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Abstract-An analyti~l study is conducted to determine the thermal reiponse of a widely used ablative 
glass-filled polymer composite. This study is performed using a newly developed one-dimensional, transient 
numerical model which does not include the idealized assumption of local-thermal equilibrium existing 
between the solid matrix and decomposition gases within the tortuous pore network of the material. 
Results of this study include solid temperature. decomposition gas temperature, solid mass loss, pressure, 
permeability, porosity, gas mass flux. gas mass storage, expansion and volumetric heat transfer coefficient 
profiles. Deviations from local-thermal equilibrium as high as 200°C are predicted. Pressures as high as IO 
atm are predicted, and the existence of such high pressures is verified experimentally. An investigation into 
the effects of the idealized assumption of local-the~al equilibrium reveals signi~cant errors associated 

with the assumption. 

INTRODUCTION 

POLYMER composites are currently used in a wide 
variety of structural and thermal protection appli- 
cations. Although the structural applications of poly- 
mer composites have resulted in the bulk of research 
activities being concentrated on mechanics and mech- 
anical properties, there has over the past decade been 
an increasing interest in the high-temperature, thermal 
protection application of these materials. In the area 
of glass-filled polymer composites, the impetus behind 
this recent interest has been their use in such high- 
temperature, thermal protection systems as spacecraft 
heat shields for re-entry, missile magazines, rocket 
motor nozzle liners and blast deflectors. In these 
applications, the materials are exposed to tem- 
peratures high enough to cause decomposition of the 
solid material. In fact, overwhelming acceptance of 
this material stems from a high char yield resulting 
from pyrolysis reactions, coupled with favorable ther- 
mal and transport properties of the product char. 
As a result of the decomposition process, the overall 
thermally induced response of the material is quite 
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complex and varies with material composition and 
processing. To design reliable and efficient thermal 
protection systems, it is necessary to predict the ther- 
mally-induced response of these materials a priori. 
Accurate prediction of this thermal behavior requires 
the solution of a complex numerical model which 
includes all of the physical processes that occur in the 
material over the temperature range of interest. This 
response is, of course, governed in part, by the 
material properties which must be accurately deter- 
mined and modeled so as to be used in the overall 
numerical scheme. 

Although many excellent mathematical models 
exist for the prediction of the thermal response of 
these and other materials [l-41, to the best of the 
authors’ knowledge there have been no in-depth ana- 
lytical investigations dealing with the prediction of 
their overall response in the absence of local thermal 
equilibrium. 

MATERIAL BEHAVIOR 

When a polymer composite material is exposed to 
a surface heat flux, the initial heat transfer away from 
the surface is primarily due to transient energy con- 
duction. This heat conduction is solely governed by 
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NOMENCLATURE 

N Nusselt-Reynolds correlation Greek symbols 
coefficient 

il pre-exponential factor ; 

linear coefhcient of thermal expansion 
inertial coefficient 

h Nusselt-Reynolds correlation 11 i permeability 
coefficient s decomposition porosity coefficient 

CP specific heat AA cross-sectional area 
E activation energy AX control system width 
F mass fraclion i: emissivity 

11, volumetric heat transfer coefficient < decomposition perlneability coefficient 

H specific enthalpy ? heating rate expansion coefficient 
k thermal conductivity A generic variable 

L specimen thickness P viscosity 

111 mass i decomposition expansion coefficient 
tif mass II ux 

: 
density 

M molecular weight of gases porosity 
?I order of reaction Y coefficient of linear permeability. 

; 

pressure 
heat of decomposition Subscripts 

R universal gas constant c char 

t time coordinate f final 
T temperature g gas 
L’ gas velocity S solid 

C’ specific enthalpy 

s spatial coordinate. ; 
virgin 
initial. 

the thermal properties of the virgin material. During 
this period, the material experiences a small amount 
of expansion. characterized by the linear coefficient of 
the thermal expansion of the virgin material, i.e. 2,. 

When the material reaches sufficiently high 
temperatures (200-300”C), dependent on material 
processing, composition and heating rate, chemical 
reactions begin to occur. These thermally-induced 

reactions, commonly referred to as pyrolysis 
reactions, result in the degradation of the resin com- 
ponent of the composite matrix to residue char and 

product volatiles. This reaction zone moves from the 
heated surface through the material. During the initial 
stages of the pyrolysis reactions, decomposition gases 
are trapped within the pore network due to low 
material permeability. This accumulation of gases 
results in the internal pressurization of the material. 

For many polymer composites the porosity and 
permeability are small enough to cause the internal 
pressure to become quite high. 

