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ABSTRACT

;‘\An analysis is presented of the combustion of graphite in a

high speed stream of dissociated air.. Many features of the analysis
are guite gene=sl and may be appli}.:d'jto the oxidation ot dil_'i’érent
materials in 'ar.bitrary ('hcmicglly reactive environments. However,
because of the current interest in the hyp. =scnic leading edge
problem, numerical results are presented here which are directly
applicable to sur£a..:e oxidation a!; the leading edge region of fins
and wings, and the nose cap of axially-symmetric hypersonic
vehicles.

~>The reaction rate controlled. regiwe and $he transition-regime-:
are Frrst considered at length, kand it is shown how the grade of
graphite and its specific chemical properties influence the over-all .
uxiaation rate.'

It is then shown how the governing equations si change may
be reduced to a conpled set cof non-linegr differential equations of
the fifteonth order witk variable cnefficients and split boundary
conditions. These differential equations are M-utilized in treating
the laminar, corﬁpressible, multi..component, chemically reacting
boundary layer in the diffusion controlled regime, and solutions
are obta;ined for both the equilibrium and frozen gas flow chemical
constraints, Mmmmm”mm |

computer; and correlated results are obtained for the heat traanstfer~
: 1




raso.wmass transfer rate and the skin friction coefficient for the
complete range of suborbital hypersonic flight corditions of interest,
In-addition; "in-order-to-cstabiish a better understamding-of

tha-gomplex phyuic. hemical prop'csses'which,aémm many details

© of the structure of the boundary layer, including the variation of

macrsscopic gas velocity, gas temperatare, chemical compositioan
and chemical source terms through the boundary layer, are

presented. ‘i_‘;

-~
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“is superinr to either natural graphite or carbon, both of which have relative!y '

- crystallites, ‘e grain size, the size and number of pore spaces, the degree

I. INTRODUCTION

In considering the design of hypersonic lifting vehicles, special

attention must be given to the lcading edge surfaces which are exposed

to sustained aerodynamiv heating, and hence must function for long time

: . : s s o
periods at leading edge temperatures in the vicinity of {00 &

{Refs. 1-€).

A class oi'-uperior carbonaceous materials known as graphite
immediately suggests itself becaues this form of carbon is a refractory
material having high'thermal lhock re.liltance, good high temperature
strength, excellent machinabilify. high thermal conductivity, a high subli~
mation temperature and a relatively low oxidation rate (see Table l).

The type of graphite which is in current use in industry is usually
manufactured from carbon base materials, rather than mined as the na.tural '

substance, and hence is commonly called "artificial graphite. The latter x

low mechanical strength. It is noted that manufactured praphite is not one
ipeciﬁc material, but a family of materials which are ail essentially pure

carbon. They differ from each in other in regard to the orientation of the

of graphitization, and the level cf impurities, which therefore lead to certain
differences in the physical and chemical propersties. Thus, the wide variation

found in the properties of graphite can be attributed to the choice of starting -

- e

‘materials, and to the degree of control during the manufacturing process. In

reference 7 the reader will find a concise review of the propertiesz and
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applications of different grades of manufactured graphite.

C_hf_:rnical reactions between carbon, c’oa.l. graphite and éxygcn

have b;en studied intensively for over one hundr?d ye;rn. ard attention
"has been gfven to the reaction rate controlled, tramsition, aﬁd diffusion
coiitrolled oxidatiun regimes. Consequently, a voluminous lite:ature exists,
and excellent reviews on the mechanism of carbon oxidation have been
written byGolcvina (Ref. »), Frank - Kamenetskii (Ref. 9), Arthur (Ref. 10},
Townsend (Ref. 1i), Strickland - Constable '(Ref. ll)',von Loon‘aﬁd Sn;:eetl*_‘_’ )
(Rei.. 13). Gerstein and Coffin (Ref. 14), Khitrin (Ref. 15), and Blakeley
(Ref. lv), However, very little of this previous work applizs to the en-
vironmental conditions encountered during hypersonic flig-t. Specific *?,,
for the regime of ygreatest interest to the glide vehicle designer, little
information is. available other than the theoretical wokrk of Scala (Rgfs. 17,

15}, l;ccs (Ref, 17}, Dennison and Dooley (Ref, 20), and Moore and

Zlotnick (Re.f. 21, ‘
None of the previous work, either theoretical or experimental, considers
the problem éf determining sys@matica‘.‘.y the relitignshié between‘ mass loss,
heat transfer, and viscous skin friction, as a function of fhe nignlf.icgnt
environmental parameters, such as the flight speed; the ambien. préuure, ‘
the surface temperature and the- incdel geometry. |

In tihe study presented Eere. the hypersoni‘c ablation of graphite is

considered, and the heat transfer and mass transfer processes, and viscous




ai

drag eftec _ , "wl_':ic!:"are experienced by hypersonic vehicles flying in the

“j"jz‘a:"th"s' -a‘-'t’fl"ﬁ;aphere, are analyzed in detail. Although the-analysis developed

o

’ .hﬂex"-e is q'ui"‘t'é‘- g‘éneral. "because of great current interest, numerical results

‘}fhaw)e 'Le"e‘n}:-b‘b_t ained which are applicable to the ‘x_le'ading edges of fins and

. : '\‘a‘v;-ngs',l and at the forward utigha;ion point of axially-symmetric vehicles.

" . Upon ir;:"oc!ucing available experimental data on heterogeneous

Aiei’c_ti'.od kinetics (Refs%, 22-26),the mass transfer and heat transfer rates '
vnjil‘ .l-w determined at low surface temperatures. far the reaction rate con-

"-'-fi-plled regirﬁe. At higher surface temperatures, the transition regime

behavior will be determined utilizing the results obtained in the rate con-

trolled and ditfusion controlled regimes, by applyir{g the concept of fgliltaﬁcél _

to fnau transfer lin ser‘iel. Since the heat transfer to the surface dep;nd-‘
on the ratio of carbon monoxide to carbon dioxide at the surfacé, the recent’
gl;ia of Arthur {(Ref. 27) and Boqnetain (Ref. 25) ars also introduced.

