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1. SUMMARY

In this paper, a new theoretical model is presented for the sublimation
of graphite at hypersonic flight speeds, The aerothermochemical interactions
between dissociated air and graphite are treated by means of a nine component

model, including O, O_, N, NZ’ CO, COZ' C, C_and CN, The macss trans-

2 3

fer rate, the heat transfer rate, and the skin friction coefficient are deter-
mined numerically and are then correlated by means of algebraic equations,
as a function of stagnation pressure, stagnation enthalpy and wall temperature
in the high Reynolds number laminar fiow regime.

2. INTRODUCTION

An understanding of the thermophysical characteristics of refractory
materials is necessary for the successful design of advanced aerospace
vehicles, The outer skin of these vehicles must function under conditions
of extreme thermal loading, which, in turn, results in extremely high local
surface temperatures. This requirement leads directly to the consideration
of a family of refractory structural materials known as graphite.

In a sequence of earlier theoretical studies, the combustion of
graphite was treated in the diffusior controlled regime (Refs. 1-3) and ia
the rate controlled and transition regimes (Ref. 3). These results were
utilized in considering the ablation response of a graphite heat shield for
a ballistic re-entry satellite (Refs. 2,4) and the transient thermochemical
response of a pyrolytic graphite leading edge for the control surface of 2

hypersonic lifting re-entry vehicle, (Refs. 5, 6).
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As discussed in Refs. 2 and 3, chemical reactions between a number
of chemically reacting gases (i.e. air, oxygen, carbon dioxide, nitrogen)
and either carbon, coal or graphite have been studied extensively for over
one hundred years. Much attention has been given to three mass loss
regimes, including the reaction rate controlled, transition, and diffusion
controlled oxidation regimes (see Figure 1), The oxidation rate of car-
bonaceous materials in each of these regimes is dependent to a different
extent - o>n the surface temperature, the pressure, enthalpy and chemical
reactivity of the gaseous boundary layer, the flow geometry and the chemical
reactivity of the particular type of material considered,

At the lowest surface temperatures, ('I'W ~ 1500°R). the reaction
of carbon with oxygen results in the formation of both carbon monoxide and
carbon dioxide at active sites in the surface lattice., The number of such
active sites is a strong function of surface temperature, while the coverage
of these sites by free strearn oxygen depende on the local ambient pressure
and the gas particle temperature. At first, the chemical reactions will
occur directly between the lattice and the adsorbed oxygen monolayer, and
hence the ambient pressure may have little influence on the monolayer-
lattice chemistry, at least, until the monolayer itself is affected by the wall
temperature, It should be noted that there is also a possibility of interaction
between the microstructure of the carbonaceous material (such as pores),
and the adsorbed monolayer which could alter the apparent order of the
chemical reaction, However, in the absence of pores, the mass loss should

be zeroth order initially, since the monolayer is not depleted rapidly by

the active sites, 2
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At a somewhat higher surface temperature, the number of active
sites begins to increase exponentially, and in addition, new intermediate
chemical complexes may be formed, e.g., COZ*' CO*. If the mass loss
in the reaction rate controlled regime were dependent only on the arrival
of oxygenor oxygen-bearing species and the coverage of the active sites
in the lattice, one would expect the overall order of the reaction to be first
order inthe pressure., However, experimental data have been reported
for this regime covering a range of reaction orders from zero to one, (Refs.
7, 8) and, in some cases, one-half has been recommended, (Refs, 9, 10),

It has also been observed (Ref, 11) that as the surface temperature
rises, the ratio of the mass fraction of carbon monoxide to that of carbon
dioxide at the surface, increases exponentially, which may be explained

in terms of a heterogeneous chemical reaction between CC_ and C(s) to

2
form CO, Here, it is noted that the formation of CO at the surface could
follow a complex sequence of steps including adsorption, dissociation,
formation of one or more chemical complexes, and desorption of two CO
molecules,

As the surface temperature rises still further (TW ~ ZOOOOR). there
is a transition from the reaction rate to the diffusion controlled oxidation
regime, In this transition regime, the rate of mass loss is controlled by
both fluid dynamic and chemical kinetic rate processes, {Refs, 3,12, 13),
For a range of surface temperatures, approximately between 2500°R and

SOOOOR, the rate of the overall mass loss is dominated by the slowest step,

which is the counterdiffusion process in the multicomponent boundary layer.