The internal pressurization is at least partially 
responsible for a very rapid and sometimes quite large 
expansion of the material which occurs at this time. 
The work associated with expansion is now a means 
for energy transfer. As a result of the continuing 
expansion and decomposition, the material per- 
meability and porosity begin to increase. 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 product gas and solid material within the pore 
network by means of forced convection. The rate at 
which energy is transferred between the two phases is 
characterized by the volumetric heat transfer 
coefficient, h,. This highly transient energy transfer 
results in large deviations from thermal equilibrium 
existing locally between the two phases. The gases 
which flow back through the char structure remove 
energy by convection with the solid, thus attenuating 
the conduction of heat to the reaction zone. The gases 
which flow, in the other direction, through the par- 
tially virgin material serve to pre-heat the material. 
The rate of doing work resulting from the flow of gas 

now becomes an important means of energy transfer. 
As the pyrolysis reactions and expansion proceed, 

the permeability and porosity of the material increase 

still further. This results in increased gas Ilow and in 
a reduction in internal pressure. When this occurs. the 
material experiences a rapid contraction, primarily 
due to elastic recovery, followed by a slower con- 
traction which is characterized by the linear coefficient 
of thermal expansion of the char, cr,. 

At telnperatures in excess of IOOO’C, the car- 
bonaceous char reacts with silica, present in the glass 
fibers. resulting in considerable additional mass loss. 
However. there is no significant increase in the internal 
pressure as the permeability is large enough to allow 
the decomposition gases to flow freely out of the 
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material. Deviations from local thermal equilibrium 
may become quite large at this time due to high gas 
flow rates, limiting contact time between the phases. 
As a result of the degradation of the glass reinforce- 

ment, coupled with considerable solid mass loss, the 
material exhibits very severe contraction at this time. 
Given sufficient incident energy, the active material 

may entirely be consumed. The final products may 
include a combination of solid phase silicon carbide 

and product gases or an entirely gaseous phase. 

MODEL DESCRIPTION 

A one-dimensional transient mathematical model 

has been developed to predict the thermally induced 
response of a polymer composite matrix in the absence 
of thermal equilibrium. Since heat transfer is 
accompanied by fluid flow, it was necessary to require 
the conservation of thermal energy, momentum and 
mass in the system. Additionally. thermochemical 

expansion, solid matrix decomposition and tem- 

perature-dependent property relations were included 
in the overall modeling 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 equi- 
valent 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 non-stationary volume 
element, AAA.u, to obtain the equations of energy 
for both the solid and gas phases. Ax represents the 
instantaneous control system width. These equations 
of energy are non-linear, coupled partial differential 
equations that describe the conservation of energy in 
the fluid or the solid phase. The following equations 
constitute the mathematical description for energy 
conservation in the overall model : 

Equation (1) describes the transport of energy 

within the solid phase. The first term in this equation 
represents the accumulation of internal energy within 
the control system, AAAx ; the second term represents 
the net rate of energy transfer by conduction; the 

third term represents the rate of energy transferred by 
convection between the solid material and volatiles, 
characterized by the volumetric heat transfer 
coefficient. h,: the fourth term accounts for the rate 
of work of expansion ; the fifth term depicts energy 
consumption/generation during chemical reactions ; 
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. 

Equation (2) describes the transport of energy 
within the gas phase. The first term in this equation 

represents the accumulation of internal and kinetic 
energy; the second term represents the net rate of 
energy transfer by conduction within the gas phase; 
the third term represents the net rate of convection of 
internal and kinetic energy solely within the gas phase ; 
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 non- 
stationary volume element, AAAx. The result being 

am, _ am, 
dt 

- dt -AAAx$ 

The first term in equation (3) represents the rate of 
gas mass accumulation ; the second term accounts for 
the rate of solid mass decomposition, i.e. gas gen- 

eration ; the last term accounts for the net rate of mass 
flow in the control system. Momentum conservation 

is modeled using a non-Darcy type correlation, 
governing flow through porous media. That is 

where B = cJy. The first term on the right-hand 
side of equation (4) represents the contribution from 
Darcy’s law; the last term accounts for departures 
from Darcy flow, primarily due to inertial effects, i.e. 
separation and/or turbulence. 

The rate of solid mass decomposition is calculated 
by an nth order kinetic rate equation of the form 

1 dm, m,--m0 

m, at - -A m, -( 1 

e[FE/RTl 
(5) 

The theoretical expansion of the control system, 
Ax, is modeled by an equation similar to that used by 

Henderson and Wiecek [4] 

The first and second terms of the right-hand side of 
equation (6) depict the linear thermal expansion of 
the virgin and char material, respectively; the last 
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term accounts for the contribution from the heating 
rate and decomposition process on the overall expan- 
sion behavior of the material. 

The permeability, 7, and porosity, 0. are given as 
r0110ws [S, 67 : 

respectively. 
The instantaneous mass fraction of the virgin 

material is given by the following : 

The ideal gas equation of state is used to specify the 
following relationship between the variables of state, 
that is : 

(9) 

The relation between specific heat and enthalpy for 
both phases is given by the following : 

dH, = C;, dT, (10) 

d& = C>># dTg (11) 

H, = CD, dT (13 

(13) 

Lastly, the solid thermal conductivity, specific heat 
and surface emissivity were determined by weighted 
averages of virgin and char material. That is [4] 

where 

1 = A,F+ (I - F)L, (151 

i = generic variable representing the 
aforementioned properties. 

