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Abstract Determining the response of composite pheno-

lic materials to fire remains a major unsolved problem that

is important for high consequence safety analysis. Diffi-

culties arise when thermophysical property measurements

are obscured by decomposition reactions. This article pre-

sents several decomposition experiments and models for a

phenolic resin impregnated into chopped 1.27-by-1.27 cm

glass fabric. The thermal response of the material was

measured using thermogravimetric analysis (TG), differ-

ential scanning calorimetry (DSC), and laser flash diffu-

sivity (LFD). The TG data was used to develop a 5-step

decomposition mechanism describing mass loss due to

reaction; the DSC data was used to describe the energy

changes associated with these reactions; and the LFD data

was used to describe energy flow into the decomposing

material. An effective thermal conductivity model was used

to partition energy transport by gas conduction, solid con-

duction, and diffusive radiation. The dynamic gas volume

fraction is treated as a field variable to extrapolate thermal

transport properties at high temperatures where decompo-

sition is prevalent. These various models have been

implemented into a finite element response model with an

example calculation that includes uncertainty.

Keywords DSC � Effective thermal conductivity �
Glass fabric � LFD � Model � Phenolic � TG �
Uncertainty quantification

Introduction

Our laboratories’ primary mission is to ensure that the U.S.

nuclear arsenal is safe, secure, and reliable. Thermal insults

such as fire are a major safety concern for these high con-

sequence systems. Responses of interest include thermal

energy transport and pressurization caused by decomposing

organic materials such as polyurethane foams [1, 2], epoxy

polymer encapsulants [3, 4], and glass fabric-filled phenolic

composites [5]. Erickson [6] discusses various chemical

decomposition mechanisms for many of these materials by

examining decomposition products from TG using Fourier

transform infrared spectroscopy.

Obtaining kinetic reaction rates for these proposed

mechanisms is a challenge as discussed by Chrissafis [7].

Chrissafis recently reviewed the advantages and disad-

vantages of using single or multiple heating rate data as

well as using single or multiple step reactions when

describing polymer decomposition. Chrissafis concluded

that one should use multiple heating rates for more reliable

kinetic evaluations and that multiple reaction steps give

better results.

We agree with Chrissafis conclusions and add that run-

to-run variability should also be taken into account. Slight

disagreement between model predictions and measure-

ments at different heating rates can be explained by

experimental as well as model uncertainty. Uncertainties in

model predictions arise from uncertainty associated with

input parameters. Uncertainty is accounted for in the cur-

rent study using smart sampling techniques such as Latin

Hypercube Sampling (LHS) [8].

Measurements of thermal physical properties at elevated

temperature are confounded when materials decompose.

Unsolved challenges at these high temperatures include

measuring thermal conductivity and specific heat during
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decomposition. Difficulties arise when the endothermic

and/or exothermic reaction enthalpies confound the ther-

mophysical property measurement. Significant volume

changes as well as vitrification in some of these materials

complicate the measurements.

We postulate that changes in thermophysical properties at

elevated temperatures correlate with the gas volume fraction

similar to effective thermal conductivity models discussed

in [9] and [10]. Thermal expansion of the polymer matrix

causes the gas volume fraction to decrease to accommodate

the change in the polymer volume. In contrast, gas volume

fraction increases as the polymer matrix is converted

into decomposition gases. We hypothesize that conduction

through the decomposing materials depend on the evolving

gas volume fraction. In the current article, our modeling

and experimental methods are applied to MXB-71 [5], a

glass fabric-filled phenolic composite made using a pheno-

lic resin impregnated into chopped 1.27-by-1.27 cm glass

fabric.

MXB-71 experiments

A TA Instruments Model Q5000 TGA was used to obtain

changes in mass as the temperature of a 4.9 mg sample was

increased at 20 �C min-1 as shown in Fig. 1a. Figure 1a

shows the remaining solid mass (m) normalized by the

initial sample mass (m0), Sf = m/m0. Sf is the reacted solid

mass fraction. The derivative of the TG mass loss curve,

also shown in Fig. 1a, can be used to identify the tem-

perature where weight loss is most apparent. The heat flow

necessary to increase the temperature of a 13.5 mg sample

at 20 �C min-1 is shown in Fig. 1b. The heat flow was

measured with a TA Instruments Model DSC 2920. Large

decreases and increases in heat flow correlates with weight

loss shown by the TG data. Since TG and DSC techniques

are commonly used, they are not described in detail in this

article.

