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Analytical Investigation of the Thermal Response of
Decomposing Polymer Composites
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Kaman Sciences Corporation, Burlington, Massachusetts

and

Jack B. Hendersont
University of Rhode Island, Kingston, Rhode Island

A numerical study of the thermally induced response of two widely used glass-filled polymer composites has
been performed. This study was conducted using a newly developed mathematical model, which, unlike previous
models, does not include the idealized assumption of local thermal equilibrium existing between the solid matrix
and product gas. Experimentally determined volumetric heat transfer coefficients were used to characterize the
rate of emergy transfer between the two phases within the tortuous pore network of each material. These
coefficients were introduced into the model in the form of & Nusselt number/Reynolds number correlation
developed in this study. The results of the present investigation include solid temperature, product gas temper-
ature, pyrolysis mass loss, pressure, gas mass flux, gas-storage ratio, and expansion and volumetric heat-transfer
coefficient profiles. Material composition and processing were used to compare and contrast these results. Of
particular interest, the deviation from thermal equilibrium in one material has been predicted to be as high as
500°C. A general discussion on the effect of the assumption of local thermal equilibrium is presented based on

preliminary findings.

Nomenclature
a = Nusselt-Reynolds correlation coefficient
A =pre-exponential factor
b = Nusselt-Reynolds correlation coefficient, Eq. (13)
C, =specific heat

=activation energy

=mass fraction of virgin material
=volumetric heat transfer coefficient
=specific enthalpy

=thermal conductivity

=specimen thickness

=1mass :

=mass flux .
=molecular weight of gases

= order reaction

= pressure

=heat of decomposition

=universal gas constant

=time coordinate

= specific internal energy
=temperature

= gas velocity

=spatial coordinate

= linear coefficient of thermal expansion
=inertial coefficient

= permeability

=decomposition porosity coefficient
= cross-sectional area

=control system width

= emissivity

=decomposition permeability coefficient
=heating-rate expansion coefficient
= generic variable

= viscosity
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= decomposition expansion coefficient
=density
= porosity

£
P
o]
¥ = coefficient of linear permeability

Subscripts

=char
= final
=gas

= initial
=solid
=virgin

< O SNyo

Introduction

VER the past decade, polymer composite materials have

become accepted in a wide variety of thermal-protection
applications. Examples of these include spacecraft heat shields
for re-entry, rocket motor nozzle liners, missile magazines,
blast deflectors, etc. In the majority of these applications, the
materials are exposed to temperatures high enough to cause
decomposition of the solid material. In fact, overwhelming
acceptance of these materials stems from a high char yield
resulting from pyrolysis reactions, coupled with favorable
thermal and transport properties of the product char. As a
result of the decomposition process, the overall thermally
induced behavior of the material is quite complex and varies
with material composition and/or processing. In order to
design these types of thermal-protection systems efficiently, it
is necessary to predict accurately the overall response of these
materials a priori.

The purpose of this work was to study the thermally in-
duced response of glass-filled polymers using a newly devel-
oped, one-dimensional transient numerical model, which does
not include the idealized assumption of local thermal equi-
librium. Since the thermal response of these materials is highly
transient, it is thought that large deviations from local thermal
equilibrium do indeed exist. Clearly, the thermal decomposi-
tion of a composite material is enhanced with increased depar-
ture from thermal equilibrium. This implies that accurate
modeling must include equations for energy conservation in
both the solid and gas phases, coupled by the volumetric
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heat-transfer coefficient. Although many excellent mathemat-
ical models exist in the open literature for the prediction of the
thermal response of these and other materials,!- to the best of
the authors’ knowledge there have been no in-depth analytical
investigations dealing with the prediction of their overall re-
sponse in the absence of local thermal equilibrium. The mod-
eling technique in the present study also includes thermochem-
ical expansion of the material and related work terms
incorporated into the energy equations, which have not been
included in many of the previous works. Lastly, aerospace
companies have conducted numerous modeling studies in this
area, the majority of which are classified and/or under limited
distribution. For the most part, these studies incorporate the

same simplifying assumptions as those in the open literature.

