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Sublimation of Graphite at Hypersonic Speeds

SiNCLATRE M. Scavs®* anp LEon M. GILBERTT
General Electric Company, Philadelphia, Pa.

In this paper, a new theoretical model is presented for the sublimation of graphite at hyper-
sonic flight speeds. The aerothermochemical interactions between dissociated air and graph-
ite are treated by means of a nine-component model, including O, O, N, N;, CO, CO;, C, C;,
and CN. The mass-transfer rate, the heat-transfer rate, and the skin-friction coeflicient are
determined 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 stagnation-point flow regime.

Nomenclature

angstroms _
referred mole fraction of species 4, X;/31

mass fraction of species 7

effective mass fraction of £th chemical element
specific heat of 7th species at constant pressure
frozen specific heat of mixture

binary diffusion coefficient

multicomponent. diffusion coefficient
activation energy

dimensionless stream function

stagnation enthalpy

hi static enthalpy of 7th species, including chemical
h static enthalpy of mixture = »° Cih;

[

T [

It

2
Ahy, = enthalpy of formation of 7th species
i = diffusion flux vector, defined in Eq. (27)
k = Boltzmann constant
K = frozen thermal conductivity of mixture
K, = effective collision frequency
K, = equilibrium constant
M = molecular weight of species ¢
M = mean molecular weight of gas mixture
M = mass flux of species ¢
P = static gas pressure
= heat transfer

B = universal gas constant
Rg = body radius
T = temperature
U, v = velocity components
v = macroscopic gas velocity
Vi = diffusion velocity of species 7
Veo = flight speed
w; = chemical source term, net mass rate of production

of species ¢ per unit volume by chemical reaction
X = mole fraction of species ¢
x, Y, r = coordinate system

= pressure gradient parameter, 2d Inu./d Ing

€ = normal shock-density ratio, depth of potential well
7, & = similarity variables
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6 =1T/T, dimensionless temperature
viscosity of ith species
density

collision diameter

shear stress

property of element %, pertains to C, 7, 7, and w
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Subscripts

diffusion-controlled oxidation regime

edge of viscous layer

gas

ith species

kth element

mixture

stagnation region, condensed phase, sublimation
regime

reaction-rate-controlled regime

wall, surface of vehicle

differentiation with respect to g
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Dimensionless Groups

B = mw(He - hw)/Qw

Cy = Qu/peu He — hy), Stanton number

Cy = 274/ peu.?, skin-friction coefficient

l = pit/ puth

Li; = pCpD;;/K, multicomponent Lewis number
Pr = uCp/K, Prandtl number

Re; = poVeRz/ue shock Reynolds number

I. Introduction

N a sequence of earlier theoretical studies, the combustion
of graphite was treated in the diffusion-controlled
regime! ~3 and in the rate-controlled and transition regimes.?®
These results were utilized in considering the ablation re-
sponse of a graphite heat shield for a ballistic re-entry satel-
lite?~4 and the transient thermochemical response of a pyro-
lytic graphite leading edge for the control surface of a hyper-
sonic lifting re-entry vehicle.5¢ The studies carried out
to date indicate that, in general, the mass loss depends upon
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 carbon
considered.

At the lowest surface temperatures (T, ~ 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, whereas the coverage
of these sites by freestream oxygen depends upon the local
ambient pressure and the gas particle 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 that could alter
the apparent order of the chemical reaction. However, in
the absence of pores, the mass loss should be zeroth order
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Fig. 1 Partial pressures of vaporized species for graphite
sublimation.

initially, since the monolayer is not depleted rapidly by the
active sites.

At a somewhat higher surface temperature, the number of
active sites begins to increase exponentially. If the mass
loss in the reaction-rate-controlled regime were dependent
only upon the arrival of oxygen or oxygen-bearing species
and the coverage of the active sites in the lattice, one would
expect the over-all order of the reaction to be first order in
the pressure. However, experimental data have been re-
ported for this regime covering a range of reaction orders
from zero to one,”® and, in some cases, one-half has been
recommended. 10

It also has been observed!! 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 CO. and C(s) to 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 (7, ~
2000°R), 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.®!%1® TFor a
range of surface temperatures approximately between 2500°
and 5000°R, the rate of the over-all mass loss is dominated
by the slowest step, which is the counterdiffusion process
in the multicomponent boundary layer.?

