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Viscous Shock-Layer Simulation of Airflow past Ablating
Blunt Body with Carbon Surface

Sergey V. Zhluktov* and Takashi Abet
Institute of Space and Astronautical Science, Sagamihara City, Kanagawa 229, Japan

A kinetic model for air-carbon surface interaction is suggested. The model is based on the langmuir
approach to the kinetics of catalytic reactions. It yields a reasonable agreement with published experi-
mental data on graphite oxidation. A viscous shock-layer code has been developed to simulate hypersonic
flows of the 19-species mixture containing air and carbon products. Numerical analysis of ablation and
strong ionization processes is carried out with different ablation and ionization models. Calculations show
that 1) the maximal drop of the heat flux because of ablation, compared with that obtained for the fully
catalytic (chemical-equilibrium) wall in the 11-species air, is within 26% under the conditions discussed;
2) mass loss rate strongly depends on the adsorption type (mobile/immobile); 3) ionization model may
have a substantial influence on the shock thickness in the case of re-entry with a hyperbolic velocity; and
4) the effect of the wall catalycity with respect to charged particles on the heating rate is small.

Nomenclature
B = number of active cites per square meter
Cf = mass fraction of species /
(C — /) = adatom /, O or N
Cpi = specific heat of species /
Dik = binary diffusion coefficients
H = full enthalpy
h = Planck's constant
hi — specific enthalpy of species /
Ji = diffusion flux of species /
Jq = heat flux
Ki = equilibrium constant for reaction /
k = Boltzmann's constant
kfi = rate constant of the forward heterogeneous

reaction /
kri = rate constant of the backward heterogeneous

reaction /
m = mass loss rate
ra, = mass or molar mass of species /
riii = mass production rate of species /
Wi-ra10 = third particles in different reactions

of dissociation
P = pressure
qr = radiation flux
RA = universal gas constant
Rn = nose radius
Ti = rate of heterogeneous reaction /
T = temperature
Tai = characteristic activation temperature for

reaction /
TDi = characteristic temperature of dissociation of

molecular species i
Tdi = characteristic temperature of atomic desorption,

i = O or N
Voo = freestream velocity
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Xf = molar fraction of species /
e = blackness of the body surface
e, = factor in the /th forward or backward

heterogeneous rate constant
@° = free surface concentration
©, = surface concentration of atomic species /,

/ = O or N
A = heat conductivity
IJL = viscosity
p = density
o" = Stefan-Boltzmann's constant

Subscripts
= normal projection of vector
= body surface

Superscripts
gas = gas phase
int = internal degrees of freedom
sol = solid body
tr = translational degrees of freedom

Introduction

T HE MUSES-C program is a sample return mission from
an asteroid.1 In the program, a return capsule directly re-

enters the Earth's atmosphere at superorbital speed. On the
carbonaceous surface of the ablation-type heat shield of the
capsule, a variety of chemical processes proceed. Understand-
ing their details is important for the correct prediction of heat
fluxes and mass loss rates.

A vast literature exists on the carbon surface chemistry. The
first experiments were carried out more than one hundred years
ago. The first theoretical findings belong to Langmuir. Unfor-
tunately, no universal kinetic model of the carbon surface ox-
idation was created for this period. The existing models are
too crude and too empirical.2'3 Moreover, there is no common
opinion among investigators about what are the main processes
on the carbon surface. In Ref. 4, controlling mechanisms are
discussed. Often, two different kinds of active sites are
assumed.5'7 In Ref. 7 it is pointed out that the second-type
(not pure-graphite) sites are on a hydrocarbon material that is
left in the production process. In the present study, we consider
graphite-type surfaces with only pure-graphite active sites; oth-
erwise it would be necessary to introduce hydrogen-containing
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species into the gas-phase kinetic model of the shock layer.
Another problem is the porosity of real graphites and, partic-
ularly, charcoals and porous diffusion effects. According to
Ref. 8, the effects may change the observed order of the sur-
face reaction. In the present study the effects are also ne-
glected.

Different kinetic schemes are suggested by different authors.
Sometimes, one can see a contradiction between researchers.
For example, Ref. 9 contradicts Refs. 10 and 11 about what is
the main mechanism of CO2 formation. In the present study,
the viewpoint of Ref. 9 has been accepted. Note that a rea-
sonable way to bypass the discussion about governing pro-
cesses and intermediate steps is to postulate full equilibrium
on the carbon surface (see, e.g., Ref. 12), i.e., to assume that
the regime is always diffusion controlled. In doing so, chem-
ical composition at the wall is calculated as an equilibrium one
at a given pressure and temperature, and the mass conservation
equations are integrated with the first-kind boundary condi-
tions on the body surface. In the case of a chemically inert
surface, this corresponds to an assumption of the full cataly-
city.