Material Behavior

When a polymer composite material is exposed to a surface
heat flux, the initial heat transfer is primarily due to transient
energy conduction. This heat condition is solely governed by
the thermal properties of the virgin material. When the mate-
rial reaches sufficiently high temperatures (200-300°C), de-

pendent on material processing, composition, and heating
. rate, chemical reactions begin to occur. These thermally in-
duced reactions, commonly referred to as pyrolysis reactions,
result in the degradation of the resin component of the com-
* posite matrix to residue char and product volatiles. This reac-
tion zone moves from the heated surface through the material.
During the initial stages of the pyrolysis reactions, decomposi-
tion gases are trapped within the pore network due to low
material permeability. This accumulation of gases results in
the internal pressurization of the material. The internal pres-
surization is at least partially responsible for a very rapid and
sometimes quite large expansion of the material that occurs at
this time. As a result of the continuing expansion and decom-
- position, the material permeability and porosity begin to in-
crease. This increased permeability, coupled with existing
pressure gradients, results in the flow of gas through the pore
network. As a result, energy is transferred between the prod-
uct gas and solid material within the pore network by means of
forced convection. This highly transient energy transfer results
in large deviations from thermal equilibrium existing locally
between the two phases. The gases that flow back through the
" char structure remove energy by convection with the solid,

thus attentuating the conduction of heat to the reaction zone.
" The gases that flow in the other direction, through the par-
_ tially virgin material, serve to preheat the material. The rate of
doing work resulting from the flow of gas now becomes an
important means of energy transfer. As the pryrolysis reac-
tions and expansion proceed, the permeability and porosity of
the material increase still further. This results in increased gas
flow and in a reduction in internal pressure. When this occurs,
the material experiences a rapid contraction, primarily due to
elastic recovery.

At temperatures in excess of 1000° C, the carbonaceous char
reacts with silica, present in the glass fibers, resulting in
considerable additional mass loss. Given sufficient incident
energy, the active material may entirely be consumed. The
final products may include a combination of solid-phase sili-
con carbide and product gases or an entirely gaseous phase.
The thermodynamic equilibrium distribution of products for
this system (C-SiQO,), as a function of temperature, pressure,
and substrate concentration, has been discussed by Ladacki.b

Model Description

A one-dimensional transient mathematical model has been
developed to predict the thermally induced response of a poly-
mer composite matrix in the absence of thermal equilibrium.
Since heat transfer is accompanied by fluid flow, it was neces-
sary to require the conservation of thermal energy, momen-
tum, and mass in the system. Additionally, thermochemical
expansion, solid matrix decomposition, and temperature-de-
pendent property relations were included in the overall model-
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ing scheme. The major simplifying assumptions incorporated
into the model were that decomposition gases behave ideally
and are inert, and that the specific internal energy of the solid
is equivalent to the specific enthalpy of the solid.

The introduction of convective thermal transport between
the solid and volatiles requires that separate energy equations
be derived for each phase. An energy balance was applied over
a nonstationary volume element, A4Ax, to obtain the equa-

_ tions of energy for both the solid and gas phase. The following

equations constitute the mathematical description for energy
conservation in the overall model.

Solid:
) 3 T,
o (msUs) = AdAx [ks(l —¢) E] + hyAAAX(T, — Ty)
3Ax _ om; om;
+POAA T — QT+ Hy(T) )

Gas:

3 1 3 aT,
- U, + = pgv? JAA = AAAx — | kg2
at[<"g g+2"g"> Axd’] 3x<g¢ax>

d 1
— AAAx P [<ngg + > pgv2>¢v] + b AA A (T - T,)
0AX 3(Pov) am;

— PopAA "’é-t— —AAAx — H,(Ty) 2)

at

Equation (1) describes the transport of energy within the
solid phase. The first term represents the accumulation of
internal energy within the control system AA Ax; the second

' term represents the net rate of energy transfer by condition;

the third term represents the rate of energy transferred by
convection between the solid material and volatiles; the fourth
term accounts for the rate of work of expansion; the fifth term

" depicts energy consumption/generation during chemical reac-

tions; and, finally, the last term accounts for the energy lost by
the flow of newly generated product gas from the solid matrix
into the gas stream, i.e., pore network. Radiation energy
transfer within the pore network of the material has been
neglected since simplified calculations show it to be smaller
than energy transfer by means of conduction. This ideology
was adopted by previous researchers.!-?

Equation (2) describes the transport of energy within the gas
phase. The first term in this equation represents the accumula-
tion of internal and kinetic energy; the second term represents
the net rate of energy transfer by conduction; the third term
represents the net rate of convection of internal and kinetic
energy; the sixth term depicts the rate of doing work against
the static pressure P at the control system faces, i.e., flow
work.

