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Hypersonic Nonequilibrium Navier-Stokes Solutions over an
Ablating Graphite Nosetip

Y.-K. Chen* and W. D. Henline®
NASA Ames Research Center, Moffett Field, California 94035

The general boundary conditions, including mass and energy balances, of chemically equilibrated or
nonequilibrated gas adjacent to ablating surfaces have been derived. A computer procedure based on these con-
ditions was developed and interfaced with the Navier-Stokes solver GASP (General Aerodynamics Simulation
Program). A test case with a proposed hypersonic test-vehicle configuration and associated freestream conditions
was developed. The solutions of the GASP code with various surface boundary conditions were obtained and
compared with those of the ASCC (ABRES Shape Change) code, and the effect of nonequilibrium gas as well as
surface chemistry on surface heating and ablation rate were examined.

Nomenclature

A = area, m?
B’ = quantity defined in Eq. (7)
Cuy = H-type heat-transfer coefficient, kg/m? - s
Cu = mass-transfer coefficient
Cr = T-type heat-transfer coefficient, J/m? - s - K
C, = specific heat, J/kg - K
D = diffusion coefficient, m?/s

= recovery enthalpy, J/kg

= enthalpy, J/kg

= net mass flux leaving surface, kg/m? - s

= elemental-mass fraction

= Boltzmann constant, J/K

= thermal conductivity, W/m - K

= species mass, kg

= normalized surface blowing rate, (pv),/(PV) oo
= total number of elements

= total number of species

= total number of surface reactions

= pressure, N/m?

= saturated vapor pressure, N/m?

= heat flux, W/m?

= convective surface heat flux, W/m?

= radiative heat flux, W/m?

= conductive heat flux, W/m?

= Reynolds number

= nose radius of blunt body, m

= temperature, K

= recovery temperature, K

= velocity, m/s

= velocity component normal to surface, m/s

= species mass fraction

= weighted average of the mole and mass fractions
= surface emissivity

= coordinate normal to surface, m

= density, kg/m®

= Stefan-Boltzmann constant, W/m? - K*

= evaporation coefficient

= mass flux due to surface chemical reaction, kg/m?. s
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Subscripts

e = outer edge of boundary layer
i = species

k = element

s = solid

w = wall

o0 = freestream

Introduction

N recent years, computational fluid-dynamics (CFD) technol-

ogy has continued to develop in the areas of nonequilibrium flow,
multispecies kinetics and transport properties, and multidimensional
full Navier-Stokes capabilities. However, most codes use primitive
surface boundary conditions and cannot be realistically used to pre-
dict the aerothermal heating for the design of thermal protection
systems (TPS). The general boundary conditions should include
appropriate energy and multispecies mass balances with surface-
kinetics models and surface ablation.!

For aerothermal heating predictions over nonablating TPS, some
efforts have been made to determine catalytic coefficients> ™ and
demonstrate the importance of surface catalysis, nonequilibrium ki-
netics, and multispecies transport properties for the prediction of
aerothermal heating. Surface energy and mass balances with sur-
face catalytic reactions have been incorporated into state-of-the-art
Navier-Stokes codes.>5

For aerothermal heating predictions over ablating TPS, some CFD
codes were developed with surface mass and energy balances. The
BLIMPK code’ is a two-dimensional ablating boundary-layer code
with multispecies transport and chemical equilibrium or nonequi-
librium chemistry for both the gas and the surface. Because of the
nature of boundary-layer equations, the boundary-layer edge prop-
erties must be provided in the calculations. The determination of
edge properties, especially for achemically nonequilibriumedgeina
non-Newtonian flow, is usually a stumbling block in using BLIMPK
to simulate flows over high-angle blunt bodies. The HYVIS® and
RASLE® codes were developed for the analysis of axisymmetric
radiating viscous shock layers. In the HYVIS code, a sublimation
surface temperature is applied in its surface energy balance. The
RASLE code can solve the surface energy and mass-balance equa-
tions to compute the ablation flux and wall temperature as part of
its solution. Due to the nature of the parabolized formulation in
the HY VIS and RASLE codes, full forebody solutions over a high-
angle blunt body can be obtained only for some special cases. Both
codes are commonly used for determining approximate solutions for
flow coupled with radiation along the stagnation streamline. Bhutta
and Lewis developed a PNS code'® with finite-rate gas chemistry,
constant surface temperature, and equilibrium surface species con-
centrations. Initial conditions to start these PNS calculations must
be generated by a VSL or full Navier-Stokes code. Recently, Conti et
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al. computed an axisymmetric Navier-Stokes solution with carbon
ablation and shape change!! but with no chemical reactions between
ablated carbon and air. Only an incomplete set of surface boundary
conditions was employed.