The approach used in the present work is similar in a sense
to approaches implemented to the heterogeneous recombina-
tion of partly dissociated air on an SiO2 surface,13'14 which in
turn, developed the original ideas of Langmuir (see, e.g., Ref.
15). On some points our approach is close to that of Ref. 11.
Meanwhile, it is more crude than Ong's approach,11 in accor-
dance with initial motivation to create a robust and more or
less universal model.

A viscous shock-layer (VSL) code has been developed for
the simulation of chemical and thermal nonequilibrium air-
flows past smooth blunted axisymmetric bodies.16'18 The al-
gorithm is used in the present study to investigate effects of
blowout and strong ionization on the flowfield around the
MUSES-C re-entry capsule. The capsule is a 45-deg, spheri-
cally blunted cone with a nose radius of 0.2 m and a base
diameter of 0.4 m. The following freestream conditions are
considered: V* = 11,500 m/s, px = 1.6310~4 kg/m3, and T* =
233.3 K. According to the preliminary analysis,19 this point of
the trajectory corresponds to maximal heat loads on the cap-
sule.

Kinetic Model for Heterogeneous Processes
The following kinetic model is suggested:

2. O2 + 2(C) <=> 2(C - O)

3. 02 + (C) <=> (C - O) + O

4. O2 •+ (C) <^> (C - O) + CO

5. (C - O) <^>CO + (C)

6. O + (C - O) <* C02 + (C)

7. 2(C - O) <=> C02 + 2(C)

8. (C) ^> C + (C)
9. 2(C)p<^C2 + 2(C)

10. 3(C)^C3 + 3(C)

11. N + (C) <=>(C - N)

12. (C - N) + N *>N2 + (C)

as being important. Corresponding reaction rates are as fol-
lows:

(1)

r, =

r2 = kr2[K2PX02(®°)2 - (60)2]

r3 = JWPXo,©0 ~ PX0®0/K3)

r4 = kf4(PXc02®° - PXCO®0/K4)

r5 = */5(®o - PXco®°/K5)

r6 = kf6(PX0S0 - PXC02®°/K6)

r, = M(®o)2 - PXco2(0°)2/J:7]

r8 = kr&®°(Ks - PXC)

r9 = k^&)\K9 - PXC2)

r,0 = *rio(0°)3(#io - PXC3)

rn =

(2)

« _ /, (JS PY G\ — PY (^°\
'12 — t/-12\-*M2-* •'^•N^-'N * ^N2^ /

It is assumed that two possibilities exist for Kl and Kn. The
first is a mobile adsorption. In this case

atm (3)

The second is immobile adsorption. In that case

J_
K, \

atm (4)

where / = 1 or 11, ra, = m0 or WN; P0 = 1.01325 X 105 Pa;
and B = 3.5 X 1019 m~2.8 It is assumed here that the partition
function corresponding to the normal (to the surface) vibra-
tions of adatom is unity.

The important point is that equilibrium constants KI ~ K12
are not independent. On the contrary, they are related via gas-
phase equilibrium constants of corresponding dissociation pro-

K3 =

K4 =

K5 =

K, = K^KcoKcoJ (5)

K-, = Ks/[(Ki)~KcoKc02]

K9 =(KK)2/KC2

Klo = (Krf/(Kc^KC:)

Chemisorption of molecular species is not taken into ac-
count. The model contains the reactions mentioned in literature

Knowing equilibrium constants and specifying rate con-
stants either for the forward or backward reactions, we shall
get a complete set of heterogeneous kinetic data. Recom-
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mended expressions for the necessary forward/backward re-
action rate constants are as follows:

kf\ = CI/Q

kr2 = s2

K4 —

kf5 = s5B(kTlh)e~T°5'T

(6)

where

L. -Krl2 —

fi = PoA (7)

The recommended values of the parameters are G! = 1, e2 = 8
X 10~4, e3 = 1, e4 = 0.9, 85 = 0.1, s6 = 0.8, e7 = 1, c8 = 0.24,
e9 = 0.5, e10 = 0.023, en = 1, e12 = 1; and Tdl = 45,000, Tdn
= 36,600,

(8)

— Td

Ta5 = 40,000, 34,000, or 27,000; Ta6 = 2000 or 1000; and Tal
= 40,000, 34,000, or 13,700. Coefficients e8 ~ e10 have been
taken from Ref. 20. There are few expressions for Ks in lit-
erature.12'20'21 Values of Baker21 and Scala and Gilbert12 are
very close to each other, whereas Blottner's20 AT8 may be 2.5
times higher. To estimate the maximal effect of ablation, Blott-
ner's expression for K& is used in the present study; K9 and
KIQ are obtained from Eqs. (5).