3




In Ref, 3, a detailed analysis was presented for the oxidation of graphite
in a high velocity stream of dissociated air, in which a six component

model of chemically reacting species was utilized, including dissociated

e

3ir(0, O,, NandN,) and the volatile combustion products CO and CO,. The

Z.
effects of different free stream conditions and surface temperatures, and
geometry, were included, and the resulting heat transfer rate, (including

conduction, convection, diffusion, and combustion), the mass transfer i

rate and the skin friction at the surface were all determined, and empirical

correlation formulas were given, f
In this present study, we are concerned with even higher surface

temperatures (T_ 2 5000°R), i.e., the sublimation regime. We will define

the sublimation regime as the range of conditions where the mass loss due

to vaporization exceeds the diffusion controlled oxidation mass loss rate,

It is noted that at the high surface temperatures to be treated here, i.e.,

SOOOOR < "1‘w < 10, OOOOR. not only do chemical reactions occur between

carbon and oxygen, but also, nitrogen reacts with carbon to form cyanogen(CN)2

and the cyano radical CN., We must therefore be concerned with both the

homogeneous and heterogeneous chemical reactions involving the nitrogen

which is present in the boundary layer, As the surface temperature rises,

the vaporization rate of atomic and molecular carbon species, such as C,

NE spariny, - g

C., C3. C4 and C

5 ,» all increase exponentially, Upon examination of the

5

thermodynamic properties and the vaporization rate data (Figure 2), of

Vidale (Ref, 14), the authors have selected a nine component gas model to

represent the aerothermochemical interactions, i.e., O, 02. N, NZ' CoO,

4
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CO,, C, C5 and CN.

It is always a difficult matter to decide on the total number of
species to be included in a theoretical model for a multicomponent
chemically reacting gas, since one is faced with the following dilemma,

If one simply includes all possible species, the problem becomes unwieldy
since the bookkeeping can easily exceecd the storage capacity of even the
largest present-day digital computer. On the other hand, if too few species
are included, the model is poorly chosen and the final numerical results
may not be representative of physical reality. Our approach therefore has
been to include all of the dominant species and a few of the trace species.
By dominant, it is meant, all those species which contribute five percent
or more to the total gas enthalpy at a point in the stream; the trace species
each contribute between one and five percent. It is doubtful that, in the
absence of radiative transport, one need include species whose individual
contribution to the total enthalpy is less than one percent, unless the total
contribution of such species exceeds one percent. The presence of the

has therefore been neglected, since it was found

species NO, (CN)2 and CZ

that their contribution was usually something less than that of a trace species,
as defined above,

The fluid dynamic treatment was within the hypersonic boundary
layer approximation for a multicomponent gas, and hence, it is noted that
for each value of the stagnation pressure, there is a critical value of the
surface temperature beyond which the present model would become invalid,
That is, as the surface temperature rises, the sum of the partial pressures

of the vaporizing species will exceed the stagnation pressure, and there will
5




then be a significant pressure gradient normal to the surface, However,
since the boundary layer approximation requires that %; = 0, boundary
layer theory would then become less representative of reality in treating
sublimation effects above this critical temperature (see Figure 1),

It is noted that an earlier solution to the problem of the sublimation
of graphite at hypersonic speeds was obtained by Denison and Dooley (Ref, 15),
who utilized the constant property boundary layer equations for a flat plate,
and the Emmons and Leigh (Ref, 16) correlation between skin friction and
mass transfer on a flat plate, to obtain numerical results. However, since
they restricted their chemical model to include conly six species (i.e. the

presence of CO C3 and CN was neglected),and since a large number of

2!
assumptions was introduced in Ref, 15 in order to reduce the general equations
to the constant property, flat plate form, thereby avoiding new digital
computations, their final numerical results differ appreciably from ours,

