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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,  N ,  CO, CO , C, C    and CN,   The mass trans- 

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 flow 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 diffusion controlled regime (Refs.  1-3) and in 

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 a 

hypersonic lifting re-entry vehicle,  (Refs.  5,6). 
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As discussed in Refs« 2 and 39 chemical reactions between a number 

of chemically reacting gases (i* ea 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 
i 

regimes» including the reaction rate controlled» transition» and diffusion 1 

controlled oxidation regimes (see Figure i). The oxidation rate of car- 

bonaceous materials in each of these regimes is dependent to a different 

extent ^ on the surface temperature» the pressure» enthalpy and chemical i 

reactivity of the gaseous boundary layer» the flow geometry and the chemical      f 
i 

reactivity of the particular type of material considered. * 

o 
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» while the coverage 

of these sites by free stream oxygen depends 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 micro structure 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«9 CO    9 CO •   If the mass loss 

in the reaction rate controlled regime were dependent only on the arrival 

of oxygen or 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 in the 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 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 (T    ^ 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,  (Refs. 3, 12, 13). 

For a range of surface temperatures, approximately between 2500 R and 

o 
5000 R, the rate of the overall mass loss is dominated by the slowest step, 

which is the   counterdiffusion process in the multicomponent boundary layer. 
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In Ref» 39 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 

air(Of 02tNandN2) and the volatile combustion products CO and CO .   The 

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 

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

correlation formulas were given« 

In this present study, we are concerned with even higher surface 

o 
temperatures (T     ^ 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, ue«, 

o o 
5000 R < T    < 10, 000 R, not only do chemical reactions occur between 

w 

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

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, 

C , C , C   and C , all increase exponentially.   Upon examination of the 
&      j      ^ «? 

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, O , N, N , CO, 

4 
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I 

C02,  C, C3 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 exceed 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 

species NO, (CN)   and C. has therefore been neglected,  since it was found 
2 ^ 

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 
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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 !}• 

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 utilised 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 only six species (i.e. the 

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

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. 

Associated with each vaporizing species is a vaporization coefficient 

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

17).   However, the vaporization coefficient alor e does not determine whether 

the overall process will be diffusion controlled equilibrium vaporization, or 
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i   • 

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 convection is very small compared to the forward rate of 

vaporization.     Thus, the condensation 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). 
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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: 

(pv)=0 £♦*■ 

i TT +V-^iV^ 

dv 

^    dt ~      i  ri -*i 

de 

(1) 

(2) 

(3) 

(4) Kdt -*    ^       -•      £     i -»i    -«i 

Upon introducing the boundary layer approximations for a body- 

oriented coordinate system (see Fig» 3), the conservation of mass becomes 

(Ref. 20) 

^T  (pru) +  ^—  (prv) = 0 (5) 

The conservation equation for species i becomes (neglecting thermal diffusion 

and other higher order effects): 

ßMi (u 
dBi   +      dBil       ^ 
ox «y /      oy Lj/ i      -Vi 

= W, 
1 

(6) 

where 

B^Xj/X 

The stream wise component of momentum yields: 
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pu 
Ö 11 ^ u 

+ pv -?— cy ax 
ap 
ax 

au 
ay [ß ay (7) 

In the high Reynolds number regime, for moderately high mass transfer 

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

ap 
ay = 0 (8) 

In this study,criteria aredeveloped for determining the conditions when 

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

The energy equation becomes 

PC 
/   ax     aiA .    apx   Au\2 
I U —— + V r I   = U -r— + li l -r— / y   ax      ay /       ax   ^ \ay/r 

r \    ay/     i    pi    by   j^i      ^ 2      1J  ay       i     ^ 
(9) 

It is convenient to introduce the Mangier-Dorodnitsyn transformation 

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

V = 
e    e    y   r  JL   dy 

/ii" 

•I P    u     u    r   dx 
w    w    e 

(10) 

(11) 

and assuming that local similarity holds, then equations 5 through 9 may 

be reduced to » set of ordinary non-linear differential equations.   Tne dif- 

fusion equation for the i     chemical species becomes: 

Pr   j/i      ^2     lj   " 

where )9 = 2 d In u  /d In ^ . 

i - f >»r.B.   = -4 i  it?      ^du\    0 

\dx 

(12) 



The conservation of momentum becomes: 

<* W*+ fW * i.. (13) 

The energy equation becomes: 

(C   I 

Pr 

C   I 

6-1   +C £6   -   E ■—- 6 
r     %     P   n    j    Pr     n 

u 
t(f     )   + flf 

W        P V 
e 

P du 
e 

dx 

E w.h. 
i     ** 

(14) 

■ 
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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 (L..), the frozen specific 

heat of the gas mixture (C ), and the enthalpies (h.) of the chemical species. 

