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ABSTRACT

A counter-current gaseous diffusion nodel is presented to de-
scri be oxidation through porous coatings and scales. The spe-
cific systemnodel ed i s graphite oxidized through a porous

al um na overcoat between 570 and 975°C. The nodel separates the
porous alum na coating into two gas diffusion regi ons separated
by a flame front, where Q, and COreact to formCQ. In the
outer region O and CO, counter-diffuse; in the inner region CG
and CO counter-diffuse. The concentration gradients of each
gaseous specie in the pores of the alum na are determ ned and the
rate of oxidation is calculated. The nodel was verified by

oxi dation experinents of graphite through various porous al um na
overcoats. The alum na overcoats ranged in porosity and in
average pore radius fromO0.077 pm (Knudsen diffusion) to 10.0 ym
(rmol ecul ar diffusion). The predicted and neasured oxi dation
rates are shown to have the sane dependence upon porosity,
average pore radius, tenperature and oxygen partial pressure.

The use of the nodel is proposed for other oxidation systens and
for chemcal vapor infiltration. This work was part of the U S.

Bureau of M nes corrosion research program

KEY WORDS: oxi dation; gaseous diffusion; counter-current diffu-
sion; carbon; graphite; alumna; porosity; chem cal vapor infil-

tration.



| NTRODUCTI ON

Many materials, when oxidized, have both a solid and a
gaseous oxi dation product. The solid product can grow at the
solid-gas interface with a porous structure, to allow the gaseous
product to escape. |In sone cases, oxidation kinetics my be
descri bed by counter-current diffusion of oxygen inward and the
gaseous product outward through the porous |layer. This has been
proposed as the oxidation mechani sm of Hf C between 1200 and
1530° C"*,

An anal ogous situation may occur during oxidation of a
mat eri al, such as carbon, through a porous coating; oxygen
di ffuses inward and CO CQO, diffuses outward. The oxidation
ki netics and nodel of such a system porous alum na coated
graphite, is presented here as a sinpler system (than HC) to
verify the gaseous counter-current diffusion nodel. Sonme of the
conplexities of the H C system are absent: the porous scale is
not growing (linear kinetics as opposed to parabolic), and the
porosity of the scale is constant with respect to both tinme and
to distance fromthe base material/porous material interface.
Addi tionally, various porous alum na overcoats can be chosen in
order to vary the porosity and pore size of the porous |ayer.

During oxi dation of porous alum na coated graphite, CO gas
is liberated at the graphite/alumna interface. The equilibrium
constant between carbon, CO and CO, is used to describe this
reaction. Connected porosity allows for inward diffusion of G

gas and outward escape of CO gas. At elevated tenperatures, CO



and Q, gas m xtures are not conpatible and react to form CO, gas.
The CO, reaction can occur within the porous alum na and, anal o-
gous to carbon oxidation without a coating, the position where it
occurs may be ternmed a "flane front". The CO, gas generated at
the flame front diffuses both inward towards the graphite/alum na
interface and outward towards the O, atnosphere. An anal ysis of
the counter-current diffusion of the COCQ and G/ CQO, gas m x-
tures, and the position of the flanme front, formthe basis of the
counter-current gaseous diffusion nodel presented here.

A simlar nodel was presented by Bernstein and Koger® for
carbon fil mundercut kinetics in pure oxygen. The kinetics of a
process was presented for fabricating m cronmechanical structures
in which a sacrificial |ayer of carbon is deposited on a sub-
strate, followed by a top layer of a different material. After
oxi dation of the carbon layer, the top layer is left free. One
of the boundary conditions used was pure CO gas at the carbon
interface, rather than using an equilibriumconstant to rel ate
the CO and CQ, partial pressures. Below 700°C, the neasured
oxidation rates were found to be slower than expected. It wll
be shown how the use of an equilibrium constant boundary
condition, as opposed to a pure CO gas boundary condition, would

result in the prediction of higher oxidation rates bel ow 700°C.