The laser flash diffusivity (LFD) device was used to

measure the thermal conductivity by exposing a 1.27 cm

diameter by 1–2 mm thick sample to a ‘‘flash’’ laser light

on one of the flat sample surfaces. The heat conducts

through the sample to the other side where temperature is

measured. A simple one-dimensional heat diffusion equa-

tion is used to reduce the data to estimate the thermal

diffusivity [11]. The average value of the thermal con-

ductivity was 0.46 W m-1 �C-1 (20–200 �C) with an

uncertainty of about 5%.

Various MXB-71 samples were placed in an oven with

an Argon purge for 30 min to cure the sample for the LFD

measurement at temperatures higher than 200 �C. The

purpose for curing the samples was to eliminate decom-

position products so that the thermal conductivity of the

degraded MXB-71 could be measured at high temperatures

without interference from decomposition chemistry. At

325 �C, the sample darkened but had a similar shape to the

starting sample. At 525 �C, most of the phenolic resin

decomposed and randomly oriented glass fibers were dis-

cernable. At 725 �C, all of the phenolic resin had decom-

posed leaving light colored glass fibers. The cured sample

at 725 �C was warped and fragile. At 925 �C, the LFD

sample vitrified.

Pictures of cured LFD samples are shown on the mass

loss curve at the corresponding cure temperatures and also

in Fig. 1c. Significant volume changes and likely enthalpy

changes occur above 725 �C, which were not measured by

the DSC experiment. Only ambient pressure results are

addressed in the current article. The effects of pressure and

confinement on decomposition are beyond the scope of the

current study, but should be considered in the future.

Because of the inability to eliminate chemistry effects at

elevated temperatures, we have modeled the thermal con-

ductivity above 200 �C by separating conductive heat
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transfer into three parts: conduction through the solid,

conduction through the decomposition gases, and diffusive

radiation. The relative contributions depend on the gas

volume fraction, which is determined as a field variable.

The following sections describe the decomposition model

with comparison to data. Subsequent sections describe a

response model for MXB-71 including contributions due to

gas conduction, condensed conduction, and diffuse radiation.

MXB-71 decomposition model

The derivative of the reacted solid mass fraction in Fig. 1a

indicates that four reactions centered about 170, 272, 454,

and 525 �C describe decomposition. A fifth reaction with

the center obscured by the 3rd and 4th reactions could be

used to describe the slope change at 650 �C. Table 1 gives a

five-step decomposition model with parameters that can

accurately describe the mass loss in Fig. 1a. The DSC data

in Fig. 1b suggests the first reaction is thermally neutral, the

2nd reaction is exothermic, the 3rd reaction is endothermic,

the 4th reaction is exothermic, and the reaction enthalpy of

the 5th reaction is uncertain. The 5th reaction is assumed to

be thermally neutral although endothermic processes asso-

ciated with vitrification are expected. More data beyond

600 �C is needed to establish these enthalpy changes.

Five reaction rates were distributed normally with

respect to the extent of reaction to approximate the effect

of thermal damage. This method of describing reaction

rates is different from traditional methods described by

Chrissafis [7] in that portions of the material are assumed

to evolve at different first-order rates. Distributing activa-

tion energies smoothes the reaction rates and eliminates

abrupt changes in calculated solid fractions in agreement

with observations. Pitt [12] first used distributed activation

energies with a single reaction to approximate decompo-

sition of coal as a many component mixture that decom-

posed independently. The normally distributed reaction

rates for the first-order reaction steps given in Table 1 are:

oCi

ot
¼ niAi exp

�Ei þ zri

RT

� �
Ci with

1� Ci

Co;i
¼
Zzi

�1

1ffiffiffiffiffiffi
2p
p exp

�z2
i

2

� �
dzi or

zi ¼ normsinv 1� Ci

Co;i

� �
; ð1Þ

where i represents the ith reaction and ranges from 1 to 5.

‘‘z’’ is the ordinate of the standard normal cumulative dis-

tribution function representing the number of standard

deviations above or below the mean activation energy. In

Eq. 1, the quantity, 1 - Ci/Co,i, represents the progress of

the ith reaction. The function normsinv returns the inverse T
a
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of the standard normal cumulative distribution function.