In this present study, we are concerned with even higher
surface temperatures (T, > 5000°R), i.e., the sublimation
regime. We define the sublimation regime as the range of
conditions where the mass loss caused by vaporization exceeds
the diffusion-controlled oxidation mass loss rate. It is noted
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Fig. 2 Mass-transfer regimes for ablating graphite.
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that, at the high surface temperatures to be treated here,
i.e., 5000°R < T', < 10,000°R, not only do chemical reactions
occur between carbon and oxygen, but also, nitrogen reacts
with carbon to form cyanogen (CN), and the eyano radical
CN. We must be concerned therefore with both the homo-
geneous 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, C;, Cs, Gy, and Cs,
all increase exponentially. Upon examination of the thermo-
dynamic properties and the vaporization-rate data (Fig. 1),
of Vidale,* the authors have selected a nine-component gas
model to represent the aerothermochemical interactions,
i.e., O, 05, N, Ny, CO, CO,, C, Cs, and CN.

The decision concerning the number of chemical species
to be included in the model represents a compromise between
reality and computational ease. Too many can make the
problem unwieldy; too few results in a poor physical repre-
sentation. OQur approach, therefore, has been to include
all of the dominant species and a few of the trace species.
By dominant is meant all of those species, which contribute
5%, or more to the total gas enthalpy at a point in the stream.
The presence of the species NO, (CN),, and C, has been
neglected therefore.

The present theoretical model depends upon the validity
of the boundary-layer approximation, which requires that
(@P/dy) = 0. Since the sum of the partial pressures of
the vaporizing species increases exponentially with surface
temperature, there will be some critical surface temperature
at each value of the stagnation pressure where the present
results begin to become invalid because of the presence of a
pressure gradient normal to the surface (Fig. 2).

It is noted that an earlier solution to the problem of the
sublimation of graphite at hypersonic speeds was obtained
by Denison and Dooley,’® who utilized the constant-property
boundary-layer equations for a flat plate and the Emmons
and Leigh® correlation between skin friction and mass
transfer on a flat plate to obtain numerical results. How-
ever, since they restricted their chemical model to include
only six species (i.e., the presence of CO,, Cs, and CN was
neglected) and since a large number of assumptions was
introduced 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 over-all mass loss may be either
an “equilibrium” process or a nonequilibrium process.”
Associated with each vaporizing species is a vaporization
coefficient, which is a measure of the rate of forward vaporiza-
tion of that species.” However, the vaporization co-
efficients alone do not -determine whether the over-all
process will be diffusion-controlled equilibrium vaporization
or a nonequilibrium process, which depends upon the coupling
between the forward rate of vaporization and the aero-
dynamic processes in the boundary layer.

In the present study, we will assume that “equilibrium
vaporization” applies, i.e., the net mass loss, because of
diffusion and convection, is very small as compared to the
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forward rate of vaporization. Thus, the condensation rate
and the vaporization rate are nearly equal, and the sum of
the partial pressures, within a mean frec path from the
surface, is nearly equal to the equilibrium vapor pressure.

If on the other hand, the ambient pressure is very low, and
if the vaporization coefficients are very small,’” then any
finite net mass loss by diffusion and convection in the bound-
ary layer results iIn 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
conveection is now the nonequilibrium partial pressure of the
vaporizing species. One then must determine the partial
pressures of the vaporizing species by utilizing compatibility
constraints caused by gas kinetic microscopic and fluid
mechanic macroscopic considerations.!

II. Conservation Laws

The equations for the conservation of mass, chemical
species, momentum, and energy'® for the axisymmetrie
stagnation-region boundary layer® (Fig. 3) are

(©/0)(pru) + (9/0y)(prv) = 0 1)

The conservation equation for species ¢ becomes (neglecting
thermal diffusion and other higher-order effects)

pM; <u oB: -+ ij) + 0 [Z MM, pD;; bX]] = W

ox v Sy biy 77 e ay
)
The streamwise component of momentum yields
du U oP 0o ou
Pualx-i—pva—y——&—l—a/(ugy) 3

In the high-Reynolds-number regime, for moderately high
mass-transfer rates, we may write that the normal component
of momentum yields

dP/oy =0 @)

In this study, eriteria are developed for determining the
conditions when Eq. (4) no longer applies (Fig. 2). The
energy equation becomes

- oT oT oP du\?  0° oT
(o5 egy) = e (6) 5 (x3) -
MM; X, o
2 PDis a—yj = > Wil ()

i

oT
; Cpiaiy z

I
where the equation of state is P = pRM—'T.