EXPERI MENTAL

Sanpl es of graphite with porous al um na overcoats were

constructed as shown in Fig. 1. The bottom section is the porous



al um na overcoat. The mddle section is a disk of fine grained
graphite inside a cored solid alumna square. The top is solid
alumna. Alum na cenent was used on all interior surfaces of the
solid alum na, and along the outside edges. The solid alumna

pi eces were 99.8% pure recrystallized al um na.

Five different porous alum nas were used for the overcoats:
Coors’ AP-998-C, PYB-C, P-6-C, P-12-C, and P-40-C. These were
sel ected to provide distinct differences in porosity and pore
size. A nmercury porosineter was used to characterize the porous
al um nas, as shown in Table 1.

The sanpl e was suspended porous alum na side down by plati-
numwire in a 2" dianmeter reaction tube froma mcrobal ance. A
dry m xture of oxygen and nitrogen gas flowed up the reaction
tube at a rate of 50 cmmn. The gas conpositions ranged from
0.02 to 0.55 partial pressure of oxygen (Py). The reaction tube
was wWithin a vertical tube furnace. The tenperature was con-
trolled froma thernocouple placed just below the sanple (within
the reaction tube). Test tenperatures ranged from570 to 985 °C.

For each experinment, the sanple was heated in dry nitrogen
to 100°C above the test tenperature and held there for one hour
to insure that the alum na cenent set conpletely. Then the
tenperature was lowered to the test tenperature and after it
stabilized, the dry oxygen/nitrogen m x was introduced into the
chanber and the mass change was nonitored. For each experinent,
an initial |ow value of Py (.023 to .044) was used and held

constant for 15-30 m nutes. Then the Py, was increased by steps



(and held constant for 15-30 m nutes at each Pg) until it
reached a value of 0.50 to 0.55. Finally, the |last nmeasurenents
were made with the same Py, used initially. A conparison of the
oxidation rates of the initial and final (at the same | ow Pg)
nmeasurenents served as a check agai nst cracking or geonetrical
changes due to carbon | oss that may have occurred during the
experi nment.

Because the alum na cenent itself was porous, contro
sanpl es using dense alum na for both the top and bottom of the
speci men were oxidized. These exhibited |inear oxidation behav-
ior at a nuch snaller value than the porous alum na sanples. The
oxidation rates fromthe control sanples were subtracted fromthe
oxi dation rates observed fromthe porous al um na sanples, result-
ing in a value of the oxidation rate based solely on oxidation
t hrough the porous al um na overcoats (thus excluding contri bu-

tions through the porous alum na cenent).

RESULTS AND DI SCUSSI ON

COUNTER- CURRENT GASEQUS DI FFUSI ON MODEL

The inconpatibility between O, and CO gases results in two
separate regions within the porous layer. Near the graphite, the
gaseous species present are CO CQ and N,. In the outer region
of the porous |ayer, the gaseous species present are Q, CQO, and
N,. Between these two regions, a "flame front" exists within the

pores at which Q, and CO react to form CG,



2c0 + 0, = 2CO, (1)

This reaction is a sink for gas nolecules, which results in net
gas flow, fromboth regions, towards the flame front. On either
side of the flame front, CO and CO, counter-diffuse and CO, and Q
counter-diffuse as shown in Fig. 2. The reaction at the graph-

ite/porous alumna interface is:

C + COy = 2CO (2)

The nodel assumes that the rate-limting process is gaseous
diffusion, thus there is a reaction probability of one (every CQG
nmol ecul e which strikes the carbon surface reacts and there is no

rate constant). The overall reaction is:

Figure 2 shows the fluxes J, across both regions in terns of a
general unit flux "a" (nol/cnfsec). The flux of each species is
expressed in nmultiples of a (la, 2a, etc.). The net flux of
oxygen atons inward is zero, as required by Egs. (2) and (3).