In a treatment of sublimation into a boundary layer, it is important
to note that the overall mass loss may be either an ''equilibrium' process
or a non-equilibrium process (Ref. 17). In general, one may always observe

that a net mass loss occurs because the individual products of vaporization

are condensing and vaporizing at unequal rates, If these forward and back-

ward rates were equal, clearly, no mass loss due to sublimation could occur,
Associatad with each vaporizing species is a vaporization coefficient

which is a measure of the rate of forward vaporization of that species (Ref, s

17). However, the vaporization coefficient alor.e does not determine whether
the overall process will be diffusion controlled equilibrium vaporization, or

6
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a non-equilibrium process which depends on the coupling between the
forward rate of vaporization and the aerodynamic processes in the boundary
layer,

In the case of '"equilibrium vaporization', the net mass loss, due
to diffusion and convectionis very small compared to the forward rate of
vaporization, Thus, the condensuation rate and the vaporization rate are
nearly equal, Hence, the sum of the partial pressures, within a mean
free path from the surface, is nearly equal to the equilibrium vapor pres-
sure and the overall process can be considered to be equilibrium diffusion
controlled sublimation.

On the other hand, if the vaporization coefficient is very small,
(Ref. 17) then any finite net mass loss by diffusion and convection in the
boundary layer, results in a reduction in the individual partial pressures of
the vaporizing species below their equilibrium vapor pressure values. In
this case, the net mass loss cannot be determined from a knowledge of the
equilibrium vapor pressures alone, since the driving force for diffusion
and convection is now the non-equilibrium partial pressure of the vaporizing
species. In this case, one must determine the partial pressures of the
vaporizing species by utilizing compatibility constraints due to gas kinetic

microscopic and fluid mechanic macroscopic considerations, (Ref, 18).




3., CONSERVATION LAWS

The non-linear partial differential equations of change for a multi-
component chemically reacting gas are derived, for example, in Reference
19 and include the conservation of mass, chemical species, momentum and

energy as shown below:

3p
i _0

_5T+V (piw_r.i)—wi (2)
d,

pg =V I+I K, ©)
de _ . »

Oy S S0 e b JEVERE L @

Upon introducing the boundary layer approximations for a body-
oriented coordinate system (see Fig. 3), the conservation of mass becomes

(Ref. 20)

5 (pru) + 5= (prv) = 0 (5)

The conservation equation for species i becomes (neglecting thermal diffusion

and other higher order effects):
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The stream wise component of momentum yields:
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In the high Revnolds number regime, for moderately high mass transfer

rates we may write that the normal component of momentum yields:

OP _
5 C 0 . (8)
In this study,criteria aredeveloped for determining the conditions when

eq. (8) no longer applies, (see fig. 1)

The energy equation becomes

2
= 3T oT) _ . oP du
pcp(u 3x+vav)-“ x+"<by)*
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(9
It is convenient to introduce the Mangler -Dorodnitsyn transformaticn

(Ref, 21) in solving these laminar boundary layer equations:

P u_ Y

n = S r 2. gy (10)
v2a¢ o pe
x 2

J =jo pw “w Ye T s (11)

and assuming that local similarity holds, then equations 5 through 9 may
be reduced to a set of ordinary non-linear diffcrential equations, Tne dif-

. .th . .
fusion equation for the i chemical species becomes:

W, M “.
oy 1), x -thp - - M (12)

j# i ?"'—:Z ij Jn n n (due) p
dx

where 8§ =2dIn ue/d Inf .,




The conservation of momentum becomes:
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The energy equat’on becomes:
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4, TRANSPORT AND THERMODYNAMIC PROPERTIES

Appearing in equations 12, 13, and 14 are the variable coefficients
which represent the thermodynamic properties and transport coefficients
of the gas mixture required for the definition of the physical problem,
These include the normalized density and viscosity product (£), the Prandtl
number (Pr), the multicomponent Lewis numbers (Lij), the frozen specific
heat of the gas mixture (Ep), and the enthalpies (hi) of the chemical species,
In order to determine the bulk properties of the gas (i.e. 4, Pr, Lij' Ep'
K . , Brix. ° «), one must first have a knowledge of the specific heat,

mixe

the enthalpy, the viscosity coefficient, and the self diffusion coefficient for

2
each of the n pure species present in the boundary layer. In addition, 2T

n
2

symmetric binary diffusion coefficients are required to represent the trans-
port interactions between unlike pairs of particles, The details concerning
the calculation of the transport and thermodynamic properties of the pure
species and also the bulk properties of a multicomponent, chemically re-
acting gas mixture are given in reference 19,