The appropriate form of the equation of continuity was
obtained by writing a mass balance over the nonstationary
volume element, resulting in the following:

dmy _ dmy oy

= _Adax—£ 3
a ot > @

Momentum conservation is modeled using a non-Darcy type
correlation, governing flow through porous media where
B = cVv; that is,

oP my
_OP_ M, B
ax  pgy Pe

I1my @

The rate of solid mass decomposition is calculated by an
nth-order kinetic rate equation of the form
L dmy = _AM el - E/RTy] (5)
m, at my
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The thermochemical expansion of the control system Ax is
modeled by an equation similar to that used by Henderson and
Wiecek?:

1 dAx oT, @ m
A Of avF +ac(1 F) +at<nTs+£mo> (©)

The permeability and potosity are given, respectively, as
follows:

1 dy aT; a7, ¢ omg
i V(1 -F)—+—= 7
VT VI il R v iy M
and
100 & omg
—_—— = 8
¢, 8t m, Ot ®

The ideal-gas equation df state is used to specify the follow-
. ing relationship between the variables of state; i.e.,

_ mRT,
T MoAAAx ©

Lastly, the solid, thermal conductivity, specific heat, and
surface emissivity wére determined by a weighted average of
virgin and chdr material. That is,

A=ANF+(Q—-F) X (10)
The final form of the solid thermal energy equatxon used in

the numerical scheme was obtained by substituting the ap-
proximation H; = U, into Eq. (1). This yields

aT, 9 aT,
k(1 — o) 2 -
mCp, = = A AX [ (1 —0) ax] + hyAA Ax(T, — T))
3
+ PoAA ‘%x - ;’;S [Hs ~ H,(Ty) + Q] an

The final form of the gas thermal energy equation used in
the numerical scheme was obtained by substituting the appro-
priate form of the mechanical energy equation into Eq. (2),
and then introducing Eq. (3) into the resulting expression.
This yields

T, T,
m,C, —-—m"AAAxC o, +AAAx — g (kg¢%&>
X

E7P 9t s 9x ax
+ h,AA Ax(T, — T)+AAAxD§’f)
ams
[ — H, + H,(T,) + v¥/2) 12

The volumetric heat transfer coefficient 4, is calculated
based on the following correlation:

) Nu = aRe a3
where
) hv'y
N =
u %, 14)
15
pgY'” OP
Re= - — — 15
pid ox (13)

Equations (11), (12), and (3-8) represent a set of coupied,
nonlinear partial differential equations in T, T,, m;, P, m;,
Ax, v, and ¢, respectively. In the numerical scheme, this set of
governing equations was approximated using a fully implicit
finite-difference technique.

RESPONSE OF DECOMPOSING POLYMER COMPOSITES ' 487

Materials

The two composites studied are designated as H41N and
MXBE-350 and are fabricated by Ametek Haveg Division
and Fiberite Corporation, respectively. These resins are of the
thermosetting variety. Table 1 lists the constituents found in
these materials. Both materials consist of a basic phenol-
formaldehyde resin with varying quantities of fillers and rein-
forcing agents. These materials were chosen for study because
they exhibit typical decomposition/length change behavior for
glass-filled thermoset composites. Both materials are also of
great practical importance since they are used extensively in
high-temperature, high-heating-rate thermal-protection appli-
cations.

Material Properties

The accurate modeling of the overall thermally induced
response of these materials requires the accurate modeling of
all of the chemical and physical processes that occur over the
temperature range of interest. The properties/modeling
parameters for H41N and MXBE-350 are listed in Tables 2
and 3, respectively. In both tables, mass loss or temperature
ranges are specified over which the modeling parameter or
function is applicable. With the exception of permeability,
porosity, and volumetric heat transfer coefficient data, all of
the properties/parameters listed in Tables 2 and 3 were assem-
bled from a study performed by Henderson and Wiecek.’
Permeability and porosity data and corresponding parameters
were taken from more recent studies by Ramamurthy® and
Doherty,’ respectively, whereas volumetric heat transfer coef-
ficient data and corresponding parameters were taken from an
experimental study performed by Florio et al.”

Results and Discussion

Using the appropriate equations and thermal property rela-
tions outlined earlier, the thermally induced responses of
H41N and MXBE-350 were evaluated. For both materials, the
model was exercised for a 0.03-m-thick slab with a pure radia-
tion heat flux of 279.7 kW/m? applied to the front surface,
x = 0. The back surface, x = L, was prescribed to be insu-
lated. The initial temperature and pressure were taken as 40°C
and 1.01325 x 10° Pa, respectively.