An approxi mation of the Stefan-Maxwel| equation® is used to
cal cul ate the gaseous concentration (C) profiles across both

regi ons of the porous alum na:

dc;
Ji = 7 Diggl —

+

n
= Jj (4)



in which D, is an effective diffusion coefficient of gas
species i, and x is the distance fromthe graphite/porous alum na
interface. Equation (4) contains both a diffusive termand a

"W nd" or convective term-due to the production or destruction
of gas nmolecules. The wind termis necessary due to the gas

nol ecul e sink at the flame front. The solutions to Eq. (4) at

any position x in the graphite-side of the flanme front are:

( a(x- A) ]
cD
CCO = (CC*'O_ 2c)e COeff. + 2¢c
a(x- A)
. Do, eff
CC02 = CCO2+c e - c
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The solutions to Eq. (4) on the gas-side of the flanme front are:

° L-x)
Cco, = Clo,+ 22
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in which C has units of mol/cm’, A\ is the distance fromthe
graphite/ porous alumna interface to the flame front, L is the
di stance fromthe graphite/ porous alumna interface to the outer
edge of the porous alumna, ¢ is the nolar concentration of gas
(P/IRT), C " is the value of C at x equal to A, and C° is the
value of C at x equal to L.

Using Egqs. (5-10), the concentrations of CO and CO, at the

graphi te/ porous alumna interface can be shown to be equal to:

C 02D0 ) eﬁ‘_ alL

(11)
cD
Cop = - 2ce Coef )+ 2
and
C OZDOZeff al
o COZDOZeff CDCOZ eff ( 12)
CC02 = CCO D + C - C
2 Dcoyef

Equations (11-12) are used to calculate the gas conpositions by

finding the value of the flux, a, for which the ratio C,/ Cy at



t he graphite/ porous alumna interface is the same as the equilib-
riumconstant of Eq. (2).

In Egs. (11-12) the flux and porous alum na thickness are
al ways found together as the product aL, which has units of
pernmeability. The product aL is constant and is independent of
time. The oxidation rate is proportional to the flux, "a", and
thus the oxidation rate is proportional to 1/L.

The above equations utilize an effective diffusion coeffi-
cient D,;. For diffusion in porous oxides, an effective diffu-
sion coefficient is needed that decreases the overall flux of gas
due to the effects of porosity, tortuosity and gas nol ecul e
interactions with pore walls. For gas species i these effects
introduce an effective nolecular diffusion coefficient D, and
an effective Knudsen diffusion coefficient Dy, Which are

related to D, by®

1

Dieﬁ -

where N is the nole fraction of i and o is equal to:

€= 1- (Ml-/MNz)l/ 2

and where M is the nolecular weight of i. The effective Knudsen

di ffusion coefficient can be expressed by®:

Diiofr = (43K
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(13)

(14)
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where p is the nolecular velocity of i and Kis the Knudsen
permeability. Evans, Watson, and Mason’ have shown that for a
capillary, Kis equal to one half of the average pore radius r.
This is used as the estimate of K for determning D,;. The
effective nol ecular diffusion coefficient is usually expressed

as:
Difiefr = ($/DDyy

where ¢ is the fractional porosity, tis the tortuosity, and D,

is an effective binary diffusivity in a nulticonmponent systenf.

Kim Ochoa, and \Witaker® have determ ned that:

T = d)_ 0.4

gives a good enpirical fit for relating porosity to tortuosity
for porosities less than 50% It has been shown that D 6 can be

found by conbining Eq. (4) with the Stefan-Maxwel | equation®:

in which the binary interdiffusion coefficient D, is expressed

by using the Lennard-Jones 6-12 potenti al :

312
D lemsec) = 1.8583x107 31—

o)

M; M;

1 1 ) 1/2
—+

where o is the collision dianeter in angstrons and Q is the

collision integral.
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When EQs. (13-19) are applied to the cal cul ation of the
concentration profiles, an average value of N is used in Eqg.

(18) for each gas specie on both sides of the flanme front.
Iterative cal culations are used to ensure self-consistency
between the related concentration profiles and effective diffu-
sion coefficients.

Exanpl es of the diffusion coefficients found in these
calculations are given in Table 2. The effects of porosity,
tortuosity, and interactions with pore walls decrease the diffu-
sion coefficient by a factor of five to eight.