It is convenient to introduce the Mangler-Dorodnitsyn
transformation?! in solving these laminar boundary-layer
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Fig. 4 Viscosity coeflicients.
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Fig. 5 Self-diffusion coefficients, p = 1.0 atm.

equations:
- P v.P
n = (2512 fo r pe dy (6)
¢~ [} panara ™
At the stagnation point, Eqs. (1-5) are reduced to a set of

ordinary nonlinear differential equations. The diffusion
equation for the 7th chemical species becomes

[ Ly MM, B s
PT j#i MZ (due/dx) p

Li'jXJ'ni| — JM:Biy = 3
n

The conservation of momentum becomes

(lfnn)n + .ﬁnn + 6[(172/9) - fﬂZ] =0 ®

The energy equation becomes

C.l - Cpil M.M;
T

;—f [l(f?m)2 + Bf <0 - %)} = (duidx) oT. (10)

III. Transport and Thermodynamic Properties

Appearing in Eqs. (8-10) are the variable coefficients, which
represent the thermodynamic properties and transport
coefficients of the gas mixture. The details concerning the
calculation of the transport and thermodynamic properties
of the pure species and also the bulk properties of a multi-
component, chemically reacting gas mixture are given in
Ref. 19.

The low-temperature properties utilized in this sublimation
study have been given in Ref. 3. The properties of the
additional species included in this study G.e., C, Cs, and CN)
and also the new resulting binary interactions are shown
in Figs. 4-8. The gas constants used for these calculations
are assembled in Table 1.
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Fig. 6 Binary diffusion coeflicients, Lennard-Jones
(6~-12) potential, p = 1.0 atm.
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Fig. 7 Specific heat vs temperature.

Of course, great numerical simplifications result if one
assumes that the Prandtl and Lewis numbers remain constant
throughout the viscous layer. We have made a comparison
of a constant-property solution with a variable-property
solution, as applied to the graphite sublimation problem.
In 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 of the thermodynamic coefficients were
evaluated locally throughout the viscous layer for both cases.
Excellent agreement between the two was obtained.

IV. Chemical Constraints

Since the total number of dominant species present is nine,
there are nine unknown chemical source terms w; and nine
unknown concentrations X; at each point in the gas. At the
surface, there are nine unknown concentrations, which must
satisfy the chemiecal constraints imposed by the hetero-
geneous kinetics of the gas-solid interactions and also must
be compatible with the gas-phase diffusion processes. At the
outer edge of the boundary layer, the gas state is obtained
from the solution of the normal shock equations, followed
by an isentropic compression along the stagnation stream-
line.?

An obvious chemical constraint is the conservation of
individual chemical elements. We therefore find it con-
venient to introduce the following notation for the relation-
ship between the required properties of the elements (O),
Ny, and (C) in terms of the properties of the nine species:

@) = ¢o + vo, + (Mo/Mco)pco + Mo/ Mcar)pco, (11)
oy = ex 4 ox, + (Mx/Mex)oon (12)
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Fig. 8 Enthalpy of pure species for graphite ablation.
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In terms of the preceding notation, we may immediately write

W) = 0 Wy = 0 Wiy = 0 (14)
where 1) is defined by o). The expression for the over-all

conservation of mass is obtained by adding Eqs. (14):
; w; =0 (15)

To complete the analysis of the gas-phase chemistry, it
is noted that, in addition to Eqs. (14), six relationships still
are needed which specify the rates of the chemical reactions.
For the assumption of local thermochemical equilibrium, one
has the necessary information from the first six equations
appearing in Table 2. These equilibrium functions, of
course, include all of the possible equilibrium chemical
reactions between the nine species treated here.

Now let us turn our attention to the chemical interactions
at the gas-solid interface. In order to define the system
completely, three additional relationships are required. One
of these will be an equilibrium function, applicable only at
the surface. Another condition is obtained from Dalton’s
law of partial pressures, and for the final relationship, we
make use of the fact that, physically, the surface is im-
permeable to the mass fluxes of the elements oxygen and
nitrogen. The chemical reaction, and the ecorresponding
equilibrium function, which applies only at the wall is Eq.
(22) in Table 2. Equation (22), when used in combination
with Eqs. (16-21), allows one to determine all of the possible
gas-surface interactions for this system. From Dalton’s law,
we obtain the information that the sum of the mole fractions
equals unity. For the final condition, which results in a
mass flux compatibility constraint, we make use of the
following impermeability conditions:

M)y = 0 hio), = 0 (23)
where @) is defined by ¢q) [see Eqgs. (11-18)]. Using the
fact that
Wiy = CiyMw + Jin (24)
one then obtains
(ja)/Cexw = (j(03/Clo)w (25)

where jG) and C) are defined by @), which is the mass flux
compatibility constraint.