Although considerable uncertainties remain in multispecies
transport coefficients and chemical-kinetics models, the use of
multispecies and multidimensional full Navier-Stokes calculations
has been common practice in the CFD community. A large-angle
blunt body is a common configuration to which such codes are ap-
plied. Because of the large subsonic region in a blunt-body shock
layer, the flowfield and aerothermal heating in such case cannot be
precisely predicted without the full Navier-Stokes calculation. How-
ever, none of the available Navier-Stokes solvers include complete
boundary conditions to realistically determine aerothermal heating
and surface ablation rates. In this study, a general surface boundary
condition including energy and mass balances with the surface ther-
mochemistry effects is developed for nonequilibrium or equilibrium
gas states adjacent to an ablating or nonablating surface. Based on
this formulation, a surface thermochemistry computer procedure is
developed and interfaced with available Navier-Stokes codes. Thus,
a wider range of flow conditions can then be simulated. Radia-
tion and turbulent effects may be important in an ablating flow-
field; however, they are not included in this paper. A flow chart
in Fig. 1 presents the relationship among computational surface
thermochemistry (CST), computational fluid dynamics (CFD), and
computational solid mechanics (CSM) codes. The interface between
the CST and CSM codes for the prediction of in-depth conduction
and shape change is also not included, i.e., the flowfield and solid
calculations are not coupled.

A test case using a proposed hypersonic test-vehicle configura-
tion and associated freestream conditions is developed in this paper.
This test vehicle has a graphite nosetip with a radius R, 0of 0.0176 m
and a cone half angle of 6.5 deg. The multispecies Navier-Stokes
equations were solved using GASP.!? The surface ablation rates
over the nosetip predicted by the GASP code with the present CST
procedure are compared with the available solutions of the ASCC'3
code. In the ASCC code, in-depth conduction and shape change are
properly considered with complete surface energy-balance equa-
tions. These features are not included in any available shock-layer
or boundary-layer codes. This makes it possible to perform time-
dependent calculations along the entire trajectory. The ASCC code
has been widely applied to predicting carbon ablation rates over
reentry vehicles with small nosetips.!* The flowfield calculations
in the ASCC code are approximated by the momentum energy in-
tegral technique (MEIT).!*!* Heat- and mass-transfer coefficients
are obtained by solving the global integral boundary-layer equa-
tions-of an ideal gas with semiempirical correlations to account for
real-gas, surface roughness, turbulence, and high-altitude effects.
The detailed flowfield and gas species migration cannot be obtained
in the ASCC calculations. So far there are no solutions for flow
over a large-angle blunt body with ablating surface available for
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Fig. 1 Flow chart for computational surface thermochemistry.

comparison. Thus, this test case is to check the code consistency
and identify sensitive areas in the algorithm, but not to fully explore
the capability of full Navier-Stokes calculations, e.g., as represented
by a complete solution for flow over a large-angle blunt body.

Surface Boundary Conditions

The schematic diagram depicting the energy and species mass
fluxes in a gas adjacent to a surface is shown in Fig. 2. The general
boundary conditions for a chemically nonequilibriated, noncharring
ablating surface can be written as

Bx,-
pDi'—' + J, vXis = PUX; + Zw (l = e N-‘) (1)
an r=1
k, Tw + Z h; pD + Grad
= pvhy, — Jyhs + GO'T,,‘} ~+ Geond ’ @
J, = Jo® — reeod gy ®

Here, the net mass flux leaving the surface, J,, can be determined by
the kinetic theory or correlations'>'%; the mass flux of species i con-
sumed by surface reaction r, !, can be predicted based on surface-
kinetics models. For charring TPS materials, additional terms with
pyrolysis gas flux have to be considered in the above boundary con-
ditions. Equations (1) and (2) can also be applied on the nonablating
surfaces, if J, and pv are set to zero.>%

If the gas adjacent to the surface is in a state of chemical nonequi-
librium, the surface ablating rates, species concentrations, and tem-
perature can be predicted from Egs. (1-3) with appropriate thermo-
dynamic and transport properties. However, for those TPS materials
whose surface and associated gas reaction-rate data are not available,
this kind of nonequilibrium analysis is probably not justified. In this
case, some kind of approximation technique is more appropriate.