The final form of the solid thermal energy equation 
used in the numerical scheme was obtained by sub- 
stituting the approximation N, = US into equation 
( l), and then introducing equation (10) into the resul- 
tant expression. This yields 

Note that Q is a negative quantity for endothermic 
reactions. 

The final form of the gas thermal energy equation 
used in the numerica scheme is obtained by sub- 
stituting the appropriate form of the mechanical 
energy equation into equation (2). and then intro- 
ducing equation (3) into the resulting expression. This 
yields 

+AAAx 

The volumetric heat transfer coefficient, It,,, is cal- 
culated based on the following correlation [7] : 

Nu = u Reh (18) 

(19) 

Equations (16), (17) and (3)-(S) represent a set of 
coupled. non-linear partial differentiaf equations in 
71. T#, tiz& P, m,, Ax, y and Qt, respectively. In the 
numerical scheme, this set of governing equations was 
approximated using a fully implicit finite-difference 
technique. All time derivatives were approximated 
using a forward difference technique with a local 
truncation error of the order of At. i.e. Q(At). All 
spatial derivatives were approximated by a central 
difference technique with a local truncation error 
O(A.?), with the exception of the boundary nodes 
where local truncation errors on spatial derivatives 
were O(A.v). The above uncertainty analysis is worth- 
while because it allows for the comparison of the local 
accuracies of various differencing schemes. A more 
detailed description of the model is presented else- 
where [S] . 

MATERIAL 

The composite studied is designated as H41N. fab- 
ricated by Ametek Haveg Division. The resin is of the 
the~osetting variety, undergoing chemical crosslink- 
ing during fabrication. The resuft is an infusible, insol- 
uble, three-dimensional structure. This material con- 
sists of 39.5% phenol-formaldehyde resin and 60.5% 
glass and talc filler. The fiberglass (reinforcing 
material) may contain coupling agents and binders to 
insure proper adhesion to the resin network. The til- 
lers improve both the impact strength and Aexural 
modulus of the composite. This material was chosen 
for study because it exhibits typical decom- 
position/length change behavior for glass-filled ther- 
moset composites. This material is also of a great 



practical importance since it is used extensively in 
high-temperature, high-heating rate thermal pro- 
tection applications. 

The manufacturing procedure consists of mixing 
the glass fibers and talc into the resin, such that the 
glass fibers are randomly orientated. The material is 
then placed in a mold, and is either rolled or pressed 
until its shape conforms to that of the mold. During 
this procedure the glass fibers become partially orien- 
tated in a direction normal to the applied pressure. 
Afterwards. the material is cured in an autoclave at a 
specified pressure, under a carefully monitored heat- 
ing cycle. As a result of this curing process, H4lN 
exhibits somewhat transversely isotropic behavior. 
For example, the material expands significantly in the 
direction normal to the preferred fiber orientation, 
while displaying little expansion in other directions. 

MATERIAL PROPERTIES 

The accurate modeling of the overall thermally- 
induced response of these materials requires the accur- 
ate modeling of all of the chemical and physical pro- 

cesses that occur over the temperature range of inter- 
est. The properties and modeling parameters for 
H4lN are listed in Table 1. The properties of the 
product gas are listed in Table 2. 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, expansion and 
volumetric heat transfer coefficient data, all of the prop- 
erties and parameters listed in Tables 1 and 2 were 
assembled from a study performed by Henderson and 
Wiecek [4]. Permeability and porosity data and cor- 
responding parameters were taken from more recent 
studies by Ramamurthy [5] and Doherty [6], respec- 
tively. While volumetric heat transfer coefficient data 
and corresponding parameters were taken from an 
experimental study performed by Florio et al. [7]. The 
expansion data were obtained from an experimental 
study performed by Florio et al. [9]. 

RESULTS AND DISCUSSION 

Using the appropriate equations and thermal prop- 
erty relations outlined earlier, the thermally-induced 
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Table 1. Material properties for H41N 

Property/parameter Function? Range? 

P” (kg mm’) 
k, (W m-’ K-‘) 
k, (W m-’ K-‘) 

C,, (kJ kg- ’ K- ‘) 
C,, (kJ kg-’ Km’) 

0” (-) 
% (-) 
6 (-) 

Y” (m*) 
Ye (m’) 

‘T”, (K-‘) 
‘PC (Km’) 

i (-) 

2.62 x IO’ 

1810.0 
0.80+2.76x 1O-4 T 

2.60 x 10’ 

0.96+8.42x 1O-4 T 
-4.07x 1O-6 T’+5.32x 1O-9 T-’ 

1.05+9.76x IO-“ T 
0.88+7.60x 10m4 T 

0.113 
0.274 

-0.866 
6.18 x lo-‘8 
4.85 x IO- ” 

0 
0 

-2619.0 
0 

8.59 x 1O-5 
-7.42 x IO-’ 
-5.93 x 1o-4 

8.03 x 10m4 
-1.68x lo-’ 

