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Analysis of Thermo Chemically Decomposing Composites
for Rocket Thermal Insulators

Sunpyo Lee* - Jung Youn Lee*

ABSTRACT

A theory for time-dependent, high temperature ablation of poroelastic carbon composite
insulators is applied using finite element methods to determine material properties fron
experimental data. The theory contains important revisions to that in Lee, Salamon and
Sullivan[1] by making a sharp distinction between Biots constants and permeability and setting
both to analytical functions of porosity. The finite element program and material modeling has
been modified to (1) more closely adhere to porous-material theory, (2) include a newly
discovered analytical simplification and (3) refine the material property descriptions. Application tc
experimental problems and comparisons with data permit determination of Biots constants and
permeability and their evolution with respect to matrix decomposition and clearly show how
material parameters affect the material response, e.g., amplitude and the location of peaks with

respect to temperature. In particular, the response is very sensitive to permeability and dominated

by it.
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ABSTRACT

A theory for time-dependent, high temperature ablation of poroelastic carbon composite
insulators is applied using finite element methods to determine material properties fron
experimental data. The theory contains important revisions to that in Lee, Salamon and
Sullivan[l] by making a sharp distinction between Biots constants and permeability and setting
both to analytical functions of porosity. The finite element program and material modeling has
been modified to (1) more closely adhere to porous-material theory, (2) include a newly
discovered analytical simplification and (3) refine the material property descriptions. Application tc
experimental problems and comparisons with data permit determination of Biots constants and
permeability and their evolution with respect to matrix decomposition and clearly show how
material parameters affect the material response, e.g., amplitude and the location of peaks with
respect to temperature. In particular, the response is very sensitive to permeability and dominated
by it.
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NOMENCLATURE

C  thermal capacitance matrix

C, heat capacity

D

moduli of elasticity

K finite element stiffness matrix

c¢;  degree of char

k  permeability matrix
Y] pore pressure

a; Biots constants

B; thermal expansion coefficients of solid

[0 porosity
x  thermal conductivity matrix

o; total stresses

1. INTRODUCTION

Carbon phenolic composites are thermal
insulation materials used to protect rocket
nozzle structures from the heat of rocket fuel
combustion which flows into the insulation.
Key to this process is the thermally-activated
decomposition of the phenolic matrix into
gases which convect heat away from the
structure as they escape through growing
pore channels in the decomposing material
and carbon fiber skeleton and exit into the
rocket exhaust. Initiating at the exhaust
surface, the skeleton, known as the char
layer, advances into the material, but lags the
thermal front. Problems arise when the gases
are generated faster than the growth of pore
channels can accommodate their flow, hence
pore pressures increase to a level which can
cause material failure. The failure treated here
is cross-ply delamination.

Numerical simulations of decomposition

of carbon phenolic composites have been
reported by Sullivan and Salamon [2],[3],
Weiler [4], Lee, Salamon and Sullivan [1] and
Wu and Katsube [5] with a focus on
developing a model and simulation code and
verifying these against experimental data,
primarily that reported by Stokes |6]. All are
based upon Biots poroelasticity theory{7] and
were reasonably successful. Lee [8] pushed
further. He

two-dimensional, axisymmetric finite element

the  analysis developed a
code to model a section of rocket engine
insulation and structure and used it to
simulate a cowl region failure. Ganesan [9]
followed suit and developed a
one-dimensional code to solve the same
problem; a unique feature of his work is an
analytical ~ formulation  for  the  pore
pressure-to-stress coupling parameter. Lee’s
results matched the location of an actual
failure discovered in a spent space shuttle
engine, but Ganesan did not. Subsequently an
error was discovered in Lees boundary
conditions.