Qt"still highey _surface temperatures, in the dif!usién controlled
rejg'.ime.v g#aat soluti.ohn wiyli be obtained for the laminar flow of a compressible
mu-l;ti;bmponent chemically reacting gas over a reacting solid, it will be
aavs_i..xmed that dissociated air prc;:dut;ed by the upstream shock waves can be
ktx_-e'ated as-a four component gas, ccnsisting of oxygen and nitrogen atoms,

and oxygen and nitrogen molecules, Since the primary combustion products

" include carbon monoxide and carbon dioxide, the total number of gaseous

species considered is six. Therefore, the analysis requires the solution of

a cbc_uupleg!‘ set of non-linear partial differential equations, (including the

conservation of mass, momentum, energy and chemical species) v. .ichis




of the 1ifteanth so-lor, having splid bouudary conditions and variable

trancport and thermodynamic coefficients.
In thé work presented here, a5 in earlier studies (Refs. 29,30},
the transport properties of the individual atemic and molecular ‘species

will be calculated utilizing the rigid sphere and Lennard- Jone« majel,

: resp?ctively. The thermodynamic propertiea of the pure speciéa will be

determined using the formulae of statist.:al mechanics. Thevtrax;sport
and thermodynamic properties .ot’ the gaseous mixture will be evaluated
during the soluuou; of the problem, in terms of the’ gas composition, tﬁc
pressare an;:! the temperature.

Since the homogeneous rates of reaciion of the various species
presen. i1 the high temperatn;re gas stream are not yet known precisely,

calculations will be performed for the two limitihg cases of "frozen''flow

‘ (infinitesimally slow zas p'h'ate reaction rates), and "lecal equilibrium"

flow (infinitely fast gas phase reaction rates), which bracket the actual
situation. It will be shown that, as in the case of hypersonic stagnation
point heat transfer (Refs. 30 to 33 , when the gas il'in local equilibrium

at the surface, for arbitrary hypersonic free stream conditions, both the

overall rate of mass transfer and the net heat transfer rate are virtually

independent of the rates of gas phase reaction in the diffusion controlled
regxime. This precludes the necessity of having an exact knowledge of

gan phase kinet.ics. '

In order to establish a better understanding of the physicochemical
processes, many details of the structure of the multicomponent boundary

6




‘layer will be presented, including the variation of velocity, temperature,

and pas composition as 2 functicen qf distance from the- surf;gé. The zong‘s :

iﬁ wnich chemical x;eactions occur in the gas phase and the m#énitude of

tfne various chemical source distributicns ‘;'i will be sh"ovgm in d:etz_xil.

Calculations will also b-e made to determine ttxé fraction nf tbhe heat trans-

portzd to the reactina surface by the various fluid dynamic and moleculér

interaction processes. Finally, the magnitudé of tille viscous shear stress

will be evaluated and 'correlate.d in the form of a skin friction coefficient.
Utilizing the zraphical fesults, and tl'e.correlaf.io.n formulas which

will be presented here, one may predict tﬁe heat con&uctedvinto the solid,

the mass loss from the leading edge and the skin fri'ctiox;x coe=fficient, .Ior

a wlride range.of hypersonic flight conditions, i.e. Mach numbers in a

range from 10 to 24, an altitude range from 10.000 ft. to 240,000 ft., and

surface temseraturcs from the threshold range through 6OOCOFo R, for vehiclee

of arb'itrary nose radius or wing leading edge radius, and angle of yaw.
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. SYMRBOLS

a,b
Ale.

Cg

coefficients in equilibrium constant '
altitude

w
I'wa u‘eZ

mass fraction of species i

skin friction coefticient :

specific heat at constant pressure-of species i ’

Z CiCPi , frozen specific heat of the mixture
1

speciﬁcb heat of the solid
binary diffusion coefficient
self diffusion coefficient

multicomponent diffusior coefficient

activation energy .
similarity stream function
u/ue, dimensionless velocity

siatic enthalpy of species i, including chemical




AL he - standard heat of formation of species i evaluated at Tref

h F—; C;h;, static enthalpy of mixture
A Hvap. heat of vaporization
N /*;V,, diffusion flux of species i
— ->
J - mechanigal equivalent of heat
k specific reaction rate
ko effective collision fx:'équency
K frozen thermal conductivity of the mixture
KPi equilibrium constant of species i
P SDy;
L, + frozen Lewis number
J K
T [
Li - , frozen thermal Lewis number

K

L /e

m,, LwVw = (?/’i\’ ;) w, interphase masw transfer
My molecular weight of species i
' 9
- . ”! y - - *

Py . . - . , \ R ——
P I b S - - ) . ]
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Re

. (s)

—

2 x;m

? j+ mean molecular weight of the mixture

number of chemical species
order of the reaction

number of moles of species i per unit volume
partic pressure of species i

Z Pi , static pressure
1

Tt

K

» frozen Prandtl number

heat of reaction

energy transfer function = KV T~ {:[’, Vihj

heat transfer rate
effective heat ot ablation
universal gas constant
nose radius of body

/’w"‘e"//‘w' Reynolds uumber based on x

solid state, condensed phase

time

10
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re

L

*‘\ A

tempei'agure

X component of velccity

Y companant of velocity
macroscopic stream velocity
absolute lvelocity of species i
diffusiog veldéity of apef:iel i
flight speed

chemical source term, mass rate of production of

species i by chemical reaction per unit volume per

unit time

mole fraction of species i

body oriented coordinate system

linear rate of surface recession

yaw angle

‘emissivity, depth of potential well

similarity variables

T/Tq, dimensioniess temperature

11




Subscripts

AlIR

cal.

eq.

rad.

characteristic vibrational temperature

viscosity coefficient of species

density

- viscosity of mixture

viscous shear stress

collision diameter

3tream function

treated as if the gas is dissociated air

condensed phase

calorimeter

Stefan - Boltzmann constant

outer edge of boundary layer

equilibrium
gaseous -pcciel
ith species

radiation -

12
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H

vap.

