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Abstract
Reactions of the silica reinforcement fiber and ablation char of the Apollo heat shield have
been investigated by laboratory tests in an arc image furnace at temperature levels up to 5000° R.
pressures up to 0.7 atm , and heat flux similar to reentry, 400 Btu/ft? sec, and by an actual reentry
test. Microchemical analyses and X-ray diffraction studies have been made to determine the
presence of SiC formation in the char, Experimental data and analytical predictions of thermal and
density profiles have been compared for the ablation of virgin heat-shield and precharred materials
to determine the effects of SiC formation on ablation performance. In all analyses, general
agreement was found between chemical composition and the thermal predictions for laboratory
tests and reentry materials. In all ablated materials SiC was formed in the front surface of the char.
The highest SiC content found was 58% by weight and found in a high pressure environment. The
SiC formed was found to act as a heat sink in the ablation process and can lower the front surface

temperature by 300° R.

Nomenclature
A = cross sectional area
Cps, Cpg = heat capacity of solid, gas
Hg, Hy = enthalpy of the gas, solid
K = solid thermal conductivity
Mg = mass flow rates of gas
T = temperature
X‘ = distance from the char surface
0 = time
Pg = solid density

Index Categories: Re-entry Vehicle Testing, Material Ablation, Therma! Modeling and
Experimental Thermal Simulation

The authors wish to thank Dr. H. Edding for running the X-ray analyses of the Apollo
material. -
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Introduction

Ablators may contain a source of silica in the form of silicone elastomers or as silica granules
or fibers mixed with organic polymer. The silica imparts mechanical strength to the char formed on
degradation of the polymer.! At elevated temperatures and in anaerobic environments the char
carbon and thesilica form SiC.>”7 The formation of SiC is a highly endothermic reaction that can act
as a heat sink in ‘the ablation process. Under oxidizing conditions in ablation. both SiC and carbon
in the char of the ablator oxidize.®*® However, when SiC oxidizes, it reacts to form a surface coat
of Si0,, which protects the underlying carbon or SiC in the char from further oxidation. Carbon
alone oxidizes more rapidly than SiC forming the volatile oxides, CO and CO,, which are lost
thereby removing char material. Also, SiC has better mechanical characteristics than carbon! .12
and can form a tougher char.

Because of the importance of these processes and their potential occurrence at conditions
experienced by the Apollo heat shield,!3 the reactions between silica fiber and carbon were
investigated. The occurrence of silica-carbon reactions has been investigated primarily in rocket
motor linings and phenolic ablators. In the future space shuttle vehicle, SiC coatings have a
potential use in protecting carbon nose caps and leading edges.

Experimental Procedure
Materials

Material samples were obtained from a reentered Apollo heat shield and from radiation-only
ablation tests conducted in an arc image furnace. Composition and elemental analysis (Table 1) for
the virgin material were available from the Manned Spacecraft Center.!* This elemental analysis is
used in all subsequent discussion. Precharred samples tested were obtained by heating the virgin
material in 1.0 atm of N, at 1930° R (800° C) for 14 hr. The prechars were mounted and run in a
similar manner to other samples. A thermogravimetric (T.G.A.) analysisat 3° C/min for virgin heat
shield material is shown in Fig. 1.

Arc Image Furnace Runs
Virgin heat-shield and precharred material were ablated in helium in an arc image furnace. The

samples were 0.5 in. flat-faced cylinders mounted on modified electronic tube sockets (Fig. 2).
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Heating rates were varied from 200 to 700 Btu/ft?-sec and pressures from 0.001 to 0.7 atm.
Detailed descriptions are given in Ref. 15. The test conditions and length of runs are listed in
Table 2.
X-Ray and Chemical Analysis of Materials Tested

Samples of both the Apollo spaceshot materials and the arc image furnace materials were
prepared for analysis in similar ways. These samples were designated series 1, 2, and 3. Series 1 and
3 were arc image furnace materials; series 2, Apollo reentry materials.

For X-ray density gradient measurements, series 1 samples were mounted on a cylindrical tube
socket (Fig. 2). A diamond cutoff wheel was used to cut samples 1/8-in. thick perpendicular to the
model. These samples were then placed in a holder for continuous recording of X-ray density
gradients.

Series 2 samples were cut from an Apollo space vehicle and soaked in water to remove salts
(residuals from sea exposure). They were mounted and cut about 3/16 in. thick perpendicular to
the base with a silicon carbide cutoff wheel. Series 3 samples were prepared in the same way as
series 1, except they were 3/16 in. thick. After the density gradients were recorded, all samples were
sectioned to provide powdered material for X-ray diffraction studies to determine the amounts of
crystalline materials present. An agate mortar was used to grind these samples to a powder, which
was analyzed with a Norelco diffractometer. After the diffraction studies, the powder was
submitted for elemental microanalysis. The section locations (Fig. 6) were chosen such that
section 1 was the char layer adjacent to the front surface of the char; section 2 was the char layer
farther from the front surface; section 3 was the char layer close to the pyrolysis zone: section 4
was the transition zone between char and virgin material; and section 5 was the virgin heat-shield
material. The experimental density profiles for the ablated materials are calculated from the X-ray
absorptio;l profiles. These profiles have been fitted with smooth curves based on a least squares
seventh-order polynomial.