0.967 
0.445 

-2.19x IO-’ 
1.98 x 10z9 
8.17 x IO’* 

20 < T< 1000 
20 < 7-g 1000 

20 < i-s 1200 
20 < I-< 1200 

m,/m, < 1 

0.795 < m,/m, < 0.99 
c 

xv (K- ‘1 
a, (Km ‘) 

rl (Km’) 

5 (-) 

A (s- ‘) 

E (kJ kmol- ‘) 

a (-) 

Q (kJ kg- ‘1 

3.54 x lo5 
17.33 
6.30 
0.53 

- 234.0 
-2093.0 

0.84 
0.88 

2.22 x lomc 
0.703 

0.492 i 

m,/m, > 0.795 

m,/m, 

m.lm, 2 0.795 

< 0.99 
m,/m, = 0.492 

0.92 < m,/m, < 0.99 
0.81 < m,/m, < 0.92 
0.92 < m,/m, < 0.99 
0.81 < m,/m, i 0.92 

0.492 < m,/m, < 0.795 
m,/m, 2 0.91 

0.795 < m,/me > 0.91 

mijrn, i 0.795 
mJmo > 0.91 

0.795 < m,/mo < 0.91 
mJmo -c 0.795 
m,/m, > 0.795 
m,lm, c 0.795 

m,/m, > 1 
m,lm, > 1 

t Temperature in “C. 
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Table 2. Decomposition gas properties 
_~. 

Pro~rty~parameter Function? RZtng& 

k, (W In-’ K-‘) 0.03+1.40x 10--j T 20 < 7-G 1000 
C;, (kJ kg- ’ K- ’ ) 2.39+1.05x 10-3 T 20 < T< 1000 
p’s (kgm ’ SC’) 1.48x10-‘+2.50x10 "T 20<T<lOOO 
A4 (kg kmol ‘) 18.35 

.~-.- . . --- 

t Temperature in C. 

response of H41N was evaluated. The model was exer- 
cised for a 0.03 m thick slab with a radiant heat flux 
of 279.7 kW mm’ applied to the front boundary, 
x = 0. The back boundary, x = L. was prescribed to 
be insulated. The pressure at both boundaries was 
fixed at 1.01325x IO5 Pa (I atm). The initial tem- 
perature and pressure were taken as 40°C and 
1.01325 x 10’ Pa, respectively. These boundary and 
initial value conditions were prescribed to simulate 
conditions under which actual experiments were to be 
conducted. 

For H4JN, the computer simulation run was made 
utilizing 151 nodes and a time step of 0.2 s. It was 
determined that further reduction in the number of 
nodes or in the time step altered the results by fess 
than 1%. 

The accuracy of the model was established by com- 
paring predicted and experimental solid temperature 
and gas pressure profiles for H41 N. The experimental 
temperature and pressure profiles were obtained from 
a study performed by Ramamurthy et (11. [lo] for the 
same initial and boundary value conditions, and 
sample geometry as used in the numerical scheme. 

These researchers implanted thermocouples in the 
material at known initial depths in order to record 
solid temperature data. Experimental uncertainty in 
the solid tempe~ture measurements was given as 
F 5%. The measurement of internal gas pressure was 

0 I 2 3 4 5 6 7 6 

TIME(S x @I 

FIG. I. Comparison of predicted and experimental solid 
temperature profiles for H4lN. 

performed by inserting hypodermic tubing into the 
material, and sealing the tube with a ceramic cement 
so gas could not escape. A miniature strain gage was 
fixed on the free end of each tube, and the pressure 
which developed in the material during decomposition 
was recorded as a voltage corresponding to a deflec- 
tion of the strain gage. For H41N, solid temperature 
and gas pressure readings were taken in the same 
sample. 

Figure 1 shows a comparison of analytical and 
experimental solid temperature profiles as a function 
of time for initial depths of 0.1,1 .O and 2.9 cm. Evident 
from this figure is the relatively good agreement 
between analysis and experiment. 

Analytical and experimental gas pressure profiles 
are compared in Fig. -. 3 as a function of time for a 
depth of 0.6 cm. There appears to be excellent agree- 
ment 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. These researchers attri- 
bute 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. Consequently, cracks develop 
at the interface resulting in leakage of gas. They con- 
clude that as a result of experilnental difficulties, the 
internal gas pressure is at least as high as the recorded 

16.0 

I I I 1 I 
I 2 3 4 5 6 7 8 

TIME(S x I@) 

FIG. 7. Comparison of predicted and experimental pressure 
profile at 0.6 cm for H4lN. 
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FIG. 3. Comparison of predicted and experimental pressure 
profiles at 2.25 cm for H41N. 

FIG. 5. Gas temperature profiles for H4lN. 

pressure. Figure 3 shows the analytical and exper- 
imental pressure profiles as a function of time for a 
depth of 2.25 cm. The peak analytical and exper- 
imental pressure are approximately 14.5 and 7.0 atm, 
respectively. In fact, for all this, the experimental data 
are well below the analytical. In both Figs. 2 and 3, 
the fact that the peak value of P/P0 occurs at about 
the same time for both analysis and experiment is 
encouraging. 