Now let us write the rates of species production on the sur-
face:

m0/m0 = TI + r3 - r6

co/mco = r4 + r5

= -r4 + r6 + r-,

mc/mc = r8

C2lmC2 = r9

(9)

mNO/mNO = 0

= 0

= -rn - r12

= -r2 - r3

For a stationary regime we have

m(C-0)/m0 = r, + 2r2 + r3 + r4 — r5

m(G_N)/mN = rn - r12

Using these expressions, we get

m = 2j rhi = mc(r5 + r6 + r7 +

— r6 — 2r7 = 0

= 0
(10)

2r9 -f 3r10) (11)

The solution of Eqs. (10) together with the apparent following
relationship:

®o + ®N + ®° = 1 (12)

yields ©0, ®N, and 0° values. Substituting these values into r,
and specifying fractions of the gas species, pressure, and tem-
perature, we obtain the necessary mass production rates as well
as the mass loss rate.

Discussion of the Model
Numerous experimental data on carbon oxidation are pub-

lished, as well as kinetic models and expressions describing
these data. Differences in the corresponding mass loss rates
may be more than one order. The reason for the discrepancy
is the difference in the carbons/graphites tested. Initial calcul-
tions with the model discussed showed that when we fit the
model to one set of experimental data we obtain disagreements
with other experiments. This is why it was decided to do a
rough fitting to the available experimental data with the rec-
ommendation of a reasonable range of the model parameters.

Calculations showed that it is possible to recommend fixed
values of e,. Note that, in general, e, are at most power func-
tions of temperature and contain information about activation
complexes, sticking coefficients, and steric factors. The rec-
ommended values of Tdi and Tai have been chosen after great
a deal of calculations with different input parameters. It was
found that the best qualitative (nonmonotone behavior of the
plots) and quantitative agreement with experiments is achieved
when kTdl is close to the energy of a single C-O bond.

It is necessary to note that there are not many data on
carbon-nitrogen interactions. According to Ref. 22, the pri-
mary product of the interaction is C2N2, and its amount is
negligible. Therefore, corresponding reactions are not taken
into account. As far as we know, there is no published infor-
mation on the adsorption-desorption, Eley-Rideal, and
Langmuir-Hinshelwood reactions for nitrogen interacting
with a carbonaceous surface. Therefore, it was assumed that
only adsorption-desorption of atomic nitrogen and Eley-Ri-
deal reactions occur, and the value of kTdn should be around
the energy of the single C-N bond.

Actually, few possibilities exist for Tah i = 5, 6, and 7. In
Figs. 1-3 one can see calculations with TaS = Tal = 40,000 K
and Ta6 = 2000 K (black squares); with TaS = Tal = 34,000 K
and Ta6 = 1000 K (clear squares); and calculations with Ta5 =
27,000 K and Tal = 13,700 K (crosses). The first two cases
correspond to mobile adsorption, with the third case corre-
sponding to immobile adsorption. In the third case we get a
good agreement with the data of Ref. 23 for high pressures
(black line in Fig. 1). In the first case we have good agreement
with Rosner and Allendorf s data24 for pyrolytic graphite at
low pressures (solid lines in Fig. 2 for pure O2 and O, respec-
tively). In the second case we shift toward their data for iso-
tropic graphite (dashed lines in Fig. 2). Note that the values
of Ta5 = 27,000 K and Tal = 13,700 K, and the assumption of
immobile adsorption are close to the recommendations of Ref.
11 for high-pressure processes. Note also that the value of Ta5
= 40,000 K corresponds to the energy of the single C-C bond.
This coincides with the recommendation of Blyholder and Eyr-
ing8 for reaction 5 on the basal plane of pyrolytic graphite at
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Fig. 1 Effect of activation energies and adsorption type on the
mass loss rate (high pressures).
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Fig. 2 Effect of activation energies on the oxidation probability
(low pressures).
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Fig. 3 Effect of activation energies and adsorption type on the
mass loss rate (low pressures).

low pressures. In Fig. 3, the calculations are plotted together
with the experimental data of different authors (solid, dashed,
and dash—dotted lines taken from Ref. 4). The reaction prod-
ucts were removed in the experiments discussed; therefore, we
assume in our calculations that the corresponding gas is pure,
i.e., contains no admixtures.