Essential parameters, descriptions with units, and uncer-

tainty for this reaction mechanism are in Table 1. The solid

mass fraction is Sf = 1 -
P

Gi where Gi ¼ Co;i � Ci.

Reverse reactions, which may be important for confined

decomposition, were not included in the kinetic mechanism.

Mean predictions of the TG and DSC experiments

Figure 2 shows predictions of the TG mass loss data and the

DSC heat flow data discussed previously with Fig. 1. The

mean parameters from Table 1 were used for the simulations

in Fig. 1. The heating rate for the TG experiment was 20 �C

min-1 (T = 0.3336t ? 311.97). The heating rate for the

DSC experiment was slightly higher at 20.2 �C min-1 (T =

0.3372t ? 306.66). The five step mechanism with the mean

input parameters given in Table 1 were used to fit the data.

The lines labeled 1–5 represent the mass loss and derivative of

mass loss associated with each of the five independent reac-

tions. The individual reacted mass loss fractions were deter-

mined by Sf,i = 1 - Gi. The sum of the individual reacted

solid fractions is given by the solid black line, which is in

agreement with the data represented by circles.

The derivative of the mass loss shows that the first and

last reactions are broad and do not show prominent peaks

in the derivative curve, especially the last reaction. In

contrast the 2nd, 3rd, and 4th reactions are narrower with

distinct peaks. The second reaction does not contribute

significantly to the mass loss, but was included to capture

the first exothermic reaction in Fig. 2b. The heat flow

indicates that this reaction occurs over a small temperature

range that is probably a curing agent burning off. Both the

1st and 5th reactions were assumed to have a net enthalpy

change of zero. Heat flow was calculated in Fig. 2b as the

sum of the sensible and reaction energy, qflow = qsen ?

qrxn where qsen ¼ Cp
oT
ot and qrxn ¼

P
i rihi with ri ¼

niAi exp �Ei þ zrið Þ=RT½ �Ci.

Figure 2b shows the overall reaction enthalpy deter-

mined as the difference between the integral of the sensible

energy and the heat flow as hrxn ¼
R

qflowdt�
R

qsendt ¼R
qrxndt ¼ 64 J g�1. The sensible energy is depicted in

Fig. 2b as a dashed purple line. The energy release asso-

ciated with decomposition of MXB-71 phenolic is small

when compared to more energetic materials such as TNT

which has an overall reaction enthalpy of 5,400 J g-1 [13].

Uncertainty predictions of the TG and DSC

experiments

Uncertainties in the calculated results for the TG simula-

tions were determined using a Latin hypercube sampling

(LHS) technique. The LHS technique is an efficient, con-

strained sampling technique developed by McKay et al. [8]

to propagate uncertainty into the predicted results. Thirteen

of the parameters listed in Table 1 show uncertainty. A five

percent uncertainty was associated with the initial con-

centrations; a 5% uncertainty was associated with the

reaction enthalpies for reactions 2, 3, and 4; and a 20%

uncertainty was associated with the five reaction rates. All

of the uncertainty intervals were assumed to be uniformly

distributed. The uncertainty intervals were arbitrarily cho-

sen to show the impact of parameter uncertainty. A detailed

experimental program is needed to determine the actual

uncertainty with its associated distribution.

The reaction uncertainty was implemented as a simple

rate multiplier to avoid interaction between activation

energy, dispersion, and frequency factor. Since there is

correlation between the activation energy, dispersion, and

prefactor, one would expect many combinations of these

variable to give similar results, especially when one con-

siders uncertainty. This effect has been described by Brill

et al. [14] as a kinetic compensation effect. A simple rate

multiplier allows one to look at the uncertainty in the reac-

tion rate without being confounded by kinetic compensation.

The effect of parameter uncertainty was accounted for

by selecting 14 different values for each of the 13 param-

eters. The range of each input parameter was divided into
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14 non-overlapping intervals based on equal probability.

One random value from each interval was selected

according to the probability density function in the interval.

The 14 values thus obtained from the first parameter were

then paired in a random manner with the 14 values

obtained for the second parameter. These 14 pairs were

then combined in a random manner with the 14 values of

third parameter to form 14 triplets, and so on, until 14 sets

of the 13 input variables were formed. The TG mass loss

was then calculated 14 times with the 14 different sets of

input parameters. The mean and standard deviation of the

TG mass loss was then calculated from the 14 set of

responses. The mean and standard deviation of the mass

loss derivative was calculated in an analogous manner.

