistent with the bonds labéledndl] breaking. Although additional information

regarding decomposition chemistry is evident in the NMR data, complete analysis was not avail-
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evidence showing change in carbonyls associated with adipic acid and isocyanate struc-
tures. Other information available in the NMR data has not been fully analyzed.
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able because of insufficient funding. The mechanism in Fig. 5 is also consistent with measured
decomposition products, such as TDI and trimethoxypropane, as determined from desorption tube
analysist®

Table 1 gives the mechanism, rate equations, and initial conditions for the PUF model.

The general reaction rate, for the PUF model bond-breaking scheme is described by:

11
_ H;j -
ry = ki(T)rl N, j=1,..9, (1)
i=1
whereN; represents either population parameterg, 9§, d, ¢4, ¢, or species parametegs, go,
U3, 94, 5. The concentration matrix is represented gy which is given in the footnote of
Table 1. The expressions for the kinetic coefficieljtéT), are given in an Arrhenius form:
ki(T) = Ajexp(-E/RT), (2)

whereA; (1/s), E; (cal/mol or J/mol), andR (1.987 cal/mol-K or 8.314 J/mol-K) are the pre expo-
nential factors, activation energies, and the universal gas constant, respectively. The species rate

of change is given by:

J
dN,/dt = ZVijrj , =10, (3)
j=1
wherev;; are the stoichiometric coefficients of tjte reaction as given in the footnote of Table 1.
The kinetic mechanism requires the Arrhenius parameteemdE;, to be supplied for each reac-
tion. The initial labile bridge populatiorL{) and the initial stable bridge populatiog,] need to

be specified as an initial condition. These parameters may represent the extent of polymer curing.

The initial value problem described by Egs. (1)-(3) is solved using DEBDR variable order,

backward difference, ordinary differential equation solver package.
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Tablel. Mechanism, rate equations, and initial conditions for the PUF model

Rxn Mechanism | Species Rate Equations Initial Conditions
L | di/dt=-kL - koL + kgd L (0) =L,
1) |L-ci+gs L | dL/dt = ked? - Kl - koL+ kel L(0)=0
2 |[L-23 O | ddldt=kol - kgd- kyd-2ksd? | 0(0)=1-Co-Lg
B) |6-1L d dd/dt = kyL - kgd - kod d@©)=0
4) 18- g C1 dcq/dt = kL c1 (0) =c4
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6) |L—cr+oy g1 | dgi/dt=kL 91(0)=0
(7) |L->d Jo dg,/dt = k,5 9, (0)=0
8 |d-L 93 | dgg/dt = ksd? 93(0)=0
) |d-gs 04 | dga/dt=kel g4 (0) =0
g5 | dgs/dt=kyd g5 (0)=0
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Statistical Model

4. STATISTICAL MODEL

Percolation theory, historically applied to describe fluid flow through a network of permeable
and impermeable sites, is used to characterize the degraded foam structure with regard to the size
and concentration of finite fragments or oligomers. The population variables determined from the
kinetic mechanism can be used to determine the fraction of sites that are connected by bridges.

For example, the fraction of intact bridgpscan be determined as follows:

p=L+L+c;+cC,. 4)
Percolation theory, using Bethe lattices, is computationally fast, reproducible, and replicates
results from more versatile, yet computationally demanding, Monte Carlo methdBisthe lat-
tices do not contain loop-backs and are similar to tree-like structures. Monte Carlo techniques
generate random numbers between 0 and 1 for each bridge. The bridges are either intact (if the
random number is between 0 apidor broken (if the random number is betwgeand 1). Monte
Carlo techniques can be used with realistic chemical structures provided large realizations with
many bridges are used to describe the large macromolecules.

One advantage of the Monte Carlo technique over percolation theory is that the polymer
fragments can be removed from the network and quenched without affecting the decomposition
kinetics of the parent foam structure. If the gas-phase polymer fragments, referred to as oligo-
mers in the present report, are kept at the same temperature as the parent foam, the oligomers ther-
mally crack to form lighter gases and smaller oligomer fragments. The cracking phenomena is
properly accounted for using Bethe lattice statistics. In an open system, oligomers do not decom-

pose significantly when cooled to low temperatures and must be accounted for separately as dis-

cussed by Kersteit® In the present report, oligomers are assumed to continue to react. This
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assumption does not change the prediction of the overall condensed fraction which is used as the
criteria for element removal as discussed in Section 7.2.

A detailed formulation of percolation theory based on Bethe lattices is discussed in detail

by Grant et af The mass fraction of finite polymer fragments produced from the thermally
degrading foam depends on the population of intact bridgesetermined from the kinetic mech-
anism and the coordination number+ 1. The lattice statistics are independent of the type of
bridges connecting sites provided the bridges can be distinguished as either broken or intact.
Thus, percolation theory can be used with any kinetic mechanism provided that the number of

broken or intact bridges is determined. A more complex percolation model based on two inde-

pendent networks has been developed to allow reattachment associated with cros%?inWreag.

“2-0” model was developed to allow the coordination number of the pristine macromolecule to

increase with extent of reaction due to crosslinklAgin the current work, the average coordina-
tion number does not change with extent of reaction, since the sites are primarily composed of tri-
methylol propane units. The statistics used for the foam decomposition model in the present
report are based on a single coordination number.

Figure 7 shows Bethe lattices with= 1 (all bridges intact), ang = 0.67 (67 percent of

the bridges intact), foo + 1 = 2.2 ando + 1 = 4. Thesmaller coordination number (2.2) is similar

to the lattice used by Solomon et'4lin a more complex Monte Carlo simulation used to describe
lattice statistics. The average coordination number of the three most common structural units
shown in Fig. 3 is 2.8.

As the number of broken bridges increases, the fraction of finite polymer fragments

increases relative to the fraction of sites belonging to the infinite network. The infinite network

no longer exists below a critical bridge population of & shown by Fischer and Ess&nThe
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(0 + 1)ave: 2.2 (()' + l)ave: 4

Fig. 7 Bethe lattices with coordination numbers 2.2 and 4.0. Each coordination number ex-
ample is shown with critical bridge populations of 1.0 and 0.67.
critical bridge populations for the two Bethe lattices shown in Fig. 7 are 0.83 and 0.33 for coordi-
nation numbers of 2.2 and 4, respectively. Thus,dhel = 2.2 lattice, withp = 0.67, is com-
posed of finite polymer fragments exclusively; the higher coordination lattice ptl0.67 still
maintains the infinite polymer network.
For Bethe lattices, the number of finite polymer fragments can be determined from the

coordination number and the bridge populatipn, The probability,F,, that any given site is a

given member of finite polymer fragmentrosites withs bridges is

Fo = a,p°(1-p)’, 5)
where s=n-1; (6)
and T=n(c-1)+2. (7
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T is the number of broken bridges on the perimeter of the polymer fragmenswitidges con-
nectingn-sites as shown for the trimer in Fig. 8 The broken bridges isolate the finite polymer
fragments from the infinite lattice. Figure 9 shows the weight fraction of various finite polymer

fragments as a function of the bridge populationdor 2. The number of different ways to form

such fragments is representedaqf

_ngo+lpg I(no + 2)
% = Cho+1r (M [n(o—1) + 3] (6)

wherel represents the standard gamma function.
Equation (5) describes the probability that any given bridge belongs teraer. The

probability of belonging to an n-mer is the probability that the given bridge is intact or occupied
(p°), multiplied by the probability that the nearest neighbor bridges are broken or unoccupied
(1-p)'. a, accounts for the distinct number of configurations possible fontheer. Equations
(5)-(8) are discussed in more detail in References 3, 6, and 7.