In this paper we revisit the problem and
bring to bear new information. Based upon a
study by Fabre and Gustkewicz[10], an
empirical function for Biots[7] constants in
terms of porosity of the material is employed.
Moreover building upon Biots[7] form for
permeability in terms of porosity, we
construct a function for it in terms of open
porosity.  These

porosity and open porosity, respectively, as

functions depend upon
each varies from the virgin to the charred
state of the material. Hence each quantity has
a very distinct physical basis. With other
modest revisions to the theory of Lee,
Salamon and Sullivan[1], the simulations are

run using a version of Lees code [8] which
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has been modified to adhere to the theory
include a newly discovered simplification to
the finite element formulation, and employ
refined material property descriptions. We
study the sensitivities of behavior with respect
to the permeability and Biots constants over
the evolution of pore growth from closed to
open state. The results allow determination of
material properties by comparison with Stokes
tests[6].

2. AXISYMMETRIC THEORY

The theory in axisymmetric coordinates
with radius r and axis z, is built upon Lee,
Salamon and Sullivans[1] formulation for the
momentum, gas transfer and energy balance
differential equations. Here only pertinent
portions are recalled, but revisions are

explicitly denoted.

2.1 Momentum
The momentum equations, ignoring inertia
and written in terms of the total stress, are

d0; 005
or ar

+L (o= ay=0
(H
(90'5 80'3 1

ar "oy Ty o0

where the reduced notation 1=y, 2=66,
3=2z22 4=0z, 5=vz and 6=6 is used. The

constitutive  relations, which include a
temperature differential T and a pore pressure
p generated by gas, are
0, =E{e;— B,4T) — pa; )
(i=1,2,3,5:] summed through 6) ;)

o,=Eyei+ Eges ,06= Eggey+ Egseq

where ¢, are the usual linear total strain

components in terms of displacements u, w in

the r, z directions. Ej; are the elastic moduli,
fB; the coefficients of thermal expansion

acting upon temperature change A7 and a;

the Biot pressure-stress coupling factors,

gencrally referred to as Biots constants.

2.2 Gas Transfer

The gas transfer equation is

+pg%[al—g%+ag%+alﬁ+a5(——+—)]

—olaBtarBrtasByt asfs+ ¢Bg)_a£

+pﬂi[,<ﬁ_a,a+ﬁ_aa)]
v or u or u 0z

+p’*’82(/z ar+u 0z

bu( 0p oyda
+ M< at>+<pv{rg pdwr) dar '_'O (3)

where M , p, , k and g are a material
property, gas density, permeability and gas
viscosity, respectively. T is temperature of
solid and gas (assumed equal), p is pore

pressure, ¢ is a measure of charred material,

¢ is the actual porosity as a function of char
and t is time. Subscripts virg and char
denote  virgin and  decomposed-to-char
(completely charred) wmaterial, respectively.
The mechanical and thermal properties of dry
carbon-phenolic are listed in Appendix. With
this information, we determine from the

interpolation

$= C10virg+ (1 =P thar )
where virg is the virgin porosity, char is the
charred porosity, and ¢; is the degree of
char and has initial value of unity at virgin
stage and final value of zero at the

completely charred stage.
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Pyrolysis gases are treated as ideal and

P, is obtained from the ideal gas law where

0g=MW, p/RT is the molecular weight of

gas and R is the universal gas constant.
Following Sullivan and Salamon]|2], the rate of
charring is expressed by the Arrhenius kinetic
reaction equation

dC]
( Orirg— PO char) =

(B,

RT,

N
Z RFp i W= We) A1) e
©)

where N, is the number of reactions and the
various constants involve weight fractions,
Arrhenius constants and activation energies
for the chemical reactions (Lee, Salamon and
Sullivan, [1]). These constants for dry
carbon-phenolic are listed in Ref.[1].

Revision 1. The model for determination of
permeability with respect to degree of the
porosity of the material (Biot [7]) is

¢k: ¢openv+ (¢(‘har._ ¢openv)(#%)

char ¢ virg

= b i )2 ©

Popen

where the porosities k, char, openv, virg are
open, charred, open virgin and virgin porosity
respectively, as shown in Fig. 1. We assume

that permeability is dependent upon an open
porosity or network of pores, and that
porosity at char is open. The open virgin
porosity and the permeability of virgin
material are determined through simulation. It
should be noted that we employ two
porosities, but require three: (1) , the actual

porosity, is the ratio of volume of pores to

? iy

Fig. 1. Open porosity versus actual porosity

the volume of solid which equals the sum of
(2) the open porosity, that part of the actual
porosity forming a connected, porous network
in the material and (3) the closed porosity,
the remaining part manifested as isolated

pores in the material.