Figure 3a shows the uncertainty in the TG simulations.

Figure 3b shows which parameters contribute the most to

prediction uncertainty. The solid black line represents the

mean predictions from 14 Latin Hypercube Simulations

(LHS). The dashed lines represent the 95% prediction

interval determined using a Student’s t-distribution with

13 df (l ± 2.16r). The parameters which contribute the

most to the uncertainty are determined by calculating

importance factors. Importance factors provide the fraction

of the uncertainty that is attributed to a given parameter

and sum to unity. The importance is calculated by

assuming that the response (mass loss or derivative of mass

loss) is linear with respect to each input parameter. Linear

regression is used to determine sensitivity coefficients,

which are used with a mean value analysis [15] to deter-

mine importance.

Only 14 LHS runs (n ? 1 with n being the number of

model parameters) are required to determine the impor-

tance of the 13 input parameters using the mean value

method. This method is computationally efficient for

intense uncertainty analysis where one seeks a minimum

number of LHS runs. For example, a minimum number of

LHS runs is desired when one computes the uncertainty in

a response variable that changes in time, such as the

uncertainty of the mass loss or heat flow associated with

the TG and DSC. With more LHS runs, one can relax the

linear response assumption. Instead, scatter plots can be

used to visually determine correlation between model

parameters and model response. Toward the end of this

article, a more complete LHS sensitivity model is used to

explore the sensitivity of the response model. For this

analysis, scatter plots of the response indicates that the

variable that contribute to uncertainty are indeed linear,

validating the linear assumption used in the mean value

approach for the TG and DSC analysis.

As shown in Fig. 3a, the uncertainty in the mass loss is

less than 1% at 3,000 s when the sample temperature is

1,000 �C. Most of the uncertainty in the mass loss prediction

occurs after 1,500 s. The primary parameters that contribute

to the mass loss uncertainty are the initial concentrations

used in the 3rd, 4th, and 5th reactions, as shown in Fig. 3b.

In Fig. 3b, the areas of low uncertainty are shaded gray.

Figure 3c shows the importance scaled by the standard

deviation of the response. The scaled uncertainty clearly

shows the sensitivity of the results to the initial concentra-

tions. The uncertainty associated with the derivative of the

mass loss predictions are given on the right-hand-side of

Fig. 3b. In the derivative prediction, most of the uncertainty

is between 1,000 and 2,000 s. The parameters that influence

the uncertainty in this range are the initial concentrations
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used in the 4th reaction and the reaction rates of the 3rd and

4th reactions. Note that the uncertainties in the reaction

enthalpies do not affect the mass loss predictions since the

temperature of the sample is specified.

Figure 4a shows the uncertainties associated with the

prediction of the heat flow in the DSC experiment. Figure 4b,

c shows which parameters contribute the most to the predic-

tion uncertainty. As in the TG prediction, the solid black line

represents the mean from 14 Latin Hypercube Simulations

(LHS). The dashed lines bound the 95% prediction interval

determined using a Student’s t-distribution with 13 df

(l ± 2.16r). The parameters that contribute to the uncertainty

of the first exotherm are related to the 2nd reaction. Likewise,

the parameters associated with the endotherm are related to

the 3rd reaction, and the parameters responsible for the final

exotherm are related to the 4th reaction. Parameters associated

with reactions (1) and (5) do not affect the heat flow predic-

tion. The importances of the reaction enthalpies are the same

as the initial concentrations since the uncertainty in these

parameters were the same (5% of the mean).

MXB-71 response model

The response of the MXB-71 was determined with a finite

element model that solves the heat diffusion equation with

a source term for chemistry,

qC
oT

ot
¼ r � keffrTð Þ þ

X5

i¼1

qiri; ð2Þ

where q, C, T, t, keff, q, and r represent material density,

specific heat, temperature, time, effective thermal con-

ductivity, volumetric reaction energy, and reaction rate,

respectively. The reaction rates were discussed previously

with ri ¼ oCi

ot . Enclosure or surface-to-surface radiation can be

calculated by solving the following radiation enclosure

equation:

XN

j¼1

dkj

ej
� Fk�j

1� ej

ej

� �� �
Qj

A
¼
XN

j¼1

dkj � Fk�j

	 

sT4

j : ð3Þ

Q represents the energy transfer between surfaces in an

enclosure where dkj is the unit tensor, s is the Stefan-Boltz-

mann constant, e is the emissivity, and Fk-j is the radiation

view factor defined as the fraction of energy leaving surface j

and arriving at surface k.