The total fraction contained in all of the finite clust§rs,i,s3

* 1_p°+? *~(0+1)/(0-1)
F=2Fn~ [1—pﬂ - [%} | ®)
n=1

wherep* is the root of the following equation:

z= p@-p)° "t = p-p)° 7, or (10)

pPrL-p)° t-p(1-p°~t = 0; (11)

andp is determined from Eq. (4)The fraction of sites contained in the infinite cluskgeis

| = 1-F, (12)

labeled in Fig. 9 as the infinite clustersmer.

27



Statistical Model

Trimer (oligomer with 3 sites)
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o = 2 (coordination number -1)
n = 3 sites (spheres)
s = 2 bonds (connecting spheres)
T = 5 broken bonds on perimeter

Fig. 8 Trimer showingp, n, s, andrt.
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Fig. 9 Weight fraction of finite polymer fragments and the infinite cluster vs. bond population
for 0 = 2. The curves have been calculated from Egs. (5) and (12).
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For every permissible value afin Eqg. (10), two roots exist in the range 9«1, except at
the maximum where the roots are identical as can be seen in Fig. 10. ®Mhénzis a simple
guadratic function with a maximum at 0.5. A critical bridge population defining the existence of
an infinite lattice can be determined by setting the first derivatizea0 and solving fop.

dz _

— -2 _1
5=0=(1-op)(1-p° "0 p, = (13)

For a cluster to propagate indefinitely from a given intact bridge, the adjoining site must contain

at least one other intact bridge. Sinzes the probability that a bridge is intact aodridges radi-

ate from the adjoining site, an infinite cluster exists only wisgg> 1 or p. > 1/0. The trivial
root of Eq. (11),p* = p, should be used whemis less tharp;, makingF = 1. The other root that

is bounded by 0g* <p. should be used whemnis greater thap,..

3
L2
.
1o
= |
0
é i
~ .1
o
>
g -2
o
_3L
0

Fig. 10 Plot of Eq. (11) for various p*, andp.
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The mass fraction and molecular weight of each polymer fragment bin can be determined
by relating the total mass and mass associated with finite polymer fragments on a site basis. A
site is defined as the portion of the polymer that can be isolated by bridges as shown enclosed in

dashed lines in Fig.11. The total mass per site is:

My
Mot = Mg+ 5 (1-C0)(0+1), (14)
whereM, is the molecular weight of the site as represented by a sphere (or mer) as shown in
Fig. 11,My/2 is half the molecular weight of the bridges connecting the spheres, anjirdpre-

sents the fraction of bridges which are labile, amd is the coordination number.

The mass of gas released can also be expressed on a site basis as

M,—M
b b
. = [5’“7%91 +gp) + 52793%94 +gg) + %V'Tgs%gg)}(o +1), (15)
whereMy, is the molecular weight af; andg,, 2 My, - Mgz is the molecular weight af4 andgs,
andMgs is the molecular weight aj3. These molecular weights are divided by two to normalize

the gas populations to the total mass per site given in Eq. (14) by noting

“charred”
<~ Dbridge

side-chain
“dangler”

Fig. 11 5-mer showing sites, bonds, and danglers.
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0;+0,+03+20, +295 - (1-c,) as time- oo, (16)
The mass of a finite polymer fragment expressed on a site bagisan be determined
from the mass of the finite fragmendl,,, multiplied by then-site polymer fragment population on

a site basiQ:

m, = M,Q, a7
where, | M, = nMa+(n—l)Mb%E+(n—l)(ZMb—Mg3)%E+
18
%[ 0 :|+(2Mb_MgS)|: 1d } (18)
2 (1-p) 2 (1-p)
Q, = Fy/n = b p" (a-p)" V2, (19)

M, is the molecular weight of theM-polymer fragment bin. Equation (18) and other subsequent
boxed equations are primary equations used in the PUF model. The first term in Eq. (18) repre-
sents the number of mers in the n-mer multiplied by the mer molecular weight. The second term
in Eq. (18) represents the number of bridges, 1, in the polymer fragment multiplied by the
mass of the bridges of tyde The third term in Eq. (18) represents the number of bridges in the
polymer fragment multiplied by the mass of the bridges of typd&he last two terms in Eq. (18)
represent the weight of the side-chains, or “danglers,” which can evolve over time. The factors
0/(1-p) andd/(1-p) represent the fraction of side-chains of tyandd, respectively. The frac-

tion of broken bridges with one side-chain being formed from each broken bridge is represented
by (1), andt is the number of bridges that isolate a polymer fragment as given in Eq. (6). The
factor “2” in the denominator of the last two terms in Eq (18) is needed to be consistent with Egs.

(14) and (15).
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The mass of all finite polymer fragmentsy, can be determined by summing all of the

polymer fragments as follows:

m; = Zmn = z M, Q. (20)
n=1 n=1

The infinite summation in Eqg. (19) can be evaluated by using the following functions derived by

Grant et al3

<= 3 o= [1-f & 1)
n=1
® x~(0+1)/(0—-1)
- a5

Note thatF was defined previously in Eq. (9). Combining Egs. (6), (18), and (20)-(22) gives

m; = M_F®+M,KQ,

(23)
where d = 1+r%%+r—26((—10:_-p1—)) +R_pL+_—_R2(2(10—_p§) , (24)
- _o6 o, Rd RL
T iop B - p (25)
r=Mg/ My (26)
R = (2Mg—Mgy3)/ My, (27)
and R = (2Mg-My)/ Mg . (28)

The mass fraction of gas, finite polymer fragments, and infinite lattice can be calculated
from Egs. (14), (15), and (23) as follows:

_ _[r(g;+9,) +R'g3+R(gy +gs)] (0 +1)
fg = my/m = 2+1(1-c,)(0+1) (29)

32



Statistical Model

_ _ 2
fe=me/m = 2+r(1_00)(0+1)[CDF+QrK] (30)
fo =1-f,—f¢, (31)

where the infinite lattice fraction is referred to as the “gel fraction” by Floiy Eq. (29),r andR

were defined previously in Egs. (26) and (27), respectively. The varigbleepresents the ratio
of the molecular weight ofi; to the molecular weight of a sitR” = Mga/M,. The mass fraction
of the finite oligomersf;, is the same as given by Grant etSadaxcept for the definitions of

® andQ.
The primary variables of interest for the network statistical model are molecular weight of

the various gases, is the molecular weight a§; andgy; 2 My, - Mys is the molecular weight of
g4 andgs; and Mgys is the molecular weight of g3Yhe mass fraction of the gas (Eq. 29), the
molecular weight of th(ﬂth-polymer fragment (Eqg. 18), and the mass fraction ofrﬂ'i‘qoolymer
fragment. Equation (30) gives the mass fractiomlbfinite fragments. The mass fraction for the
individual nth-fragments can be determined from Eg. (30) by replaéirandK by nQ, andQ,,

respectively:

_ 2
f = 2+r(1_co)(c+1)[<DnQn+QrQn]. (32)

A separate model must be used to determine the amount of finite polymer fragments trans-

ported to the gas-phase. The oligomers that are transported into the gas-phase are sometimes

referred to as tat® Evolution of tar involves condensed-phase diffusion to the surface,
vapor-liquid equilibrium at the surface, and diffusion through a gaseous boundary layer. The

finite polymer fragments that remain in the condensed phase are sometimes referred to as meta-

plast!® The metaplast (finite polymer fragments) and gel (infinite polymer) are referred to as
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char®® Ideal vapor-liquid equilibrium is used as a first order approximation to the complex tar

diffusion process.