The thermally induced response of H4lN as a func- 
tion of time and depth is shown in Figs. 4-13. All 
profiles are shown at times of 100,200.400, 600 and 
800 s. 

Figure 4 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 beyond the pre- 
vious one. By 800 s, the material has expanded 
from an initial thickness of 0.03 m to approximately 
0.032 m. 

Figure 5 illustrates the temperature history of the 
product gas for H4IN. A comparison of Figs. 4 and 
5 shows large differences between the two temperature 

“0.0 0 5 IO 1.5 2.0 2.5 3.0 3.5 

DEPTH(m x IO*) 

FIG. 4. Solid temperature profiles for H41N. 

profiles. In fact, deviations from local thermal equi- 
librium 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 
expected because this surface is exposed to the radiant 
heat tIux, and thus subject to rapid heating. However, 
this deviation from thermal equilibrium decreases 
with increasing time due to the balancing of absorbed 
energy with emitted energy at the solid surface, i.e. 
solid surface temperature approaching a uniform 
value. 

Figure 6 shows the mass loss history for H41N. The 
ordinate axis represents the fraction of mass remain- 
ing, m,/m,,o. For H4lN, the pyrolysis reactions result 
in a mass loss of about 20%, i.e. m,lm,~o = 0.8. A 
comparison of Figs. 4 and 6 shows that the pyrolysis 
reactions are initiated in the solid temperature range 
of approxjmately 350-375°C and reach completion 
in the solid temperature range of approximateIy lOO@ 
1100°C. As a result, it is evident from Fig. 6 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 the fact that the radiant 
heat flux of 279.7 kW me2 does not apply sufficient 

p I.00 

f * 

;_ 0.95 

i 0.90 

i 

g o.85 

s 
k 0.80 

0.0 0.5 1.0 1.5 2.0 25 3.0 3.5 

DEPTH Cm x IO’, 

FIG. 6. Mass loss profiles for H41N. 
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FIG. 7. Pressure profiles for H41N. FIG. 9. Porosity profiles for H4lN, 

incident energy for the initiation of the carbon-silica 
reactions in this material which occur when 

m,lm,, < 0.8. 
The dimensionless pressure, p/pO, profiles for H41N 

are shown in Fig. 7. As can be seen the peak pressure 
moves further into the material with increasing time, 
following the pyrolysis reaction zone. A comparison 
of Figs. 6 and 7 shows that for a given time the peak 
pressure takes place just after the onset of pyrolysis 
{~s/~*~~ < 0.98), primarily due to low material per- 
meability and porosity in this region. The pe~eability 
and porosity profiles are shown in Figs. 8 and 9, 
respectively. The sole exception to this is at 800 s, 
where as discussed earlier the pyrolysis zone has pro- 
gressed through the material. As a result, Fig. 8 reveals 
that 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 entire pressure field. 

Figure IO shows the decomposition gas mass flux, 
BZ& profiles through the material. A negative value on 
the ordinate axis indicates how towards the heated 
surface, while a positive value indicates flow towards 
the back surface. As expected from the above dis- 
cussion the majority of the decomposition gas exits 
the material by way of the heated surface, except at 

-0.0 0.5 IO 15 20 25 3.0 3.5 

DEPTH h x IO*) 

FIG. 8. Permeability profiles for H41N. 

800 s where appreciable flow out the back surface 
occurs. Also a comparison of Figs. 7 and 10 indicates 
that the peak pressure for a given time occurs with 
the initiation of gas flow towards the heated surface. 
This, of course, is expected behavior, based on equa- 
tion (4). 

The ratio of the instantaneous decomposition gas 
mass storage to the initial gas mass occupying the 
pores, rn~l~~.~~ is depicted in Fig. I 1. Comparison of 
Figs. 6 and I 1 reveals that the peak gas storage occurs 
midway in the pyrolysis reaction region. Secondary 
plateaus are also seen in Fig. 11 within the virgin 
material, where no mass loss has occurred. These pla- 
teaus are created as a result of gas flow towards the 
back surface. This gas becomes trapped due to the low 
material permeability in this region. A comparison of 
Figs. 8 and 11 reveals that the secondary plateaus do 
indeed begin where the permeability is essentially zero. 
A secondary plateau is not present on the profile at 
800 s due to a high permeability at the back surface. 
A comparison of Figs. 10 and 1 I reveals that the peak 
gas mass storage Iags the peak pressure. The peak 
pressure actually occurs in the secondary plateau 
region as a result of the small volume available for gas 
storage, cDAhxA.4, associated with the virgin material in 
this region. 

-1.4 
0.0 0.5 I.0 I.5 2.0 2.5 30 

DEPTH (m x IO’) 

FIG. 10. Gas mass flux profiles for H41N. 
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DEPTH (m x IO*) 

FIG. 11. Gas mass storage profiles for H41N. 