Some of the properties utilized in this sublimation study, particularly
for low surface temperatures, have been given in reference 3, The species

treated heretofore were O, O_, N, N_, CO and CO_. The properties of

2 2’ 2

the additional spe:ies included in this new study (i.e. C, (33 and CN), and
also the new resulting binary interactions are shown in figures 4 through 8,
The gas constants used for these calculations are assembled in Table I,

In general, an exact and rigorous numerical solution of the set of

differential equations given above necessitates the evaluation of the transport

11
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and thermodynamic properties of the gas mixture as a function of the local

PRRE

gas temperature and gas composition, Of course, great numerical simpli-
fications result if one assumes values for the Prandtl and Lewis numbers
which remain constant throughout the viscous layer. The usefulness of
the results obtained by such approximations depend in part upon the specific
application and in part on the rationale invoked for the evaluation of these
constants,

We have made a comparison of a '"constant' property solution with
a variable property solution as applied to the graphite sublimation problem
and the results are shown in Table II. In the numerical integration of the
boundary layer equations for the ''constant'' property solution, the Prandtl
number of the mixture and the multicomponent Lewis numbers were evaluated
at the surface conditions, However, the viscosity of the mixture and all

thermodynamic coefficients were evaluated locally throughout the viscous

.

layer for both cases,

The agreement between '"constant' (as defined herein) property
solutions and variable property solutions in the past (refs, 3, 22) has always
been well-within the uncertanties existing in the high temperature transport
properties themselves. The remarkable agreement shown in table II is
probably due to the fact that the reduced temperature difference across the
boundary layer peculiar to the high surface temperature graphite sublimation
problem tends to smooth out the substantial gradients in the properties that

otherwise would exist for lower surface temperature applications,




5¢ CHEMICAL CONSTRAINTS

It has been assumed that the total number of dominant chemical
species present in the gas phase is nine, including atomic and molecular
oxygen and atomic and molecular nitrogen and the ablation products, carbon
dioxide, carbon monoxide, the cyano radical, and atomic and triatomic gaseous
carbon, Thus, there are nine unknown chemical source terms v.vi and nine
unknown concentrations Xi at each point within the boundary layer. At
the surface, there are nine unknown concentrations which must satisfy the
chemical constraints imposed by the heterogeneous kinetics of the gas-solid
interactions and also must be ' ipatible with the gas phase diffusion processes,
At the outer edge of the boundary layer,the temperature, pressure, enthalpy,
etc. are given by a solution of the normal shock equations followed by an
isentropic compression calculation along the stagnation streamline (see Ref.,
23). The chemical composition at the outer edge of the viscous layer is,
of course, available as a result of these computations,

Let us first consider the chemical constraints in the gas phase, The
conservation of chemicai species in the gas phase requires that the overall
mass rate of formation of the chemical species must be zero. This means
that the masses of the individual chemical elements must be conserved,

Since we are dealing with a gas system composed of three chemical elements
(i.e., oxygen - nitrogen - carbon) we may write

w =0; w =0;w =0 (15)

o) N C
where

13
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o 2 co co, 2
. ° MN
w_ = w o tw 4 ® (17)
x N" N, M CN
e M
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The expression for the overall conservation of mass is obtained by adding
egs.16, 17 and 18,

T v.vi =0 (19)
i

To complete the analysis of the gas phase chemistry, it is noted

that in addition toeqs.16, 17, and 18, six relationships are still needed

which specify the rates of the chemical reactions., For the assumption of .;é

local thermochemical equilibrium, one has the necessary information from g

the six equilibrium functions for the corresponding chemical reactions given

below, (see table II):
(X )°P
o, = 20; K, = —> (20)
2 Po Xo

N. = 2N; K = = (21)

CO+O = CO,;; K = (22)