In order to determine the bulk properties of the gas (i.e. lt  Pr,  L..,  C  , 

K    .      , M   .      •••)» one must first have a knowledge of the specific heat, mix.      'mix. ^ r 

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, —r  

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 

the additional speries included in this new study (i.e. C,  C    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 



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

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 Hconstant" 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 i 

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     j 

otherwise would exist for lower surface temperature applications• 
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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 w. and nine 

unknown concentrations X. at each point within the boundary layer.   At 

the surface, there are nine unknown concentrations which must satisfy th« 

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 chemical 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) 
/"V^ <*** «"w 

ON C 

where 
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X 

O 0        02    ^^     CO     ^WT      C02 
'H 

N w. 
-jj   =  W

N + WN2
+   ^CN      "CN 

•      •       • c     • c 
W      » WÄ     + WÄ     +   -3:   W +    -T-    W 

(16) 

(17) 

*        C       "C3      ^CO      CO      ^ CO 2 

The expression for the overall conservation of mass is obtained by adding 

cqs. 16,  17 and 18« 

E w   « 0 
i 

(19) 

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 

local thermochemical equilibrium, one has the necessary information from 

the six equilibrium functions for the corresponding chemical reactions given 

below,   (see table III): 

02    ^  20 ; 

N     ^   2N ; 

(X0)2P 

K 

O. 

(XN)2P 

(20) 

N 
X (21) 

N, 

CO+O - C02; 

C +0 ^ CO; 

14 

X 
CO, 

K 

K 

co2" xoxcoP 

xco 
CO 

xcxop 

(22) 

(23) 



XCN 
C+N ^ CN; K =    Y   y   p  (24) 

PCN XCXNP 

XC 
3C ^ C    ; K„      =  (25) 

C3      ^c)    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)^C(g);     Kp      =     XCP (26) 
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Equation 26« when used in combination with equations 20 through 25, allows 

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

From Dalton's law we obtain 

E X   * 1 
i 

(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 
N 

w w 

(28) 

where 

m 
N 

w 

mN + m^ + 
^N w 

(29) 

and 
M 

m 
6 

W 

mo + mo2 
+ m 

M, 

-co. CO >z 
m 

CO, 
CO, w 

(30) 

Using the fact that 

m.    « C.    m    + j 
i i w     ^ 
w w 

(31) 

one then obtains 

?K 

VV^^CN 
 w 
c„+c„ + N /N V^^J 

w 

~hi ^o 

        2  

,co-o2^cco^cc02j 

which is the mass flux compatibility constraint« 

16 

w 

(32) 



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

carbon* 

m    = m 
w        - 

w 

mc   +mc^+Hc 

• m • 
mCC) C02    , mCN 

1- —T 

^N ^rn     M, 

which, by use of eq.  31,  becomes, 

jC+ jC. + >f 
J/ 

j 

m    s 

w 

CO j 
CO 2    |   ^CN 

co      co        T:N 
fw 

l^cc + \+K 
CCO   ,     C02    +

CCN 

L^co    Mcoz     'W 

(33) 

(34) 

The multicomponent diffusion flux vector ^. utilized in this study is 

given as follows 

2 

(35) 
n 

j . = 0. V.=   —^  E   ^IV. D.. VX. 

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) 
n 

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

j. = -p«..VC. (37) 

In equations 35 and 3b,  nt   - fl lyif . 



Note that the multicomponent diffusion coefficient (D), (discussed 

in   reference 19)must be used in equation (35), while equations (36) and (37) 

require the simpler binary diffusion coefficient given in  reference 19. 

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 rigorous expression for the 

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

in the present study. 