The expansion profiles for H41N are shown in Fig. 
12. The fractional length change, (Ax- Ax,)/Ax,,, is 
represented on the ordinate axis. Inspection of the 
figure clearly reveals the distinct 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. 7 and 12 shows that the peak expansion lags 
the peak pressure for a given time. The peak expansion 
actually occurs midway in the pyrolysis reactions. 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. Another interesting point is 
that peak expansion coincides with peak gas storage. 
The volume increase associated with this large expan- 
sion and high porosity was presented earlier as the 
reason the peak value of rn@~,,~ and peak pressure 
do not coincide. A more detailed discussion of the 
expansion characteristics of these materials is pre- 
sented elsewhere [9]. 

Figure 13 illustrates volumetric heat transfer 

0.5 I.0 1.5 2.0 2.5 3.0 3.5 

DEFTH(m x IO*) 

FIG. 12. Expansion profiles for H41N. 
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FIG. 13. Volumetric heat transfer coefficient profiles 
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for 

coefficient, h,., profiles between decomposition gases 
and the solid within the pore network of the H41N. 
As expected from equation (18), the peak value of h,. 
for a given time occurs where the pressure gradient is 
steepest. Comparison of Figs. 13 and 7 shows that 
there is a sharp change in the volumetric heat transfer 
coefficient 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, h, 
approaches zero at a depth of about 2.2 cm due to a 
zero pressure gradient at this location. 

The sensitivity of the overall response of this 
material to the various input parameters listed in 
Table 1 is presented in great detail elsewhere [ Ill. 

NON-THERMAL VS LOCAL-THERMAL 

EQUILIBRIUM 

To determine the effects of the assumption of local- 
thermal equilibrium, the model was exercised for the 
same boundary conditions and sample geometry as in 
the earlier computer simulation run, i.e. Figs. 413. 
However, the volumetric heat transfer coefficient was 
fixed at 1.0 x IO6 W mm3 K- ’ throughout the solu- 
tion domain. This value of the volumetric heat trans- 
fer coefficient induced approximate local-thermal 
equilibrium, with solid to gas temperature differences 
locally never exceeding 2% for all of the times 
investigated. This value of h,, is essentially two 
orders of magnitude greater than the actual values 
of h,, for H41N used to predict the actual thermal 
behavior of this material shown in Figs. 4-13 [7]. 

A comparison of the thermal response of H41N in 
local-thermal equilibrium and in the absence of local- 
thermal equilibrium is shown in Figs. 14-22 as a func- 

tion of depth for times of 400 and 800 s. In each figure 
the dashed lines represent the profile corresponding 
to the case of local-thermal equilibrium from this com- 
puter simulation run. The solid line corresponds to a 
case of non-thermal equilibrium generated from the 
earlier computer simulation run using equation (18), 
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FIG. 14. Comparison of non-thermal equilibrium and local- 
thermal equilibrium solid temperature profiles. 

which is correlated to experimentally determined 
values of h,.. 

Figure 14 shows the solid temperature profiles. 
Clearly, significant differences exist between the cases 
of non-thermal and local-thermal equilibrium. Also 
evident from this figure is that the system in non- 
thermal equilibrium has higher solid temperatures 
throughout the solution domain. This is expected 
since the system in local-thermal equilibrium transfers 
much more energy to the product gas to induce ther- 
mal equilibrium, especially at the heated surface. 

Remember for the most part energy transfer is from 
the solid to the gas since the majority of the product 
gas flows towards the heated surface. Observation of 
this figure also reveals that the difference between the 
two cases increases with time. This is due to the highly 
transient nature of the system. That is, the total 
amount of additional energy retained by the solid 
phase for the system in non-thermal equilibrium 
increases with increasing time, resulting in a greater 
temperature difference between the two cases with 
increasing time. 

Figure 1.5 shows the gas temperature profiles. As 
with the solid temperature profiles, large differences 
exist between the two cases. As expected from earlier 
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FIG. 15. Comparison of non-thermal equilibrium and local- 
thermal equilibrium gas temperature profiles. 
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FE. Ih. Comparison of non-thermal equilibrium and local- 
thermal equilibrium mass loss profiles. 

discussion, the gas temperatures near the front/heated 
surface are much lower for the system in non-thermal 
equilibrium. However, deeper into the material the 
gas temperatures for the system in non-thermal equi- 
librium become higher than those of the system in 
local-thermal equilibrium, primarily due to the cor- 
responding significantly higher solid temperatures in 
this region, illustrated in Fig. 14. The differences 
between the gas temperature profiles for the two cases 
increase with time following the differences in the solid 
temperature profiles. 

