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nonreacting� ow values of the wall enthalpygradient4 (which is de-
� ned so as to equalunity far upstream) to assessthe in� uenceof arbi-
trary degreesof � nite surface catalycity ranging from fully catalytic
( ˜̃C iw ! 1) to completely noncatalytic( ˜̃C iw ! 0). Equation (24)
also implies that the diffusive heat � ux, like the conductive heat-
ing, is proportional to the local interactive wall enthalpy gradient
and hence is reduced by the local interactive pressure rise.4 Theo-
retical results for the typical shock-impingementeffect on the local
relative diffusional heating are shown in Fig. 2b as functions of
typical values for ˜̃C iw . It is seen that the maximum effect, which
reduces heating to a minimum at the shock foot, occurs for a fully
catalytic wall ( ˜̃C iw D 1), whereas there is no response at all on a
completelynoncatalyticwall ( ˜̃C iw D 0). Intermediatedegreesof cat-
alytic effect pertain to the range of values 0.01 · ˜̃C iw · 10.0. When
assessing effects on the absolute local diffusive � ux, one must of
course take into account that the upstream value is also in� uenced
by the surface catalycity.

IV. Conclusion
Althoughthere appear to be no data on nonequilibriumheat trans-

fer in dissociated-�ow interactionzones that could be used to verify
the foregoing theory, the prediction of Eq. (24) that the local diffu-
sive heating be proportional to the corresponding conduction heat
transfer has been qualitatively checked against the local heat trans-
fer distributions measured by Needham7 in a Mach 9.7 interacting
corner � ow.8

Appendix: Details of the Specie Conservation Equation
The atom specie conservation equation governing the non-

equilibrium-dissociated � ow in a laminar boundary layer is9
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where j 0
R is the recombination rate constant and g( a , T ) is the net
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When the lengths and the velocities in Eq. (A1) are normalized by
L and U1 , respectively,the resultingnondimensionalreaction term
on the right-handside takes the form q C G (T / Te)

x ¡2g( a , T ), where
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.
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is the characteristic convection time to reaction time ratio or homo-
geneous Damköhler number. The limit C G ! 0 thus pertains to a
chemically frozen � ow, whereas the opposite limit C G ! 1 with
g ! 0 pertains to locally chemical equilibrium � ow. We note that,
for � nite nonequilibriumreactions, the variation of g due to small
perturbations in a and T about some reference state a 0 , T0 can be
expressed by the Taylor series expansion

g D g0( a 0 , T0) C g a 0 ¢ ( a ¡ a 0) C gT0 ¢ (T ¡ T0) C ¢ ¢ ¢ (A4)

where g a 0 ´ ( ¶ g/ ¶ a )0 and gT0 ´ ( ¶ g/ ¶ T )0. This was in fact used
in obtaining Eqs. (16), (17), (20), and (21) of the text, in which
the modi� ed interactive Damköhler number (proportional to C G ),
de� ned by
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was introduced.If the referencestate is the incomingboundarylayer
upstream of the shock boundary-layer interaction zone, which is
usuallylocallysimilar to a goodapproximation,it canbe shown5 that
the solution of Eq. (A1) for the properties at an arbitrarily catalytic
surface gives the result cited in Eq. (3), where

C c0 D S
2
3

c ( j w / U1) 2ReL / CREF/ k (A6)

is the characteristic diffusion time to surface recombination time
ratio or heterogeneous Damköhler number, and IR in Eq. (3) is a
gas-phasereactionrate integralof the functiong acrosstheboundary
layer given in Ref. 4.
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Nomenclature
b = permeability slip parameter, Pa
D = sample diameter, m
K = effective permeability,m2

K0 = continuum � ow permeability, m2

L = length, m
M = molar mass, kg-mol¡1

Pm = mass � ow rate, kg-s¡1

P = pressure, Pa
Pav = average pressure across sample, Pa
R = universal gas constant, J-mol¡1-K¡1

T = temperature, K
D P = pressure difference across sample, Pa
l = viscosity, Pa-s
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Qq lca ,c = apparent density of charred ablator, kg-m¡3