I* 
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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 conditions are ap- 

plied to the energy and momentum equations.   At the wall,  one usually 

specifies the quantities 9   , f„     and f    as follows: 
w     '/ w 

w 

Ö =T   /T (38) 
w we 

f = u   /u    = 0 (39) 
w    e 

du \-l/2 
e 

K 

•) - m      ^w^w     dx P I (40) 
w w 

and at the outer edge of the boundary layer, the temperature and velocity 

go to their asymptotic limits 

lim 9   =    lim f    = 1.0 (41) 
V 

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   9 and 
n w 

f ,   the determination of which constitutes a solution of the energy 

and momentum equations. 

The remaining 2(n-l) 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 
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mixture.   For an n component gas mixture in which there are k chemical 

elements» 2 (k-1) of these chemical mass balance and mass flux relation- 

ships must be satisfied.    This leaves Z (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 than the flow rate 

times» then a state of local thermochemical equilibrium exists in the gas 

phase.   For this situation» the chemical equilibrium (K ) 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 treat here (i«e,» equilibrium graphite sub- 

lim? tion), n = 9» k = 3 and the six K   functions are given by equations 20 
P 

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        C        C3 
*t 

CCO   +fcN   +    C02 

re 
^CN     'M CO, 

Vco + vX, >i 

zcco71 
+ 

CO ^< 

(42) 

(43) 

JJ  N    N2   ^N pnCNj (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      = 0   and     [-jr^ ]    - 0.3068 (45) 

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 mas es 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) usedinconjunction 

with the other K   functions. 
P 

Again it is convenient to replace the outer edge boundary conditions 

on C       and (C   /C )    by initial values at Ty = 0, and hence we satisfy 
C ON e 

equations 45 by introducing the eigenvalues (Cx/C^)     and -f   . 
© e« O     N w w 

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 (7? - 0) are Ö      , f ,   -f    and (C   /C   )   .    The 
'w w ON 

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 I 

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    )      as determined by the solution of the boundary 
-■w "W    w 
O      N 

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

The concentrations of the chemical species O, N, O   and CO   are found to 

-4 
be less than 10      over the full range of surface temperatures at a pressure 

oi one atmosphere.   It is seen that nitrogen begins to react with the graphite 

surface at a surface temperature of approximately 5000 R, while the sub- 

limation process does not become appreciable until temperatures increase 

beyond 6000 R.    Note that, the sublimation process yields appreciably 

greater amounts of triatcmic 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 < T    < 5000 R,   In this   temperature range (i.e. the diffusion controlled 

oxidation regime) C       = 0. 15.   At higher surface temperatures» nitrogen 
C 

w 
reacts with the carbon surface producing the cyano radical CM,  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 

pressure has been found to be logarithmic. 
w 

The usefulness of the quantity C       in reducing the numerical data 
C 

w. 
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 w w 

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

, -U.I xlO  IT 
C      =0.15 +2.4x 10   P *"'      e w (46) 

C 
w 

where P   is in atmospheres, and T    in   R. 
e w 

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 temperature 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 7500 R at a stagnation pres- 

sure of 5, 7 atmospheres.   In these figures,  T) is the non-dimensional 

distance normal to the gas-solid interface.   A positive value of the chemical 

source term w, indicates that the chemical species is being produced, while 

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 go as R^w. since in equations  (12) and (14) the stagnation 
B   i 

point velocity gradient is assumed to be Newtonian: 

du . / 2(P  -P   ) 
e     -    1 /__JL__!L_ /^7\ 

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 temperature 

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, 
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At a surface temperature of approximately 5000 Rt the mass loss 

mechanism is atill one of diffusion controlled oxidation,   and the heteroge- 

neous chemical reaction for this case is 

CO    + C(s) -   2CO,     AQ   =   34   K cal       (T = 5000oR) (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 5500 R, 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 

1/2N2 + C(s)-   CN.    AQ   =   110  ^L    (T = 5500oR) (49) 

Also, for this surface temperature, one observes multiple flame zones 

in the gas phase resulting from the following homogeneous reactions. 

CN+ 20-* C02 +   1/2   N2 .    AQ   =   .326   K cal 1 
m0le     (T = 5500°-) 

CO + O   -  C02 .    A Q   = -124   Kcal I (50) 
mole 

At a slightly higher surface temperature (T    ^ 6000 R), 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 

3C(s)-C       ,      A Q   =    180    K.,cal       (T = 6000oR) (51) 
* 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 .   A Q   =   3io   Kcal      (T = 60oo0R) (52) 
6 mole 

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 (üe. away from the surface). 