It seems that kinetics of the heterogeneous processes at high
pressures differ from those at low pressures. Of course, the
model discussed cannot switch automatically from one kinetic
to another. Actual kinetics include the adsorption-desorption

of molecules, the migration of the adsorbed particles to edge
carbon atoms or to impurities, and different activation mech-
anisms at single- and double-bonded edge carbon atoms and
different impurities. Therefore, the suggested model should be
considered as an alternative one: it is finer than most models
given in literature because it contains more reactions. At the
same time it remains rather rough because it does not take into
account many intermediate processes.

Governing Equations and Boundary Conditions
Viscous shock layer (VSL) equations result from Navier-

Stokes equations by neglecting terms less than 0(Re~1/2) in the
scale of the boundary-layer thickness. The VSL model allows
for upstream propagation of sonic disturbances in subsonic
regions and enables one to calculate the shock shape. The
model was discussed in detail in Refs. 17 and 18.

A one-temperature model is implemented in the work. Our
kinetic system of gas-phase processes includes 40 reactions.
The reactions and corresponding references to the reaction
rates are listed next:

1. O2 + ml <=>2O + ml9 Ref. 20

2. N2 + m2 <=> 2N + ra2, Ref. 20

N2 + N <=> 3N, Ref. 20

3. NO + m3 <^> N + O + m3, Ref. 20

4. O + N2 o N + NO, Ref. 20

5. O + NO o N + O2, Ref. 20

6. O + N <* NO+ + £, Ref. 20

7. 2O <^ O2
+ + E, Ref. 25

8. 2N <^> N2
+ + E, Ref. 25

9. O + OJ ** 02 + 0+, Ref. 25

10. N2 + N+ <=>N + N2
+, Ref. 25

11. O + NO+ <^>NO 4- O+, Ref. 25

12. N2 + O+ <=> O + N2
+, Ref. 25

13. 02 + N0+ <->NO + 02
+, Ref. 25

14. N + N0+ ^> NO + NT, Ref. 25

15. O 4- NO+ <^>O2 + N+, Ref. 25

16. CO2 + m5 <=>CO + O + ra5, Ref. 20

17. CO + m6 oC + O + ra6, Ref. 20

18. C2 + m1 <=> 2C + m7, Ref. 20

19. C3 + m8 <=> C + C2 + m8, Ref. 20

20. CN + m9 & C + N + m9, Ref. 20

21. N2 + C <^>CN + N, Ref. 20

22. CO + N ̂  CN + O, Ref. 20

23. C02 + N <^CN + 02, Ref. 20

24. N2 + CO ^> CN + NO, Ref. 20

25. CO + NO o CO2 + N, Ref. 20

26. C02 + O <=> CO + 02, Ref. 20

27. 2CO <^> C02 + C, Ref. 20

28. CO + O o O2 + C, Ref. 20

29. CO + N <=> C + NO, Ref. 20
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30. CN + O <^> C + NO, Ref. 20

31. CO + C <^> C2 + O, Ref. 20

32. C2 + CO <=> C3 + O, Ref. 20

33. C3 + C *=> 2C2, Ref. 20

34. 02 + C+ <^> 02
+ + C, Ref. 26

35. Co + C+ <^CO + C, Ref. 26

36. NO + C+ <* NCT + C, Ref. 26

37. C + O <^ CO+ + E~9 Ref. 26

38. O + E~ <=> O+ + 2E~, Ref. 25

39. N + £-<=> N+ + 2£~, Ref. 25

40. C + E~ <=> C+ + 2£T, Ref. 26 (13)

The reactions that were excluded from the systems of
Blottner20 (2CO <=> C2 + O2) and Kang25 (O2 + N2 <*> NO +
NO+ + E~\ NO + mlo <=> NO+ + E~ + mlo) are relatively
slow. An important subject should be discussed here. As we
see, equilibrium constants for sublimation processes depend on
each other and on gas-phase equilibrium constants. Unfortu-
nately, in literature we find different data on heterogeneous
and homogeneous equilibrium constants that do not satisfy
Eqs. (5). Moreover, published gas-phase reactions themselves
are often incompatible in terms of equilibrium constants, and
may lead to difficulties in calculating near-equilibrium flows.
The incompatibility between homogeneous and heterogeneous
equilibrium constants may lead to incorrect predictions of heat-
ing and mass-loss rates. After analysis of different reaction rate
systems, we assume that the rate constant of the backward-
reaction C3 + ra8 <=> C2 + C + ra8, recommended by Blottner,
is wrong. We corrected it using Scala and Gilbert's12 expres-
sion for an equilibrium constant of the process C3 <^ 3C. In
doing so, we eliminated the most prominent incompatibility in
the implemented reaction system, whereas minor disagree-
ments between equilibrium constants still exist, and a special
study is necessary to compile a consistent rate system for fu-
ture work.