2.3 Energy Balance
The energy balance equation is

oo} oG n )

__9( 0T 0T

0z (;ca ar T*37 52 )
ﬁ_fz ks 9p\ aT
—¢pg(c,,)g( + az) o7
ks 0p k3 9p\oT
_¢pg(cﬂ)g(/¢ ar * u 82) 9z

ol T 5 H/el 0 ks _ag)]

¥ or u or u 0z

B ¢pg(cp)gT_a,Hks o ks _2)}
v dz u or 0z

L= Pole)+ dolc)ITH=0 (@)

The last two lines of this equation

contain two revisions to Lees theory [8]:
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Revision 2. Lees assumption of an ideal gas
and its implication that the enthalpy, h =
C,T, C, the specific heat at constant
pressure, is here applied consistently to the
leading coefficient in both lines, not just the
penultimate line.

Revision 3. Following Ganesan [9], the energy
due to enthalpy of the gas is replaced by its
effective contribution only within the pore

regions of the material, hence oC, becomes

$0Cy.

2.4 Finite Element Form
The finite element form of these

equations is
(1442 + (K2 = {F) ®)

where

0 0
0 0 KTﬂ KTT
{F}:{Fu Fw Fp FT}

{2}={u w p T} Q)

2.5 Material Characterization Results
There are two multi-component
poromechanical properties of the material in

question:  Biots constants @; and the

permeabilities of the material, both of which
vary with decomposition of the matrix
material. The carbon phenolic composite
material is dry FM5055 for which we assume

because of lack of data for the applications.

Biots  [7]

experiments to determine ai are prohibitive to

proposed unjacketed

carry out. Moreover their  analytical
determination requires information on the
values of the pure solid material compliances
as opposed to E; for the porous solid.

Virgin carbon phenolic is assumed to be
densely packed with microscopic pores which
extends Biot s theory beyond its original
intent.

First we assume the @;,=a, 1 =1, 2, 3 and

as =0
Revision 4. a is determined by: (1) Adopting
the Fabre and Gustkiewicz [10] hypothesis
which states that the factors must increase
with increasing porosity of the material. The
following formula for the Biots constants was
suggested:

a=1—exp[—atan<—7ég)] (10)
where a is the coefficient of the porosity, a
curve-fitting parameter.
(2) Curve-fitting the simulation results to the
restrained thermal growth (RTG) and free
thermal expansion (FTE) data due to Stokes

[6] to determine a.

2.6 Restrained Thermal Growth Results

The RTG experiment heats a specimen
(127 cm dia. x 572 cm long) at a constant
5.55K/s rate and measures the cross-ply
stress to maintain zero strain over a 2.54 c¢m
gage length, Fig. 2. Other details are in the

references.
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Fig. 2. llustration of geometry and
finite element model for RTG and
FTE

2.7 Finite Element Simulation

The simulations employed 160 bilinear,
axisymmetric quadrilateral finite elements
uniformly distributed (21 nodes radially by 9
axially) over the gage length section, Fig. 2.
Starting from standard initial conditions, the

boundary conditions are:

oT _

—(: y—p 9D _
7—0- u—O, ar_oy ar

- o 1a 2T
7’_0.6356‘1’}1p— latm, ar —
an
=0 w=0, 92 —o 9T _
2=0:w=0, 5, =0, 5, =0
z2=2.54cm: w=0, _(_{7;%___0’ _%:0

where the model is clearly impermeable and

insulated in accordance with the test. Heat is

11.4x10°

generated by a volume flux of

J/mPs.