In 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+   1/2 N        AQ   =.2o3     Kcal      (T = 6000oR)       (53) 
6 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 

the surface is zero (i.e. rn = 0),  since its diffusion flux (jrn   ) is 
w w 

essentially equal and opposite to its convective flux (C   n    m   ),    (see eq.  31) . 
w 

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,  m - 0 
w 

since i    T     55- C„„    rn^r    f  and the mass loss mechanism is therefore 
CN CN        CN 

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 gaacous carbon species to form CN,   In the second flame zone, the 

following chemical reactions are occuring simultaneously, 

CN + O - CO + 1/2 N.  .  AQ   =   -205   K cal 
2 mole 

CN + N-N- + C •    AQ   =   -57    K cal    /     #rT, 0        /54\ 2 aw :>/    __  ^     (T = 7500OR) 

C3 - 3C »    A Q   =   332    Kcal 
mole 

CN+O-CO+N ,    AQ   =   -76    ü^i 
mole 

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 (T     = 7500 R) 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 

interactions further into the boundary layer.    For this situation,  CN is 

evolved in a homogeneous reaction and diffuses back to the condensed phase. 

Here, as in the case of the lower surface temperature, the interaction zone 

nearest the surface is endothermic,  while the one farther removed is 

exothermic.   Also,  as before,  CO and C are both produced in the gas phase 

and diffuse back to the surface. 

The corresponding normalized temperature and velocity profiles 

for these two surface temperatures are shown in figure 15.   The temperature 

o 
variation for T    = 7500 R clearly shows the effect of the endothermic reaction w 7 

and associated temperature reduction near the surface as well as the 
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temperature overshoot resulting from the exothermic reaction occuring 

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 is interesting to note that if the gas model utilized for the 

diffusion controlled oxidation regime in the earlier study (i, e. Ref.  3) had 

included the 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 Figure 18 of Ref.  3).    Essentially, the quantity 

1/2 
m   (R   /P )     " (in the diffusion controlled oxidation regime) is independent 

of surface temperature and can be put into the form 

m„(RD
/p )1/2 = 6.35x 10'3 LB./FT.3/2 SEC.-ATM.1/2 (55) 

L/      B     e 

Note that m /m    in figure 16 ranges over six decades of stagnation 

pressure,  includes surface temperatures up to 10,000 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 tem- 

peratures yielded the relationship 

m  /rri    ^    6.67   C (56) 
S      D g 

w 
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The limit of conventional boundary layer theory for subliming graphite is 

given when m /^n s 6.67.   At this point, the pressure of the vaporizing 

species is equal to the total stagnation gas pressure»  since here C       is 
C w 

equal to unity. 

With these new results for the graphite mass loss in the sublimation 

regime, one is now in a position to predict the ablation rate of graphite for 

all surface temperatures of interest.   For example, when one combines the 

previous results (i.e. Ref. 3) for the low temperature reaction rate controlled 

regime,  the transition regime,  and the diffusion controlled oxidation regime 

with the new solutions given here for the sublimation regime,  one obtains the 

results shown in figure 17.    For convenience, the graphite mass transfer 

rate has again, been normalized with respect to the level of the diffusion 

controlled oxidation mass loss. 

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 references 

3 and 7to 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 shown below, 

-E/RT 

'V Ko * W <P02C <57) 

In this equation,  P0       is the partial pressure of the oxygen at the 
2 

w 
surface,  n is the order   of the reaction,  K   is the effective collision frequency, 
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and E is the activation energy for the chemical reaction«    The mass loss 

in this regime is noted to increase exponentially with surface temperature 

T   •    Depending upon the investigator, type of graphite studied»  and the 

test conditions, the order of the reaction n has been reported to vary between 

zero and unity; the activation energy E falls within the limits 8 to 60 Kcal/ 

mole; and the effective collision frequency can vary over several orders of 

magnitude.    For our calculations, we have arbitrarily taken the order of 

the reaction to be one-half,  the activation energy to be 44 Kcal/mole,  and 

have chosen two values of K   that effectively bracket the existing experi- 

mental data (i.e. we arbitrarily choose the •'fast" reaction rate and a "slow" 

reaction rate shown in figure 17).   It is noted in passing, that "fast11 reaction 

rates are typical of the performance of AT J type graphites,  while the pyrolytic 

type graphite reaction rates are orders of magnitude slower. 