C +0 = CO; K S oy (23)

14




CN
C+N = CN; K = (24)
Pen  XcENF
x03
3C=C_; K ST (25)
3 P 3 _2
C; (X)) P

Now let us turn our attention to the chemical interactions at the gas-
solid interface., We consider the situation for which the surface mass trans-
fer is caused by chemical rearrangement (combustion) of both the oxygen
and nitrogen bearing species in the gas stream with the carbon surface and
by sublimation of the solid carbon to form monatomic and triatomic gaseous
carbon, We note that, when the gas at the surface is in thermochemical
equilibrium with the condensed phase, the six equilibrium functions pre-
sented above {equations 20 through 25) may be used. In order to completely
define the system, three additional relationships are required. One of these
will be an equilibrium function, applicable only at the surface, which when
used with the previously defined equilibrium relationships (i.e., eqs. 20 - 25),
will specify the rate at which the element carbon is leaving the graphite
surface, Another condition is obtained from Dalton's law of partial pres-
sures, and for the final relationship, we make use of the fact that, physically,
the surface is impermeable to the mass fluxes of the elements oxygen and
nitrogen,

The chemical reaction and the corresponding equilibrium function
which applies only at the wall is

C(s) = Clg); KPC = X.P (26)

15
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Equation 26, when used in combination with cquations 20 through 25, allows

one to determine all the possible gas-surface interactions for this system,

From Dalton's law we obtain

X =
ii

(27)

For the final condition, which results in a mass flux compatibility

constraint, we make use of the following impermeability conditions,

m =0 ; m_ = 0 (28)
N (o]
w w
where )7(
m = (m_+m (29)
N N NZ -»zCN
w w
and
) . ) ho . hoz .
= + +
m6 mo moz + 7’1-(;0 mCO o mCOZ (30)
w 2 COz w
Using the fact that
m, =C, m +j (31)
1w iw o/ iy
one then obtains
N j +j + e "B j j
+ + 7
N sz m Jen 0"%0," Mg 'co’ co, €0,
7’EN m 7’{O
CNYONLY T Con C+C. +m 2 C . +=2C
2 N ’ (o) (o] M co M ~CcO _
L ~w 2 (of0) CcO 2

which is the mass flux compatibility constraint,

16
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The surface mass transfer is due to the mass flux of the element

carbon,
. M .
m =m =Jdm_ +m_ +N Pco, % M ] (33)
ey C ¢ C{Meo Mco, Mo |
which, by use of eq. 31, becomes,
h] j
co 0,
ke +)n CN
c °c, %(CN
m = - (34)
w c
] - CC c +hc CO CN
3 Meo 7"t:o N

The multicomponent diffusion flux vector j-'i utilized in this study is

given as follows

t ~
j. =0 V., = T ‘M b, VX 35
iL;=e o % Lh{J ij j (35)

Note that in the above equation the effects of thermal diffusion, pressure
gradients, and body forces are neglected, For the special case of a binary

gas mixture, equation (35) reduces to

2

(36)

From which one may easily derive the relationship known as Fick's Law,

J= - P85V (37)

In equations 35 and 36, ny = p/ﬁ( .

17
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Note that the multicomponent diffusion coefficient (Dij), (discussed
in reference 19)must be used in equation (35), while equations (36) and (37)
require the simpler binary diffusion coefficient given in referencel9.
Even though equation (37) (i.e. Fick's Law) has been successfully applied
(for special cases) in approximate solutions involving multicomponent gas

mixtures (references 13, 15, 17, 18, 21), the rigcrous expression for the

diffusion flux (i.e. equation 35) is, of course, more desirable and is used

in the present study.