Figure 2 shows the cal cul ated gas concentration profiles,
fromEgs. (5-10), in terns of partial pressures, across both
sides of the flame front at a tenperature of 800°C. The curves
on the graphite-side of the flame front for the partial pressures
of each gas specie look linear in Fig. 2, even though Eqs (5-7)
are non-linear. However, the curves for COand N, in fact have a
very slight positive inflection and the curve for CO, has a very
slight negative inflection (on the graphite-side of the flane
front).

Bel ow 800°C, the equilibriumconstant of Eq. (2) changes
rapidly to a much | ower value, which shifts the relative position
of the flame front closer to the graphite/alum na interface. The
shift in the flame front bel ow 800°C decreases the slopes of the
gaseous speci es concentrations, which decreases the diffusion of

gaseous species and thus decreases the oxidation rate.
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EXPERI MENTAL RESULTS

Experi mental data of oxidation of graphite through porous
al um na consi st of nmass neasurenents as a function of tinme. A
representative experinment is shown in Fig. 3 for the case of a P-
6-C al um na overcoat at 773°Cin ternms of mass change per unit
area verses tine. The resulting curves are linear, and the sl ope
is the overall oxidation rate. This experinment was run in
sequence with Pg's of 0.044, 0.199, 0.50, and 0.044. The cl ose-
ness in slopes between the first and | ast portions of the experi-
ment (where Py, = 0.044) shown in Fig. 3 indicate that no crack-
ing or substantial geonmetric changes took place during the
experi nment.

Simlar results are found (at | ower nass |osses) for control
experiments using a dense al um na overcoat instead of a porous
al um na overcoat. The mass loss in the control experinments is
fromporosity in the alum na cenent used to attach the sanple
pi eces together. For a given tenperature and P, the oxidation
rate through the porous alum na overcoat is the difference
bet ween the overall oxidation rate and the control oxidation
rate. Because of sanple-to-sanple variations in the application
of the alum na cenent, control oxidation rates showed a signifi-
cant anount of scatter. At each P, |inear regression was used
to fit the data in terns of oxidation rate versus 1/T. Because

the control oxidation rates were one to two orders of nagnitude
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| ower than the overall oxidation rates, the scatter in the
control data was not considered to be significant.

The remai nder of the experinmental results will be presented
in the follow ng section, shown only in terns of oxidation rates

t hrough the porous al um na overcoats.

COMPARI SON OF THE MODEL W TH EXPERI MENTAL RESULTS

Oxygen Partial Pressure:

The gaseous counter-current diffusion nodel was used as a
conparison to the experinmental results. The nodel uses the
porous alum na characteristics found in Table 1, and the tenpera-
ture and Py, conditions used in the experinents. There are no
adj ust abl e paraneters and there is no "fitting" of the data. The
results are shown in Figs. 4-8 for porous alum na overcoats of
AP-998-C, P¥B-C, P-6-C, P-12-C, and P-40-C, respectively. The
results in Fig. 4 for the overcoat of AP-998-C show a consi stent
overestimati on by the nodel of the oxidation rates. The sl opes
of the prediction curves are also greater than in the data. The
conparisons in Fig. 5 for the overcoat of P¥B-C are closer than
for the AP-998-C overcoat--in ternms of both the magnitude and
sl ope of the predictions. 1In Fig. 6 for an overcoat of P-6-C,

t he predicted values of the oxidation rates are close to the
experinmental values, but the slopes of the predicted curves are
somewhat hi gher than found experinentally. 1In Fig. 7 for an
overcoat of P-12-C, the nodel's predictions are very close to the

experinment, except for sone of the |ow tenperature (570°C)

14



experinments. The nodel's predictions for overcoat P-40-Cin Fig.
8 are consistently |low at 670°C and above, but the slopes are
quite cl ose between the predictions and experinental data.

Wiile there is not total agreenent between the experinmental
data and the predictions of the nodel, the overall conparison is
a favorabl e one, especially considering the approxi mati ons used
for estimating D, through the porous al um na overcoat.