The different theories which exist for the variation of the mass loss 

through the transition regime are associated to some degree with the concept 

of two resistances in series, one chemical and the second gas dynamic. 

The "double plateau" theory (Ref.  12 and 13) appears to be useful when 

applied to the situation of fast reaction kinetics associated with the ATJ 

type graphites.   A second theory (Ref, 3,  6»24) superior to the former 

when considering the slower reaction kinetics of pyrolytic type graphites, 

is based (in a straight forward manner) on the fact that the diffusion controlled 

mass transfer,  m   ,  varies as the square root of the stagnation pressure, 

and on the assumption that the reaction rate controlled mass loss,  m   , 
R 

is based on one-half order kinetics*    The resulting equation which Scala 
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has derived for the variation of the mass transfer through the transition 

regime is shown below. 

m   = 
1 

m_ 
1 

% 

-1/2 

or 
m 

A» 

■ m. 21 

1 + 
m 

R 

- 1/2 
(58) 

The normalized mass transfer results for ablating graphite shown 

in figure 17 may now be represented rather simply (for the entire range 

of surface temperatures) in terms of the effective mass fraction of the 

element carbon«   Remembering that in the diffusion controlled oxidation 

regime the plateau is given by C^    = 0. 15,  one has from equation (56) 
w 

m/m* C     /0.15 
c 

(59) 

Therefore» in the low temperature reaction rate and transition regimes 

-1/2 C       is given by 

w 
C       =0.15 

C 
(60) 

and in the sublimation regime 

C 
-C/T 

= 0.15 + A • P    -e W (61) 

w 

where the constants A, B, and C have been given previously in equation 46. 

Now substitute the value (eq. (55)) of the diffusion  controlled mass 

transfer rate into equation 59 and rearrange to obtain 

1/2 
m 

w 
R 

B 
C 

m 

c 
= 0.04235, LB.  

TJz TTz" 
FT.       SEC. ATM 

(62) 

w 
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It is interesting to compare the form of equation(62) with the results 

of an earlier vaporization study,    (Ref.  17). In figure 4 of reference 17 the 

quantity m  - /Rn/C.,    was represented as a function of the flight velocity, tity ,Äw^V'CKw 

altitude, and surface temperature.    Here,  C       was defined to be the mass 
w 

fraction of vaporizing species injected into the boundary layer.    Two cor- 

relation equations for m    v R   /C ,    were offered in this work which repre- n w       B     K w 
sented the data within 15 to 25 percent.    Upon a re-examination of these 

earlier results we now find that equation (62) given above (with a proper 

interpretation of C      ) represents the data of figure 4, Ref.  17 to within 
w 

10 percent.   This very important result appears to indicate that the mass 

transfer rates for arbitrary ablation systems for the hypersonic stagnation 

region may be closely approximated in a very simple manner (i.e. by the 

solution of a set of algebraic thermochemical   equations which yields the 

quantity C      ). 
K w 

A set of transport coefficients of interest, and indeed necessary,  in 

determining the relative fluxes of chemical species within the viscous layers 

and at the surface are the multicomponent Lewis numbers.    The Lewis 

numbers of the gas mixture are defined (Reference   19 ) in terms of the 

multicomponent diffusion coefficients,  D.., which unlike the binary diffusion 

coefficients,  Ä   ,  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 non-symmetric 

2 
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 

Figure 18, 33 



Up to this point, we have considered only the mass transfer phenomena. 

Now let us turn our attention to the heat transfer.   As an aid to the discussion 

of the relevant energy changes (and since it has been shown (Reft.  3t 21, 22, 24, 

25) that the driving force for the heat transfer is related to the enthalpy 

difference across the boundary layer), it will be instructive to examine the 

enthalpies of the individual species produced at the ablating graphite surface, 

(sec Fig. 8). 

In the diffusion controlled regime, the oxidation of graphite results 

in the formation of both CO and CO .   The enthalpies of these species are 

negative with respect to those of undissociated air.   The resulting energy 

change due to combustion is therefore exothermic, giving a positive contri- 

bution to the heat transferred to the surface.   However, the thickening of 

the boundary layer due to the mass addition process tends to reduce the heat 

transfer.   The net effect is to give a resultant energy flux into the solid 

which is nearly the same as the hypersonic aerodynamic heating in the 

absence of both combustion and mass transfer. 