For H41N, the computer simulation run was made utilizing
151 nodes and a time step of 0.2 s. For MXBE-350, the
computer simulation run was made utilizing 151 nodes and a
time step of 0.004 s. For each material, it was determined that
further reduction in the number of nodes or in the time step
altered the results by less than 1%.

The thermally induced responses of H41N and MXBE-350,
as a function of time and depth, are shown in Figs. 1-10 and
11-16, respectively. All profiles are shown at times of 100,
200, 400, 600, and 800 s.

Figure 1 illustrates the temperature history of the solid
material for H41N. Evident from this figure are the steep
temperature profiles, present primarily because of the low
solid thermal conductivity. Also evident is the expansion of
the material, as each successive time curve ends further be-

Table 1 Material composition

Y Composition (mass)

Constituent H41N MXBE-350
Resin
Phenol- formaldehyde (phenolic) 39.5 28.0
Acrylonitrile-butadiene _— 14.0
Total resin content 39.5 42.0
Filler
Glass fibers and talc 60.5 _—
Glass fiber (mat) —_— 43.0
Glass powder _ 15.0
Total filler content 60.5 58.0
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Table 2 Material properties for H4IN
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Table 3 Material properties for MXBE-350

Property/ Property/
parameter Function? Range? parameter Function? Range?
ov, kg/m3 1810.0 oy, kg/m3 1720.0
kv, W/m-K 0.80+2.76 X 10—4T 20=T <1000 ky, W/m-K 0.64+1.14%x10-5T 20< T <1000
ke, W/m-K 0.96+8.42x1074T 20=<T=1000 ke, W/m-K 0.50+1.88x10-3T 20< T <1000
—4,07x10-672+5.32x 10973 —6.36x107672+6.74%x 10973
Cpv, kJ/kg-K 1.05+9.76 x 10—4T 20=< TSIZOO Cpv, kI/kg-K 1.26 +4.61 x 10—4T 20=T <800
Cpe, kJ/7kg-K 0.88+7.60x 10—4T 20=<T=<1200 Cpe, kJ/kg-K 0.67+7.12x10-4T 20=T <800
&y (-) 0.113 év () 0.124
oc (-) 0.274 éc () 0.340
8 () —0.866 ms/me <1 6 (-) —0.570 ms/mo <1
Yv, m? 6.18x 1018 vy, m2 2.73x10-17
Ye, m 4.85%10-15 Ye, m? 1.82x10-13
¥,, 1/K 0 ¥,, 1I/K 0
Y., 1/K 0 V., 1/K —10.50 ms/my <0.99
<) -2619.0 0.795<ms/my <0.99 ) —48380.3 ms/mo <0.99
c 0 c 73.61
ay, 1/K 8.59x 105 ay, 1/K 6.32x 105
ac, 1/K ~7.42%10-5 0.492 < my/mo <0.99 ac, 1/K —2.75x1073
—5.93x10-4 ms/my =0.492 7, 1/K —2.05x10-4 0.78 <ms/my, <0.99
7, 1/K 8.03x 10 0.92< my/mo <0.99 1.35%107 0.71=ms/mo <0.78
—1.68x10-4 0.81 =ms/mp <0.92 £E() 0.384 0.78 =mgs/m, <0.99
5.67x10-2 0.71 <=my/my, <0.78
£ECG) 0.967 0.92<ms/my <0.99 _ s/
0.445 081Sms/m0<092 6.04 %102 0.505<ms/m, <0.70
-2.19%x10~2 0.492<ms/my <0.795 A, 1/s 2.48 x 104 ms/my =0.96
i 6 0.70 < ms/m, <0.96
A, s 1.98 % 1029 ms/my=0.91 8.47x 10 70=ms/mo
8.17x 1018 0.795 < mq/mo >0.91 8.65x10° ms/mo <0.70
2.62x 107 ms/my <0.795 E, kJ/kmole 2.20 % 105 ms/me =0.70
E, kJ/kmole 2.60% 105 ms/mo =0.795 3.42x10° ms/mo <0.70
3.54%x 105 ms/my >0.795 n(-) 50.64 ms/mo =0.96
ne) 17.33 ms/my <0.91 4.20 0.70<ms/m, <0.96
6.30 0.795 < mg/mo <0.91 0.21 ms/mo <0.70
0.53 ms/mgy <0.795 Q, kl/kg —553.0 ms/mo 20.70
Q, kl/ke —234.0 mg/mo 20.795 —2093.0 ms/mo <0.70
—-2093.0 ms/mo <0.795 €y 0.80
& 0.84 e 0.80
€c 0.88 a 1.71x 106 mg/my =1
a 2.22x10-6 mg/mo <1 b 0.783 ms/mo =1
b _0.703 mg/mo =<1 2Temperature in °C.
aTemperature in °C.
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Fig. 1 Solid temperature profiles for H41N.