Qq lca ,v = apparent density of virgin ablator, kg-m¡3

Qq r,v = apparent density of resin in virgin ablator, kg-m¡3

Qq t = apparent density of tile in ablator, kg-m¡3

Introduction

M ANY lightweight thermal protection system (TPS) materi-
als have a large degree of open porosity, which can make

them highly permeable to gas � ow. Recently, a permeability mea-
surement apparatus was constructed to test rigid, porous TPS ma-
terials, and measurements were reported1,2 for a variety of TPS tile
insulationsfrom the Ames insulationmaterial (AIM), Lockheed in-
sulation (LI), � brous refractory composite insulation (FRCI), and
alumina enhanced thermal barrier (AETB) families, as well as for
the commercial product FiberForm¤ . This Note presents further
gas permeability measurements, made with the same apparatus,
on two lightweight ceramic ablator (LCA) materials; viz., pheno-
lic impregnated carbon ablator (PICA)3 and silicone impregnated
reusable ceramic ablator (SIRCA).4 PICA and SIRCA materials
were developedat NASA Ames Research Center as lightweightab-
lative materials with enhanced structural integrity. LCA materials
are composed of � brous refractory tile substrates partially impreg-
nated with an organic resin to provide additional cooling mecha-
nisms via endothermicdecomposition,pyrolysisgas heat transport,
and boundary-layer blowing. Permeability data for LCA materials
are of particular importance because issues such as hot boundary-
layer gas penetrationand the detailed � ow pattern of decomposition
(pyrolysis) products cannot be computationallyevaluateduntil such
data are measured.

Materials
PICA and SIRCA are made by partially impregnating � brous

tile substrateswith phenolic and silicone resins, respectively.PICA
uses a commercially available carbon–� ber tile manufactured by
Fiber Materials, Inc., under the name FiberForm, and the phenolic
resin Durite¤ SC-1008, manufactured by Borden Packaging and
Industrial Products. FiberForm has a nominal density ranging from
about 144 to 176 kg/m3 (9 to 11 lb/ft3). Depending on the level of
phenolic loading, the nominal density of PICA ranges from about
224 to 248 kg/m3 (14 to 15.5 lb/ft3 ). SIRCA materials use a variety
of ceramic � ber tiles as substrates. The SIRCA samples tested in
thisworkusea nominal192-kg/m3 (12-lb/ft3) FRCI-12 tile substrate
that is impregnated with RTV-655 resin (manufactured by General
Electric) to a nominal bulk density of about 240 to 272 kg/m3 (15 to
17 lb/ft3 ). Both FiberForm and FRCI-12 have anisotropic material
properties due to the manufacturing process, which tends to align
� bers preferentiallynormal to a pressing direction.Eight PICA and
six SIRCA samples were tested along the transverse (parallel to the
pressing axis) direction, and eight PICA and � ve SIRCA samples
were testedalongan in-plane(normal to the pressingaxis)direction.

Experiment and Data Analysis
The measurement apparatus and the data-analysis procedures

used to extract permeability parameters from experimental data are
described in detail in Refs. 1 and 2. The effective permeability is
expressed in the Klinkenberg form as K D K0(1 C b/ P ), where K0

is the gas permeability in the limit of continuum � ow, and b is a
permeability slip parameter that accounts for rari� ed � ow effects.
Values of K0 and b were obtained using the relation1,2

Table 1 Summary of experimental results for PICA and SIRCA specimens

Sample Apparent densities, kg/m3 Virgin Charred

typea Qq lca ,v Qq t Qq r,v Qq lca,c K0 , 10¡12 m2 b, kPa K0, 10¡12 m2 b, kPa

PICA-tr 211 132 78 181 13.3 3.85 38.1 2.50
(2) (2) (3) (2) (1.9) (0.46) (4.5) (0.18)

PICA-ip 223 147 75 194 34.9 2.09 53.8 1.87
(4) (7) (6) (6) (10.6) (0.53) (14.6) (0.45)

SIRCA-tr 272 210 62 247 0.00723 14.7 1.54 5.05
(6) (9) (4) (7) (0.00386) (3.1) (0.11) (0.17)

SIRCA-ip 274 221 53 253 0.00449 19.1 3.07 3.84
(6) (6) (5) (6) (0.00166) (3.4) (0.25) (0.25)

aTransverse orientation D tr , in-plane orientation D i p.