Results for the five models

- model PERM1: Clamped at z = 0 and 2.54
cm, ie., u = free;

Ruive =0.465%10 " %m’, a = 7, ¢,,,,,= 0.004
- model PERM2: Clamped at z = 0 and 2.54
cm, ie., u = free;

Buirg =0.930%10 #m?, a = 7, ¢ peme= 0.004
- model PERM3: Clamped at z = 0 and 2.54
cm, ie, u = free;

oy = 1.860%10 " %m?, a = 7, ¢ o= 0.004
- model BIOT1: Clamped at z = 0 and 2.54
cm, ie, u = free;

kg =0.930x10 #m?, a = 5, ¢ = 0.004
- model BIOT2: Clamped at z = 0 and 2.54
cm, i.e., u = free;

Foirg =0.930 % 10" %m?, a =

are presented because for the permeability

9, b opone= 0.004

and a distributions over the porosity, after

setting the open virgin and char-state
permeabilities, a is chosen to achieve a best
fit to the data (Figs. 3, 4, 5 and 6) such that
0< @< 1; for isotropic material, ¢ = 1 means
the bulk modulus of the porous material is ni
compared to that of the pure <nonporous>
solid (Nur and Byerlee[11]).

They closely fit the experimental data as
shown in Figs. 3, 4, 5 and 6 in comparison
with  experimental data. Nonetheless the
curve-fitting, established by trial and error
comparisons with the test data, is a tedious
task and the curves in Figs. 3, 4, 5 and 6 are
the outcome of many simulations.

It is found that permeability is the most
critical factor controlling material behavior.
This is followed by Biots constants. Our
results settle upon an open porosity in virgin
material five times less than the actual
porosity.
controlling factors emerge:

Furthermore, the following
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Fig. 3. RTG restraining stress vs. temperature
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Fig. 6. RTG lateral strain versus temperature for
constant permeability at char-state

- The permeability of the virgin material
governs the temperature at which the second
stress peak occurs as well as its amplitude.
The permeability are very small for such a
result for the

material. The experimental

permeability of the virgin material was
investigate in range from 107V to 107 Z%m?
by Stokes[12] who had some difficulty in
determining the permeability of the virgin
low[13].

discerned between the

material because it is too Some

differences can be
permeability of simulation and test. Because
this permeability is a decreasing function of
the compressive stress applied on the material
and during the RTG test the constraint inside

the material goes up to 70MPa[12].

- Lower permeabilities tend to cause higher
peaks at higher temperatures. Because lower
velocity which results in a lower permeability
prevent the pyrolysis gases in pore from
escaping out the material and the pyrolysis
gases are generated faster than the growth of
pore channel can accumulate in flow.

- Biots overall

constants govern the
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amplitude of the response. Higher factors
cause  higher  response.  According to
measurements carried out in Fibre ate al. [10],
the best fit value for the coefficient of the
porosity a for lime stone is a = 4.1 and for
sandstone is a = 5.5. The value for RTG
simulation is a = 7. This can be caused by
the variety of mineralogy, the presence of
some microcracks in the sandstone rock [10]
and as the increasing rate of open porosity in
this study is faster than it is for the actual
porosity, it is the same effect that microcracks
is increased.

These observations also hold for lateral
strain in the specimens. In Figs. 5 and 6,
lateral strain is plotted versus temperature for
five models along with the measured results
from the RTG data. Importantly the Model
PERM 2 provides the overall best fit to the
data. These results show that the revised
theory provides better fits to the experimental
data than those by Lee, Salamon and
Sullivan|[1]

2.8 Free Thermal Expansion Results

Test conditions for the FTE experiment
are the same as those for the RTG except
that the specimen is 0.635 cm dia. and
unconstrained. Likewise, the finite element
simulation differs only in geometry and

boundary conditions which are:

y=0.3175cm: p=latm, %T 0
2=0:w=0, p= 1atm~”— 0 a:r =0
z=2.54cm:—2—0 ‘ 0

so that the FTE specimen is subject to

atmospheric pressure, but thermally insulated.

of 200

axisymmetric, quadrilateral finite elements (11

These are applied to a model

nodes radially by 21 axially) over the gage
length section (Fig. 2).