Stefan—Maxwell relationships are used to describe multi-
component diffusion in the shock layer. Pressure-diffusion,
thermodiffusion, and radiation are not taken into account. It is
assumed that the conditions of quasineutrality and the absence
of electric current hold from the shock until the body surface.
To calculate viscosity and transport thermal conductivity of the
mixture, the approach of Ref. 27 is used. Full heat conductivity
of the mixture is calculated as follows:

A = Atr + Aint

C
Ainl = p Y D, - (Cpl - 2.5RA)

A

(14)

(15)

It is assumed that all of the molecules are in the ground
electronic state, and their vibrational energies are calculated as
for harmonic oscillator cutoff at the dissociation limit. Elec-
tronic energies of atoms are calculated using curve fits from
Ref. 28. We take the electronic energy of C equal to that of
N+ and the electronic energy of C+ equal to zero.

Rankine-Hugoniot shock-slip relationships are used as
boundary conditions on the shock wave.16'17 On the body sur-
face we specify a no-slip condition for the tangent momentum
equation. For the charged particles we consider two possibil-
ities: their production rates are zero at the wall or their frac-
tions correspond to the equilibrium composition at the wall

temperature and pressure. The mass production rates of neutral
species and the total mass loss rate are specified explicitly
within the kinetic model discussed.

In the case of equilibrium ablation (19-species mixture) or
fully catalytic surface (11-species air), the equilibrium com-
position of neutral species on the wall is calculated using val-
ues of the elements O2 and C (for ablation). The values of the
mass fractions and diffusion fluxes of these elements on the
body surface are obtained after integration of the correspond-
ing (homogeneous) mass-conservation equations. The diffu-
sion flux of the element C on the wall is used to calculate the
mass loss rate.

In general, energy balancing on the ablating body surface is

-/

where

Jq = -

(16)

(17)

The heat flux into the body can be roughly taken as quasi-
stationary

— 7so1 == mCsolTJ qn fft\^p J. w

Then, neglecting qrn, and substituting —
into Eq. (16), we have

-/5s - crsTt = m

and//!01 =

(18)

(19)

Thus, we have a few of the mixed boundary conditions on
the body and shock wave for every species mass conservation
equation, for the energy conservation equation, as well as for
the tangent momentum equation. Therefore, a sweep method
should be used to integrate the equations across the shock
layer.

Numerical Method
Steady VSL equations have elliptic properties because of the

streamwise component of pressure gradient and the shock-
wave slope. This is why the marching solution of the equations
is not correct, and some relaxation procedures should be im-
plemented. To solve the problem, the method of global itera-
tions (GI)29 is used in the present work. The method reduces
the integration of the VSL system to several marching passes
(GIs) along the body, the initial boundary-value problem being
well posed for each GI (in the absence of reverse flows).

Richardson's (implicit two-order) scheme29 is used in a
streamwise direction. Petukhov's (four-order) scheme29 is used
in the normal direction for integration of the tangent momen-
tum, energy, and species mass conservation equations. The
coupled continuity and normal momentum equations are
solved using a finite difference method that generalizes the
Petukhov approach for sets of hyperbolic equations. Symmet-
ric approximation is implemented for the calculation of the
pressure streamwise derivative and the shock slope. No
smoothing procedure is employed.

A spherically blunted cone is a body with a broken curva-
ture. This curvature discontinuity may significantly affect the
derivatives of the flow characteristics, such as pressure and
shock standoff distance, with respect to the streamwise coor-
dinate. To avoid peculiarities in these derivatives and to keep
the second-order approximation, the exact relationships for the
derivatives at the point of the sphere—cone junction18'29 are
used. References 18 and 29 contain more details on the nu-
merical approach discussed.