\l
stagnation 'point
5 )
vaporization ' \,\.\"
wall, interface k
upstream of shock, edge of boundary layer
denotes differentiation with respéct to I] .
. . .
\-
» ":‘”
L
z
i
;
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II. THE REACTIGN RATE CONTROLLED REGIME.

a) Meqhanilm of Surface Degradation

In an invés;iga:ic;n of the behavior of graphite in dill‘ociated air, one
requires data on the nature and extent of the chemical reactions b&wéen. carbon
and the primary products of dissociated air, including atomic and molecular
oxygen and nii:ogen.

The recent work of Stieber (Ref. 34) indicates. that nitrogen molecul;s
can be considered chvemically inert on c;rbon surfaces at temp;ratur'el allhigh
as 5400°R, An‘ early study by Strutt (Ref. 35) indicates that active'nitrogen
{primarily atomic nitrogen in th‘e ground state) doe.s not react with carbon at
room temperature. In addition, Z‘inman (Ref. 36) who studied the inter'actio‘n.
betwegn atomic nitrogen aad carbon at 800° C, did not detect measurable
amounts of either cyanogen or paracyanogen. 'Con-aquently, one may conclude
that at surface temperatures up to approximately 2000°R, no permanent
carbon-nitrogen compounds are formed at a carbon surface. Whilc experimental
data is Jacking at-higher surface tamperatures, it will be assumed that 'molecul'nlr
nitrogcn is chemically inert, and that atomic nitrogen undergoes heterogeneoucl
recombination at a graphitic surface. Thus, if atomic nitrogen diffuses to the
surface without undergoing gas phase recombination, then the graphite acts to
catalyse the recombination of the atoms at the surface. In this study, ther‘!ore.
surface degradation will be auu.med to be primarily a consequence of a surface

oxidation process. That is, chemical reactions between nitrogen and carbon, and

mechanical effects such as spalling,will not be included in the theoretical calculation |

of the ablation rate, during hypersonic flight.

14




The carboneoxygen reaction has been studied .xtehlivcly for over

one hundred years and hence, fortunately, although the mechanism is still
not completely understood, sufficient experimental data exisis upon which
reascnable theoretical calculations may be based. The fact that graphite burns
to form a mixture of carbon monoxide and ca'rbt;n dioxide ha# keen discussed
in.the literature, although there is some disagreement as to the sequence of
the stepe in the chemic;l reactions. At this timn., as wi!® Ye discussed, there
is aiso some disagreement as to whether the overall. reaction is first ord‘er ‘
with respect to the concentration of oxygen or of fractional order. It is
interesting to note, hAowcver.‘ that the widest differences in the oxidation
behavior of the various grades of graphite are found at the lowest surface
temperatures where the process is rate controlled, and these individual
differences tend to disappear as the surface temperature rises.

Since the reaction between carbon and oxygen produces both CO and

CO;, these products can be the result of either parillel or consecutive reactions.

A number of different mechanisms are possible and these include the following:
1. The formation of both CO and CO, in a surface reaction between

C(s) and O, or O.
2. The formation of CO, from C(s) and O3 or *J at the surface, fnllowed

by the dissociation of CO, to CO, O, and O in the gas phase, or reduction of

COZ to CO at the surface.

3, Th§ formatien of CO at the surface from C(s) and O; or Q, or

C(s) and CO,, the CO being oxidized to CO, in the gas phase.

15




Measurements of the gas composition in the vicinity of an oxidizing '

carbon surface have been made by a number of different investigato}s, including
‘ Arthur (Ref. 27), Bonnetain (Ref. 28) and Snow et-al {Ref. 17}. TheyAl.iave

verified that both species are detected adjacent to the surface, even ct low

surface tamperatures, aﬁd that the ~atio of the maas fraction of CQO to CO,

at the surface rise: rapidly with increases in surface temperature. Their

data can be represented by an Arrhenius equation,
: ) -E/RT
(cco / Cco, )w = ke o m

and are shown in Fig. la,

It is noted that if the gas at the reacting surface had sufficient
time to achieve thermochemical zquilibrium during the low temperature
oxidation process, then the composition of the gas could be determined

from the equilibrium constant for the reaction,

C(s) + CO, == 2CO (2)

Since the equilibrium constant for this reaction may be written in the
form (see Table II),
("’co)Z

K - : e T i {3)
Cco
Pco,

it is not surprising thai wien the boundary la,cr solutions, which are
based on the assumption of local thermochemical equilibrium at the surface,
are compared with the experimental data of Arthur, Bonnetain, and Snow

et al, see Fig. 12, the same general trend /s exhihited. One may conclude

16
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that either the gasecus CO- COZ system is actually never removed very far

from an équilibriur:n state during oxidation, or that the experimental technique
utilized by the investigators produces a shift toward the equilibrium composition.

Although these data cannot be utilized to rationalize Lhe presence of
ary of the thr;c ‘suggented mechanisms, it is fortunate that the mass transfer
and heat transfer ;t e ;urface can be predicted r'enlona.bly well without
specifying tne specific oxidation mechanism.

L) Reaction Rave Data ‘

It is commonly accepted that the manner in which the oxidation of
graphite proceeds depends on the type of graphite, the environmental conditions
{e. g.. the pressure, temperature, velocity and composition of the stream), the
surface temperature, and at high nur;'ace temperatures, on the geometry of
the model. | The temperature at which a measuralde mass lose first occurs,
is called the threshold temperature (1000-1800° R) and is not a constant bu't'
depends or. the pa:;tial pressure of the reacting gas at the surface.

At iuw surface temperatures, the mass loss increases rapidly with
surface temperature, and the ablation rate is limited by the speed of the
chemigal processes, including ad-orptign, reaction and desorption.

At lome‘wnat higher temperatures (1‘400-32000 R), the speed of the
chemical precesses is comparable to the rate at which fresh rcactant is bréught
to the surface and the products of reaction a're r§movcd by convection and
diffus:on. fl'herefc;re_, the overall prucess is in a transition regime, where
the Aupeed of the overall oxidation.process .il limited by the presence of two

resisiances in a8ries, onc chemical, and the second gas dynamie.