5. VAPOR-LIQUID EQUILIBRIUM MODEL

The fraction of the gaseous oligomers can be determined by using a simple vapor-liquid equilib-
rium relationship using a combination of Dalton’s law and Raoult’s law. In the current report, a

standard multicomponent isothermal flash calculation was used to determine the split between

vapor and condensed phases following the procedure used by Fletcher et al.
In the nineteenth century, Dalton observed that the pressure exerted by a mixture of ideal

gases is the same as the sum of pressure exerted by the individual gases occupying the same vol-
umel® Dalton’s law states that the partial pressure is the gas-phase mole fragtioaltiplied
by the total pressuré®;

P, = yP. (33)

Raoult observed that the partial pressure in the vapof each component in an ideal

liquid solution was proportional to the components mole fraction in the liqgieyith the propor-

tionality constant being the vapor pressure of the pure component at the system Rres<ure,

P, = P*x;. (34)
Ideal solutions with chemically similar components obey Raoult’'s law, and dissimilar species

deviate strongly from Raoult’'s law. Eqgs. (33) and (34) can be combined to define a “K-value” or

vapor-liquid equilibrium ratid:’
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Ki=2 ==, (35)

A standardmulticomponent isothermal flash calculatidrcan be used with Eq. (35) to
determine the split between vapor and liquid. A mole balance between the initial condensed

phaseF, and the resulting vapor phasg,and liquid phasd,, is

F=V+L, (36)

whereF, V, andL refer to total moles of feed, vapor, and liquid, respectively. The feed in the
PUF decomposition model includes the sum of the finite polymer fractions determined from per-
colation theory on a mole basis determined from Egs. (18) and (32). The feed also includes the

gasegy; throughgs that are calculated with the kinetic mechanism. The moles of the individual

components in the feef], vapor,v;, and liquidl;, sum toF, V, andL, respectively:

n n n
F:Zfi,V:Zvi,andL:ZIi (37)
i=1 i=1 i=1
f, = zF,v, = y;V,andl, = xL . (38)

z, Y;, andx; represent the mole fraction of tif8 component in the feed, vapor, and liquid, respec-

tively. An expression fox; can be determined from a single component material balance:

fi = Vi+|i (39)

zF = K}V +xL = KV +x[F=V] = x(F -V +K;V), (40)
zF 4 4

or x, = (41)

F-V+KY) 5 v KV v
VL KV k¥
% F+ FEI (I )F

An expression of; can be determined from Egs. (35) and (41) as
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% (42)
(K, - 1)\E/ 1

A stable implicit equation to solve f&fF can be determined using the idenkty, =% y; = 1, or

% % 0 n KiZi n z 43)
Y-y x=0=y —o—--y ———,
i=1  i=1 i:1(Ki—1)\E/+1 izl(Ki—l)\E/+l
or 0 = %M (44)
izl(Ki—l)\E/+1.

VIF is determined iteratively using tzeroinsolver® Eq. (44) is the Rachford-Rice equatidn.

The gaseg; throughgs must be combined with the finite fragments to calculate the feed

mole fractionsz. The “K-values” defined in Eq. (35) can be determined from the vapor pressure

of the pure component®?*, divided by the system pressuk, Fletcher et aP. have proposed the

following vapor pressure correlation for high molecular weight organic molecules:

-299M° %4
Po* = 87100expl—"—L, (45)

where P,* is the vapor pressure of the puréh-polymer fragment in atmospherds,, is the

molecular weight of th(ﬂth-polymer fragment in g/mol as determined from Eq. (18), @nslthe
temperature in K. The coefficients in Eq. (45) were obtained from coal tars with molecular
weights ranging from 110 to 315 amu. The vapor pressure predicted with Eq. (45) increases with
lower molecular weight species. The functional form of Eq. (45) is similar to the Clausius-Clap-
eyron equation which is usually used to determine the vapor pressure at any temperature when the

vapor pressure is known at another temperature:
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—-AH u! 1 [
P* = p* exp[ “e } (46)
known R D]- TknownD

whereAH, is the molar heat of vaporization aRds the gas constant.

Fletcher et aP have shown acceptable agreement with boiling point data for 111 organic
compounds at pressures of 0.007, 0.08, 1, and 10 atm using the correlation given in Eq. (45). The
111 organic compounds, with molecular weights as high as 244, did not contain long chain
alkanes or compounds with more than two oxygen atoms. Long chain hydrocarbons are not
expected to occur in the polyurethane tar in significant quantities. However, some of the expected
products measured by Chu etHlsuch as trimethoxypropane, do contain more than two oxygen
atoms.

The vapor pressures of expected polyurethane decomposition products, such as alcohols,
acids, esters, and isocyanates, are likely to behave according to the correlation in Eq. (45) within
each family of products. The most prevalent decomposition products are TDy{seelg, in
Fig. 4) and carbon dioxide (C In the current work, specific vapor pressure correlations for
TDI and CG, were used rather than the correlation in Eq. (46). Specifically, the TDI vapor pres-
sure was used fag; andg,; the CQ, vapor pressure was used ff; and the correlation given in
Eq. (45) was used fog,, g5, and the polymer fragments determined from percolation theory.
More experiments are needed to improve the vapor pressure correlation for polyurethane foam

fragments.

6. ESTIMATING THE PUF DECOMPOSITION MODEL PARAMETERS

Nominal values of the parameters used in the PUF model are shown in Table 2 with an estimate of

the high and low values used in the sensitivity analysis discussed in Section 7.1. The initial bridge
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population parameterg, andc,, were estimated based on the degree of polymer curing. The
coordination number and molecular weights were calculated from the three most common struc-
tural units of the foam as shown in Figs. 2 and 3. Figure 3 shows sites made from the trimethylol
propane units and the diethylene glycol units. The bridges are composed of TDI and adipic acid
structures. Table 3 shows how the average molecular weights and coordination numbers for the
60%, 20%, and 10% most probable structural units were calculated. The molecular weights and
coordination number in Table 2 were determined by taking the probability normalized molecular

weights and coordination numbers from Table 3 as follows:

_ 0.6 0.2 0.1 _
Mg = 5g(131) + 55(118) + 55(104) = 125 g/mol 47
_ 0.6 0.2 0.1 _
My = 0.9(163) * 0_9(160) + 0_9(155) 161 g/mol (48)
0.6 0.2 0.1