The surface mass transfer is caused by the mass flux of
the element carbon, and introducing Eq. (24),

e = M), = [fio/ (1 — Cie)lw (26)

The multicomponent diffusion flux vector j; utilized in
this study is given as follows:

ji = in@- = pM72Z MM ;D;;vX; 27
i
Note that in the preceding equation the effects of thermal
diffusion, pressure gradients, and body forces are neglected,
and the D.; are the multicomponent diffusion coefficients.

Table 1 Gas constants, Tgre;. = 540°R

(e/k)s, Ahy,°,
Species oi, A M; °K Btu/lb
0 2.96 16 . 6,654
0, 3.54 32 88.0 0
N 2.88 14 14,527
N, 3.749 28 79.8 0
CO 3.59 28 110.0 —1,698
CO, 3.897 44 213.0 —3,848
C 3.42 12 25,755
Cs 3.6 36 150 9,517
CN 3

5 26 115 - 7,689
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Table 2 Equilibrium constants, logK, = a—b/T, °R

Equilibrium
constant,

Eq. no. Reaction P;is in atm a b X 10
16 0, 220 Ky, = Po?/Po, 6.80 4.68
17 N; 2 2N K,y = Px*/Px, 7.00 9.00
18 CO+0= CO. KPCOz = PCOZ/PCOPO —8.00 —5.04
19 C+0=2C0 Kpeo = Poo/PcPo —7.43 —10.29
20 C+ N=2CN Kyox = Pon/PoPx —6.63 —~7.59
21 3C = Cs Ky, = Pos/Pc? —14.77 —12.83
22 Cis) =2C Ky = 8.12 6.60

V. Boundary Conditions

In general, the over-all mathematical order of the high
Reynolds number, thin boundary-layer system is 2n 4+ 3,
where n is the number of chemical species in the gas mixture.
Five boundary conditions are applied to the energy and
momentum equations. At the wall,

0, = Tu,/T, (28)
Fay = ta/tta = 0 (20)
~fo = tholpupaldu/dz) /8112 (30)

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

lime = Lmf, = 1.0
n— ® n—> ® (31)

The differential equations are solved numerically by
iterating on 8, and f,,, until boundary conditions (31) are

satisfied. The remaining 2(n — 1) boundary conditions deal
with the chemical species. For an n component gas mixture,
in which there are k chemical elements, 2(k — 1) chemical
mass balance and mass flux relationships must be satisfied.
This leaves 2(n — k) relationships, which deal with the rates
at which the chemical reactions are progressing.

If the chemical reaction times are much shorter than the
flow rate times, then a state of local thermochemical equi-
librium exists in the gas phase. For this situation, the
chemical equilibrium (K,) functions and their derivatives
satisfy these 2(n — k) relationships. Therefore the equi-
librium assumption reduces the over-all mathematical order
of the system from (2n 4+ 3) to (2t + 3), where five boundary
conditions are applied to the energy and momentum equa-
tions, 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 treat here
(i.e., equilibrium grdaphite sublimation), n = 9, ¥ = 3, and
the six K, functions are given by Egs. (16-21).

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 freestream value:

Ci) =0 (C0y/Cix)), = 0.3068 (32)

Within the viscous layer, the lighter-weight particles tend
to diffuse faster than the heavier ones which results in pref-
erential diffusion; hence, the ratio of the masses of the
elements oxygen to nitrogen does not remain constant
throughout the boundary layer. Therefore, one makes use
of the surface impermeability conditions [i.e., Egs. (23)],
which result in the surface mass flux compatibility constraint
given by Eq. (25). Finally, the rate at which the gaseous
element carbon is produced from the solid phase is given by
Eqg. (22), used in conjunction with the other K, functions.

In the numerical integration of the differential equations
(Ci0)/Cixy), and —f., are specified and are iterated upon

until the boundary conditions (32) are satisfied. To sum-
marize, the five boundary conditions at the wall for the
equilibrium situation are given by Egs. (22, 25, 26, 28, and
29), and the four eigenvalues at the wall (n = 0) are 6, ,
famy —Ffu and (Ci0)/Caw),. The total number of boundary
conditions and eigenvalues at the surface is therefore
2%k 4 3 = 9 which is the true mathematical order of the
system for the ‘“equilibrium” case.

VI. Discussion of Results

The chemical composition at a graphite surface in a hyper-
sonic air stream is shown in Fig. 9 for a range of surface
temperatures at a stagnation pressure of 1 atm. Similar
results are obtained at other pressures. Increasing the
pressure causes a shift in the composition variation seen here
to a high-temperature range, whereas lower pressures result
in a displacement toward lower temperatures.