18




6. BOUNDARY CONDITIONS

In general, the overall mathematical order of the high Reynolds
number, thin boundary layer system is 2n + 3, where n is the number of
chemical species in the gas mixture Five boundary conditicns are ap-
plied to the energy and momentum equations, At the wall, one usually

specifies the quantities Ow. f. and fw as follows;

n
w
] =T /T (38)
w w e
f zu fu =0 (39)
‘n w e
W du_ -1/2
4 =m ("w“w &= ! ") (40)
w w

and at the outer edge of the boundary layer, the temperature and velocity
go to their asymptotic limits

lim#f = limf =1.0 (41)
- O n
n n-<

It is convenient, in the numerical solution of this boundary value problem
to treat it as an initial value problem and to employ iterated integration
until the outer edge boundary conditions are satisfied. Thus, in order

to satisfy equations (41),we introduce the wall eigenvalues g and

n
W

fﬂ"'l » the determination of which constitutes a solution of the energy
w
and momentum equations,

The remaining 2(n-1) boundary conditions deal with the chemical
species, Now, one must satisfy certain chemical mass balance relation-
ships at the edge of the boundary layer and mass flux compatibility conditions

at the gas-solid interface regardless of the thermochemical state of the gas

19




mixture, For an n compnnent gas mixture in which there are k chemical
elements, 2 (k-1) of these chemical mass balance and mass flux relation-
ships muat be satisfied., This leaves 2 (n-k) relationships which must (of
necessity) deal with the rates at which the chemical reactions are progressing.

If the chemical reaction times are much faster thanthe flow rate
times, then a state of local thermochemical equilibrium exists in the gas
phase, For this situation, the chemical equilibrium (Kp) functions and
their derivatives satisfy these 2(n-k) relationships, In a sense, the ''equilibrium"
assumption reduces the overall mathematical order of the system from
(2n + 3) to (2k + 3), where five boundary conditions are applied to the energy
and momentum equations and the remaining 2 (k-1) boundary conditions
deal with the remaining chemical mass balance and mass flux relationships.
For the particular case which we trzat here (i.e., equilibrium graphite sub-
limation), n = 9, k = 3 and the six Kp functions are given by equations 20
through 25,

Following the notation of references 21, 22 we define the mass fractions
of the three chemical elements of the multicomponent gas mixture to be
c:co ]

_ Cen
CE “c O"C[Wco MCN 7'lco

(42)
*“co,
c6 =Cq+Cq +1)[0 [mco %02] (43)
Cen
Cr;: Cy* CNz +)[N [MCN ] (44)
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At the outer edge of the boundary layer, the concentrations of the
carbon bearing species individually go to zero and the ratio of the masses

of the elements oxygen to nitrogen takes on its free stream value,

C

C =0 and ——6- = 0, 3068 (45)

% % /e

Now, within the viscous layer, where diffusion effects cannot be neglected,
the lighter weight particles tend to diffuse faster than the heavier ones
which results in preferential diffusion. Because of this, one may not insist
that the ratio of the mases of the elements oxygen to nitrogen remain constant
throughout the boundary layer., Instead, one makes use of the surface im-
permeability conditions (i. e. equations 28) which result in the surface mass
flux compatability constraint given by equation (32),

Finally, at the surface, the rate at which the gaseous element carbon
is produced from the solid phase is given by equation (26) used inconjunction
with the other Kp functions.

Again it is convenient to replace the outer edge boundary conditions

onC_ and (C~/C~)e by initial values at 7 = 0, and hence we satisfy

Ce O N
equations 45 by introducing the eigenvalues (CB/CN)W and -fw.

To summarize, the five boundary conditions at the wall for the equili-
brium situation are given by equations (26), (32), (38), (39) and (40), and the four

eigenvalues at the wall (n = 0) are 8, f , -f and (C~/C~) . The
nw nnw v C N w

total number of boundary conditions and eigenvalues at the surface is
therefore 2k + 3 = 9, which is the true mathematical order of the system for

the ' equilibrium!'' case.
21




The study performed here is applicable to the stagnation regime

of axisymmetric bodies, In subsequent work, the graphite ablation
process will be investigated with respect to other configurations, in

particular cones and wedges.
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7, DISCUSSION OF RESULTS

The chemical composition at a graphite surface in a hypersonic
air stream is shown in Figure 9 for a range of surface temperatures at a
stagnation pressure of one atmosphere. Similar results are obtained at
other pressures., Increasing the pressure causes a shift in the composition
variation seen here to a higher temperature range, while lower pressures
result in a displacement toward lower temperatures. These compositions
were obtained by a simultaneous solution of equations (20) through (29} together
with the eigenvalue (C~/C~ )w as determined by the solution of the boundary

O N

layer equations subject to the surface compatibility constraint (i.e. eq., 32).