Solution of Eqs. 2 and 3 gives the time-resolved tem-

perature and species concentrations within the phenolic and

the temperature in the inert materials such as the confining

metal skin and embedded components. In this article, the

boundary temperatures of the high-conductivity confining

hardware are specified. The thermophysical properties such

as specific heat are based on measurements. The emissivity

of the phenolic was taken to be 0.8 since materials with

rough surfaces typically have emissivities that approach

unity. Initial bulk density was assumed to be 1,800 kg/m3

based on measurements.
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The thermal conductivity of the phenolic is partitioned

into three contributions: conduction through the condensed

phenolic, kc; conduction through the gas, kg; and radiation

through the cell walls and across the cell voids, kr:

keff ¼ kc þ kg þ kr; with kc ¼ 2

3
ð1� /Þkc; kg ¼ /kg

and kr ¼ 16sT3

3 /ag þ 1� /ð Þac

� �: ð4Þ

In Eq. 4, / is the gas volume fraction, / ¼ 1� Sf qo
cð1�/oÞ
qc

; kc is

the thermal conductivity of the condensed phenolic, and kg

is the thermal conductivity of the gas within the voids. The

contributions due to gas-phase conduction (kg), condensed-

phase conduction (kc), and radiation (kr) at room tempera-

ture are 0.0003, 0.46, and 0.0002 W m-1K-1, respectively,

for an effective thermal conductivity of 0.46 W m-1K-1

as measured by LFD discussed previously. Other quanti-

ties of interest include the initial gas volume fraction

(/o), the condensed density (qc), the gas density (qg), and

the bulk density (qb) which are /o ¼ qo
c�qo

b

qo
c�qo

g
� 1� qo

b

qo
c
; qc ¼

qo
c= 1þ bðT � ToÞ½ �; qg ¼ PMw

RT ; and qb ¼ /qg þ ð1� /Þqc,

respectively. For open systems, the pressure (P) is a con-

stant. For closed systems, pressure can be calculated using a

low Mach flow assumption wherein r � P ¼ 0. In other

words, pressure is assumed to be spatially constant, but

varies in time due to temperature changes and reaction.

In Eq. 4, 2
3

represents a tortuosity correction [16]. For

example, only four of the six sides of a hollow cube con-

tributes to conduction, or 4
6
¼ 2

3
: The thermal conductivity of

the gas is assumed to be the same as the conductivity of CO2

varying linearly in temperature with kg at 300 and 500 K

being 0.0166 and 0.0325 W m-1 K-1 [17], respectively.

The gas volume fraction, /, is a function of the reacted solid

fraction and the density of the condensed phase, qc. The

condensed phase density changes with temperature as the

phenolic thermally expands with b being the volumetric

thermal expansion coefficient assumed to be 135 9

10-6 K-1 based on the volume change of phenolic mate-

rials [18]. ag and ac are the absorptivity of the gas and

polymer with value of 100 and 50,000 m-1, respectively.

The gas absorptivity is based on air and the condensed

absorptivity is based on polyurethane. These values have

been used to describe explosive decomposition [13, 19] and

are considered representative values. The response model is

not sensitive to the absorptivity since the radiation contri-

bution to energy transport is small. The initial gas molecular

weight in the pores was assumed to be 44 g mol-1. The

decomposition gas molecular weight was assumed to be

150 g mol-1.

Figure 5a shows the effective thermal conductivity with

contributions due to gas conduction, condensed-phase con-

duction, and diffuse radiation. The condensed conduction

dominates since the gas volume fraction is relatively small.

Figure 5b shows that the gas conduction (kg) is proportional

to the gas volume fraction (/). Initially, the condensed

phenolic thermally expands making the gas volume fraction

decrease. As the solid fraction (Sf) decreases, gas accumu-

lation causes the gas volume fraction (/) to increase.

The effective thermal conductivity model uses a diffu-

sion approximation for the optically thick medium [20].