Porosity and Average Pore Radi us:

The rel ati onship between porosity, average pore radius, and
oxidation rate is illustrated in Fig. 9, which shows a famly of
curves having different oxidation rates. The curvature is a
result of Eq. (13), and separates the graph into three regines:
where Knudsen type diffusion dom nates, where viscous flow
dom nates, and a m xed regi ne where both contribute. The range
of porosities and average pore radii in the five alum na over-
coats span the transition between diffusion controlled by nol ecu-
| ar diffusion and Knudsen diffusion. A direct conparison between
the oxidation rates through each of the overcoats to exam ne the
role of porosity and average pore radius is not meaningful due to
differences in thicknesses between the overcoats. However, as
was shown, a prediction of the nodel is that the oxidation rate
is proportional to the reciprocal of the overcoat thickness.

Thus for conparison in Fig. 9, the oxidation rates through the
various porous overcoats were nornalized to the same thickness,
i.e., 0.65 cm The differences between experinment and nodel

predictions in Fig. 9 are the sanme as in Figs. 4-8 at 770°C. The
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nost favorable conparisons at 770°C and P, = 0.199 in Fig. 9 are
for the P-6-C and P-12-C overcoats. As indicated in Table 2, the
mercury porosineter neasurenents for P-12-C and P-40-C reveal ed a
bi rodal distribution in average pore radius. The presence of the
bi rodal distribution appears to neither help or hinder the
conpari sons between experinment and the nodel for the P-40-C or P-
12- C overcoats.

Tenper at ur e:

The rel ati onship between the oxidation rate and reci procal
tenperature is showmn in Fig. 10 for oxidation through P-12-C with
a Py, of 0.199. The slope is proportional (with a negative
coefficient) to the apparent activation energy. The apparent
activation energies predicted by the nodel range from 2.2 kJ/ nol
at 400°Cto 9.6 kd/nol at 620°Cto 2.9 at 1100°C, which are in
t he range one woul d expect for a gaseous diffusion controlled
mechani sm One should note that while Fig. 10 extends down to
400°C, it is expected that reaction controlled kinetics would
repl ace diffusion controlled kinetics at sonme point.

The position of the flame front as a function of tenperature
is also displayed in Fig. 10. As the tenperature decreases from
about 800°C, the flane front shifts fromthe mddle of the porous
overcoat closer and closer to the graphite/alumna interface.
This shift is due to changes in the equilibriumconstant of Eq.
(2). The apparent activation energy is highest over the tenpera-
ture range where the flane front shifts the nost. The experinen-

tal data points in Fig. 10 have too nuch scatter to resolve any
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shifts in the apparent activation energy with changes in tenpera-

ture.

APPLI CATI ON OF THE MODEL TO OTHER OXI DATI ON SYSTEMS

The counter-current gaseous diffusion nodel was first
devel oped for the oxidation of HIC"* and is presented here for
t he oxi dation of graphite through porous al um na overcoats. Any
system wi t h gaseous oxidati on products and a porous or cracked
scal e or coating is a candidate for the oxidation being con-
trolled by counter-current gaseous diffusion. One exanple would
be the oxidation of other metal carbide systens, such as ZrC.
Anot her exanpl e woul d be high tenperature coating systens in
whi ch a porous oxide overcoat is applied to help resist erosion
oxidation, to immobilize a protective glass film or to serve as
a thick stagnant boundary |layer. The nodel has al so been postu-
| ated to describe the oxidation of carbon-carbon conposites
t hrough a cracked Si C coating during cooling from el evat ed
t enper at ur es’.

In the Bernstein and Koger® nodel for carbon film undercut
ki netics, one of the boundary conditions was pure CO gas at the
carbon interface, rather than using an equilibriumconstant to
relate the CO and CO, partial pressures. This results in a
constant flame front position (no shift), and therefore no strong
tenper ature dependence is predicted. Yet below 700°C, the
measur ed oxi dation rates were found to be slower than expected,