17
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At temperatures above 3200° R, the chemical oxidation processes

are overshadowed by the gas dynamic proceale-.. In this diffusion controlled

regime, the mass loss is relatively insensitive to the surface tempe'rature.
This result has been found ekperimentally for subsonic flow (Ref. 37) and
will be demonstrated here for hypersonic flov.v‘.

Eventually, when the surface temperaturs is sufficiently high (5500~
8000° R), the sublimation réte of carbon atoms and molecules can exceed the
surface oxidation rate, and these species are then present in the gas phass.

Different mve-l;,igatora have studied one or mora of these oxidation
regime;. For example, the influence of environment upon the combustion
rate of carbon has been studied by Hottel et al (Refs. 22, 39, 40), Chukhanov

and Grozdovskii (Ref. 38), Gulbransen {Ref. 42}, and m.ore

recently by Kuchta, Kant and Damon (Ref. 43),

The effect of the nature of the carbon on the oxidation rate has also
beer subject to investigation. For exa'mple. Riley {Ref. 44), and Smith and
Polley (Ref. 45) have studied the effeqt of varyingAdogrecn sf crystallinity of
the carbon. Winslow et al (Refs. 46, 47) and Akamatsu et al (Ref. 48),
investigated the reht‘ionlhip between the starting matarials and the degree
of graphitization. Wicke and Hedden (Refs. 49, 53, bave po..tul;.t.d that for

purous types of carbon, the diffusion of oxygen into the pores can be the rate:

controlling step in a transition regime between the rate controlled and diffusion

coﬁtrollcd oxidation regimes; hence, the apparent activation energy is found
to be half the true activation energy. However, Blakeley (Ref. 16), who

investigated natural and artificial graphite under a variety of conditions, feels

18
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that « pore diffusion mechanism is not required to explain his experimental
wata. ' . . . : ) T e

It has also been shown, e.g. Arthur (Refs. 31, 52), that imputitvigs .

in the solid phase, such as sodium curbonate and éinc chloride, will augment
the rate of oxidation in the reaction rate controlled regime. These expex'-im_en’:ts»_.. :
- ’ indicate that at relatively Jlow témperatures. -impurities tend to 2t as favd;;ﬁle' o
sites, ur catalytic agents, which promote the rate of reaction. Although' liftlé N
positive experimental data exists, one may anticipate that trace amounts of T -

impurities in the gas phase will also influence the oxidation rate in the rate .

controlled re»gime. _
With regard to the ¢ependencr of the rate of oxidation upon the pressux;e',_
of oxygen in the stream, there is.some experimental evidence that the reaction
rate is first order with respect to oxygen pressure (Refs. 22, 49, 53). However,
l}‘x‘-ank-Kamenetskii (Ref. Y) has re-examianed the experimental data sf Parker

and Hottel {Ref. 2.) and has shown that the reaction rate can be interpreted to

be of fractional order. Further, Semechkova and Frank-Kamenetskii (Ref. 54)

have shown that the rate of reaction between carbon and carbon dioxide in the

s = £

purely kinetic regime is lower than first order, while Klibanova and Frank-Kamenetskii .. ;
{Ref. 55) have established that the reaction between carbon and oxygen is not _ S

first order, but fractional, lying between 1/3 and 1/2.

Vulis (Ref. 26) tabulated a large amount of data on the kinetics of the
reaction between carbon and oxygen or carbon dioxide. Upon apl‘:lying an
Arrhenius formgla to the data, he founa that the activation energy E varied: i _
between limits of 8 and 37 Kcal/mole for the carbon-oxygen reaction, and.wal.

approximately 2.2 times larger for the carbon-dioxide reaction. Vulis also

19




found that the logarithm cf the specific reaé:tion rate was a linear function
of the actiyation energy,and hence,was ledtothe conclusion that the unly |
experimen.tally determinable characteristic of a given variety of carbon is
the activation energy of either u. these reactions. However, Vulis' treatment
of the data rests on the aasumption that the true chemical kinetics at the
surface follr;-\;r a {..8t order reaction, ;nd it has been pointed ou by “rank-
Kamenretskii (Ref. 9) that this assumption lacks theoretical or experimental
o ‘ : substantiation.

'Examination of a large mass af experimental data (e.g., Refs. 3,
9, 10, 11, 12, 13; 14, 15, 16, &l, 22, 23, .!5. 26, 27, iy, 39, 40, 41, 42, etc, ...)
indicates tnat in the reaction rate controlled regime, the oxidation proc?ss

follows a rate law which may be written in the form:

- n
. m = K(P, }
. . . : YReact. OZ ¥

(4)

;urhere PO is the partial pressure of the element oxygen near the surface,
;\!l’ )
n i3 the order of the reaction, and k is the specific reaction rate.

As noted, there is some uncertainty about the precise value of n, as

values in a rang=

0€ n = L0 ‘ (s)
have been reported in the literature for different oxidation regimes. Also,
as discuseed, ‘he specific reaction rate k is an exponentially increasing

- function of temperaturs whose precise magnitude is directly related to the
type of graphite and its treatment during manufacture. Custumarily, *he

|
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reaction rate constant is written in the standard Arrhenius form,

k = koe'E/& T . - . (6)
where the pre-exponential factor can vary over several orders of magnitude,

and the activation energy has been reported to fall within the limits
8 £ E T 60 Kcal. /mole (7)

For example, Gulbransen and Andrew (Ref. 42), and Blyholder and Eyring
(Ref. 29 re;;ort their datz in the form of Eq. (6). Parker and Hottel (Ref. 22)

utilized the fqrm:
ko= k T2 -ERT ' ®
Vulis, (Ref. 26), obtained the empi‘rical iormula.
kK = koT"e E(T-T*) /RTT* | (9)
and Frank-Kamenetskii (Ref. 9) has suggelteé.
" 2
koo ok T2 EIT-T/RT, (10)

where the associated rate data for eqs. (6), (8), (9), and (10) appear in
Table III. These data also appear iﬁ Fig.16, where it is seen that the data’

of Parker and Hottel, and Vulis are based on a first order »maction, but the

‘data of Gulbransen and Andrew, Frank-Kamenetskii, and Blyholder and

Eyring, have been tzken as iollowingré on~-%2lf ordsr reaction. This figure
shows clearly that one can expect different grades of graphite to exhibit large

differences in oxidation behavisr in the rate controlled regime, i.e.,

21




1400°R € T, € 3200° R. llowever, fortunately at higher surface

temperatures, the process becomes diffusion controlled and these large‘
differences will no longer appear.