At higher surface temperatures (i. e. the sublimation regime) the 

products of ablation include the species C, C   and CN.   As noted in Figure 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 Figure 19.   Here, the heat conducted into the solid ablating graphite 

normalized by the heat transfer rate in the diffusion controlled 
x 's, w 
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Oxidation regime, Q , and plotted as a function of the effective mass 

fraction of the element carbon C       •   The relationship between the dif- 
C w 

fusion 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 below, 

1/2 I I 3/2 1/2 
Q   (R^/P )= 33.3 + 0.0333   H -h ,  BTU/FT       SEC.-ATM 

o     B     e |ew. 
L airJ 

(63) 

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 f K 1 is 
I  ay/8,w 

defined as 

(K^).,;(K^-?W'L-A»(h»-h^    m 

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       = 0.15 and 
C

w ' 's.w 
As the surface temperature rises, and sublimation begins, the quantity C 

w 
increases exponentially with surface temperature as seen in Figure 10. 

This is accompanied by the dramatic decrease in the heating rate shown on 

Figure 19#    Since this decrease is linear with C^     , the heat transfer cor- 
C w 

relation equation for graphite ablation may be written as follows 
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fcii w     =   1.0   -   S(C^    -   0.15) (65) 

where the slope  S   decreases with increasing stagnation enthalpy.    The 

quantity  S ,  shown in figure 20, has been curve fitted as a fifth degree 

polynomial in stagnation enthalpy shown below. 

S*a^bH   +cH2 + dH3 + eHi + fH5 

e e e e e 

a « 1.868 x iü4 d = 1.146 x lo""12 

b = - 4.418 x iO '3 e = - 2.C57 x 10'15 

c = 3.945 xlO'7 f = 8.3?>3x 10"20 (60) 

A dimensionless quantity of interest in energy transfer phenomena 

is the Prandtl number.   The Prandtl number of the gas mixture at the 

surface» defined ( Reference 19 ) in terms of the specific heat, the viscosity 

and the thermal conductivity of the gas, is shown in figure 21.   The relation- 

ship between Pr    and C      is seen to be a single curve.   However,  since C 
C C w w 

is a function of both surface temperature and stagnation pressure (i.e. 

surface composition)t the relationship shown in figure 21 represents the 

magnitude of the Prandtl number of the gas at the surface of the subliming 

graphite over a wide range of hypersonic conditions. 

A correlation parameter for the skin friction coefficient in the presence 

of subliming graphite has been found which effectively reduces all the data 

for a wide range of stagnation pressure,  stagnation enthalpy, and surface 

temperature to a single curve.   This parameter,  shown in figure      ,  was 

obtained by combining the Stanton number, the skin friction coefficient, 

and non-dimensional mass transfer parameter and plotting the resulting i 
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non-dimensional group as a function of the effective masb fraction of the 

element carbon at the vaporizing surface. This skin friction correlation 

parameter may be expressed in a number of ways as shown below. 

r                         •* 

e e CHB 
= 

Q 
w • • 

C£ 0 u (H -h   ) 
e e    e    w . 

ZT 
W          -i 

m   u          /  • \ 
w e _    1 Tn \ /(pu)e = 

2 r    "     c. 

m   (H  -h   ) 
w    e    w 

Q w 

w 

(■ 

m 
w 

w 

(*). ■ m / 
w ' 

R
BVVF 

P v 
(67) 

where C is the normal shock density ratio. 

In order to ascertain the relative importance of the chemical species 

present in the model representing the graphite sublimation process,  additional 

computations were performed in which the magnitude of the mole fractions 

for CN and C    were arbitrarily reduced from their equilibrium values« 

This was done by reducing the equilibrium K   function for CN (!• e, equation 
P 

24) one order of magnitude and by reducing the K   function for C«(i. e. 

equation 25) three orders of magnitude.   The resulting non-dimensional 

velocity and temperature profiles for these two solutions are compared 

with the corresponding equilibrium solution in figure 23.    The resulting 

changes in the heat and mass transfer for these two solutions are also 

not ;d in the figure.    Note that reducing X one order of magnitude reduced 
v-/ IN 
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the mass transfer by 24 percent but increased the heat transfer rate by 

146 percent*   A reduction in X      of three orders of magnitude» resulted 

in a 32 percent reduction in the mass loss and an increase of 120 percent 

in the heat transfer»   Interestingly enough, the relationships given by 

equations 56 and 62 were still satisfied for these two Mnon-equilibrium 
m     \ / m 

w 
solutions.   This would appear to suggest that 

w/EQUILIB. \     w/ NON- 
EQUILIB. 