The concentrations of the chemical species O, N, O

5 and CO2 are found to

be less than 10'4 over the full range of surface temperatures at a pressure
of one atmosphere., It is seen that nitrogen begins to react with the graphite
surface at a surface temperature of approximately SOOOOR, while the sub-
limation process does not become appreciable until temperatures increase
beyond 60000R. Note that, the sublimation process yields appreciably
greater amounts of triatomic carbon gas than monatomic carbon. Note also
that as the sublimation rate increases, the gas at the surface becomes
saturated with the sublimation products driving away the oxygen and nitrogen
bearing species, It is at this critical temperature and pressure that the
sublimation process begins to induce pressure gradients in the gas normal
to the gas-solid interface, (See Figure 1),

Figure 10 shows the variation of the effective mass fractions of the

elements carbon and nitrogen (defined in equations 42 and 44) with surface
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temperature for several given stagnation pressures, As seen in the

previous figure, carbon monoxide is the only carbon bearing species pre-

sent in significant quantity at the surface for the lower temperatures, i.e,
3000 < Tw < SOOOOR. In this temperature range (i. e, the diffusion controlled

uvxidation regime) C = 0.15. At higher surface temperatures, nitrogen
C

w
reacts with the carbon surface producing the cyano radical CN, sublimation

of the solid graphite yields increasing amounts of atomic and triatomic gaseous

carbon, and the effective mass fraction of the element carbon C increases
C
w
exponentially with surface temperature. The shift in C~ with stagnation
C
W

pressure has been found to be logarithmic,

The usefulness of the quantity C in reducing the numerical data
C
and correlating the results will be demonstrated in the ensuing discussion,

This physical quantity has the same variation with surface temperature and
stagnation pressure as does the sublimation rate. Moreover, the driving
force for the mass transfer rate in the diffusion controlled oxidation regime
as well as in the diffusion controlled sublimation regime is found to be
related to C_ « The quantitative relationship between C~ » the surface

C C
temperature,wand the stagnation pressure has been found to be given by

4
-11.1x107/T
C_ =0.15+2.4 x 10® P, 0.67 v

C

w

(46)

where Pe is in atmospheres, and 'I‘W in oR.
The ratio of the element nitrogen to the element carbon at the ablating

graphite surface, seen in figure 10, decreases as the mass fraction of the
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element carbon increases. At the tcmperature and pressure where this
ratio becomes zero, the vaporizing species have driven the oxygen and
nitrogen completely away from the surface. Beyond this point, the vapor
pressure of the sublimation products exceeds the stagnation gas pressure,
a pressure gradient is induced normal to the gas-solid interface, and
conventional boundary layer theory is no longer valid.

Figures 11 through 14 show typical boundary layer concentration
profiles and variations of the chemical source terms through the viscous
layer for surface temperatures of 6500°R and 750G°R at a stagnation pres-
sure of 5,7 atmospheres. In these figures, 7 is the non-dimensional
distance normal to the gas-solid interface, A positive value of the chemical
source term \;I’i indicates that the chemical species is being produced, while
a negative value denotes that it is being consumed ss 2 result of the chemical
reactions. It is noted that the scaling of the chernical source terms in the
stagnation regime must go as RB\;/i since in equations (12) and (14) the stagnation

point velocity gradient is assumed to be Newtonian:

due 1 2(pe'Pm)
- (47)
dx RB pe

An examination and interpertation of the concentration profiles and
chemical source terms shown in figures 11 through 14 enables one to identify
the various mass loss mechanisms peculiar to this high surface termperature
regime., The surface temperatures quoted in the following discussion are
associated with a stagnation pressure of 5,7 atmospheres. However, the
shift in characteristic surface temperature with stagnation pressure is

predictable via Figures 1, 9, and 10,
25
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At a surface temperature of approximately SOOOOR, the mass loss
mechanism is still one of diffusion controlled oxidation, and the heteroge-

neous chemical reaction for this case is

co, +Cls) =~ 20, AQ = 34 Kcal (1= 5000°R) (48)
mole

The composition profiles and associated homogeneous combustion reactions
for this mechanism are discussed in Ref, (3).