Figure 16 shows the mass loss profiles. Inspection 
of this figure reveals that the pyrolysis decomposition 
zone progressed further into the material for the sys- 
tem in non-thermal equilibrium, and that the differ- 
ence between the two cases is enhanced with increasing 
time, i.e. from 400 to 800 s. This behavior is expected 
since the pyrolysis reactions are solid temperature 
dependent, and the system in non-thermal equilibrium 
has the much higher temperatures throughout. Conse- 
quently, for a given depth, the pyrolysis reactions are 
initiated and completed at earlier times for the system 
in non-thermal equilibrium. Since material strength 
is highly dependent on stage of decomposition, the 
enhanced decomposition associated with the actual 
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FIG. 17. Comparison of non-thermal equilibrium and local- 
thermal equilibrium pressure profiles. 
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FIG. 18. Comparison of non-thermal equilibrium and local- 
thermal equilibrium permeability profiles. 

case/non-thermal equilibrium will strongly influence 
material failure. This indicates that accurate model- 
ing of the thermal behavior of this material cannot 
be satisfactorily accomplished using the idealized 

assumption of local-thermal equilibrium. 
The gas pressure profiles are shown in Fig. 17. At 

400 s, the peak pressure is located further within the 
material for the system in non-thermal equilibrium. 
This is expected since the corresponding pyrolysis 
decomposition zone has progressed further into the 

material. The relationship between peak pressure and 
pyrolysis was presented earlier in the discussion of 
Fig. 4. Also at 400 s, the peak pressure is about 10% 
greater for the system in non-thermal equilibrium. 

This is a result of the increased resistance to gas flow 
as the pyrolysis reactions progress further into the 
material. However, by 800 s, the permeability and 
porosity at the back surface have become much larger 
for the system in non-thermal equilibrium due to 
enhanced decomposition. Consequently, the internal 

pressurization of the system in non-thermal equi- 
librium has been reduced and becomes much lower 
than the system in local-thermal equilibrium. The per- 
meability and porosity profiles are shown in Figs. 18 
and 19, respectively. The gas mass flux profiles are 
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FIG. 19. Comparison of non-thermal equilibrium and local- FIG. 21. Comparison of non-thermal equilibrium and local- 
thermal equilibrium porosity profiles. thermal equilibrium gas mass storage profiles. 
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FIG. 20. Comparison of non-thermal equilibrium and local- 
thermal equilibrium gas mass flux profiles. 

depicted in Fig. 20. As expected from the discussion 
on the pressure field, the gas mass flux out the back 
surface is greater for the system in non-thermal equi- 
librium at 800 s. 

The gas mass storage profiles are illustrated in Fig. 

21. As expected, the differences in the two cases fol- 
low the difference in pressure behavior. The expansion 
profiles are shown in Fig. 22. As with decomposition 
and pressure, the expansion zone progresses more 
rapidly into the material for the system in non-thermal 
equilibrium. Also evident from this figure is the larger 
expansion at the back surface for the system in non- 
thermal equilibrium, associated with the enhanced 
decomposition. 

CONCLUDING REMARKS 

The numerical model developed during this study 
was used to quantify the overall thermally-induced 
response of a glass-filled polymer composite for 
a given set of boundary conditions. It has been 
demonstrated that glass-filled polymer composites ex- 
hibit complex thermal behavior when heated to high 
temperatures. 

The results of the initial simulation run with a pre- 
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FIG. 22. Comparison of non-thermal equilibrium and local- 
thermal equilibrium expansion profiles. 

scribed surface heat flux of 279.7 kW m ’ indicate 
that local thermal equilibrium does not exist in H41N. 
In fact, solid to gas temperature differences as high as 
200°C exist locally. Pressures in excess of 10 atm were 
predicted, and the existence of such high pressures has 
been verified experimentally. 

An investigation into the effects of the idealized 
assumption of local-thermal equilibrium revealed sig- 
nificant errors in predicted thermal behavior associ- 
ated with the assumption. Solid temperature differ- 

ences between the actual and idealized cases were as 
high as 100°C locally for H4lN. The error associated 
with this difference is about 17%. As expected the 
solid temperature profiles are lower for the idealized 
case, due to increased heat transfer with the gas 
required to induce local-thermal equilibrium. 

Due to the lower solid temperatures associated with 
the idealized case predicted decomposition severely 
lags that of the actual case. Measurable errors are 
evident in the mass loss profiles. As a result. the inter- 
nal pressure profiles for the two cases differ in mag- 
nitude and are shifted further into the material for a 
given time for the system in non-thermal equilibrium, 
i.e. actual case. The errors in the pressure and mass 
loss profiles associated with the idealized case are sig- 
nificant because spallation and/or cracking are highly 
dependent on the stress concentration and specific 
strength of the material which are linked to the inter- 
nal pressure and stage of decomposition. respectively. 
That is to say that internal pressurization and stage 
of decomposition define the failure of the material 
locally. From this discussion, and the results of this 

study, it can be seen that accurate modeling of the 
overall thermal response of these types of materials, 
under similar boundary value conditions, can only 
be achieved when the idealized assumption of local- 
thermal equilibrium is not incorporated into the 
modeling scheme. 
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ETUDE DES EFFETS DE L’HYPOTHESE DE L’EQUILIBRE THERMIQUE LOCAL SUR 
LA REPONSE GLOBALE THERMIQUE DUN COMPOSITE POLYMERE DECOMPOSABLE 