The concentrations of the chemical species O, N, Oy, and
CO; are found to be less than 10~ over the full range of
surface temperatures at a pressure of 1 atm. It is seen that
nitrogen begins to react with the graphite surface at a surface
temperature of approximately 5000°R, whereas the sublima-
tion process does not become appreciable until temperatures
increase beyond 6000°R. 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. At about 7400°R for this pressure,
the sublimation process begins to induce pressure gradients
in the gas normal to the gas-solid interface (Fig. 2).

Figure 10 shows the variation of the effective mass fractions
of the elements carbon and nitrogen with surface temperature
for several stagnation pressures. As seen in the previous
figure, carbon monoxide is the only carbon-bearing species
present in significant quantity at the surface for the lower
temperatures i.e., 3000 <7, <5000°R. In this temperature
range (i.e., the diffusion-controlled oxidation regime),
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MOLE FRACTIONS

02

Q.1

o L I _
4000 5000 6000 7000 8000
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Fig. 9 Chemical composition at a graphite surface,
p = 1.0 atm.
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Fig. 10 Variation of elemental mass fractions with
surface temperature and pressure.

Ci, = 0.15. At higher surface temperatures, nitrogen
reacts with the carbon surface, producing the c¢yano 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 increases
exponentially with surface temperature. The shift m Cic),
with stagnation pressure has been found to be logarithmic,
and the usefulness of this quantity in 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. More-
over, the driving force for the mass-transfer rate in the
diffusion-controlled oxidation regime as well as in the diffu-
sion-controlled sublimation regime is found to be related
to C¢e),. The quantitative relationship between Cc),, the
surface temperature, and the stagnation pressure has been
found to be given by

Cioyy = 0.15 + 24 X 100P, 709 exp[—11.1 X 10%/T,] (33)

where P, is in atmospheres and T, in °R.

In Fig. 10, one also can determine the conditions, which
delimit the applicability of the present theory, i.e., when
Cio), = 1.0. Beyond this point, a normal pressure gradient
will be induced in the flow.

Figures 11-14 show typical boundary-layer concentration
profiles and variations of the chemical source terms through
the viscous layers for surface temperatures of 6500° and
7500°R. at a stagnation pressure of 5.7 atm. A positive value
of the chemical source term 1; indicates that the chemical
species is being produced, whereas a negative value denotes
that it is being consumed as a result of the chemical reactions.
It is noted that the scaling of the chemical source terms in
the stagnation regime must be as Rz since, in Eqgs. (8) and
(10), the stagnation-point veloeity gradient is assumed to
be Newtonian:

du./dx = Rg7{2(P. — P.)/pJ* (34)
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Fig.11 Concentration profiles (T, = 6500°R), equilibrium
graphite sublimation.
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At a surface temperature of approximately 5000°R, the
mass loss mechanism is still one of diffusion-controlled oxida-
tion, and the heterogeneous chemical reaction for this case
is endothermic:

CO; + C(s) = 2CO AQ = 34 (keal/mole)
(T = 5000°R) (35)

The composition profiles and associated homogeneous com-
bustion reactions for this mechanism are discussed in Ref. 3.

Now, at a surface temperature of approximately 5500°R,
nitrogen begins to undergo heterogeneous reactions directly
with the surface to form CN. Also, for this surface tempera-
ture, multiple flame zones exist in the gas phase. At a
slightly higher surface temperature (7., ~ 6000°R), one
finds that the chemical reaction resulting in the formation
of carbon monoxide has moved away from the surface. Also,
one finds that additional CN is being produced in the first
flame zone nearest the surface. At this surface temperature,
therefore, the formation of CN is caused by both a hetero-
geneous and a homogeneous reaction, and the diffusion flux
of this species is positive (i.e., away from the surface).

In the second flame zone from the surface, the major
chemical reaction results in the formation of carbon monoxide
through an exchange reaction between CN and O, and CO
then diffuses back to the surface. Thus, the net mass flux
of carbon monoxide at the surface is zero (i.e., Mco, = 0),
since its diffusion flux (jco,) is identically equal and opposite
to its convective flux (Coo,m,) [see Eq. (24)].

When the surface temperature increases to approximately
6500°R, the chemical reaction that results in the formation
of CN begins to move away from the surface and into the
gas phase. At this point, 7oy, = 0 since jon, = — (Con)-
(then,), and the mass loss mechanism is therefore entirely
that caused by the vaporization reaction, which produces
C;. One notes that the chemical reaction in the first zone
is endothermic as nitrogen is seen to react with the gaseous
carbon species to form CN. In the second flame zone, the
over-all energy change is exothermic, and one notes that
carbon monoxide and atomic gaseous carbon are being
formed, and they subsequently diffuse back to the surface
(Figs. 11 and 12).