The Arrhenius parameters were obtained by minimizing the root mean squared error
between the calculated and measured mass loss for six, unconfined, isothermal TGA experiments
using DAKOTA (Design Analysis Kit for OpTimizAtion, Ref. 20). The unconfined TGA experi-
ments considered nominally 5-mg samples in open platinum pans and were designed to examine

decomposition mechanisms under conditions that minimize mass transfer and reversible and sec-

ondary reactiond?21 Figures 12.A and 12.B show a comparison between predicted and mea-
sured condensed mass fractions (foam mass measured by the TGA divided by the initial foam
mass) for the isothermal TGA experiments used to obtain the kinetic parameters. The single iso-
thermal TGA samples were quickly ramped (~10-15 min) to the temperatures indicated in Fig.
12.A. The dual isothermal TGA samples were ramped to 300° C and held for about two hours,

then ramped to the temperatures indicated in Fig. 12.B. The three single isothermal experiments
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Table 2. PUF model parameters with estimated values for sensitivity analysis

\éa;,'ﬁglcﬁ Description N\(;;Tl:r;al Low Value (+) | High Value (-)

P, Initial bond populatioh 0.85 0.8 0.9

Co Initial strong bond populatiJn 0.10 0.05 0.15
o+1 Coordination numbér 2.8 2.1 3.0

Mc Site molecular weigﬁt 125 g/mol 104 g/mol 131 g/mol
My Bridge molecular weigfit 161 g/mol 155 g/mol 163 g/mol
Mg3 Molecular weight of‘:13i 44 g/mol 44 g/mol 44 g/mol
P Pressuré 83 KPa 82 KPa 84 KPa
E, Activation Energy for reaction’1 53400. cal/mol 0.8k, 1.1xE;

E, Activation Energy for reaction’2 44580. cal/mol 0.8E, 1.1xE,

Ejs Activation Energy for reaction'3 42520. cal/mol 0.8E5 1.1xEg

E,4 Activation Energy for reaction'4 45900. cal/mol 0.8E, 1.1xE,

Es Activation Energy for reaction's 44600. cal/mol 0.8E5 1.1xEg

Eg Activation Energy for reaction'6 58060. cal/mol 0.8E4 1.1xEg

E; Activation Energy for reaction'7 51850. cal/mol 0.8, 1.1xE,

Eg Activation Energy for reaction's 52830. cal/mol 0.8E5 1.1xEg

Eqg Activation Energy for reaction'@ 56660. cal/mol 0.8E9 1.1xEg

* All frequency factorsA, were assumed to be equal to 3.0%10".
T High and low values guessed.
¥ High and low values from the 10% and 60% most probable chemical structure.

Table 3. Molecular weight and coordination number of common foam structural units

Structure” Ma, g/moll My, g/mol o+1
60% most probable 131 [%476) + 112]/5 = 163 3
20% most probable (104+131)/2=1/18 A136) + 112)/4=16Q (2+3)/2=2)5
10% most probable 104 [x276) + 112]/3 = 155 2

* See Fig. 3 for the boundaries used to decompose the most probable structural units into bridges used
to determinéMg and sites used to determiilg as well ay + 1.
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Fig. 12 Comparison of PUF predicted (solid line) and measured (dashed line) solid mass fraction
for A) single isothermal TGA, B) dual isothermal TGA, and C) three nonisothermal TGA
experiments.
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shown in Fig. 12.A were intended to isolate the kinetics for the decomposition of the initial poly-

mer and formation of the secondary polymer as discussed in more detail by Ericksh atre.

final three isothermal experiments shown in Fig. 12.B were ramped to 300° C and held until mass
loss was minimal and then ramped to the final isothermal temperature of 380° C, 400° C, and 420°
C, respectively. The intent of these final three experiments was to isolate the kinetics of the
decomposition of the secondary polymer.

The predicted solid fraction is greater than the measured solid fraction for the 270° C iso-
thermal TGA results shown in Fig. 12.A. The difference between the predicted and measured
solid fraction is not as pronounced at 300° C and 330° C. At the lower temperature, alternate reac-
tion pathways involving evolution of a site, such as a trimethylol propane with subsequent
crosslinking of the resulting urethane danglers, may explain the differences. Future work will
address this issue.

The kinetic parameters, determined from the six isothermal TGA experiments, are given
in Table 2. Three nonisothermal experiments, not used to estimate kinetic parameters, were simu-
lated to validate the selection of the kinetic parameters for the PUF model. Fig. 12.C shows good
agreement between predicted and measured condensed mass fraction for the three nonisothermal
TGA experiments with heating rates of 5, 20, and 50 °C/min.

Figure 13 shows the predicted solid fraction and measured solid fraction for the 20 °C/min
TGA case for a 4.687-mg sample and a 13.765-mg sample. Differences in the experimental
results are probably related to mass transport effects. However, both sets of data show an initial
rapid decomposition followed by a slower rate of solid mass loss.

Figure 14 shows solid mass fraction, population parameters, the gas and oligomer mass

fractions, and gas molecular weight for the 5 °C/min ramped TGA experiment. Between 0 and 40
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Fig. 13 Comparison of PUF predicted (solid line) and measured (dashed and dotted lines)
solid mass fraction for the 20 °C/min TGA experiment. The dashed lines are for a
4.687-mg sample, and the dotted line is for a 13.765-mg sample.

minutes in Fig. 14.BP is shown to be the sum d&f andc;. At 40 minutesp starts to decrease
with a corresponding increase lin a result of side-chain cross-linking dfto form the bridge..

At 50 minutes, the secondary bridde, begins to form as a result of reaction between two
side-chains. The increase in battandL causes the bridge populatign,to increase between 40

and 50 minutes. Decay of the weak bridgejs shown as the side-chain populatidimcreases.

The strong bridge formation in the primary and secondary polymer are minimal. However, the

formation of strong bridges may become significant at elevated pressures.
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Fig. 14 A) Comparison of PUF predicted (solid line) and measured (dashed line) solid mass
fraction for a 5 °C/min TGA experiment. B) Predicted population parameters for the
5 °C/min TGA experiment given in A. C) Predicted average volatile molecular weight
and various oligomer mass percents for the 5 °C/min TGA experiment given in A.
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7. UNCERTAINTY AND SENSITIVITY ANALYSIS OF THE PUF MODEL

Two techniques were used to analyze parameters in the decomposition model: 1) a variance anal-
ysis discussed in Section 7.1 and 2) a response derivative analysis discussed in Section7.3. A grid
refinement analysis is also reported in Section 7.2 to establish that solutions are not dependent on
the size of elements used in the simulations.

The variance analysis is used to examine primary PUF model parameters that effect the
prediction of condensed mass fraction for the 20 °C/min ramped TGA experiment. Parameters

with primary effects were the initial bridge populatid?, the lattice coordination numbes;1;
molecular weight of the bridging structurédy,,; and several activation energies associated with
the formation of a secondary polymEy,

Two response derivative analysis are performed for fast #.94 cm/min) and slow
(0.26£0.05 cm/min) recession rate conditions. For the fast recession rate analysis, the most sensi-
tive parameters are the activation energies associated with the formation of the secondary poly-
mer. For the slow recession rate analysis, the most sensitive parameters are associated with the

thermophysical properties of the foam and the destruction of the secondary polymer.