If this is the case, the non-equilibrium mass transfer may be estimated 

quite readily through an evaluation of the non-equilibrium surface concen- 

trations«   A general discussion of the theory of non-equilibrium vaporization 

processes as applied to hypersonic laminar boundary layers is given in 

reference 17» 

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 occurs because not only is Cr    itself affected by the choice of the 
w 

chemical model but so is h   , the enthalpy of the gas mixture at the surface, 

which depends critically on the gas composition through the heats of formation 

of the chemical species present.   This in turn alters the driving enthalpy 

potential,  H -h   , which produces a profound change in the heat transfer 

rate. 
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8.   CONCLUSIONS 

In a theoretical treatment of the vaporization of graphite in a hyper- 

sonic 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 uniquely correlated to C-   « the 
w 

effective mass fraction of the element carbon at the surface«   It has been 

shown that over the complete range of surface temperatures,  stagnation 

enthalpies and stagnation pressures of interest, the mass loss increases 

linearly with C~   •   In addition,  it has been found that the heat transfer 
w 

rate into the surface also correlates with C^   •   In fact,  at each value of 
w 

the stagnation enthalpy, the heat transfer rate decreases linearly with Cc*   • 
w 

The skin friction coefficient has likewise been correlated,  and 

has been shown to vary inversely with   Cp:   • 
w 

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 boundary layer approximation is invalid. 
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TABLE I.    GAS CONSTANTS 

SPECIES 

02 

N 

N2 

CO 

CO. 

c 

C3 

CN 

C*  A 
1 

2.96 

3.54 

2.88 

3.749 

3.59 

3.897 

3.42 

3.6 

3.5 

i 

16 

32 

28 

44 

36 

(^/k)..    K 

88.0 

Tref.  = 540oR 

Alu, BTU/LB 
i 

6654 

0 

- — — - 14,527 

79.8 0 

110.0 -1698 

213.0 -3848 

  25,755 

150 9517 

115 7689 
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TABLE II 

COMPARISON OF "CONSTANT " PROPERTY AND VARIABLE PROPERTY 
SOLUTIONS FOR GRAPHITE SUBLIMATION 

ALT.  = 100, 000 FT., V    = 20, 000 FT. / SEC. f 

R0   = 1.0 FT. 

T     = 6500OR, 
w 

QUANTITY "CONSTANT" PROPERTY VARIABLE PROPERTY 

m w 

-f 
w 

B 
'w 

(C   /C   ) 
O     N  W 

Q   ,  BTU/Ft,   SEC 
w 

m   ,  LB/FT SEC 
w 

C u     FT./SEC. 
f   e 

^Ci 

m   (H -h   )/Q 
w    e    w      w 

Pr 
w 

0.5835 

0.09954 

0.5733 

0.2842 

418.8 

0.01775 

16.02 

0.3531 

0.2416 

0.6889 

0.5825 

0.1022 

0.5618 

0.2819 

396.3 

0.01822 

15.99 

0.3390 

0.2619 

0.6890 
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TABLE HI 

-O 
EQUILIBRIUM CONSTANTS, log1A K   = a - b/T ( R) 

10     p 

Reaction 

0^20 

N   1* 2N 

CO + O ^ CO. 

C + O 0 CO 

C + N ^ CN 

3C ^ C, 

C(S) ä c 

Equilibrium Constant 
P  is in atm« 

PN N       N2 

K        *   P^^ /P^^P^ 
PC02      C02     CO  0 

K        = P^JP^ P^ 
PCO      CO    C   O 

K        =   Pp^/PrPM PCN        CN     C   N 

Kn      =   PC /Pc' 

K        =   Pr PC       c 

6.80 

7,00 

-8.00 

-7,43 

-6,63 

-14.77 

8.12 

bx 10 
-4 

4.68 

9.00 

-5.04 

-10.29 

-7.59 

-12.83 

6.69 
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