Figures 13 and 14 indicate the heterogeneous and homo-
geneous chemical interactions for a higher surface tempera-
ture (T, = 7500°R) at the same hypersonic conditions as
the two preceding figures. The corresponding normalized
temperature and velocity profiles for these two surface
temperatures are shown in Fig. 15. The temperature varia~
tion for T, = 7500°R clearly shows the effect of the endo-
thermic reaction and associated temperature reduction near
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Fig.12 Chemical source terms (T, = 6500°R), equilibrium
graphite sublimation.
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the surface as well as the temperature overshoot resulting
from the exothermic reactions occurring further out in the
gas phase.

Figure 16 shows the variation of the normalized mass loss
in the sublimation regime as a function of surface temperature
and stagnation pressure. The normalizing factor is the
diffusion-controlled oxidation mass-transfer rate. It 1is
interesting to note that, if the gas model utilized for the
diffusion-controlled oxidation regime in the earlier study had
included the reactive chemical species CN in addition to
CO and CO. as the ablation products, then the diffusion-
controlled mass loss would not have ‘“fallen off” slightly at
the higher temperatures but would have. remained at a
constant level in this regime (see Fig. 18 of Ref. 3). Es-
sentially, the quantity #op(Rs/P)V? is independent of
surface temperature and can be put into the form

p(Re/P)Y? = 6.35 X 1073 Ib/ft%2 sec-atm? (36)

Note that ms/mp in Fig. 16 ranges over five decades of
stagnation pressure, includes surface temperatures up to
9500°R, and has the same variation with stagnation pressure
and surface temperature as does the effective mass fraction
(Fig. 10) of the element carbon at the surface. In fact, the
results of a number of boundary-layer solutions covering a
wide range of stagnation enthalpies, stagnation pressures,
and surface temperatures yielded the relationship

ms/Mp = 6.67C ), 37

When one combines the previous results (i.e., Ref. 3) for the
low-temperature reaction-rate-controlled regime, the transi-
tion regime, and the diffusion-controlled oxidation regime
with the new solutions given here for the sublimation regime,
one obtains the results shown in Fig. 17.

In order to relate the low-temperature oxidation results
to the new work presented here, it might be appropriate at
this point to summarize briefly the oxidation theories peculiar
to the reaction-rate-controlled and transition regimes. (For
the details concerning these regimes, see Refs. 3 and 7-13.)
Examination of the available experimental data indicates
that, in the reaction-rate-controlled regime, the oxidation
process follows a rate law, which may be written in the
Arrhenius form as

e = Koo~ B/BTe(Pg,),» (38)

In this equation, (Po,). is the partial pressure of the
oxygen at the surface, n is the order of the reaction, K, is
the effective collision frequency, and E is the activation
energy for the chemical reaction. The mass loss in this
regime is noted to increase exponentially with surface tem-
perature T,. Depending upon the investigator, type of
graphite studied, and the test conditions, the order of the
reaction » has been reported to vary between zero and unity;
the activation energy E falls within the limits 8 to 60 kecal/
mole; the effective collision frequency can vary over several
orders of magnitude. For our calculations, we have taken
arbitrarily the order of the reaction to be one-half, the activa-
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Fig.13 Concentration profiles (T, = 7500°R), equilibrium
graphite sublimation.
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Fig.14 Chemical source terms (T, = 7500°R), equilibrium
graphite sublimation.

tion energy to be 44 keal/mole, and we have chosen two values
of K, that effectively bracket the existing experimental data
(i.e., we arbitrarily choose the “fast” reaction rate, which is
typical of the performance of ATJ-type graphites, whereas
the pyrolytic-type graphite reaction rates are orders of
magnitude slower, Fig. 17).

The different theories that exist for the variation of the
mass loss through the transition regime are associated to
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Fig.15a Temperature and velocity profiles (T, = 6500°R),
equilibrium graphite sublimation.
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Fig.15b Temperature and velocity profiles (T, = 7500°R),
equilibrium graphite sublimation.
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Fig. 16 Normalized graphite sublimation rate.

some degree with the concept of two resistances in series,
one chemical and the second gas dynamic. The “double-
plateau” theory'?13 appears to be useful when applied
to the situation of fast-reaction kinetics associated
with the ATJ-type graphites. A second theory362* is based
on the fact that the diffusion-controlled mass transfer mp
varies as the square root of the stagnation pressure, and on
the assumption that the reaction-rate-controlled mass loss
1hg is based on one-half-order kinetics. The resulting equa-
tion, which Scala has derived for the variation of mass transfer
through the transition regime, is shown as follows:

. 1 1 —1/2
m = l:mRz + 2-|
or L - [1 + (’—@)2]*”2 (39)
mp me

Mp® ]

The normalized mass-transfer results for ablating graphite
(shown in Fig. 17) now may be represented rather simply
(for the entire range of surface femperatures) in terms of
the effective mass fraction of the element carbon. Re-
membering that in the diffusion-controlled oxidation regime
the plateau is given by Cicy = 0.15, one has, from Eq. (37),

mi/mp = Clc),/0.15 (40)

Therefore, in the low-temperature reaction rate and transition
regimes, C(c),, 1s given by

Cioy, = 0.15[1 + (mp/mg)?] V2 41

and in the sublimation regime by Eq. (33).