If the diffusion coefficients of all species are assumed to be equal,
then a summation of the species mass-balance equation (1) yields a
balance equation for each element &, and consequently eliminates
the surface reaction term:

0Ky

pDW + JuKis = pvKi k=1,....N) ¥

Here, N, is the total number of elements. By definition the following
correlation for a dimensionless mass-transfer coefficient C), exists
for the elements k:

pD K,

Cy=——————— n
M peu(Kie — Kp) 0 |,

k=1,....,N) (5

Mass Balance:
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Fig. 2 Surface mass and energy balances.
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and substituting Eq. (5) into Eq. (4), the elemental balance equation
becomes

Ky + B'Kis = (1 + B))K; ©®

In Eq. (6), the dimensionless parameter B’ for the surface ablation
rate'’ is adopted:

g T
peueCM

)

These relations can still be used in modified form for unequal dif-
fusion coefficients for all species; i.e., instead of Eq. (5), Cp is now
represented as

pD aKk

CM =
pee(Zy, — Z3) 9 |,

®

Here Z,j is a weighted average of the mole and mass fractions ot
element &, and its definition is presented in Ref. 17. For a surface
in chemical equilibrium, the chemical and thermodynamic states of
the gas can be fully determined from equilibrium relations based
on the elemental species concentrations, temperature, pressure, and
equilibrium constants. With Eq. (6) and equilibrium conditions, the
value of B’ can be determined for a given set of surface tempera-
tures and pressures.!” In this situation, surface ablation rates can be
estimated without the knowledge of detailed surface kinetics and
kinetic theory. Therefore, the net surface ablation rate is equal to

J, = B,(Tw’ Pw)CM (9)

Here the ablation rate is expressed as a function of B’ and mass
diffusion rate. The diffusion coefficient then plays a dominant role in
determining the surface ablation rate.!® The species concentrations
are calculated from Eq. (6) and equilibrium relations, and the surface
temperature is determined from the surface energy balance, Eq. (2).

Computational Method

A CST procedure was developed, based on the equations dis-
cussed in the previous section. This procedure is designed to be
interfaced with Navier-Stokes solvers, such as GASP, to explicitly
update the surface thermochemical properties and boundary condi-
tions for ablating or nonablating surfaces. The final goal of this work
is to develop a general-purpose procedure ready to be interfaced
with various CFD tools, with minimum possible CFD code modi-
fications for TPS design. A general implicit scheme for inclusion
of boundary conditions may somewhat improve the CPU time for
some cases; however, it requires much more CFD code modification
and makes the development of a general-purpose procedure capable
of interfacing with various codes unwieldy. From our experience
with BLIMPK, it was an extremely lengthy and frustrating process
to obtain a proper initial guess to start the calculation with fully im-
plicit ablating CST conditions. Thus, BLIMPK has been modified,
according to the idea discussed in this study, to perform global iter-
ations and explicitly update the surface temperature for predicting
the surface heating and ablation rates over the Apollo lunar/earth
return capsule.’” Without a global iteration scheme, BLIMPK so-
lutions with complete implicit ablation boundary conditions were
extremely difficult to obtain.

The first two terms in Eq. (2) are the convective heat flux (g.,w) to
the surface and are obtained from the CFD solutions. Equation (2)
can be written as

gc,w(CFD) + Graa = pvhw - Jvhs + BO'T,: “+ Geond (loa)

The new surface temperature of the next global iteration can be
directly obtained from the solution of Eq. (10a). However, for space
vehicles with significant in-depth conduction (gcong), OF strong tem-
perature gradients along the surface, a simple, fully explicit method
may not be adequate. From our experience, using the local value
of the convective heat-transfer coefficient in Eq. (10a) to estimate
the new surface temperature of the next iteration can significantly

reduce the number of global iterations. They can be defined in two
equivalent ways: an H-type convective condition

CH = qc,w(CFD)/(Hr - Hw) (IOb)
or, alternatively, a T-type convective condition v
Cr = ge,werm)/(Tr — Tw) (10¢)

can be used. Here, Cy and Cy are the convective heat-transfer coeffi-
cients, H, and H,, are the total recovery enthalpy and the enthalpy at
the surface, respectively, and T, and T,, are the recovery temperature
and surface temperature, respectively. The recovery temperature is
defined as

2
7 = Coo g, 05U
Cou Cou

(10d)

Using these definitions in Eq. (10a), the surface temperature for the
next iteration can be obtained from the following expressions:

CH(Hr - Hw) + Grad = thw - Jvhs + SUTH‘} ~+ Geond (loe)
or
CT(Tr = Ty) + grua = pVhy — Jh + SO'T: + Geond (10f)