Now, at a surface temperature of approximately SSOOOR, nitrogen
begins to undergo heterogeneous reactions directly with the surface to form

CN and one has, in addition to the oxidation reaction of eq. 48, the following

K cal o
= = T = 550
1/2 Nz +C(s)= CN, 4Q 110 oTe— { 5500"R) (49)

Also, for this surface temperature, one observes multiple flame zones
in the gas phase resulting from the following homogeneous reactions.

Ag = -326 Kcal
mole

CN + 20 = CO, + 1/2 N,

(T = 5500°™)

CO+0 = CO,, AQ =-124 Kcal (50)
mole

At a slightly higher surface temperature (TW ~ 60000R), one finds
that the chemical reaction resulting in the formation of carbon monoxide
has moved off from the surface and the heterogeneous reactions at this tem-
perature are thosegiven by equation (49) and the following vaporization

reaction

, A Q = 180 X2l (T - 4000°R) (51)

3C(s)= C
3 mole

Also, one finds that additional CN is being produced by the following homo-

geneous reaction in the first flame zone nearest the surface
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2C_ + 3N_ = 6CN, - 310 Kcal - o (52)
3 2 AQ 3 —1c (T = 6000°R)

At this surface temperature, therefore, the formation of CN is due to both
a heterogeneous and a homogeneous reaction and the diffusion flux of this
species is positive (i.e., away from the surface).

Ir the second flame zone from the surface, the major chemical reaction

results in the formation of carbon monoxide through the exchange reaction

CN+O-=CO+ I/ZNZ, AQ =-203 K cal

(T = 6000°R) (33)
mole

and CO then diffuses back to the surface. In general, at surface tem-
peratures greater than 6000°R (for equilibrium chemical reactions), the
presence of carbon monoxide gas at the surface is entirely due to the formation
of this species in the gas phase and its subsequent diffusion back to the con-

densed phase. In other words, the net mass flux of carbon monoxide at

CcoO

w
essentially equal and opposite to its convective flux (C

the surface is zero (i.e. r.n = 0), since its diffusion flux (jco ) is
. w
co mw). (see eq. 31).
w (o]
When the surface temperature increases to approximately 6500 R,
the chemical reaction which results in the formation of CN begins to move
away from the surface and into the gas phase. At this point, rﬁCN =0
w

since jCN E CCN mCN , and the mass loss mechanism is therefore

w w w
entirely that due to the vaporization reaction of equation (51). The concen-

tration profiles for this surface temperature are shown in figure 11 and the
zones of chemical interactions (i.e. flame zones) are shown by the chemical
source term variations shown in figure 12, One notes that the chemical

reaction in the first zone is endothermic as nitrogen is seen to react with
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the gaseous carbon species to form CN. In the second flame zone, the

following chemical reactions are occuring simultaneously,

CN+O=-CO+1/2N,, AQ = -205 Xcal
2 mole

-,.,m»mmw'ﬁwm mwmm

CN+N*N2+C sy AQ -57 K cal
mole
332 K cal

mole

CN+O-CO+N , AQ = -76 Xcal
mole

(T = 7500°R) (54

gy v

C3"‘3C » AQ

]

The overall energy change in this zone is exothermic and one notes that
carbon monoxide and atomic gaseous carbon are being formed in this second
interaction zone, and subsequently diffuse back to the surface.

Figures 13 and 14 indicate the heterogeneous and homogeneous
chemical interactions for a higher surface temperature (TW = 75000R) at
the same hypersonic conditions as the two preceeding figures. Here again
we see multiple flame fronts (figure 14), but at this higher surface tem-

perature the vaporizing species C_ has pushed the zones of homogeneous

3
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