Thermal Response Calculations
A modified version of the Aerotherm Corporation’s charring material ablator computer

program (CMA) has been used to predict and compare thermal performance.!® The model of an
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ablating polymer containing silica is composed of three zones: the char, the pyrolysis zone, and the
virgin polymer. A schematic for the model is shown in Fig. 3. In the model, heat is transferred or
generated by the processes of heat conduction and convection, and by chemical reaction. Mass
transfer occurs only by convection and is equivalent to that produced by chemical reaction. Heat
flux in the model is applied at the front surface and no recession of this surface occurs. The mass
and energy balances are as follows:

Mass Balance

N
E :.‘%_ M KL (1)
. ax 0X 00
1=1 Se— - - ~ -
change in mass mass flow generated
flow by reaction
Energy Balance
dT 1 9 aT 3p Mg oH,
a1 )+ H, —H s 4 1B T8 (2)
#sCps 3¢ A 9x (KSA ax>9 Mg ~Hs) 55 A x
heat accumulated heat conducted heat g;r’lerated heat?)rnvected
in solid in solid by reaction by gas

The assumptions used in this formulation are:

1. Gas and solid are in thermal equilibrium.

2. Sensible heat can only be accounted for by the solid (pSCpS >>> Pg Cpg).

3. Heat conduction can be accounted for by the solid (KS > Kg).

4. Diffusion is slow compared to convection.

These equations are general and can be applied to each of the three zones. It is only necessary
to have the proper thermophysical and kinetic data for each zone. In the Apollo material, the
important reactions and heats of reaction considered in these zones are shown in Table 3. Little
information was available for the sublimation reaction (A;,E,/R): therefore the sublimation option

was not exercised. Because there is considerable uncertainty in the kinetic parameters available and

used for the SiC reaction (A, ,E,,/R), computer runs were also made with a hundredfold increase



in A, and a twofold increase in AH,. Computer runs for the polymer pyrolysis and SiC reaction
were then compared to runs with just the polymer pyrolysis. Both were then compared to the
actual thermal response data obtained from the arc image furnace runs.

The differential equations are solved by a finite difference technique. The solution provides
gas flow rates and compositions at the char surface, density and temperature profiles within the
solid, and the location of the pyrolysis zone.

Results and Discussion

A typical experimental density profile for each of the different ablated materials is shown in
Figs. 4 — 6. The limiting values shown are for the density of virgin heat-shield material and the char
density obtained from thermogravimetric analysis experiments up to 800° C. While the virgin
material was sometimes more dense than manufacturer’s data would suggest, the char density after
ablation was less than expected for a loss of material due to pyrolysis and SiC formation. Visual
examination and X-ray diffraction data show evidence of voids and shrinkage and point to a
physically inhomogeneous char and pyrolysis zone (see Fig. 7). It may be concluded that the
inhomogeneities result from the ablation process itself which sets up thermal and mechanical strains
that deform the material. In one spaceshot sample, further evidence was apparent in the formation
of long fissures spanning the entire length of the original sample (Fig. 7).

The elemental composition of the char and virgin heat-shield material are shown in Figs. 4 and
6, respectively. These values are within the ranges expected from the manufacturer’s specifications.
In all cases the ablated materials contained SiC in the areas close to the front surface of the char. In
arc image furnace runs, the surface temperatures of the chars were in the range where SiC formation
should occur. In Fig. 8 typical results of the SiC analysis and temperature histories available are
shown along with the temperatures for SiC formation and sublimation and melting point of SiO, .
The remaining data on SiC content are shown in Table 4. In one sample from the arc image furnace
runs (A21 series 3), the section close to the front surface of the char contained 58% SiC. This run
differed from the remaining runs because it was made at a relatively high pressure, 0.7 atm. and had

a front surface temperature of 4610° R. The high SiC content may result from the suppression of



SiC sublimation at the higher pressures. All results are for the crystalline form of SiC and therefore
represent a lower limit on the total concentration of SiC present because noncrystalline SiC may
also be present. The error in the weight percent reported for the crystalline material is +10%. When
prechars fired at 800° C were ablated in the arc image furnace, SiC was also formed in the section
close to the front surface. In these samples, little change was observed in the total weight percent of
carbon. If silica and carbon react to form SiC, there is only a small change in the total carbon

content of the sample (i.e., for the reaction).