AVEC BILLES DE VERRE 

Rt%um&fJne etude analytique est faite pour determiner la reponse thermique dun composite polymere 
ablatif charge de billes de verre. On utiiise un nouveau modiie numerique, monodimensionnel, variable 
qui n’inclut pas f’hypothise ideate dun equilibre thermique locat entre la matrice solide et les gaz de 
decomposition dans le reseau tortueux de pores du materiau. Les resultats de cette etude concernent la 
temperature du solide, celle des gaz de decomposition, la perte de masse du sofide, la pression, la perme- 
abilite, la porositt, le flux massique de gaz, le stockage de gaz, les profils du coefficient de dilatation 
volumetrique. On predit des deviations par rapport a f’equilibre thermique focal allant jusqu’a 200°C. Des 
pressions atteignant f 0 atm sont predites et f’existence de telfes pressions elevees est verifi&e exper- 
imentafement. Une etude des effets de f’hypoth&se ideale de f’equiiibre thermique focal r&He des erreurs 

importantes. 

~N~ERs~~H~NGEN OBERDEN EINFLUSS EINES ANGENOMMENEN LOKALEN 
THERMISCHEN GLEICHGEWICHTS AUF DASTHERMISCHEVERHALTEN 

EINES SIGH ZERSETZENDEN GLASFASERVERSTARKTEN POLYMERS 

Zusamme~a~ung-Das therm&he Verhalten eines gebrluchlichen, sich unter hohen Temperaturen zer- 
setzenden. glasfaserverstarkten Polymers wird analytisch untersucht. Ein kiirzlich entwickeltes, ein- 
dimensionales instationtires numerisches Model1 wird verwendet, das auf die idealisierende Annahme eines 
lokalen therm&hen Gleichgewichts zwischen der Feststoffmatrix und den in den Poren bei der Zersetzung 
entstehenden Gasen verzichtet. Folgende GriiDen werden berechnet : die Temperaturen von Feststoff 
und e~tstehenden Gasen, die Masse des sich zersetzenden Feststoffes, Druck, Pe~eabifit~t, Porositlt, 
Massenstromdichte des Gases, gespeicherte Gasmasse, Expansion sowie die rlumfichen Profile des 
W5rmetibergangskoeffizienten. Es werden Abweichungen vom ijrtlichen thermischen Gleichgewicht bis zu 
2oo;‘C berechnet. Auf3erdem ergeben sich DrCIcke biszu 10 atm-derartig hohe Driicke waren bereits friiher 
in Versuchen festgestellt worden. Eine Untersuchung des Einflusses der idealisierenden Annahme vom 

fokafen therm&hen Gleichgewi~ht zeigt, da0 hieraus signifikante Fehfer folgen. 

H~~~~OB~~E B~~H~~ HFE~HO~O~~H~~ 0 ~OK~bHOM 
TEPMOJIHHAMWIECKOM PABHOBECHM HA TEHJIOBYIG PEAKIJHK) 

PASJIAFAIOIIIEIWCR HOJIHMEPHOI-0 CTEKJIOHAHOJIHEHHOI-0 
KOMH03HHHOHHOF0 MATEPHAJIA 

~~H~~~cn aH_ CSKoe H~eAoB~e c uenbro 0npeAenemis Te~OBO~ pear- 

mipo~o qm.ie~xe~oro a6natproHnoro no-epHoroc?epnoHa~onHe~oro~oNn03HTa.n~~ liccneno- 

B~HEH wno~1b3ye~cs pa3pa6o~an~a~o~nro~epean HecrawoIiaprras %icnemian MoJJenb 6e3 npe~nono- 

~53nx51 0 cynrecr~oaanriu noru3nbnoro rephfoaHaahfmrecror0 paeeonecrir beenr,ny t+farpriue% ~nep~oro 
terra H ra3ahi~, 06pa3yronur~~cn npH pa3l4oXeEmi ~riy’rpri cnO%%O# nOpHcfOii crpyxrypbr MaTepHana. 
HOJry”reHbI I3e3ylr&TaTbi LUln TeMnepaTypbi Ti%pAOrO TeJIa, TeMNpaTyPbl o6pa3yromerocn tfpB pfSJIO- 

mcexmi ra38, y~oca Maccbx rnepnoro nemecraa, narurerrrra, npominae~ocrir, nopncroer~ hfacco~oro 
nOToKa X3338, HaxOnJIeHiiR MaccbI ra3a, I'Ipo&JIe~ xO3@$H~etITOB Ten.nOBOrO pacmHpeHHs B 06~~ 
nor0 rerrnonepericca. Hpe~crta3hlearorcs 0Txnonemirr OT noruurbnoro Tep~onmiai4n3~ecnoro paaeoae- 
CHR, cocrasnnrorrrife 2OWC. Hpexcxa3aribr TaKXce 3ria~eHnR naarrernra BrLnoTb ~0 10 aThf, rr non~eH0 
3Kcnep~e~bH~ noafeemefme c~~o~E~ ~aKk?x BbIcoIMx naBnem& MccnenoBamie 

BJIHXHHR ~eiUIH3HpoBaHHOrO RpelXnOnOXeHUSI 0 JlOKaJlbHOM TfZpMOEiiH~MH~~KOM $XiBHOBeCKH yKa3bI- 