At each step along the body, the VSL system is solved it-
eratively by Newton's method. An adaptive grid (automatically
condensing in the regions with large gradients, e.g., near the
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wall and behind the shock, and large second derivatives) is
used in the normal direction. The amount of GIs necessary for
the solution to converge with 1% accuracy is comparable with
the amount of grid nodes in the streamwise direction. After
checking grid convergence, the uniform grid consisting of 25
intervals along the sphere-cone axis of symmetry has been
chosen as rational for systematic calculations. From these 25
intervals, 10 intervals fall onto the spherical part of the body,
another 10 correspond to the conic part, and five nodes fall
behind the theoretical body edge. These extra nodes exclude
the influence of the soft (supersonic) boundary conditions im-
plemented at the downstream end of the computational region
and enable us to obtain flow characteristics at the body edge
as if the cone were infinite. Of course, this is mainly of aca-
demic interest because the real flow expands significantly
around the body edge, which has a finite curvature. About 90
nodes are used across the shock layer. Note that the working
amount of grid nodes is four times more, because both Rich-
ardson's and Petukhov's schemes assume a calculation of the
flow characteristics in the middle of every interval.

The codes have been implemented previously for calcula-
tions of thermochemical nonequilibrium airflows around ana-
lytic axisymmetric blunted bodies16 and spherically blunted
cones,17 as well as for calculations of chemical nonequilibrium
thermal equilibrium flows of air around a body consisting of
two spherical and two conic segments.18 The code has been
compared with the code of Ref. 19, first in calculations of
airflows, and then in calculations of the flows of the 19-species
mixture. Despite the differences between the codes in numer-
ical approaches and models for transport processes and het-
erogeneous kinetics, the comparisons have shown a satisfac-
tory agreement in the flow characteristics.

Results and Discussion
In Fig. 4, temperature profiles across the shock layer are

shown in the stagnation point, in the point of sphere-cone junc-
tion, and in the point corresponding to the edge of MUSES-C
capsule. The calculations are done under the condition of equi-
librium ablation. In Figs. 5 and 6, profiles of N and NT molar
fractions are represented (notations are the same). From the
profiles one can see the dynamics of deionization along the
body. It is important to discuss the effect of the shock-slip
boundary conditions [see Eq. (34) in Ref. 17]. Their imple-
mentation makes fractions of atoms and ions behind the shock
finite, because the diffusion fluxes are large in the relaxation
region. This leads to a substantial drop in temperature in com-

2104

104

&
I

J

17'f

;
i

•f- •=r%-

J
.W.........S!W— .

«_ •

!
i
;

1 ' .— Ijr
*dL.

:

i:

————— Stagnation line 1
— — - Sphere-cone junction 1
----- Body edge 1

0.02 0.04 0.06 0.08
Distance from the body / Rn

0.1

0.8

0.7

0.6

£ 0.5

0.4

0.3

0.2

0.1

0

*
* 1Hi
li
i

-.- •>^

^**\

\

V

\

V.................I................

\ \ |
\ '

— ——— Stagnation line j A
— — - Sphere-cone juncture j \
- - - - - Body edge "]"""

0.02 0.04 0.06 0.08
Distance from the body / Rn

0.1

Fig. 5 Profiles of N molar fraction across the shock layer (equi-
librium ablation).

0.12

0.10

0.08

0.06

0.04

0.02

A

. ' ' '

t

1 1 1

r-

' * >

, , .

i "i

........J

i "

1 . , . 1 ' ' .

-

_

-

———— Stagnation line
— — - Sphere-cone junction
- - - - - Body edge

••» """"" J. •i r T--+ -t -i— r T i i i

0.02 0.04 0.06 0.08
Distance from the body / Rn

0.1

Fig. 6 Profiles of N+ molar fraction across the shock layer (equi-
libruim ablation).

———— Stagnation line
— — - Sphere-cone junction
- - - - - Body edge

0.003

5
^ 0.002
e•sI
J2

0.001

A

:

•«*=*\s)

'

=.' =

' ' '

/

r^"'

\
:_

•I i
1 :
1 :

;\ --
/.............. -

1 . . 1 1 -
0.02 0.04 0.06 0.08

Distance from the body / Rn
0.1

Fig. 4 Temperature profiles across the shock layer (equilibrium
ablation).

Fig. 7 Profiles of NO molar fraction across the shock layer (equi-
librium ablation).



56 ZHLUKTOV AND ABE

0.03

0.02

0.01

I"

1 1 | 1 1 1 | 1 ! 1 | 1 1

: : :

———— Stagnation line
— — - Sphere-cone junction
— • — • - Body edge

I~"

C>> , ,_,.