AlthOt;gh our subseqitent results will usually be presented in A
general form, wherever representative calculations are required to clarify
the differences :n .chavior between ygrades of graphite having high ar:d low
specific reactivity, numerical calculations. will be performed for “fast" |

and "slow" heterogecueous reactions, respectively. In particular, in the

illustrative examples, we will utilize eqs. (4) and (6), with a value of

n = 1/2. The values of the rate data will be arbitrarily taken as, ’,
¢ E = 44.0 kcal. /mole I "
L) ‘i' -
Nk, = 6,729 x 108 b /it Y2gec. aemli (D
= 42.3 kcal. L
slow" cal. /mole . 12)
kg © 4.473 x 104 1b. /ft. 32 5ec. atm.!/*

In the rate controlled regime, the rate of oxygen consumption
adiacent to the surface is so low that tne mass fraction of the element oxygen
will be essentialiy the samne a» 1u the undisturbed streau. However, the atomic: .
species will recombine in tne low gas phase tem.pera_ture regime adjacent to
the surface and hence the mole fraction of molecular oxygen 2t the surface
will be very neaﬂy equal to its value ir undissociated air. Further, the
static pressure gradic»t in the reaction zone ir a direction normal to the

surface, is neglivible. These considerctions tnerefore enable us to write,

=X 13
po) o, P | ' (13)

4 -
W W




[

for tie reaction rate controlled regime only, and hence equation (4) becomes

() React. 1/2 <E/RT -
55— = kXgo e W : (14)
P 1/2 o ;W
e

where xoz = 0.2l for undissociated air.
w .
It is noten tl.t if oxygen does reach the surface in the atomic _iate,
reactions will o‘ccur. but at a somewhat different rate (Ref. 57), which will

promote a shift in the transition regime.
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iV, DIFFUSION C»QZA‘ITROLLED REGIME

aj Governing Equations

Fhe non=lincar partial differential cquations of ckange for a
wulticomponent caviacally rescting sies are derived, for example, in
ref, 23, and include the conservation of mass, c:hcmicu'l specices,
mome it and energy as shown below:

%P v-(pv) =0 | (15)
at g

whe re _. is the mua roscopic ~teecam velocity,

¥

?_(-)-;+ v’('D;V|)=.W; “6)
at - :

v here W| i~ the chemical source termn,

b

/‘_'.'.‘.'_ = Y- l: + 2: P; F.' (7
dt ' '
where E i« the pressure tensor, and

ple . —9.Q ¢ Tivy s TpVE
d-t - ~ - ' - v

where € includes the chuernical energy of formation,

Upon iatroducing the boundary layer approximation for
the hodyeoriunted coordinate system given in Figure 1, the conservation

of mass becomes:

53;((‘"“) + A% ((”"V) =0 (19)
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The conscervation equation for specics i becomes: ~i

o 53 gl

e component « ¥ momentum becomes:

Py cR e (3 @

The y component of momentum is

i . (22)

2 v

CIC SRR PRRY L

Ze 3 [Z ey

m

- Z V.Vihi (23)
(]
bj Trasport and Thermodynamic Properties ‘ s
¢
Che transport coefficients required for the definition of
the physical problem include the covfficient'of viscosity for each of T
the n pure species, (nz-h)/_z symmetric binary diffusion coefficicuts,
and n self diffusion coefficients, These properties may be calculated \‘
from the following cquations (ref. 58 ). f
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x
&ln

which are the rigoroa- Finetic theory formalae for the viscosity and
the diffusion coetticients renpectively,  In order to evdluate these

vroperties one requires a knowledge o1 the collision diameter G",

< ¥ )
and the collision integral 52 as-a function of T , the reduced

temperatare, where T*= KT/G -

In the above, the s.ymbol/,l'-J' is the reduced mass given by:

g
J ", + (ﬂj

and the coilision diameter by:

o . .%._2_(0“-;4—0"1) L @n

Note further that the constants to be utilized in the above equatidns are

¢iven in Tabtle IV and the resulting transport wioperties of the pure

spucies which are based on the Rigid Sphere and the Lendard Jones 6:12 -

potential respectively are shown in Figures 2, 3 and 4,
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¢) Similarity Transformation :

Upon introducing the Mangler«Dorodnitsyn transformations

Cen (9 o
(- b

jx /”w/uw ue rLO(x. (29) »?J:
P : . v )

and assuming that local similarity holds, then equations (19) through

-
(23) may be reduced to a set of ordinary non-linear equations. The '

diffusion equation becomes:
L ;i _§
l?r JZ#‘. M (M ®) 1 L Ue
The cdnservation of momeuntum becomes:
(1) v Fh p[ L -4 ]

while the energy equation becomes:

(S?_pl 0.}, + E\; f 9.]‘ - Z QPig'] [T;J# Ml L'J XJ')]

‘ fe }_g_iwl\
2 [‘Q ')') +ﬂ£( 7)] £ ue PTe =0

(32)
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d) Chemical Constraints and Boundary Conditions

It ;\'ill be assumed here that the total numbex; of dominant species
present in the gas phase is six, including atomic ind molecular oxygen,
atomic and molecular nitrogen and the combustion products, carbon h -
monoxide and carbun dioxide. Thus, there are six ut}known chemical
source terms 'v‘d; and six unknown concentrations X; at cach point
within the boundary layer,