yond the previous one. By 800 s, the material has expanded
from an initial thickness of 0.03 m to approximately 0.032 m.

Figure 2 illustrates the temperature history of the product
gas for H4IN. A comparison of Figs. 1 and 2 shows large
differences between the two temperature profiles. In fact,
deviations from local thermal equilibrium as high as 200°C are
predicted. Note that for a particular time, the major deviation
from thermal equilibrium occurs at the front surface. This is

DEPTH(m x 10%)
Fig. 2 Gas temperature profiles for H41N.

expected because this surface is exposed to the radiant heat
flux, and thus subject to rapid heating. However, this devia-
tion from thermal equilibriuri decreases with increasing time
due to the balancing of absorbed energy with emitted energy at
the solid surface. )

Figure 3 shows the mass-loss history for H41N. The ordi-
nate axis represents the fraction of mass remaining m;/m,.
For H41N, the pyrolysis reactions result in a mass loss of
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about 20%), i.e., m;/m;, =0.8. A comparison of Figs. 1 and
3 shows that the pyrolysis reactions are initiated in the solid
temperature range of approximately 350-375°C and reach
completion in the solid temperature range of approximately
1000~-1100°C. As a result, it is evident from Fig. 3 that the
reactions have reached completion at the heated surface for
times greater than 100 s, and by 800 s the reaction zone has
progressed to the back surface. Also evident from this figure
is that the radiant heat flux of 279.7 kW/m? does not supply
sufficient incident energy for the initiation of the carbon-silica
reactions in this material, which occur when m;/m;, <0.8.

The dimensionless pressure p/p, profiles for H4IN are
shown in Fig. 4. As can be seen, the peak pressure moves
further into the material with increasing time, following the
pyrolysis reaction zone. A comparison of Figs. 3 and 4 shows
that for a given time the peak pressure takes place just after
the onset of pyrolysis (m,/m;, >0.98), primarily due to low
material permeability and porosity in this region. The sole
exception to this is at 800 s, where as discussed earlier the
pyrolysis zone has progressed through the material. As a re-
sult, the material permeability at the back surface has become
quite large by 800 s. Hence, the gas can flow quite freely out
the back surface, resulting in a reduction in the éntire pressure
field.

Figure 5 shows the decomposition gas mass flux 775 profiles
in the material. A negative value on the ordinate axis indicates
flow toward the heated surface, while a positive value indi-
cates flow toward the back surface. As expected from the
preceding discussion, the majority of the decomposition gas
exits the material by way of the heated surface, except at 800
s where appreciable flow out the back surface occurs.

The ratio of the instantaneous decomposition gas mass stor-
_ age to the initial gas mass occupying the pores, m,/mg,, is
depicted in Fig. 6. Comparison of Figs. 3 and 6 reveals that the
peak gas storage occurs midway in the pyrolysis reaction re-

o 100
2
b
>
= TIME =100s
o 095 T
£
=
=
&
x 090 | 7
[2]
2
=
085 ]
8 HaIN
= CALCULATED
o MASS LOSS PROFILES
2 HEAT FLUX: 279.7 kW/m?
L 080 | L L e

00 05 10 15 20 25 30 35

DEPTH (m x 10%)
Fig. 3 Mass-loss profiles for H41N.
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Fig. 4 Pressure profiles for H41N.
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gion. Secondary plateaus are also seen in Fig. 6 within the
virgin material, where no mass loss has occurred. These
plateaus are created as a result of gas flow toward the back
surface. This gas becomes trapped due to the low material
permeability in this region.