1
/ XL .J: _

/

/
< ,

i

i
/
i

• • • _

,..i..........
MI :
H ,
| -

, , , Z

0.15 p—i—i—|—i—i—i—|—i—i—i—|—i—i—i—|—i—i—r

0.02 0.04 0.06 0.08
Distance from the body / Rn

0.1

Fig. 8 Profiles of NO+ molar fraction across the shock layer
(equilibrium ablation).
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Fig. 10 Profiles of C molar fraction across the shock layer (equi-
librium ablation).
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parison with ordinary Rankine-Hugoniot calculations. Profiles
of XNO, XNO+XCO> and Xc are shown in Figs. 7-10, respectively.

It was important for us to estimate the effect of the reactions
of ionization by electron impact on the MUSES-C re-entry
environment. In Fig. 11 one can see the stagnation-point tem-
perature profiles obtained with and without the reactions for
the case of equilibrium ablation. Corresponding profiles of XE,
XN+, and X0+ are given in Fig. 12. Apparently, taking the elec-
ton-impact ionization into account leads to ionization equilib-
rium in a major portion of the shock layer under the conditions
discussed (one can see that fractions of ions grow and actually
follow the temperature). Consequently, the temperature drops
and the shock layer grows thinner. Also note the substantial
influence of the ionization model on the O+ fraction. This in-
fluence is less than 1% without electron-impact reactions (not
shown in Fig. 12), whereas it is more than XN+ with them.

In Fig. 13, mass loss rates obtained for the cases of equilib-
rium ablation, immobile adsorption with low activation ener-
gies, and mobile adsorption with high activation energies are
shown. In these three calculations, reactions of ionization by
electron impact are taken into account. To estimate the effect
of these reactions, the case of equilibrium ablation without the
reactions has been considered (clear squares). From Fig. 13
we see that immobile adsorption with low activation energies

2 104 -

5 i io4 -

————— Electron impact
— — - No electron impact
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Fig. 11 Effect of ionization model on temperature (equilibrium
ablation, stagnation line).

XE, electron imp.
X , no electron imp.
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Fig. 12 Effect of ionization model on fractions of electrons and
ions (equilibrium ablation, stagnation line).
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Fig. 13 Effect of ablation and ionization models on the mass loss
rate.
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Fig. 14 Effect of ablation and ionization models on the heating
rate.

may give a mass loss rate 1.6 times lower than mobile ad-
sorption with high activation energies at the lateral part of the
body. In the stagnation point, the difference is negligible, be-
cause sublimation processes dominate here (see trends of the
plots at high tempertures in Fig. 3). The maximal effect of
electron-impact ionization on the mass loss rate is about 10%.

In Fig. 14, the influence of ablation and ionization models
on the heat flux are analyzed. Notations for calculations with
ablation are the same as in Fig. 13. The limiting curves (with
circles) are obtained for the 11-species airflows past the non-
catalytic and fully catalytic (equilibrium) wall with electron-
impact ionization taken into account. From Fig. 14 one can
see that the effect of ablation on the heat flux is within 26%
(compared with the fully catalytic calculations for the 11-spe-
cies air). The effect of ablation model is within 11% (with
respect to the heat flux for equilibrium ablation). The effect of
the ionization model does not exceed 3%. Corresponding wall-
temperature values are given in Fig. 15.

Shock standoff distances for the same cases are shown in
Fig. 16. From the figure one can see that blowout leads to a
slight increase of the layer thickness. Effects of catalycity and
electron-impact ionization on the shock standoff distance are
stronger. The first one is about 5% at the stagnation point and

changes until it is 7.5% along the lateral part of the body,
whereas the second one is about 20% at the stagnation point
and drops until it is 2% at the body edge. The reason for the
catalycity effect is the difference in the average mixture molar
masses obtained for noncatalytic and fully catalytic walls and,
consequently, in densities within the boundary layer. The rea-
son for the ionization model effect is the difference in ion
fractions.

The mass loss rate and the heat flux strongly depend on the
equilibrium constants of sublimation-condensation processes,
which in turn are related to the gas-phase equilibrium con-
stants. Calculations in the case of equilibrium ablation with
original (not corrected) Blottner's20 data on C3 dissociation
give a stagnation-point mass loss rate that is 41% lower and a
heat flux that is 20.5% higher than those shown in Figs. 13
and 14, respectively.

In Ref. 9, the aerodynamic flight environment for the
MUSES-C re-entry capsule was analyzed throughout the entire
re-entry flight path. They predicted the mass loss rate at the
corresponding altitude as being 0.002 and 0.0035 g/cm2/s for
noncatalytic and fully catalytic boundary conditions, respec-
tively, whereas our results range from 0.0038 to 0.005 g/cm2/s
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Fig. 15 Effect of ablation and ionization models on the wall tem-
perature.