as would be predicted by a shift in the flanme front. Jacobson
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and Rapp® used a sinilar gaseous diffusion nodel for describing
t he oxi dation of a carbon/carbon conposite beneath a Si C coating
contai ning pinholes. Due to the high tenperatures involved
(1200-1700°C), the estimate of a very small CO, partial pressure
at the carbon/carbon conposite surface was good--no shift in the
position of the flame front is expected at these tenperatures.
Anot her application is the oxidation of carbon within carbon
fiber reinforced ceramc matri x conposites. 1In the case of
carbon fibers in a SICmatrix, the critical tenperature regine
(for carbon oxidation) is 600 to 1000°C". Bel ow 600°C, the
whol e systemis stable. Above 1000°C, the SiC matrix tends to be
self-healing. Caw ey, Unal, and Eckel * discuss inportant as-
pects of gas-phase diffusion controlled kinetics (parabolic)
versus chem cal reaction controlled kinetics (linear). Filipuzzi
and Nasl ai n** present a nodel that incorporates pore-size changes
during the oxidation process--to predict healing by SiC oxida-
tion. Neither of these studies incorporate a flame front within

t he pore.

CHEM CAL VAPOR | NFI LTRATI ON

Anot her candi date system for applying the counter-current
gaseous diffusion nodel is chem cal vapor infiltration (CVl).
CVl is a type of chem cal vapor deposition (CVD) in which gaseous
reactants diffuse into a porous substrate, react and deposit on
the substrate, as gaseous products diffuse outward. A limtation

of CVI is that the reactants and gaseous products have to diffuse
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in and out through |Iong and possibly tortuous channel s--w thout
depositing and choking off the channels. To avoid choking off
the channels, the overall kinetics have to be controlled by
surface reaction kinetics--not gaseous diffusion. Thus, |ow
tenperatures and pressures are needed, which necessitate |ong
densification tinmes'. So in CVI processes, it is desirable to
operate at the highest tenperature for which the kinetics are
surface reaction controlled--in order to speed up the process. A
nodi fi ed counter-current gaseous diffusion nodel would be an aid
in nodeling diffusion kinetics for conparison with surface
reaction kinetics for determ ning optimal operating tenperatures.
The major nodification in the nodel would be to allow for changes
in the porosity and pore size with tine, to sinulate pores
closing up. The efforts of Filipuzzi and Naslain'' coul d perhaps
formthe basis for such a nodification

CVlI in the presence of a thermal gradient can achieve
greater densities. The gaseous reactants diffuse fromthe cold
side and deposit on the hot side' The diffusion equations used
in the nodel could be expanded to include tenperature gradients.

These changes woul d i ncrease the conplexity of the node
consi derably. Another inprovenent for CVI applications of the
nodel woul d be to account for the possible anisotropic nature of
the substrate and its effects on the effective diffusion

coefficients, perhaps as described by Kim Qchoa, and Wit aker?®.

SUMVARY AND CONCLUSI ONS

19



A counter-current gaseous diffusion nodel was devel oped for
descri bing the oxidation of graphite through porous al um na
overcoats. The nodel separates the porous alumna into two gas
di ffusion regions separated by a flame front, where O, and CO
react to formCQ. |In the outer region (air-side) Q and CQ
counter-diffuse; in the inner region (graphite-side) CO, and CO
counter-diffuse. The sinplified formof the Stefan-Mxwell
equation, coupled with the effects of porosity, tortuosity, and
gas-wal | interactions are introduced. The concentration gradi-
ents of each gaseous specie in the pores of the alumna are
determ ned and the rate of oxidation is calculated. It was shown
that the oxidation kinetics are proportional to the reciprocal of
t he al um na thi ckness.

Experinmental verification of the nodel could not prove
conclusively that the counter-current diffusion nodel was abso-
lutely correct. Scatter in the data and uncertainties in cal cu-
lating D were too great. However, the nodel (w thout any
adj ust abl e paraneters) was shown to have good predictive results
in terms of overall oxidation rate values and how oxi dation rates
vary with Py, tenperature, porosity, and average pore radi us.