Now substitute the value [Eq. (36)] of the diffusion-
controlled mass-transfer rate into Eq. (40) and rearrange
to obtain

Mo Rg 1/2 . 1b - '
Conn <E> = 0.04235 7% soo-atml? (42)

It is interesting to compare the form of Eq. (42) with the
results of an earlier vaporization study.” In Fig. 4 of Ref.
17, the quantity m.R 5%/ Cxk, was represented as a function
of the flight velocity, altitude, and surface temperature.
There, Cg,, was defined to be the mass fraction of vaporizing
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Fig. 17 Normalized hypersonic ablation rate of graphite
over entire range of surface temperature.
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Fig. 18 Typical multicomponent Lewis numbers at
surface of subliming graphite, p, = 5.7 atm.

species injected into the boundary layer. Two correlation
equations for m,.RzV%/Ck, were offered in that work that
represented the data within 15 to 259. TUpon a re-examina-
tion of those earlier results, we now find that Eq. (42), given
previously (with a proper interpretation of Ckg,,), represents
the data of Fig. 4 of Ref. 17 to within 109}. 'This very im-
portant result appears to indicate that the mass-transfer
rates for arbitrary ablation systems for the hypersonic stag-
nation region may be approximated closely in a very simple
manner, i.e., by the solution of a set of algebraic thermo-
chemical equations which yields the quantity

]Z Ciao

The Lewis numbers of the gas mixture are defined!® in
terms of the multicomponent diffusion coefficients D;; which,
unlike the binary diffusion coefficients 0;;, are not symmetric.
Therefore, in addition to being both temperature- and
composition-dependent, the magnitude of the Lewis numbers
depends upon the interactions of given pairs of particles in
a nonsymmetric manner. It is clear that there are generally
n*n values of the Lewis numbers; in this case there are
72, of which ten representative values are shown in Fig. 18.

Up to this point, we have considered only the mass-transfer
phenomena. Now let us turn our attention to the heat
transfer.®2122242  Jn the diffusion-controlled regime, the
oxidation of graphite results in the formation of both COQ
and CO,. The enthalpies of these species are negative with
respect to those of undissociated air. The resulting energy
change because of combustion is therefore exothermic,
giving a positive contribution to the heat transferred to the
surface. However, the thickening of the boundary layer
because of mass transfer tends to reduce the heat transfer.
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Fig. 19 Heat-transfer correlation for graphite sub-
limation.
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Fig. 20 Slope of reduction in heat-transfer rate in sub-
limation regime.

The net effect is to give a resultant energy flux into the solid
that is nearly the same as the hypersonic heating in the
absence of both combustion and mass transfer. s

At higher surface temperature (i.e., the sublimation regime)
the products of ablation include the species C, C;, and CN.
As noted in Fig. 8, the formation of these species necessitates
an endothermic reaction causing a substantial reduction in
the surface heating rate. These observations are indicated
in the heat-transfer correlation shown in Fig. 19. Here,
the heat conducted into the solid ablating graphite
(KOT/0y)sw is normalized by the heat-transfer rate in the
diffusion-controlled oxidation regime €, and plotted as a
function of the effective mass fraction of the element carbon.
The relationship between the diffusion-controlled heat
transfer, the stagnation pressure, the nose radius, and the
enthalpy difference across the boundary layer which was
given in Ref. 3 is shown in the following:

Qo(R s/ P)V?2 = 33.3 + 0.0333 X

[He = hu,,, ] Btu/ft¥/2 sec-atm®*  (43)

From an energy balance at the surface of ablating graphite

including, in addition to the gas-phase conduction, diffusion

and convection, the energy conducted into the surface layer
of the condensed phase KQT/0y)s.w» is defined as

K @—5) <K7 - L als h> = tafe — heew)
(44)

and, as such, does not include the effects of the forward
radiation from the hot-gas cap or the surface reradiation.
However, both of these quantities can be accounted for
rather simply.