The expansion profiles for H41N are shown in Fig, 7. The

‘fractional length change (Ax — Ax,)/Ax, is represented on the

ordinate axis. Inspection of the figure clearly reveals the dis-
tinct stages of expansion described earlier. As can be seen,
expansion as high as 15% occurs as a result of pyrolysis.
Clearly, this is significant and has a direct impact on the
overall response of the material. As with pressure, expansion

‘follows the pyrolysis zone, moving further into the material

with increasing time. However, examination of Figs. 4 and 7
shows that the peak expansion lags the peak pressure for a
given time. The peak expansion actually occurs midway in the
pyrolysis region. This is thought to occur because the char
material in the pyrolysis region has a much lower specific
strength than the virgin material. Hence, the char structure is
weaker, allowing for more expansion as a result of internal
pressurization. A more detailed discussion of the expansion
characteristics of these materials is presented elsewhere.!®
Figure 8 illustrates volumetric heat transfer coefficient b,
profiles between decomposition gases and the solid within the
pore network of the H4IN. As expected from Eq. (13), the
peak value of A, for a given time occurs where the pressure
gradient is steepest. Comparison of Figs. 8 and 4 shows that
there is a sharp change in the volumetric heat transfer coeffi-
cient profile corresponding to the occurrence of the peak
pressure. This phenomenon does not occur at 800 s because
the pressure profile is much flatter than at the earlier time.
However, at 800 s, A, approaches zero at a depth of about 2.2
cm because of a zero pressure gradient at this location.
Figure 9 illustrates the temperature history of the solid
material for MXBE-350. A comparison of Figs. 1 and 9 shows
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~
g 600
3
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Fig. 5 Gas mass flux profiles for H41N.
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Fig. 6 Gas mass storage profiles for H41IN.
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that while the thermal response of H41N and MXBE-350 are
quite similar, the temperature gradients for MXBE-350 are
greater for a given temperature. This is primarily due to the
lower thermal conductivity of both the virgin and char compo-
nents of MXBE-350 at a given temperature, which is a result
of its rubber-modified resin system.

The product gas temperature history for MXBE-350 is
shown in Fig. 10. A comparison of Figs. 9 and 10 reveals
differences as high as 500°C existing between the two profiles
at the front surface. In contrast, deviations from local thermal
equilibrium as high as 200°C were seen for H41N. This differ-
ence is a result of lower volumetric heat transfer coefficients in
MXBE-350.7 Lastly, the history of the gas temperature pro-
files for MXBE-350 is similar to that discussed for the gas
temperature profiles for H4IN.
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Fig. 10 Gas temperature profiles for MXBE-350.
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Figure 11 illustrates the mass-loss history of MXBE-350. A
comparison of Figs. 9 and 1] reveals that the pyrolysis reac-
tions begin in the solid temperature range of approximately
250-300°C and reach completion in the range of approx-
imately 700-750°C. Hence, the pyrolysis reactions in MXBE-
350 result in a solid mass loss of approximately 30% and cover
a solid temperature range gf about 500°C. In contrast, the
pyrolysis reactions in H41N occur over a temperature range of
about 750°C and produce a solid mass loss of approximately
20%. This difference in kinetic behavior is thought to be due
to the addition of acrylonitrile-butadiene to the basic phenolic
system of MXBE-350. i

Figure 12 depicts the dimensionless pressure profiles for
MXBE-350. As with H41N, the pressure peaks during the
initial stages of decomposition as a result of the low perme-
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ability and porosity in the region. Also, similar pressure-time
behavior is seen in the two materials and was discussed for
H41N. However, a direct comparison of Figs. 4 and 12 reveals
that both the shape and magnitude of the pressure profiles in
the two materials are vastly different. The peak value of p/p,
for MXBE-350 is approximately 2.25 at 600 s, as compared to
about 13 for H4IN. This is best explained by the fact that
MXBE-350 has a permeability of approximately two orders of
magnitude greater than that of H41N for the entire tempera-
" ture range of this study, allowing for gas to flow more easily
out of the pore network. The high permeability of MXBE-350
- most likely occurs because of the continuous-strand glass mat
used in the manufacturing of the material. MXBE-350 also
has much steeper pressure gradients in the pyrolysis zone prior
to the peak value of p/p, . This steep profile is a result of high
permeability and porosity gradients caused by rapid solid mass
decomposition. A comparison of Figs. 3 and 11 reveals much
- steeper mass-loss profiles in MXBE-350, confirming a more
rapid rate of decomposition. This is also confirmed by the fact
that MXBE-350 loses 10% more mass than H4IN during
pyrolysis over a much smaller temperature range.