7.1 VARIANCE ANALYSIS

To determine the primary effects of various PUF model parameters, a simple sensitivity analysis

is performed on 15 parameters using a two-level 20-run Plackett Béfraaalysis. Typically,
Plackett Burman analyses are used in experimental design techniques. These techniques are also

useful in determining parameter sensitivity. Primary effects are determined by comparing calcu-
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lated factor effects with probability points of a 2-sided t-distribution with 4 degrees of freedom.
One degree of freedom is used to estimate the mean. The primary response variable for this study
is chosen to be the condensed fraction remaining during decomposition of polyurethane foam
ramped at 20 °C/min as in the thermogravimetric analysis (TGA). The 15 parameters used for

this study are given in Table 2. The sensitivity\d§z was not determined, sineg is assumed to
be CQ. The 20-run Plackett Burman design used in this study is given in Ref. 22.

To determine significant factor effects using Plackett Burman analyses, a low value and
high value for each of the PUF variables are selected as shown in Table 2. Some of the values are
arbitrarily chosen. For example, the high and low values for the activation energies are taken as
the nominal valuet10%. The molecular weight values are taken from the 10% and 60% most
probable structures. Twenty simulations of the TGA experiment with a 20 °C/min. ramp are run
with the parameters set to either the low value or the high value as described in Ref. 22. The con-
densed mass fraction at various times is used as the response variable. From the response at these
times, a factor effect is calculated using methods discussed in Ref. 22. The significant factors
based on a 90% confidence interval are shaded and boxed in Table 4. The factor effects before
480 seconds are zero, since the temperature is below significant reaction thresholds. Additional
information regarding statistical inference using Plackett Burman analysis can be found in Refer-
ence 22.

The Plackett Burman analyses indicate that the three structural paranfgtess1, and
M, are significant in the early decomposition phase, since the significant factor effects are only

present in the early stages of mass loss between 480 and 780 seconds. These results are depen-
dent on the selection of the low and high values of each parameter. The parameters with a small

difference between the high and low values, such as pressure, are shown to have small factor
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Table 4. Calculated factor effects from Plackett Burman Analysis

Time,s| P S o+l M, My P E, E, Es E, Es Eg E, Eg Eo

480 125 | o057| -3.18 || 037 | o075 | 075 -012| -0.82 -0.80 062| 3.18 || -080 | 037 | -0.82 -1.25
540 || 229" || 0.69 || -3.34" || -020| 106 | -1.08] 0.47 -0.96 -1.13 076| 3.34" || -1.13 | -020| -0.96 || -2.29
600 || 4.417 || 083 || -2.30" || -058| 252" || 0.32 | o0.59 0.78 -0.37 140|| 759" || -155 | -059| -0.64 -1.70
660 || 259" || 1.23 || -2.69" || -1.02| o051 | 0.39| -0.16 1.23 132 2420 || 548 || 119 | -073| o061 -1.92
720 0.29 082|| -2.35 || -055| -031 | -029 -171|| 3.16 || -3.317 || 258 || 465 || -197 | 042 297 || -116

780 092 | 100]|| 277" || 045 | -095 | -048] -1.94| 4.43 || -3.25 || 3.56 || 4.06 || -2.80" || 0.42 || 3.44 || o0.06

840 -0.64 | 1.08 010 | o066 034 -140 -04f 394 || -019 | 4.19 || 1.20 068 | 084| 1.16 0.96
900 -0.80 | 0.60 0.26 048 038| -112 017 2.62" || 102 | 2.75 || -0.04 010 | 053] -0.15 0.71
960 -0.75 | 0.33 0.34 047 048] -1.04 043 2417 || 100 | 3.02'| o003 011 | 058| -0.15 0.72
1020 | -0.93 | 0.03 0.80 073 082 -091  1.68 2.10 094 4.13 || -0.10 051 | 0.28| -047 0.56
1080 | -0.89 | -0.69 1.59 040 -019 -0.8/ 2.25 || 0.89 019 || 5.96 || -0.02 026 | 027| -1.23 0.56
1140 | -046 | -1.19 114 | -004 -1.38 037 174 1.02 0.9 5.068" || -0.49 0.55 068 -1.50 0.99
1200 | -0.39 | -1.25 0.18 000 -1.44/ -0.d1 0.9 1.20 14 353 || -0.90 1.02 031 -0.64 1.00
1260 | -042 | -0.87| -022| -01]1 -1.07] 008 0.2 1.00 14 2,157 || -1.10 127 | -015| -0.05 0.84
1320 | -051 | -0.81| -005| -017 -1.03| 02p 0.2 1.24 -1.00 1.4 1113 187 P22 012 q
1380 | -0.45 | -0.90 045 | -015 -078) 068  -0.2% 1.81 -0.89 1.4 1114 109 D44 -0.63 1
1440 | -051 | -0.70 0.94 031 -075f 11  -104 2.26 || -0.65 1.06 -1.46 151 | -02d -115 1.94
1500 | -0.59 | -0.39 1.23 089 071 14p -14f 2.64" || -082 0.79 -1.85 165 | -014  -1.48 2.09

*

Confidence interval (double-sided probability point of t-distribution): 80% (1.33) 90% (2.13)
tSignificant factor effects based on 90% confidence interval using four degrees of freedom.

95% (2.78)

98% ERI5]4.60)

.92
.38

[8POIN 4Nd 8Y! Jo sisAjeuy Alanisuas pue Aurensoun
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effects. If the difference between the high and low values were greater, the factor effect may have

been more significant. Specification of the initial bridge populati,is more significant than
specification of the initial strong bridge populatiayg, as shown in Table 4. The lattice coordina-

tion number,o+1, and the molecular weight of bridges are also significant factors that describe
the chemical structure of the foam.

The Plackett Burman analysis also shows that all of the steps in the bond-breaking scheme
are significant except for Reaction (7) in Table 1. The analysis also indicates that the most sensi-
tive pathway is the formation of the secondary polymer. At the expense of losing generality, the

PUF model could possibly be simplified for the 20 °C/min TGA simulation.

7.2 GRID-INDEPENDENT SOLUTIONS USING FINITE ELEMENT ANALYSIS

Calculation of the object function for the response derivative analysis discussed in Section 7.3

requires grid-independent solutions using a finite element heat conduction code. The PUF

decomposition model is implemented into the finite element heat transfer code, COYOTE,
employing a user subroutine. COYOTE is a two- or three- dimensional, finite element, massively
parallelized computer program designed for analysis of nonlinear heat conduction problems. In
addition to solving standard thermal diffusion problems, COYOTE includes the effect of phase
change, condensed-phase chemistry, and surface-to-surface radiation. Material deletion is
included through the use of the finite element “death” capability. Elements can be removed to
create a “dynamic” radiation enclosure. Viewfactors are recalculated whenever an element dies.
Gaps at material interfaces are modeled as contact surfaces. Material properties can be tempera-

ture and/or species dependent and either isotropic or orthotropic. A wide variety of boundary
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conditions are supported in COYOTE, and pre and postprocessing file formats are used which
permit integration with existing meshing and graphics visualization programs. For the simula-
tions reported in the current work, elements are dynamically removed from the simulation when
the condensed fraction within an element dropped below 1%. The velocity of the decomposition
front, referred to as the burn front in this report, is determined from the time of element death. In
The decomposition front is referred to as a “burn front” since burning is defined as material
destruction by heat. The foam recession rate is referred to in this report as the foam “burn rate.”
The one-dimensional simulation of burning foam was performed with COYOTE using a
single column of elements as shown on the left side of Fig. 15. Three sides of the column of ele-

ments were assumed to be insulated and the fourth side was exposed to various boundary condi-

tions such as radiation. Experimentally determfrigtermal conductivity and specific heat were

used in the one-dimensional simulations. Several methods can be used to determine the grid sen-
sitivity of decomposing polyurethane foam. For example, the size of the element can be reduced
until there is no change in the burn front velocity as shown in the plot of Fig. 15. Another method
would be to specify a sufficient number of elements across the reaction front to resolve steep gra-
dients in temperature or species profiles.