The results shown in Fig. 7 and 8 are
for five material models which have same
permeability as model PERM 2 of RTG:

- model FBIOTI:

kg =0.930%10 " %m?, a =
- model FBIOT2:

kg =0.930%10 2w’ a = 13, ¢ 0= 0.004
- model FBIOT3:

kvirg =0.930% 10~ Zm?,
- model OPENT1:

kuirg =0.930 X 10~ %m?,
- model OPEN2:

kg =0.930%10 " #m?, a = 13, ¢ = 0.008

The results for the five

7, & opens= 0.004

o

= 19 ¢ l/vull 0 004

Y]
|

=13, ¢

openy™

o

models
presented in Fig. 7 and 8 are the only ones
found which provide reasonable fits to the
data. They suggest that for free thermal
expansion of dry FMS5055 material, a is
higher than it is for the RTG test.
Importantly the model FBIOT 2 provides the
best fit to the data.

The value of the Biots constants used in
the RTG and FTE simulations are plotted
versus porosity of material in Fig. 9. The
difference Biots constants in the RTG and
FTE simulations are due to the boundary
conditions between at the ends of the models
fixed and free, respectively, the evolution of
pore growth in RTG is slower than it is for
the FTE and the pressure of FTE is lower
than it is for the RTG. It is concluded that
FTE of a specimen provides no mechanical
mechanism to promote coalescence of pores
and growth of a porous network or the

generation of new pores.
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Fig. 9. Biots constants versus porosity for using
the model RTG and FTE simulation (best fit)

3. CONCLUSION

A revised axisymmetric theory applied
to FM5055 carbon-phenolic insulation material
using a modified finite element program

strongly suggests that the test specimens had

very low permeability, about 0.930x 10~ %?m?®
in virgin material, which falls at the low end
of a range of permeability measurements.
Simulations of restrained thermal growth
experiments further reveal how the Biots
constants and permeability affect the behavior
of the material under increasing temperature;
the Biots constants affects overall response,
the permeability plays a stronger local role by
controlling location, amplitude and sharpness
of pore pressure peaks and lower’
permeabilities tend to cause higher peaks at
higher temperatures.

Simulation of free thermal expansion
experiments  further support the above
conclusion that permeability and Biots
constants affect the behavior of the material.
But FTE simulations required higher Biots
constants to fit the data than it is for RTG
simulation and the evolution of pore growth
in RTG is slower than it is for the FTE.
Even then reveal a especially strong
sensitivity to both  parameters of the

permeability and Biots constants.
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Appendix

- Mechanical properties

Te“l‘i:;” e E.(Pa) E(Pa)
T<293K 1.517x10" 1.793x10"
293K<T<460K 111-'28‘55%213;{ oL 1110071{
460K<T<533K 116'.?1%1110081? 1115313% 111%810T
533K<T<790K 111‘ ?1028&110071? 5.160 > 10°

T>790K 9.383x 10% 5.160 > 107
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Temperature

. Value
0.30
T<293K J VLT 0.22 |
0.20
0.30
293K<T<460K | v, 1 | 0.22
vr | 0.20
Vn%mlosmo*‘ﬂz.lgo
460K<T<533K | vy | —1.507 x10 *7+0.913
vr ;2.793x10 3T+1.460j
I VL 0
533K<T<790K | ypr | —4.280 x10 'T+0.3381
vr 0
VI 0
T>790K viT 0
0

L

- Material properties

Property

Value

|
o

0.00000833 m/ mK

B

0.00001607 m/ mK

b vivg 0.02
b char 0.19
O virg 1500.0 kg/ m
O char 1400.0 ke/ m
(Cp) soia 1338.0 J/ kK
(Cp) sas 1088.0 J/ keK
X solid 1.44 J/msec K
0.0 //msec K