0.09 —

0.08 -
'•3
ta
9 19 sp., equilibrium abl.

19 sp., immobile ads.
19 sp., mobile ads.
19 sp., equilibrium abl.,

no electron impact
11 sp., fully-catalytic
11 sp., non-catalytic

0.07 —

0.06 -

0.05
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

Distance along axis of symmetry / Rn

Fig. 16 Effect of ablation and ionization models on the shock
standoff distance.
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for the nonequilibrium ablation model and the equilibrium ab-
lation model, respectively. Also in Ref. 19, the surface tem-
perature is predicted as being 3000 and 3600 K for noncat-
alytic and fully catalytic boundary conditions, respectively.
These values are comparable with our results. In Ref. 19, a
traditional approach to implement the ablation chemistry in-
cluding the evaporation was taken into account, whereas, in
the present model, not only a carefully examined chemistry
model is incorporated, but also a carefully chosen equilibrium
constant is incorporated. The discrepancy in both the results is
not significant, but the discrepancy itself is reasonable when
we consider that the heat flux and the mass loss rate strongly
depend on the equilibrium constants of sublimation-conden-
sation processes, which in turn are related to the gas-phase
equilibrium constants.

In all of the aforementioned calculations it is assumed that
the mass production rates of ions at the wall equal zero. To
estimate the effect of the wall catalycity with respect to
charged particles, we specified equilibrium values of the ions
fractions at the wall and calculated the heat fluxes to ablating
and nonablating walls. It turned out that in this case the heat
flux is only 1% higher than that in the case of the wall non-
catalytic for ions. Obviously, this is a fairly general result,
because strong deionization occurs in the boundary layer. At
the same time one should be careful if the wall is cold. In this
case equilibrium values of charged particles are becoming in-
creasingly smaller, the Debye length grows, and the quasineu-
trality condition is violated. To bypass/solve the problem, it is
necessary either to assume that the body surface is noncatalytic
for ions or to solve the Poisson equation in the sheath.

Conclusions
A model for oxidation-sublimation processes on the car-

bonaceous surface of a re-entry vehicle is suggested. The
model allows for the chemisorption of atomic oxygen and ni-
trogen, with the chemisorption of molecules and physisorption
being neglected. The central ideas in the description of the
kinetics are that the production rates of the absorbed species
are zero (langmuir), and the equilibrium constants of all the
heterogeneous and homogeneous reactions can be expressed
via several independent ones. The model contains many em-
pirical parameters, which should be selected from comparisons
with experimental data. Three sets of the model input param-
eters can be recommended for estimations of the heating rates
of ablating carbonaceous surfaces: two for mobile adsorption
and one for immobile adsorption.

To estimate the effect of ablation on the re-entry capsule
MUSES-C, VSL calculations have been carried out with dif-
ferent ablation models. Apparently, oxidation-sublimation of
a surface close to pyrolytic graphite yields the minimal effect
of ablation on the heating rate, whereas equilibrium ablation
corresponds to the maximal drop of the heating rate because
of ablation. This maximal drop is within 26%, compared with
the calculations for the fully catalytic wall in the 11-species
air, under the conditions discussed. The difference between the
heating rates corresponding to ablation of a pyrolytic-graphite
surface and equilibrium ablation is about 11%.

If the wall temperature is higher than 3000 K, the mass loss
and heating rates strongly depend on the equilibrium constants
of sublimation—condensation processes, which in turn depend
on the gas-phase equilibrium constants. Therefore, to obtain
physical results, the combined heterogeneous-homogeneous
reaction system should account for the relationships between
the constants. Mainly because of this, a previous prediction
on the mass loss rate at the typical flight condition of the
MUSES-C re-entry capsule shows a slight discrepancy with
the present results.

The reactions of electron-impact ionization are important at
Voc > 10 km/s under the conditions close to thermal equilib-
rium. The reactions affect the fractions of charged particles,
which in turn affect temperature, which then affects the shock-

layer thickness. All of these related effects may lead to a sub-
stantial change in radiation flux, which in a general case must
be accounted for in the simulation of ablation phenomena.

Another important phenomenon, neglected in the present
study for the sake of unambiguity of results, is thermal non-
equilibrium. Apparently, one should solve corresponding equa-
tions for vibrational temperature(s) and for the energy of free
electrons. Meanwhile, many models exist for T — V, D — V,
V ~ D, V - V, T - E, E - D, and E - V energy-exchange
processes and coupling effects, and a separate study is neces-
sary to create a definite thermochemical nonequilibrium model
for the 19-species mixture.
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