4 l Pm RT L/ p D2 M4P D K0(Pav C b) (1)

Equation (1) can be derived by combining the perfect gas law, con-
servation of mass, Darcy’s law, and the Klinkenberg permeability
function,presuminga bulkgas � ow that is one dimensional,laminar,
and isothermal.1,2

Both K0 and b are microstructuredependent,and b is additionally
a function of temperature and gas composition. A scaling relation
to convert values of b, measured with a particular gas at a particular
temperature, to values appropriate for other temperatures and gases
is given and validated in Ref. 2. However, this relation holds only
when microstructuresremain � xed. The resins in PICA and SIRCA
decompose at high temperature, altering the internal microstruc-
ture. As a consequence,both permeabilityparameters are functions
of the heating environment, including the chemical composition of
the ambient gases and the transient heating history. There are ob-
viously myriad possible heating environments. Data are reported
here for virgin LCA material and for material charred to its pyrol-
ysis endpoint in an inert gas atmosphere. All of the measurements
were made with ambient, room-temperatureair and at gas pressures
ranging from 0.5 to 101 kPa (»0.005 to 1 atm).

The same PICA specimenswere tested beforeand after pyrolysis.
Generally, samples are not retested1,2 to avoid the possibilityof gas
leakage past abraded specimens. However, retesting of several vir-
gin PICA specimens gave values of K0 and b repeatable to within 1
and 4%, respectively.Additionally, it was found that charred PICA
specimens were slightly expanded (by several thousandths of an
inch), which again assured a tight press-� t in the test rig. On the
other hand, SIRCA specimens could not be retested. Initial tests
on virgin SIRCA samples revealed negligible � ow through the test
specimens. It was postulated that the end faces of the test speci-
mens were clogged by compaction of the soft silicone resin into the
surface layersduring machiningand/or during insertionof the spec-
imens into the test rig. To alleviate this problem,new test specimens
were made by turning longer cylinders and breaking off the ends
in situ to create fracture surfaces. With these specimens some gas
� ow was detected and an estimate of the permeability parameters
could be obtained. However, these samples could not be removed
and reinserted without damaging (crushing) the fracture surfaces.
Therefore, suf� ciently long cylindrical specimens were machined
so that two specimensfrom the samecylindercouldbe obtained,one
of which was tested in the virgin state and the other in the charred
state.

Charring was accomplished by cycling specimens to about
1250 K in a tube furnace under an argon gas � ow. Under these
conditions, the char yield (percentage of mass remaining after py-
rolysis) of the phenolic resin in PICA is about 0.63 and that of the
silicone resin in SIRCA is about 0.60. By measuring the sample
dimensions and the sample masses before and after permeability
testing and pyrolysis, the apparent sample densities (mass per sam-
ple volume) in the virgin and charred state, as well as the apparent
densities of the substrate and resin loadings in the virgin sample,
can be determined.

Experimental Results and Uncertainties
A summary of the experimentally derived densities and perme-

ability parameters for the PICA and SIRCA samples tested is given
in Table 1. Table 1 lists the average values and standard deviations
(in parentheses) obtained for each unique set of samples.
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The relative uncertainties in the apparent densities and perme-
ability parameters for an individual sample were estimated from
uncertaintiesin thecontributingexperimentalparametersusingcon-
ventionalmethodology.1,2 For PICA specimens, the uncertaintiesin
the apparent densities are about 1% for Qq lca,v and Qq lca ,c ; 4% for Qq t ;
and 8% for Qq r,v . For SIRCA specimens, theseuncertaintiesare about
10% for Qq lca ,v and Qq lca ,c ; 14% for Qq t ; and 18% for Qq r,v . A detailed
uncertainty analysis for K0 and b has been given in Refs. 1 and 2.
The estimateduncertaintiesfor rigid tile specimensare C11/ ¡16%
for K0 and C7/ ¡4% for b. For the LCA materials these uncertain-
ties are raised to C21/ ¡26% for K0 and C17/ ¡14% for b, to
account for the uncertain sample length in the case of SIRCA and
the possibility of non-Darcian � ow contributions1 for PICA.