At the surface, there are six unkaown coacentratious which

must satisfy the chemical constraints imposed by the surface oxidation
process,
Let us therefore consider the chemical constraints, The ' ) \

conservation of crhemical species in the gas phase requires that \

S W, =0 (33) \
. . \
]
‘Since it has been assumed that the nitrogen species do not react with
* oxygen o carbon to form permanent compounds (i.e. the formation ;

of NO or CN is not considered explicitly), one may also write for the

case of thermochemical equilibrium

\NN-\» WN,,=O (34)




while combustion stoichiometry requires

i . _ -4 W
Wy + wO,_ = = W(‘.Oz (35)

o

W, - .
co W Weo, U@

For the case of frozen reactions vue has

w =0 (37)

The surface boundary conditions on velocity and temperature may

then be written:

w = %_‘i, =0 (39

£, = - rmy rize (59
3

_gw = i | (40)

The boundary conditions on the composition are obtained from

the simultaneous solution of the eyuilibrium constants;
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KPON= —————P—'XO“' } oy

. xbzw
\.< Nw = XN;P (42
Naw
KPCON = Xco,_w’P“ »(ES)
X w Xcow

It is also noted that in the theoretical models considered here, the

nitrogen atoms are permitted tc recombine on the surface, one may

also write:
(VY'\N - W'\N1 Bw =0 (44‘)
and hence since
= (T ) ()
one immediately ohtains for the oxidation rate .
- ('30 + éol‘-&— 'jco'+-4co,_)w

my T
| - (C°+ Co, + Ceo +'Cco.)w

The boundary ronditions at the outer edge of the boundary layer

‘or velocity and temperature are given ty: . )
. I E o) .
\im L‘- m 8 = 1 C+)
V\-sco '}"W
30

(46)




. 'V-,"tu'n‘t‘!.'i'r‘\' addition, one has n-1 relations of the form:

.j \\mx‘ = X&s

A

The total number of boundary

order of the mathematical system,

3l

.

i

\-e

conditions therefore equals the

(48)




v, DISCIISSION OF KESULTS

In this section, the results of the theoretical investigation will be
discussed in detail, As already not«d, a convenient coordinat'e system
for the study of the hypersonic lamiuar boundary layer is the bory-
oriented coordinute system shown in Figure 1. .In order to treat the
problem in the ubsence of experimental data, the high temperature transe-
port ceefficients and thev:'modyna.mic properties of the reacting species
were determined theoretically utilizing kinetic theory, statistical thermo-
dynamics and the gas constaats given in Table I | The theoretical results
are shown in Figures & to ¢, Here ‘i.t is rcrﬁarked tnat the properties of
the gas mixtu-e have been treated as variable and were computed through
the boundary layer as a function of both the local gas composition and the,
properties of the pure species at the local gas temp‘eratux;e. Thus, since
the gas properties a're computed as part of the solution, one docs not require
simplifying assumptions such ax constant Prandt] and I..A:wis nimbers, or
a cc-)nstant product of density and viscosity in order to solve the problem..
That is, once an appropriate intermolecular force law between a pair of
molecules H;;s been selecte;J, une may immediately calculate uniquely the
properties .1 the pure species, and then one may proceed to utilize these
to deterniine the mixture properties as dictated by the chemistry of the
particular physical problem,

In Figure 7 are shown typical values of the variation of the normalized

product of density and viscosity through the boundary layer, as a function of
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the stretched normfal conrdinate. Qualitatively, the trends are the same,

namely that the quantity /7‘//"7’:' decreases ‘with increasing gas tempera-
ture, This may readily be explained as follows. Ir a dissociating gas
boundary layer, which is locally alconstant pressure layer. the density
ratio is given by: _
.ﬁ. = M Tw (49)
fw Me © .

and hence, clearly, the decrease in molecular 'we_ight with increasing temp-
erature produces a smaller densitv ratio /’//)vl (greater density change)
with increasing gas temperature t.‘;an will occur in a non-dissociating gas.
This .s particularly true for the case of the mass transfer of foreign
species at the surface having a higher molecular weight than the prirﬂary
gas species. Since the increase vin viscosity witnlg‘as temperature is less

" than lineor. the increase in the viscosity ratio /U-//‘v‘ with increasing |
temperature does not compensate for the decrease in the density ratio
(’/f\d . Thus, the larger the ratio of the gas temperature at the edge of
the boundary layer to that at the wall, the smaller will be tl;te valué of the
normalized (;/A ' product at the outer edge of the bou:dery layer, and the
poorer the assumption that f/‘* is constant. This is shown in curves 1,
2, and 5 of Figure 7, which were calculated for the chemical constraint of
loc.l equilibrium flow, By way of further comparison, curve 3 of Figure 7
was computed for the case of equilibrium dissociated air (no graphite com.

buscion), and curve 4 was calculated for tne chemical constraint of frozen

. _ : 33




given

i

reactions, all t'or.the same flight conditions. Ris seen tha;t‘ under ;:ertain
- conditions the dcqsityoviscosity‘ variation may have nearly the saine

behavior for both the frozen flow and local eqﬁilibrium constraiats,

{compare curves 4 and 3), although the other gas prapertice such as, for
example, the thermal conductivity, do not.

When one defines the Prandt]l number of the gas iﬁ terms of the

frasen specific heat of the mixture ‘C—? . the viscasity aof the mixture/A
and the frozen thermal conductivity X, one obtains th‘c resaults shown in
Figure 4, Here, the value of the Prandtl number of the gas at the surface
versas the surface temperature over a aide range of pressures, It appears
from this figure that the presence of carbon dioxide at the surface at the
lower surface temperatures acts to increase the Prandtl number. At a
given value of the tempe rature, the effect of a pressure increase i.s to
decrease vhe Jdissociation of carbon dioxide and hence the shifting equi>l-
vibrium composition with ircreasing pressure results in an increase in t.h.,e
Prandtl number. The tutal effect, however, is fess than four percent

siace th - x'mum mole fraction of carbon dioxide is less than O, &'. of
gree’. r interest are the Lewis numbers which have be=a defined here in
terms of the multicomponent difiusion coefficients D, ., which, unlike the

binary difiusion coefficients ‘gic' » are not svmuxtric. Consequently,
o

since all other pas properties which appear in the multicomponent Lewis

number sre not dependent on the particular pair of particles involved in a

binary encounter, while the multicomponent diffusion coefficients
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arc both temperature and composition dependent. It is clear that there
are generally nz-n values of thé Lewis number; in this c#sc there arec 30,
of which 12 representative values are shown in Figure 9.