Applications of the nodel to other systens are possible in
systens with a gaseous oxidation product and a porous or cracked
coating or scale. Oher candi date oxidation applications include
t he oxidation of netal carbides such as Hf C and ZrC, the oxida-
tion through porous oxide overcoats in high-tenperature coating

systens, the oxidation of carbon (or carbon-carbon conposites)

20



t hrough cracks or pores in a scale, and the oxidation of carbon
reinforced ceramc matrix conposites. Additionally, for carbon
fil mundercut oxidation kinetics used for describing the fabrica-
tion of mcromechanical structures®, it was shown that the pres-
ent nodel should provide a better description of the |ow tenpera-
ture kinetics. The possible use of the counter-current gaseous

di ffusi on nodel was al so descri bed for Cvi
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Table 1. Results of Mercury Porosineter Measurenents and
Thi ckness of the Porous Coors Al um nas.

Al um na Porosity Aver age Pore Al um na

Radi us (um Thi ckness (cm)

AP-998- C 0. 25 0. 160 0. 27

PYB- C 0. 39 0.077 0.62

P-6-C 0. 36 0.831 0.62

P-12-C 0.44 1.93* 0. 65

P- 40-C 0.34 10. 04° 0. 63

A bi nodal distribution with peaks at about 1 and 4 ym

®A Bi modal distribution with peaks at about 0.5 and 12 ym
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Table 2. Calculated Di ffusion Coefficients at 800°C in

air within Porous Al un na Overcoats P-6-C and

PYB- C.
Si de of P-6-C PYB- C
Fl ame Dn D ers D D of
Speci es Fr ont (cnf/sec)  (cnf/sec) (cnf/ sec) (cnf/ sec)

CcOo Graphite 1.69 0.371 1.69 0. 215
CG, Graphite 1.40 0. 297 1.40 0.172
N, Graphite 1.64 0. 361 1.64 0.212
Q Air 1.70 0. 368 1.70 0. 208
CG, Air 1.40 0. 297 1.40 0.172
N, Air 1.58 0. 348 1.58 0. 208
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FI GURE CAPTI ONS

Fi g.

Fi g.

Fi g.

Fi g.

Fi g.

Fi g.

1

Schematic of the graphite/porous alum na sanple assem
bly.

Fl uxes, reactions, and partial pressures of Q, CO
CO,, and N, across porous alum na overcoat P-6-C during
t he oxidation of graphite wth a P, of 0.21 at 800°C.
The overall reactionis C+ O = CQ

Mass change as a function of tine during oxidation of
graphite through porous al um na overcoat P-6-C at
773°C. The sanple was exposed to dry O-N, m xtures
wth Py s (in order of exposure) of 0.044, 0.199,

0. 50, and 0. 044.

Experimental data (points) and predictions of the
gaseous counter-current diffusion nodel (lines) for
oxi dation rates of graphite though porous al um na
overcoat AP-998-C at five tenperatures.

Experimental data (points) and predictions of the
gaseous counter-current diffusion nodel (lines) for
oxi dation rates of graphite though porous al um na
overcoat P¥B-C at five tenperatures.

Experimental data (points) and predictions of the
gaseous counter-current diffusion nodel (lines) for
oxi dation rates of graphite though porous al um na

overcoat P-6-C at five tenperatures.
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Fig. 7. Experimental data (points) and predictions of the
gaseous counter-current diffusion nodel (lines) for
oxi dation rates of graphite though porous al um na
overcoat P-12-C at five tenperatures.

Fig. 8. Experimental data (points) and predictions of the
gaseous counter-current diffusion nodel (lines) for
oxi dation rates of graphite though porous al um na
overcoat P-40-C at five tenperatures.

Fig. 9. Oxi dation rates (ng/cnf/sec) as a function of porosity
and average pore radius for the oxidation of graphite
t hrough porous alumna at 770°C with an oxygen parti al
pressure of 0.199. The lines, at four specific oxida-
tion rates, were generated fromthe nodel. The open
squares are normalized experinental data. The bi noda
distributions in pore radius for P-40-C and P-6-C are
i ndi cat ed.

Fig. 10. Oxidation rates from experinent (points) and predicted
fromthe nodel (line) on the |eft-hand scale, and the
position of the flame front, A on right-hand scale
versus reciprocal tenmperature for oxidation of graphite
t hrough a porous P-12-C al um na overcoat at an oxygen

partial pressure of 0.199.

26