Discussion
The continuum permeabilities for transversely oriented virgin

PICA and SIRCA samples are on the order of 10¡11 m2 and
10¡15 m2 , respectively.Clearly, virgin SIRCA is much less perme-
able to gas � ow than virginPICA. PICA permeabilityis comparable
with that of unimpregnated � brous tile insulations such as LI-900
and FRCI-12,2 whereas SIRCA permeability is four orders of mag-
nitude smaller. The large difference in permeability between PICA
and SIRCA can be related to differencesin substratemicrostructure.
FiberForm is less dense than FRCI-12 and is composed of larger-
diameter � bers; i.e., »15-l m carbon � bers vs » 2- l m silica and
»8- l m Nextel® � bers. As a result, FiberForm has a much coarser
and more open microstructure than FRCI-12. The continuum per-
meabilitiesof the transverselyorientedFiberForm and FRCI-12 tile
substrates are on the order of 10¡10 and 10¡11 m2, respectively.2

From the experimental data, it is clear that silicone resin impregna-
tion of FRCI-12 restricts internal gas � ow much more than phenolic
resin impregnation of FiberForm. There are several possible mech-
anisms to explain this. First, pressure-driveninternalmass � ow in a
porousmaterialscalesto the thirdpower (at least)with thecharacter-
istic channel dimension. Thus, comparable resin loadings into sub-
strates with comparable densitiesare expected to cause greater � ow
restrictions in the material with the � ner microstructure. Secondly,
while resin impregnationpredominantlycoats the � bers, some web-
bing between � bers is possible and has been observed in scanning
electron microscope images. Such webbing would be more likely
in the � ner microstructure substrate (FRCI-12) and may contribute
to the very low continuum permeability of virgin SIRCA.

For PICA specimens, the continuum permeability is larger and
the slip parameter is smaller (on average) along in-plane directions
than along transverse directions. This result is consistent with the
anisotropicmicrostructureof the FiberForm substrate,which causes
the � ow path to be less tortuous and the mean distance between
gas-surface collisions to be longer along in-plane directions than
transversedirections.2 ThoughFRCI-12 substrateshavemicrostruc-
tural anisotropies similar to FiberForm, the transverse permeabili-
ties of the virgin SIRCA specimens are found to be comparable
with or greater than the in-plane permeabilities.This � nding gives
further evidence that the internal � ow properties of virgin SIRCA
are dominated by the microstructural changes produced by resin
impregnation.

As expected from the mass loss accompanyingpyrolysis,charred
specimensof bothPICA andSIRCA offer lessobstructionto the � ow
than virgin specimens.For PICA specimens, the relative changes in
K0 and b due to the pyrolysis process are larger for the transversely
oriented specimens than the in-plane oriented specimens. This re-
sult is consonant with the view that resin is likely to agglomerate
or web at � ber intersections during impregnation. Because � bers
are preferentially oriented normal to the transverse direction, ag-
glomerations at � ber intersections would offer more obstruction to
transverse � ow than in-plane � ow, and charring would thus have
a greater effect on transverse than in-plane permeability. The con-
tinuum permeability changes dramatically for SIRCA specimens
upon charring, increasing by three orders of magnitude. Moreover,
the underlying anisotropy of the FRCI-12 substrate is recovered;
in-plane oriented specimens of charred SIRCA are about twice as
permeable as transversely oriented specimens.

It is possible that the permeability of charred PICA in dif-
ferent heating environments, e.g., high-temperature, oxidizing at-
mospheres, could be greater than reported here; however, using
FiberForm substratepermeabilityparameters as approximationsfor
charred PICA would probably still overestimate the true char per-
meability.As with PICA, SIRCA char formationduring a particular
application will depend on the chemical environment and heating
rate to which the material is exposed. For the rapid exposure of
SIRCA to high heating rates in an oxidizing environment, evidence
exists for the formation of a glassy char layer, which appears to seal
the surface.4 In such an application, the composite permeability of
a partiallycharredSIRCA componentwould likely be closer to that
of virgin SIRCA. For lower heating-rateenvironments, where such
a glassy char layer does not form,5 SIRCA permeabilityshould tend
toward the char values reported here.
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Nomenclature
a, b = major and minor axis of the oblate spheroid, cm
g = acceleration of gravity, cm/s2

I (l)
um = integral of product of three spherical harmonics

l, m = mode numbers
p, p0 = perturbed and hydrostatic pressure
pext = externally applied pressure force
R = equivalent spherical radius, cm
R1 , R2 = local radii of curvature of droplet surface
r ( h , v , t ) = shape of oscillating,deformed droplet
t = time, s
Nu = perturbed velocity
X ( h , v ), = static and oscillatory deformations
Z( h , v , t) of droplet
Ylm ( h , v ) = spherical harmonic for mode l, m
a 1, a 2, a 3 = dimensionless variables
b = exponential coef� cient of time dependence of Z
c = surface tension, dyne/cm
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