The grid error in the legend of Fig. 15 is defined as

grid error = 100x (V;-V)/V;, (50)

whereV represents the burn velocity aigrepresents the grid-independent burn velocity. The

grid-independent foam recession rate in Fig. 15 is 1.14 cm/min. Figure 16 shows the grid error

for a one-dimensional model with two separate constant flux boundary conditions. The grid-inde-
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Fig. 15 Dependence of foam recession rate on element size for a one-dimensional model with

a radiative boundary condition.
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Fig. 16 Grid error calculated from Eq. (50) for a one-dimensional model with flux boundary

conditions.
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pendent foam recession ratg, is equal to 0.64 cm/min and 0.31 cm/min for the 1.25 caftsm

and 0.6 callcifis boundary conditions, respectively.

In Fig. 16, the predicted velocity using 2-mm grids is 0.54 cm/min, giving a grid error of

15% for the 1.25 callcfs case. Simulations using elements smaller than 2-mm predict faster
burn rates than 0.54 cm/min. The faster burn rates for the simulations using smaller elements is
related to element death. For example, in the simulations using smaller elements, the criteria for
element removal, condensed fraction being less than 0.01, is satisfied earlier than the criteria
would be satisfied for a simulation using larger elements. The smaller elements are removed
from the computational domain, and the boundary condition is then applied to the newly exposed
element. For an element size of 0.5-mm, the grid error is less than five percent. The temperature
gradient across each element is also an indication of when grid independence is achieved. For
example, grid independence in the present study was achieved when the temperature gradient
across a dying element was approximately 50 °C or less. Three-dimensional calculations, using
0.05-mm elements are currently not practical without adaptive gridding. However, 0.5-mm ele-

ments, can be used with some expense.

7.3 RESPONSE DERIVATIVE ANALYSIS

The object oriented optimization code, DAKOTRused to determine the PUF model activation
energies, can also be used to determine the gradient of an object function with respect to model
parameters. This response derivative can be used to quantitatively determine the uncertainty in
predicted results. In this report, two response derivative analysis were performed for fast
(0.9740.14 cm/min) and slow (0.26.05 cm/min) burning conditions. For the response deriva-

tive analysis, the object function was chosen to be the steady-state foam recession rate for
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one-dimensional foam decomposition, as discussed in Section 7.2. The TGA simulations, dis-
cussed in Section 7.1, did not require solution of an energy equation, since the temperature history

of the foam samples were specified. However, the regression of the decomposition front depends

on the thermophysical properties of the foamgap1e 5 Thermophysical properties of foam

as well as the decomposition mechanis| \/ariable . Nominal
Description
. Symbol Value
Temperature dependent thermophysical prd,
Po Foam density, g/cth 0.353
erties for a rigid polyurethane foam are given Thermal conductivit},
cal/s-cm-K
in Table 5. The temperature dependent ther- .
23 C 1.4x10
mal conductivity and the heat capacity were 50° C 1 5¢10%
. . . . ° 4
measuretf with a differential scanning calo- 100°C 1.6<10
. . 150° C 1.8x10
rimeter and a laser flash technique, respec-
200° C 2.0x10%
tively. 250° C 2 10
Two different rates were investigated: ¢y Heat capacity, cal/g-K
. 23°C 0.303
1) a fast burn rate (0.2D.14 cm/min)
50° C 0.324
obtained usig a a radiative boundary condi- 100° C 0.358
tion with a source temperature of 1,000° C 150°C 0.440
_ 200° C 0.475
and 2) a slow burn rate (0.26.05 cm/min) .
250° C 0.526

obtained using a constant flux boundary con-

dition of 0.5 cal/cnd-s. All the simulations in this section were made using 0.5-mm elements.

The gradient of the object function with respect to model paramed&fd(;, was used to deter-

mine the uncertainty in foam recession rate with the following equation:

A
(AV)? zg dv Z'ﬁ (51)

i |]’
i=1 dZ
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whereV, ¢, AV, andA{; represent the foam recession rate,ithenodel parameter, uncertainty in

foam recession rate, and the uncertainty ini{ﬁparameter, respectively. The subscripgpre-
sents the initial density of the foam, the conductivity of the foam, the heat capacity of the foam,
the initial temperature of the foam, the activation energies of the nine PUF reactions, the decom-
position enthalpy, and the emissivity of the foam. Since the thermal conductivity and heat capac-
ity of the foam are temperature dependent, the sensitivity parameter for these variables was
modified by using a multiplying factor to scale the temperature-dependent property. The scale
factor for both the thermal conductivity and specific heat was chosen to be one. A similar
approach was used for the reaction enthalpy.

Table 6 gives the 15 parameters used in the response derivative analysis of the fast burn
rate obtained using the one-dimensional burn model with a radiative boundary condition. The

nominal parameter valueg;; the gradient of the foam recession rat®//d(;; the estimated

. e . . AZ; . :
parameter uncertaint(;; and the individual variable uncertalntg,ig%/_ D%%Z ; are also given in

Table 6. The contributions to the overall uncertainty is shown in parenthesis in Table 6. Vari-
ables with a contribution to the overall uncertainty greater than 5% are shaded. The most sensi-
tive variables affecting foam recession rate for the case with the radiative boundary condition are
the activation energies associated with the Reactions (2), (4), and (5) as given in Table 1. These
are the same kinetic variables that were determined to be the most sensitive kinetic variables in
the Plackett Burman analysis discussed in Section 7.1. A one percent change in model parameters

resulted in a 14% change in the high foam recession rate case.
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Table 6. Uncertainty Analysis for Radiation Boundary Condition

i 4 dv/dz; N, 4yt enfimin
Po 0.353 g/cm 9.93x10'% 0.01xZ; 0.0000123 (0.1%)

ke 1.0 2.9%10° 0.01x; 0.0008601 (4.4%)
Cpf 1.0 1.9610° 0.01x; 0.0003626 (1.9%)
T 300 K -8.5%10°3 0.01x; 0.0006648 (3.4%)
E; 53400 cal/mol| -1.9410° 0.01x; 0.0001071 (0.6%)
E, 44580 cal/mol| -9.9€10° 0.01x; 0.0019478 (10.0%)
= 42520 cal/mol|  7.3810° 0.01x; 0.0000097 (0.0%)

E, 45900 cal/mol| -2.3010% 0.01xZ; 0.0111401 (57.3%)
Eg 44600 cal/mol|  1.2810% 0.01x¢; 0.0032844 (16.9%)

Eg 58060 cal/mol|  2.7910° 0.01x¢; 0.0002632 (1.4%)
E, 51850 cal/mol| 2.3210° 0.01xZ; 0.0001449 (0.7%)
Eg 52830 cal/mol| -2.3410° 0.01x¢; 0.0001492 (0.8%)
= 56660 cal/mol| -3.1810° 0.01x¢; 0.0003085 (1.6%)
hy¢ -35 callcn? 3.4%107 0.01xZ; 0.0001492 (0.8%)
£ 0.8 7.56101 0.01x¢; 0.0000366 (0.2%)

5 =0.01944 (100%)

*  The foam recession rate for a radiation boundary, with source temperature of
1,000 °C, is 0.920.14 cm/min.