The diffusion approximation requires that intensity in the

foam be nearly isotropic, which is a good assumption in the

bulk of the phenolic. However, the approximation is not

valid near certain types of boundaries, i.e., shiny bound-

aries with low emissivities. However, the boundaries in

applications where organic materials are decomposing are

probably not shiny but are likely to have emissivities near

unity. Thus, the diffusion approximation is probably

acceptable near these types of boundaries. ‘‘Radiation slip’’

or ‘‘jump’’ boundary conditions need to be applied to

boundaries that have large anisotropies [20]. ‘‘Radiation

slip’’ is beyond the scope of the current study.
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Response model with uncertainty

A sample calculation with uncertainty was performed to

demonstrate the response of MXB-71 to abnormal thermal

environments. The same chemistry parameters including

uncertainty were used for the response calculations.

Additional parameters for the response model including

uncertainty are listed in Table 2. Figure 6a shows the

configuration where the phenolic is depicted as an 8.4-cm

diameter, 4-cm high cylinder with a 2-cm diameter, and

3.6-cm high hollow aluminum cylinder embedded in the

center. The distance from the stainless steel/MXB-71

interface to the aluminum/MXB-71 interface is 0.6-cm.

The confining stainless steel is an 8.8-cm diameter and

4.4-cm high cylinder. The wall thickness of the stainless

steel and aluminum are 2-mm. All surfaces were assumed

to be insulated except for the bottom plate which was

heated from room temperature 27 �C to 1,000 �C in 10 min

as shown in Fig. 6b. The total simulation time was 1,000 s.

Both 3D and 2D axisymmetric meshes are shown in

Fig. 7. Under each mesh, the solution at 1,000 s is shown

using the mean parameters in Tables 1 and 2. Half of the 3D

solution is removed for comparison to the 2D solution.

Figure 7a shows the 2D solution with contours representing

the gas volume fraction from 0.165 to 0.0017. The contours

in the 3D solution in Fig. 7b represents the reacted solid

fractions from 0.83 to 0.98. Both solutions have seven

temperature isotherms ranging from 400 to 1,000 �C. The

2D and 3D solutions give quantitatively similar results.

The time required for the bottom of the hollow alumi-

num cylinder to reach 500 K (227 �C) was used as a

response metric to determine the sensitivity of the uncer-

tain parameters in Tables 1 and 2. This response metric

was arbitrarily chosen to demonstrate the sensitivity of the

response model. In real applications, the response tem-

perature might represent the failure temperature of an

embedded component and the distance of 0.6-mm from the

heated surface may represent the distance to an abnormal

thermal boundary such as an accidental fire. However, in

the current study, the selection of 500 K and a distance of

only 6-mm from the heated boundary are only examples.

The sensitivity for other response temperatures and dis-

tances from the heated boundary will undoubtedly result in

different sensitivities.

An LHS analysis with 100 samples was used to deter-

mine the sensitivity of the component response time. The

mean and standard deviation of the 100 LHS samples is

given in the histogram plotted in Fig. 8. The mean time to

reach 500 K was 603 s with a standard deviation of 16 s.

The distribution of each uncertain input parameter was

assumed to be uniform. The histogram indicates that the

component response time is normally distributed with

respect to the uncertainty in the input parameters.

To measure the correlation strength or sensitivity of the

response time, the standard linear correlation coefficient

was computed for each of the uncertain input parameters

given in Fig. 8:

r ¼
1

n�1

Pn
i¼1

ti � ltð Þ yi � ly

	 


rt � ry
; ð5Þ

where lt represents the mean or average computed

response time in the n = 100 LHS runs; ly is the mean of

the 100 corresponding LHS input values for the uncertain

Table 2 Additional parameters for response model

Parameter Description Values

ac, m-1 Condensed absorption

coefficient

50,000 ± 10%

ag, m-1 Gas absorption coefficient 100 ± 10%

Cp,0 �C, J kg-1 K-1 Heat capacitya at 0 �C 937 ± 10%

Cp,50 �C, J kg-1 K-1 Heat capacitya at 50 �C 1,025 ± 10%

Cp,230 �C, J kg-1 K-1 Heat capacitya at 230 �C 1,221 ± 10%

kc, W m-1 K-1 Condensed thermal

conductivity

0.7 ± 10%

qbo, kg m-3 Initial bulk density (guessed) 1,780 ± 5%

qco, kg m-3 Initial condensed phase

density

1,800 ± 5%

a Heat capacity is linearly interpolated. For T [ 230 �C, Cp =

Cp,230 �C
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variable y; rt and ry are the standard deviations of the

response time and input values.