Si0, + 3C — SiC + 2CO

At 100% conversion of the limiting reactant SiO,, the carbon content in the solid would decrease
from 39.4 to 34.6% by weight (including the carbon present in the SiC formed). There is a large
difference between the carbon compositions of the front layer of char from the ablation materials
derived from virgin heat-shield ablation and from prechar ablation. After ablation, the carbon
content in prechars does not exceed 40% by weight (Fig. 4), but in the virgin heat-shield materials,
the carbon content close to the front surface is greater than 40% (Fig. 6). This implies that SiO, is
being removed by other processes as well as by reaction with the carbon in the char to form SiC;
alternatively, there may be secondary deposition of carbon from the polymer pyrolysis gases in the
char. For example, if SiO, vaporizes to gaseous SiO and this gaseous SiO is a precursor in the
reaction to produce SiC, SiC formation could be limited by the physical removal of SiO gas by
entrainment in the transpiring gases from the pyrolyzing polymer. These transpiring gases might also
blow the molten silica away from the char, or actually react with the SiO gas, thus reacting in the
gas phase and inhibiting the reaction of SiO with the solid carbon in the char. In the case of
secondary carbon deposition, the density near the front surface may decrease by sublimation,
reaction, or physical loss, while pyrolysis gases are cracked depositing carbon. The density would
thus decrease as shown in the sections close to the front surface, yet the carbon content would
increase. |
Thermal Response

The temperature response for the runs in the arc image furnace are reported for representative

samples in Figs. 9 — 12. These profiles show the thermal response at various depths and at the front
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surface of the char. The two prechar samples were run at similar conditions of heat flux and
pressure to check the reproducibility of the arc image furnace experiments. The measured
temperature profiles compared in Fig. 9 agree within +50° C. The virgin polymer heat-shield
material provides more thermal protection than the char alone, as would be expected. A thermal
response curye for the virgin polymer heat shield is compared to the response of the prechar in
Fig. 10. Computer predicted thermal response curves derived from the analytical model have also
been plotted in Figs. 11 and 12. While these profiles are predicted in depth, the predictions are
usually high for both the virgin heat-shield aterial and the prechars. Possible reasons for this are that
the chars formed are inhomogeneous and therefore the thermophysical data are not adequate, or
that not all the chemical and physical phenomena are included in the mode!l. The model does give a
conservative prediction and can therefore be used in designing adequate heat-shield thicknesses. In
addition to the computer prediction, which includes only the virgin polymer pyrolysis kinetics,
plots have been made that also include the SiC kinetics. Figs. 11 and 12 show that including the SiC
endothermic reaction can decrease the temperature response predicted for the materials and that
the reaction can decrease the front surface temperature of the char by about 300° R (Fig. 11).

A fact to note from the computer predictions is that they all predict temperatures at the front
surface that are too high compared to experiment. At these elevated temperatures, additional
phenomena occur and should be taken into account in the analytical model. For example, although
the model predicts a temperature of 2897° C (5200° R) (Fig. 1'1), the model does not include the
reactions of SiC sublimation and dissociation and SiO, dissociation and vaporization. All these
processes can also occur at these temperatures. Unfortunately, they occur at very high
temperatures, and accurate chemical parameters describing them are difficult to obtain with direct
experiment. Further experimental information will be required to include these phenomena. The
analytical model is flexible enough so this experimentation can be included easily once the problem
of obtaining high temperature rate data is solved.

Summary
Silica reactions with carbon in the Apollo heat shield have been investigated in an actual

reentered heat shield and in samples produced with an arc image furnace. In all cases X-ray



diffraction studies show that SiC is formed in the front surface of the char. Chemical analyses of
virgin polymer ablation samples show that the amount of total residual carbon in the chars differs
from that in prechar ablation samples. This difference was attributed to chemical reaction or
physical removal of SiO, from the char or to secondary deposition of carbon from the pyrolysis
gases.

A computer model of the ablation process shows that incorporation of the SiC reaction
sequence acts as a heat sink and decreases front surface temperatures and in-depth temperatures.
The computer predictions also indicate that the temperatures attained near the front surface may be
sufficiently high for other processes to occur at the high temperatures of the char. Therefore,
modifications of the model should be made to test the effects of reactions such as SiC dissociation
and sublimation, and SiO, vaporization.
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Table Titles

Table 1.- Virgin heat shield composition.

Table 2.- Sample conditions.

Table 3.- Ablation chemistry - kinetic parameters.

Table 4.- SiC content of char.
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Figure Legends
1.- T.G.A. of Apollo heat shield material.
2.- Mounted sample.
3.- Ablation model.
4.- Sample IA—35 prechar density profile.
5.- Sample ITA—19 space shot density profile.
6.- Sample I11A -49 virgin polymer density profile.
7.- Cross section of a spaceshot char.
8.- Thermal history of samples.
9.- Samples 1A34 and IA35 prechars.
10.- Samples IA23 and 1A34.
11.- Sample TA35 prechar.
12.- Sample I11A49 virgin polymer.
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