The sensitivity of the PUF model parameters to a moderate boundary condition of

0.5 cal/cnd-s was also investigated. The moderate boundary condition resulted in a thicker reac-
tion zone making variables such as thermal conductivity more significant. As highlighted in
Table 7, the most sensitive variables affecting foam recession rate for the constant flux calcula-
tion are the initial density, thermal conductivity, kinetics effecting the formation and destruction
of the secondary polymer, and the reaction enthalpy. A one percent variation in the input factors

resulted in a 18% change in the foam recession rate. The sensitivity of the model to input param-
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Table 7. Uncertainty Analysis for Constant Flux Boundary Condition

i 4 dv/dz, Ay, Ly, (o eimin?
Po 0.353g/cm | -4.51x1(° 0.01x; 0.0002540 (11.1%)
k¢ 1.0 1.0%x10° 0.01x; 0.0001178 (5.1%)
Cof 1.0 1.4810*t 0.01xZ; 0.0000022 (0.1%)
T 300 K -3.0%10° 0.01x{; 0.0000862 (3.8%)
E; 53400 cal/mol|  2.5810°® 0.01x{; 0.0000018 (0.1%)
E, 44580 cal/mol | -1.6810° 0.01x{; 0.0000561 (2.5%)
Es 42520 cal/mol | -6.3810° 0.01x{; 0.0000072 (0.3%)
E, 45900 cal/mol | -5.2010°6 0.01x{; 0.0000057 (0.2%)

Es 44600 cal/mol | -4.1810° 0.01xZ; 0.0003446 (15.1%)
Eg 58060 cal/mol| -2.8810° 0.01xZ; 0.0002800 (12.2%)

E; 51850 cal/mol |  7.9810°® 0.01x¢; 0.0000170 (0.7%)

Eg 52830 cal/mol| -3.6%10° 0.01xZ; 0.0003627 (15.9%)
Eq 56660 cal/mol|  3.0610° 0.01x¢; 0.0003012 (13.2%)
hys -35callcri | 6.07107 0.01x¢; 0.0004516 (19.7%)

= =0.002288 (100%)

*The foam recession rate for a constant flux of 0.5 cal/%isr@.26:0.05 cm/min.

eters show that the foam decomposition process is highly nonlinear. However, since the foam
recession rate gradients contain both positive and negative values, the 18% variation in foam

recession rate is a conservative estimate.

8. SCALE-UP EXPERIMENT

Chu et al*® have performed component-scale experiments of foam decomposition with

well-characterized boundary conditions using a heat lamp array to produce fire-like heat fluxes.
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In Fig. 17, the two-dimensional axisymmetric geometry of the foam experiment is shown with an
8.8-cm diameter by 15-cm long right circular cylinder of foam encapsulating a 3.8-cm diameter
by 6.4-cm long right circular cylinder of 304 stainless steel (SS). The face of the embedded com-
ponent was 3.2-cm from the heated surface. The foam cylinder was contained in a sample cup
that is shown in Fig. 18. The cup consisted of a 0.95-cm thick stainless steel bottom, which was
press fit into a 7.3-cm long, thin wall (0.5-mm) stainless steel tube. Six 6-mm diameter holes
were drilled through the side of the stainless steel tub, near the cup bottom, to vent decomposition
gases. The number and size of the vents were chosen to keep the pressure within the cup near

ambient conditions to minimize mass transfer effects. Figure 19 shows the vent holes in an X-ray

image of the component-scale experiment after 15-min exposure to an incident flux of 25.W/cm
The burn front is also visible in Fig. 19.

The white circles in Fig. 19 show the location of the thermocouples which were welded to
the side of the can and the bottom of the can. The location of the thermocouples on the can are
shown in more detail in the insert of Fig. 20. Figure 20 also gives the measured temperature at
various axial can locations as well as the temperature of the bottom of the can for the compo-
nent-scale experiment. The boundary conditions for the COYOTE simulation of the compo-
nent-scale experiment were set to the specific temperatures measured along the surface of the
confining cup. The cup bottom temperature was maintained at 1,000° C with the thermocouple
located within the bottom plate as shown in Fig. 20. Figure 21 shows the measured cup wall tem-

peratures and bottom cup temperature at early times. In Fig. 21, temperatures measured with

thermocouplesl] and [J should not be hotter than the temperatures measured with

thermocoupld_].
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Fig. 17 Schematic of component-scale ambient-pressure vented expé&riment.
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Fig. 18 Foam cylindrical holding cup. The foam (not shown) is 15-cm long and
protrudes from the cup.
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Fig. 19 X-ray image of component-scale experiment after 15-min exposure to an
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Fig. 20 Measured cup wall temperatures and bottom cup tempetature.
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Fig. 21 Measured cup wall temperatures and top cup temperature at early times.
Suspect temperaturésand ] should not be hotter thdd.

Figure 22 shows the axisymmetric mesh and an X-ray of the foam with the encapsulated
304 SS component. A 3-mm gap was visible in the X-ray taken prior to the experiment. The
3-mm gap was modeled as a radiation enclosure. The element dimensions were chosen to be
5mm by 5 mm to maintain at least three to four elements across the reaction zone as shown in
Fig. 23. The mesh in Fig. 22 is expected to give a grid error, as defined by Eq. (50), less than 5%.
The temperature and density profiles across the decomposition front are shown in Fig. 23.C. The
thickness of the front estimated from Fig. 23.C is 4 mm, which confirms that the 0.5-mm element
dimension is sufficiently small. Figure 23.D also shows the predicted temperature profile and
solid fraction profile across the burn front. The density profile shown in Fig. 23.C has significant

scatter. The density profile was estimated from the pixel density in the X-ray image shown in
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Fig. 22 Axisymmetric mesh with 11,209 elements and X-ray of foam in cylindrical
holding cup showing 3 mm gap between face of component and foam. The
foam is 15-cm (6 inches) long and protrudes from the cup.
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Fig. 23 A) Measured and predicted burn front shape after 10-min exposure to an incident flux
~25 Wicnf, B) predicted solid fraction contours, C) measured temperature and density
across burn front, and D) predicted temperature and solid fraction across burn front.

Fig. 23.A. Despite this uncertainty, the measured density profile and the predicted solid fraction

profile across the burn front are similar.