Waen the boundary layer equations arc integrated subject to the appropriate
houndary conditions, one obtains the veiocity distiibution. the temperature
distribution &nd the distribution ot species through the layer.

These are shown in Figure 10 and 11. Corresponding chemical source
terms are shown in Figure 12. |

Siuce preferential diffusion can sccur, it is found that the ratio of the elemeqt
oxygen to the element niti()g(jp at the surface is not necessaz.-ily equal to its
value at the edge of the boundary layer, and is in fact an eigenvalue of the
mathematical system, This is shown in Figure 13 and 14,

In the rate controlled regime, it is found that the ratio of the mass fraction
of carbuu monoxide to the mass fraction of carben dioxide is a sensitive function
of surface temperature, which increases with increasing surface temperature.
This can be shown to be the case from both theoretical and experimental con-
sideration§ and is demonstrated in Figure 15.

Examination of the literature indic;:es that the reaction rat. controiled
mass transier is also a very sencitive function of surface temperature and inl
fact as many dift"erent activation energies and specitic reactivities have been
repﬁrtcd in the literature as there are combinations of investigators and grades

of grapbhite.




£

The work of five diiferent investigators is shm;un in: Figur{e 16.. The
exponential dvpgndcnc:{ of the ovidation rate on surface temperature is clearly
seen which leads to ihc usual Arrhenius represet;tation.

Typical values of the reaction rate results therefore appear in Figure 17 -
for » representative flight cnndition.

In Figure 18 we have shown the correlate_d results for the mass transfer \
of oxidation products for both the rate controlled and diffusion contrclled
regimes. When the surface temperature exceeds 3000°R the oxidation rate
levels off and becomes insensitive to the magnitude of surface 'temperature. . T
simply because the mass loss is controlled by the diffusion of uxygen-bearing
specirs to the surface rather than the Qpeciﬁc reactivity of graplute.

Upon making use of the concept of the sum of resistances in series,

one may write:

m : - 1 1 (5v)

w — —— 4

"whitt. | TWReact. _ X
where the reac;tion term predominates at low surface temperatures and diffu-
sion predominates at high surface temperatures. This equation was utilized
in calculating the transition regime in Figufe 19.

In order to obtain an over-all feeling for the combined effect of pressure and
surface temperature on the oxidation rate, Figure 20 has been prepared. Herc

it is seen that there are 4 different regimes for the oxidation of graphite, In
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this paper we have considered the first three regimes from the reaction rate .
controlled regime throuch the transition to diffusion controlled oxidation.

It is also of interest to consider the heat transfer into the solid graphite.
It is instructive tu compare the heat transfer to the solid graphite to the heat
transfer to an inert surface,

This is shown in Figure 21, where it is seen that one may nct insist that
the process remains diffusion controlled down to the lowest surface temperature,
which would result in an overestimate of the heat transfer. It i§ clear that
as surface tem;;erature decreases, the heat transfer must reduce to the aero-
dynamic heating, since the oxidation rate decreases expon’eﬁtially with fiecreasing
surface temperature,

- Since the tota! "convective” energy transfer including conduction, convec~

tion diffusion and chemical reaction is given by:

o 9T -}
Qu ® Y_K =57 Zifi:l’\i-lw (51)

it is instructive to examine Figurc 22 which compares the results for both

the equilibrium and frozen gas chemical constraints. 1. is seen that alt‘huugh

the separate contributions differ from each other, the fotal heat transfer is in-

dependent of chemical constivints provided only that the surface is purely catalytic.
In Figure 23, we have shown the correlated heat transfer for the heat con-

ducted into solid graphite for an axially systematic object, however; numerical

results have also been obtained for a two-dimensional body and the heat transfer
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rate was correlated by means of the following «quation:

Q,, ‘J 2Ry it i BTU

= 33.3"} 0.0333(“ - h )o .
1/2 o e Waji 3/2 1/2
P, fl0 _l 4

T sec. atm.
‘ 1where i(A) represems ae effects of yaw, S is the kronecker O such -hat

(52)

this equatior appiies to both axially symmetric ( S = 1), and two-dimensional
{ 8: O). geometries. .Pc is the local static pressurc at the outer cdge of the
bonndary layer, H, is the stagnation enthalpy and thir iI.! the ;tatic enthalpy
of the gas eva.hxated at the surface temperature and treated as 1f it were-air,
expre;sed in BTU/Ib, Figures 23 and 24 represent different w'ays of depicting
the correlated heat transfer. ‘ l ‘

If one utilizes the horizontal portion of the graph shown in Figure 25

for r;—\w. one obtains the following result for the diffusion controlled mass loss:

§

. -3 ‘1.
1z 6.2 x 10 3/2 YE
P i) '{ 2 ft. ‘secC. atni.

e

(M pift. 4 2Rp ()

(53)

Note that equation (14), which represents the reactivn rate controlled
mass loss is independent of the geometric factors whereas the diffusion con-
trolled mass loss, equation (53), s.not.