The fractional length change profiles for MXBE-350 are
depicted in Fig. 13. A comparison of Figs. 7 and 13 shows that
the general expansion behavior of MXBE-350 and H41IN is
similar. However, the magnitude of the expansion for MXBE-
- 350 is seen to be considerably less than that of H41N. This is
best explained by the lower internal pressures observed in
MXBE-350. The relationship between internal pressurization
and expansion was discussed earlier. As with H41N, the mate-
rial expansion lags the pressure. The explanation of this phe-
nomenon is the same as stated earlier for H41N.

Volumetric heat transfer coefficient h, profiles for MXBE- ‘

350 are shown in Fig. 14. A comparison of Figs. 8 and 14
reveals similar profiles in both materials. However, the values
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of h, for MXBE-350 are about one order of magnitude lower
than those of H41N. This difference in magnitude explains
why larger deviations from local thermal equilibrium exist in
MXBE-350. The reason for the smaller values of 4, in MXBE-
350 is the fact that MXBE-350 has a pore surface area roughly
six to seven times less than that of H41N. Also, MXBE-350
has a much higher permeability, causing shorter contact time

~ between the two phases locally, and hence limiting energy

transfer. A more detailed discussion on the measurement and
modeling of &, in these materials is presented in great detail
elsewhere.”

The accuracy of the model was established by comparing
predicted and experimental solid temperature and gas pressure
profiles for H41N. The experimental temperature and pres-
sure profiles were obtained from a study performed by Rama-
murthy? for the same initial- and boundary-value conditions
and sample geometry as were used in the numerical scheme.

Ramamurthy implanted thermocouples in the material at
known initial depths in order to record solid temperature data.
The measurement of internal gas pressure was performed by
inserting hypodermic tubing into the material, and sealing the
tube in with a ceramic cement so gas could not escape. A
miniature strain gauge was fixed on the free end of each tube,
and the pressure which developed in the material during de-
composition was recorded as a voltage corresponding to a
deflection of the strain gauge. Voltage/pressure relations were
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Fig. 15 Comparison of predicted and experimental solid tempera-
ture profiles for H41N.
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supplied by the strain-gauge manufacturer. For H41N, solid
temperature and gas pressure readings were taken in the same
sample. )

Figure 15 shows a comparison of analytical and experimen-
tal solid temperature profiles as a function of time for initial
depths of 0.1, 1.0, and 2.9 cm. Evident from this figure is the
relatively good agreement between analysis and experiment.

Analytical and experimental gas pressure profiles are com-
pared in Fig. 16 as a function of time for a depth of 0.6 cm.
There appears to be excellent agreement between the peak
analytical and experimental pressures, with peaks of 9 and 9.7
atm, respectively. However, the experimental pressure drops
off very rapidly after the peak value. Ramamurthy attributes
this behavior to poor cement bonding between the hypodermic
tubing and the specimen, magnified by differences in the
expansion characteristics of the cement and specimen. Conse-
quently, cracks develop at the interface resulting in leakage of
gas. Ramamurthy concludes that as a result of experimental
difficulties, the internal gas pressure is at least as high at the
recorded pressure.

Concluding Remarks

The newly developed numerical model presented in this
study predicts the thermally induced response of decompos-
ing, glass-filled polymer composites without the idealized as-
sumption of the existence of local thermal equilibrium. The
thermal response of two composites has been quantified for a
given set of boundary conditions. It has been demonstrated
that polymer composites exhibit complex thermally induced
behavior when heated to high temperatures. Also demon-
strated is the fact that even seemingly small differences in
materials and their method of preparation have a dramatic
effect upon predicted thermal behavior.

The results of this study also indicate that local thermal
equilibrium does not exist in either material. In fact, in
MXBE-350, solid-to-product gas temperature differences of
as high as 500°C were predicted to exist locally during decom-
position, whereas for the tighter, more fibrous H41N differ-
ences of only as high as 200°C were predicted. A preliminary
investigation into the effect of the assumption of local thermal
equilibrium reveals significant differences in the predicted

J. THERMOPHYSICS

- overall response when the assumption is used. As expected,

predicted decomposition for the idealized case lags that of the
actual case. A more detailed discussion on the effect of the
assumption of local thermal equilibrium on the overall ther-
mally induced response of these materials will be presented in
papers to follow.
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