Now, when CO is the primary combustion product (as is
the case in the diffusion-controlled oxidation regime), C¢c), =
0.15, and (K0T/dy)sw = Qo. As the surface temperature
rises and sublimation begins, the quantity C{(), increases
exponentially with surface temperature, as seen in Fig. 10.
This is accompanied by the dramatic decrease in the heating
rate shown in Fig. 19. The heat-transfer correlation equation
for graphite ablation may be written as follows:

(KDT/0y)su/ @] = 1.0 — 8(Cicy, — 0.15) (45)

where the slope S decreases with increasing stagnation
enthalpy. The quantity S, shown in Fig. 20, has been curve-
fitted as a fifth-degree polynomial in stagnation enthalpy
shown in the following:

S=a+bH,+cHX+dHS +eH A+ fHF
a = 1.868 X 10! d=1.146 X 107
b —4.418 X 1078 e = —2.057 X 1074
¢ = 3.945 X 1077 f = 8333 X 107®

(46)

A dimensionless quantity of interest in energy transfer
phenomena is the Prandtl number. The Prandtl number
of the gas mixture at the surface, defined!? in terms of the
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Fig. 21 Prandtl number of gas mixture at surface of
subliming graphite.

specific heat, the viscosity, and the thermal conduectivity of
the gas, is shown in Fig. 21. The relationship between Pr,
and C(c), is shown in Fig. 21, for a wide range of hypersonic
conditions.

A correlation parameter for the skin-friction coeflicient
in the presence of subliming graphite has been found which
effectively reduces all of the data for a wide range of stag-
nation pressure, stagnation enthalpy, and surface temperature
to a single curve. This parameter is shown in Fig. 22. This
skin-friction correlation parameter may be expressed in a
number of ways as shown in the following:

Cat s (w2
z <Cf /<pu>e— o <x> )

where € is the normal shock-density ratio.

In order to ascertain the relative importance of the chemical
species present in the model representing the graphite sub-
limation process, additional computations were performed
in which the magnitude of the mole fractions for CN and C;
were reduced arbitrarily from their equilibrium values.
This was done by reducing the equilibrium K, function for
CN [i.e., Eq. (20)] one order of magnitude and by reducing
the K, function for C; [i.e.,, Eq. (21)] three orders of
magnitude (Fig. 23). Note that reducing Xcn one order
of magnitude reduced the mass transfer by 249, but increased
the heat-transfer rate by 1469,. A reduction of Xg, of
three orders of magnitude resulted in a 329, reduction in the
mass loss and an increase of 1209, in the heat transfer.
Interestingly enough, the relationships given by Eqgs. (37)
and (42) were still satisfied for these two “nonequilibrium”
solutions. This would appear to suggest that the quantity
(m/Cc)),, 1s the same for both equilibrium and nonequilibrium
conditions. If this is the case, the nonequilibrium mass
transfer may be estimated quite readily through an evaluation
of the nonequilibrium surface concentrations. A general
discussion of the theory of nonequilibrium vaporization
processes as applied to hypersonic laminar boundary layers
is given in Ref. 17.
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Fig. 22 Skin-friction correlation for graphite sublima-
tion.
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Fig. 23 Comparison of temperature and velocity profiles,
alt = 100,000 ft, V., = 20,000 fps, and T,, = 7500°R.

The effect of a change in the chemical model evidently
produces a stronger net effect on the heat-transfer rate than
on the mass-transfer rate. This oceurs because not only is
Clo), itself affected by the choice of the chemical model but
50 i8S h,, the enthalpy of the gas mixture at the surface that
depends critically upon the gas composition through the heats
of formation of the chemical species present. This, in turn,
alters the driving enthalpy potential H, — k., which produces
a profound change in the heat-transfer rate.

VII. Conclusions

In a theoretical treatment of the vaporization of graphite
in a hypersonic environment, it has been established that
one must begin with a realistic chemical model in which one
includes the contributions of dominant species such as C;
and CN. If either of these species is not included in the
model, the results would be seriously in error.

The mass-transfer rate has been correlated to the effective
mass fraction of the element carbon at the surface. It has
been shown that, over the complete range of surface tempera-
tures, stagnation enthalpies and stagnation pressures of
interest, the mass loss increases linearly with C{»,. In
addition, it has been found that the heat-transfer rate into
the surface also correlates, and at each value of the stagna-
tion enthalpy, the heat-transfer rate decreases linearly with
Ci),. The skinfriction coefficient likewise has been cor-
related and-has shown to vary inversely with C(c),.

Finally, the range of validity of the present results has
been established by determining the combination of surface
temperatures and stagnation pressures for which the pressure
gradient- normal to the surface is significant, and the bound-
ary-layer approximation is invalid.
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