It ia noted that in both equations (52) and (531, the effects ut yaw,' v':hich
act to decrease the heat and mass transfer, appear in the function f(A). .Although
more complicated correlatioﬁs have been sﬁg;e-ted, (Ref. 59), the author

believes that the following approximation is satisfactory.
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It is of some interest to calculate the so-called "effective heat of
ablation". This may be done readily for the diffusion controlled regime by
taking the ratio of QW to rhw , and one obtains a result which is independent

of the geometry of the body, that is:

Q* - 5370 +5.37(H_-h_. ), BTU/Ib, (54)
ir
It should be noted that since the driving force for the mass transfer
process is not really the heat transfer but rather the oxidation process, oné
should not be surprised that the effective heat of ablation is of the order of
70,000 BTU/Ib. at orbital velucity. It must .bc understood that graphite is
acmally an excellent si'nk material which aiso undergoes surface oxidation,

In this paper we have also determined the surface shear stress Tw'

defined by

du ,
Tw=/“.,,(--—,ay)w - _ : (55)

and a typical result is shown in Figure 26,

Upon defining a local skin friction coefficient cg ¢
‘ w

Tw

(56)
{ 1 2
w = P u,
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i and a Reynolds number based on x:

. | L= S | - (57)
: , . : /‘w o

i . ©  ona also obtains the correlated results shown in Figure 27. For purposcs

i Re

of comparison, results are also given for the skin friction cuefficicnt i'n the
absence of surface oxidation,’

- Fir;ally, it may be of some interest to be aole to rapidly estimate
the sur'fac;* temperature as a function of environmental conditions such as

H, and Pe. In general, one has:

. 4 _ 4 .ok 3T .
Q, ot GMTS €uTy’) (K'_?—y- Salid. . , (58)
where Q“' is the total convéctive heat flux to the surface, g~ € ng“ represents

radiation iv liw surface from the hot gas cap, o"ew‘l’w"' is the reradiation from

T ., is the heat conducted into the interior 6( the

the surface and (K .57_ solid

snlid graphite.

If one assumes that radiation equilibrium obtains, the .*tht hand
side of equation {58) may be set equal to zero. In this case, one may write
that the radiation equilibrium temperature is:

: y 4
+ T '
Q, + 6e T, Vs

— T bd ' 59) .
WRad. Eq. C€w ’ . (59)




In general, for suborbital flight, o‘ég'l‘g4 £< Q and if this term is negleéted
. w ‘

one obtains the typical results shown in Figure 28 for a value of the radiation

parameter & w,‘ RB = 0.85 ft. ”Z.




V], CONCLUSIONS

A study of :ﬁc ablation of graphite indicatea thatlone may recognize
at least four distinct acrothermochemical regimes. As the surface temper~ '
ature rises into the threshold range, the mass transfer process is initially
rate cantrclled and ‘oilows a fractional (half order) reaction law. At
surface temperatures of apéroximately 1400°R < Ty < 3200°R, a transition
regime exists and the overall rate of the pro'ceu is controlled both by
chemical and gas dynamic factors. At higher surface temperatures extend-
ing tarouxgh b600°R. the process is diffusion controlled and the rate of mass
loss from the surtface is limitcd Ly the rate at which oxidizi.ng species
diffuse to the surface. Finally, there is a regime in which the surface
temperature ia sufficiently high so that the sublimation rate exceeds the

surface oxidation rate, and carbon ators and molecules are present in the

gas phase.

In the rate controlled and transition regimes, the ab'aiion rate ot '
graphite is a sensitive function of the surface temperature, and depéndl
critically on the specific reactfon rate which has an exponential temper-
ature dependence. It is in the low surface temperature regirne that one
can distinguish between different grades of graphite, since the activation
energy and the et;fective collision frequency depend on the molecular
structure of the particular’carbonaceoul material. Therefore, unless
one has an independent knowledge of the chomicﬂ kinetics of the combnation

process for the specific carbonaceous material, one cannot make a precise
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prediction of the oxidation rate for surface temperatures Belqw 3200°R.

Tne thermochemical response ol graphite in the transition regime
can be easily synthesized from a knowledge of its behavior in the purely

rate controlled and diffusion controlled regimes. A more precise study

of the transition regime itself does not appear to be warrz»ind at this time

beca ise of an incomplete knowledue of certain of the chemical factours, e. g.
the CO/CO, rativ.’
In the diffusion controlled regime, it is found that the ablation

rate is proportional to the square root of the pressure and is essentially

“independent of surface ternperaiure. It is further noted tiat for surface

temperat xres’ above 3200° R, barring spallin;.g effects, the mass loss ‘=z
theoretically indepen;:!ent of the grade of the yraphite. The mai: uncertainty
resides in the somewhat arbitrary selection of the high temperature transport
properties due to the lack of experimental data for any ofvthe six gaseous
séecies present at the temneratures of interest. However, judging by a
comparison between theory and experiment for stagnation p.oiut heat transfer
in the absence of mass transfer, it is estimated that the uncertainty in the
transport properties introd'uces no more than approximately a fifteen percent
error in tae presen: final results,

A study of the calculated results indicates that in t‘he diffusion
controlled regime, the hzat 'and mass transfer are independent of the rates
of the homogeneous reactions, provided that the heterogeneous reactions are

rapid. That is, when it was assumed that thermochemical equilibrium was
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obtained at the surface, but not nezessarily throughout the houndary layer,

botk the "frozen reactions" and "local ‘equilibrium® chemicai constraints
yielded essentially identical results.

In cunnidering the heat conducied intc the solid, ane notes that -
the ‘separate‘com.:'i?--'tic.ns of convection, diffusion, conduction and radiation
must be included. In this study, it was fgund that the net heat transfer,
including combustion effects, exceeds tne aerodynamic heat transfer. One
may conclude therefore, that the exothermicity of the ;)xidation reactions
exceeds the decrease in heat transfer due tn‘mau transfer cooliﬁg effects,
(thickening of the boundary layer), which results in a net increase ir. the
heat transfer to the solid. However, tiiis increase is usually less than
ten percent for the full range of mterest..

With fegard t.o viscous drag effects, it is concluded that for the
hypersonic flight regime the reduction in skin friction due to léhe mass
transfer of vxidation prodﬁch does 'not appear tc;bc siyuilicant, and is of '

the order of seven percent or less.
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MASS TRANSFER TRANSITION CURVES,
7 0 GRAPHITE COMBUSTION
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COMPARISON OF MODES OF

ENERGY TRANSFER TO A BURNING
GRAPHITE SURFACE
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