Figure 24 shows a comparison between X-ray images and calculated temperature profiles

of the foam with the cup bottom exposed to an incident flux of ~25 Wichihe boundary condi-

tions were set to the specific temperatures measured along the cup surface and bottom as shown in
Fig. 20. The nominal values of the PUF model parameters given in Table 2 and the tempera-
ture-dependent thermophysical properties given in Table 5 were used for the calculations shown
in Fig. 24. Resistance across the foam residue on the face of the component was also accounted

for by assuming a reduced component surface emissivity of 0.6. The reaction enthalpy was cho-
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Fig. 24 X-ray images (left) and calculated temperature profiles (right) of foam with cup bottom
exposed to an incident flux of ~25 W/ém
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sen to be consistent with bond energies of polyatomic compounds. In Fig. 24, the decomposition
front is horizontal prior to reaching the component. As the front gets closer to the embedded
component, the decomposition front curves around the component. The exact location of the
decomposition front is seen as a density variation in the X-rays. COYOTE’s element death
option was used to remove elements when the condensed fraction within individual elements was
less than 0.01. The shape of the front is difficult to determine near the wall in the X-rays because
of the curvature of the confinement. Nevertheless, the calculated and measured shape of the
decomposition front appear &gree very well

Figure 25 shows the location of the thermocouples at the center and midradial positions.
Figures 26, 27, and 28 show a comparison between predicted and measured center, midradial, and
component temperatures, respectively. The encapsulated component appears to heat up the bulk

of the foam as shown by the temperature profile labéledh Fig. 26. In previous experiments

without an encapsulated componéfall temperature measurements remained essentially con-
stant until the decomposition front was within close proximity. With the encapsulated compo-
nent, the temperature at the various thermocouple locations is shown to increase gradually until
the decomposition front is within close proximity, and the temperature increase is more rapid.
This behavior is shown to be more pronounced in the experimental temperature profiles plotted in
Figs. 26 and 27. In Fig. 26, the temperature measured by thermodduggb@ears to be 100 °C
higher than the predicted temperature at that location. This difference between the measurement
and calculation is thought to be related to premature exposure of the thermocouple sheath, as
shown in Fig. 29, to the hot radiating can and subsequent heat transfer by conduction to the ther-
mocouple tip. Since the foam burns faster along the wall than in the center of the foam, the ther-

mocouples are likely to become partially exposed. The exposed thermocouples can become hot
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Fig. 25 A) Center thermocouple locations and B) midradial thermocouple locations.
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Fig. 26 Calculated (solid lines) and measured (dashed lines) temperatures at center ther-
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A) Top view of exposed thermocouple

Fig. 29 A) Top view of exposed thermocouple and B) side view of exposed thermocouple.
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by radiative energy exchange with the hot boundary. Furthermore, heat transfer between the hot
tube walls and the thermocouple leads may have also resulted in unaccounted heat transfer to the
thermocouple junctions.

Figure 30 shows the predicted transmitted heat flux along the center of the foam at various
times. The maximum transmitted heat flux within the foam at each time plotted in Fig. 30 was
located at the burn front. Furthermore, the overall maximum transmitted heat flux through the
foam for all times occurred at early times when the foam surface was intimate with the heated sur-
face. As the burn front moved away from the heated surface, the maximum transmitted heat flux
decreased. The decrease in maximum transmitted heat flux is likely due to view factor effect
since gas opacity and convective heat transfer was not included in the model.

Figure 31 shows the predicted center and midradial burn front velocities. The velocities
were estimated using the time of element death. The center burn front velocity was slightly
greater than the midradial burn velocities, resulting in a curved burn front shown previously in
Fig. 24. The center burn front velocity profile stops at about 7 minutes when the burn front
reaches the embedded component.

The 2-D axisymmetric mesh contained 11,209 elements as shown in Fig. 22. The simula-
tion required 11 days and 16 hours of CPU time on a single processor, 3 days 16 hours of CPU
time on four processors, and 2 days 1 hour on eight processors. Ninety percent of the CPU time
was attributed to the view factor computation, while only nine percent of the computation was
attributed to the PUF decomposition model. Adaptive gridding would reduce the chemistry com-
putation considerably and increase simulation accuracy, but the view factor CPU time would
likely increase. The view factor calculation would dramatically increase if the adaptive grid

refinement approaches resolution scales defined in Section 7.2.
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9. SUMMARY AND CONCLUSIONS

The PolyUrethane Foam (PUF) decomposition model has been applied to thermal decomposition
of rigid polyurethane foam using the three-dimensional finite element code COYOTE. The PUF
model is comprised of a kinetic mechanism that describes bond breaking, a lattice statistics model
to describe the mass fraction of finite polymer fragments isolated from the macromolecule by bro-
ken bonds, and a transport model to describe the evaporation of the finite polymer fragments with
high vapor pressures into the gas phase. The chemical structure of the rigid polyurethane foam
was determined from specific synthesis procedures, and the PUF model parameters were obtained
from the most probable structural units of the foam. Kinetic parameters, for the PUF bond-break-
ing mechanism, were obtained by using an object-oriented optimization code, used to minimize

the difference between weight loss measured in a small-scale Thermal Gravimetric Analysis
(TGA) apparatus using nominally 5-mg samples from six isothermal experitfearts model

predictions. The temperature-dependent thermal conductivity and heat capacity were nféasured

with a differential scanning calorimeter and a laser flash technique, respectively. The reaction

enthalpy was obtained from a differential scanning caloriméteThree nonisothermal experi-
ments, not used to estimate kinetic parameters, were simulated to validate the selection of the
kinetic parameters for the PUF model.

Various sensitivity and uncertainty analysis were performed using the PolyUrethane Foam
(PUF) decomposition model. Although exact agreement between experimental data and predic-
tions were not obtained in this study, uncertainty in both experiment and model have been

explored and quantified. In the experiments, a few of the thermocouples used to define the
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boundary conditions were shown to unexpectedly increase in temperature. Nonuniform burn
fronts exposed thermocouple sheaths to the hot boundary. Conduction of heat along the thermo-
couple sheath to the thermocouple tip may have caused the measured thermocouple to read higher
temperatures than the surrounding foam. Heat transfer between the hot tube walls and the ther-
mocouple leads may have also resulted in unaccounted heat transfer to the thermocouple junc-
tions. The uncertainty in the exposed thermocouples are on the order of 100 °C. Future
experiments will use more thermocouples to better defined boundary conditions.

Two separate methods were used to determine model sensitivity with similar results: 1) a
variance analysis and 2) a response derivative analysis. The variance analysis, based on experi-
mental design techniques, was used to determine variables that have primary effects on the con-
densed fraction predicted using a 20 “C/min temperature ramp. The primary effect variables
included the initial polymer structure and the kinetics associated with the formation of a second-
ary polymer. Two response derivative analysis were performed by calculating the gradient of the
foam recession rate with respect to model parameters for a fast regressiat0(0DOTm/min)
obtained using fire-like boundary conditions and a slow regression#0.26 cm/min) obtained
using a mild, constant flux boundary condition.  For the fast regression, the most sensitive
kinetic parameters were associated with the formation of the secondary polymer in agreement
with the Plackett Burman analysis. For the slow regression, the reaction zone thickened; and ther-
mal conductivity, initial density, and reaction enthalpies were shown to be sensitive parameters as
well as the activation energies associated with the destruction of the secondary polymer. The
response derivatives were significantly different for the fast regression case than the slow regres-
sion case. Different conditions will undoubtedly give different sensitivity results.

A two-dimensional axisymmetric simulation of an unconfined, component-scale experi-

ment was performed using an 11,209 element mesh with the PUF model implemented into COY-
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