A perfect positive or negative linear correlation is rj j ¼ 1:

In the current article, the linear correlation strength is

considered significant when rj j[ 0:5 or r2 [ 0:25: Such

judgments of r values depend on whether a linear model is a

good fit of the simulation results. Examination of scatter

plots of response versus parameter values is a better way to
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judge any strongly organized linear or nonlinear relationship

between the model parameters and the model response.

Scatter plots of the parameters with the four highest r2 values

are plotted on the bottom of Fig. 8. The condensed con-

ductivity is weakly correlated and shows a decreasing trend.

As the condensed conductivity increases, heat can penetrate

the material faster and time for the embedded component to

reach 500 K decreases. Correlation with the other three

variables gets progressively weaker. Scatter plots for the

other variables show similar behavior.

Summary and conclusions

Accurate prediction of the response of complex systems

containing organic materials exposed to abnormal thermal

environments such as fire is a complex and complicated

problem. Difficulties arise when thermal physical proper-

ties are measured at temperatures above decomposition

thresholds. Transport property measurements such as

thermal conductivity and specific heat are confounded by

energy and volume changes caused by reactions. As an

example of such problems, we have measured the response

of a glass/phenolic material (MXB-71) exposed to high

temperatures. We have attempted to make transport prop-

erty measurements at elevated temperatures by curing

samples in an oven. The problem with such methods is that

the material continues to decompose after being cured. And

at temperatures near 925 �C the material vitrified. In order

to predict material response at these high temperatures, we

have modeled the decomposition and evolution of the gas

volume as field variables. The thermal conductivity was

then partitioned into contributions due to gas conduction,

condensed conduction, and diffusive radiation. The pre-

dictions were most sensitive to the condensed thermal

conductivity.

A five-step mass loss model with distributed activation

energies was used to predict the mass loss of MXB-71

phenolic exposed to fire-like heat fluxes using an effective

thermal conductivity model. The activation energies, pre-

exponential factors, and distribution parameters were

obtained from TG experiments. Reaction enthalpies and

specific heats were obtained from DSC data. Low tem-

perature thermal conductivities were obtained from LFD

data. The measured specific heat was assumed to be a

linear function of temperature between 50 �C and 230 �C.

For temperatures greater than 230 �C, the specific heat

capacities were assumed to be constant. The model was

used to predict mass loss from a TG experiment with a

20 �C/min ramp and also to predict energy changes asso-

ciated with the DSC experiment. Uncertainty in the pre-

diction was determined with LHS analysis. The 95%

prediction interval was less than 1 percent of the mean

indicating that the chemistry model was adequate to

determine mass loss. The simulation of the DSC energy

changes was similar. However, enthalpy changes above

600 �C are uncertain since DSC data above this tempera-

ture were not obtained.

The MXB-71 constitutive model was implemented into

a finite element code and used to predict the response of an

8.4-cm diameter by 4-cm high right circular cylinder with a

2-cm diameter hollow aluminum cylinder embedded in the

center. A 2-mm thick stainless steel confining skin

enclosed the phenolic. The bottom of the confinement was

ramped from room temperature to 1,000 �C in 10 min and

held. This geometry and heating rate were similar to other

experiments performed with epoxy encapsulants [3]. An

LHS sensitivity analysis was performed using the time

required for the bottom of the embedded component to

reach 500 K. Only the thermal conductivity of the con-

densed phenolic was shown to correlate significantly with

the response time. The other 20 parameters with uncer-

tainty listed in Tables 1 and 2 do not have significant

correlation with the response.

The ‘‘no strain’’ assumption in the MXB-71 constitutive

model implies that there is no significant change in geom-

etry of the phenolic during decomposition. This is not true

above 900 �C as shown by vitrification of LFD samples

prepared by curing 1-mm thick samples for 30 min at

925 �C in an oven. If there is significant strain, such as

above 900 �C, the decomposition constitutive model should

be coupled to a mechanical stress–strain constitutive model

to account for the volume changes. Furthermore, the

response of MXB-71 described in the current article does

not depend on pressure. However, the prediction of pressure

is possible using a low Mach flow assumption. Neverthe-

less, complete validation of the MXB-71 response model

for hermetically sealed devices is not possible without more

experiments. More work is also needed for radiation slip

near shiny boundaries where the isotropic radiation diffu-

sion approximation is not valid.
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