The convective conditions discussed above are only used for es-
timating the new surface temperature of the next iteration so that
rapid convergence is obtained. Once the solution is obtained, the
convective heat flux is exactly equal to that computed from the
Navier-Stokes solver. Thus, the accuracy of solution is independent
of the definitions used in Egs. (10b—10d). Based on the cases we have
examined, it was found that the T -type convective condition (10f)
was as effective as the H-type convective condition (10e). Total
enthalpy is a function of temperature, pressure, and species con-
centrations. Thus, an H-type condition must be solved with flow
properties provided from CFD calculations to obtain the surface
temperature. A T-type condition appears to be more attractive for
the cases with significant in-depth conduction, because it is not nec-
essary to pass a large database of flow properties from the CFD code
to the CSM code. .

This procedure calculates both chemical-equilibrium and non-
equilibrium surface conditions. The partial derivative terms in
Eqgs. (1-10) are discretized using a second-order finite-difference
method. For chemical-nonequilibrium surface conditions, the sur-
face temperature is calculated from Eqs. (10a-10f) using the
Newton-Raphson method. The surface ablation rate is calculated
from Eq. (3) with available correlations or kinetic theory, and the
surface species concentrations are calculated from Eq. (1) and avail-
able surface-kinetics models or frozen chemistry. For chemical-

" equilibrium surface conditions, the surface temperature is obtained

from Eqgs. (10a—-10f) using the Newton-Raphson method. The sur-
face ablation rate is calculated from Eq. (9), with the value of B’
at the given surface temperature and pressure obtained from a pre-
calculated B'(T,, P,) table using the ACE (aerotherm chemical
equilibrium) program!” and the bicubic spline routines of the Inter-
national Mathematical and Statistical Library (IMSL).2° The species
concentrations are obtained from Eq. (4) and the equilibrium re-
lations of ACE. The thermodynamic properties are based on the
JANAF correlations.?!

In the Navier-Stokes code, the surface temperature, species con-
centrations, and velocities are updated by the CST procedure as
the residual of Navier-Stokes calculations reaches a certain preset
value. Otherwise, the surface conditions are kept unchanged. This
iteration process will continue until both the flowfield and surface
properties reach steady-state conditions. The best timing for updat-
ing the surface conditions is code-dependent. Based on our expe-
rience, inappropriate timing may drive the iteration in the wrong
direction. So far, no attempt has been made to optimize this global
iteration process between CST and CFD codes. A relaxation fac-
tor less than one is usually imposed on updating the new surface
temperature in Eq. (2) to avoid the abrupt change of surface blow-
ing velocity because the ablation rate is essentially an exponential
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function of temperature. The total computational time for reaching
a steady-state solution depends on the number of iterations required
for the CFD calculations to reach the preset residual after the surface
conditions are updated by the CST code, and on the computational
time required for each iteration.

Gas and Surface Models for the Test Case

The flowfield calculations for the test case were performed us-
ing GASP. This is a general-purpose code and requires a small
amount of work, compared with other available codes, to imple-
ment new species and chemical reactions. The GASP code was run
in the implicit mode, with the approximate factorization algorithm,
Van Leer flux vector splitting method, upwind-biased third-order
scheme, finite-rate chemistry, and full Navier-Stokes formulation.
Since GASP has no capability of computing flow with unequal dif-
fusion coefficients, the equation with equal diffusion coefficients
{Eq. (5)] was applied in the surface chemistry computation. The
gas phase is modeled with 10 species (N, O;, NO, N, O, C, C,,
C3, CO,, and CO) and 14 chemical reactions. The gas reactions are
as follows:

CO;+M; =CO+0+M,;
CO+M; =C+0O0+M;
No+M;s=2N+M;
O +My=20+M,
NO+M; =N+O+Ms
C+Mg=2C+ Mg
G+M;=C+C+My
CO+N=NO+C
CO+CO=CO+C
CO+0=20,+C
N;+O0=NO+N
NO+CO=CO;+N
NO+O=0,+N
CO,+0+=0,4CO

Very few sources provide the gas reaction-rate data for typical TPS
ablators in air or CO, environments. The reaction-rate data adopted
in this study are from the work of Bhutta and Lewis.!® This is the
only consistent source presently available. The accuracy of these
reaction rates is unknown. Studies conducted to develop surface
chemical reaction-rate data for TPS materials are rare, and most of
them have concentrated on the surface catalysis effect for nonab-
lating surfaces.2~* Therefore, two extreme surface conditions were
examined in this paper. They are a chemically frozen surface and a
chemically equilibrated surface. If the surface is frozen, the source
term in the species conservation equation (1) is equal to zero, and
if the surface is also nonablating (J, = pv = 0), the species equa-
tion is then reduced to that of a noncatalytic surface. For chemically
frozen surfaces, the net ablation rate J, is calculated using the fol-
lowing expression!’:

_ 0.8moy, P,
T QrmkT,)0s

v

1)

Here, the saturated vapor pressure P, of surface material is char-
acterized by the preexponential factor and the activation energy for
evaporation. Additionally, in the frozen-surface calculations, it is
assumed that the gas-phase carbon species at the surface are rep-
resented by C;. In reality, carbon may not ablate predominantly as
C; except in an inert environment or for strong blowing. For fully

Table 1 Freestream conditions of a proposed hypersonic test vehicle

Time,  Altimde,  Velocity,  Pressure, = Temperature,
Cond. s km km/s atm K
1 287 3048 4.889 0.0110 227
23 300 24.38 4.572 0.0276 221
3 315 28.34 4362 0.0155 225
4 323 3048 4304 0.0110 227
#Peak heating point.
60000 6000
1
2
¥, 3
4
*, Velocity
N/ »

E N E

g N =

S 30000 o 3000 £

= ~. o Q
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Time, s

Fig. 3 Trajectory for proposed hypersonic test vehicle.

equilibrium surfaces, the net ablation rate J, is calculated using a
B'(T,, P,) table generated by the ACE code with graphite and 10
gas species. The surface pressure P, of the pre-calculated B’ curve
isin the range from 0.5 to 13 atm. In the test cases, the radiative equi-
librium boundary condition is used; that is, in-depth heat conduction
is assumed to be zero, and the convective heat flux is balanced by
the energy radiated from the surface.

Results and Discussion

The trajectory for a proposed hypersonic test vehicle used as the
test case is shown in Fig. 3. This vehicle has a graphite nosetip
with a radius R, of 0.0176 m, and a cone half angle of 6.5 deg.
Calculations were performed using the freestream conditions near
the peak heating point (symbols), and are listed in Table 1. Solu-
tions with various surface boundary conditions are presented in this
paper to examine their effects on the predictions of flow structure
and surface conditions. The first set of solutions presented in this
section were calculated with boundary conditions for a nonablating
surface. The effect of chemical reaction on the flow structure and
surface radiative equilibrium temperature is examined. The second
set of solutions were obtained using an isothermal surface condition
with various surface blowing rates. The detailed flow structure and
surface heating distributions for various surface blowing rates are
discussed. The third set of solutions were obtained with the com-
plete conditions of mass and energy balance for an ablating graphite
surface. The effect of surface chemistry on the predictions of the sur-
face ablation rate was examined, and the solutions from GASP with
complete boundary conditions were compared with ASCC solutions
at four different trajectory points.

Figure 4a shows the predicted surface temperature profiles over
the spherical nosetip at the peak heating point (case 2 in Table 1).
For this nonablating case, the surface emissivity was assumed to
be 0.85. Two extremes were examined: the dashed line is the solu-
tion for flow with equilibrium gas and surface chemistry, and the
solid line is the solution for flow with finite-rate gas chemistry and
frozen surface chemistry. To examine the consistency of GASP, a
noncatalytic surface solution computed by the Gauss-Siedel implicit
aerothermodynamic Navier-Stokes code with thermochemical sur-
face conditions (GIANTS)® is also presented (dashed line). The
GIANTS code is a two-dimensional axisymmetric multicomponent
full Navier-Stokes solver with two-temperature model. The maxi-
mum difference between two solutions is less than 3%. In addition,
the comparison between GASP solutions with surface catalysis and
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shock-tunnel data was studied in Ref. 22. Also as seen in Fig. 4a,
the predicted surface temperature with fully equilibrium chemistry
is substantially higher than that with finite-rate gas chemistry and
frozen surface chemistry. The difference between the two solutions
at the stagnation point is about 400 K. This trend is similar to
that between the fully catalytic and noncatalytic surfaces.>¢ The
predictions suggest that the surface heating rate is sensitive to the
chemistry model. Without reliable chemical reaction-rate data for
both gas and surface reactions, the accurate prediction of surface
heating is unlikely.

The temperature profiles and species concentration distributions
(O, N, and NO) along the stagnation streamline are shown in Figs. 4b
and 4c, respectively, for the nonablating calculation. The solutions
indicate that the temperature for finite-rate-chemistry flow at the
shock is around 2000 K higher than that of fully equilibrium flow.
The temperature for finite-rate-chemistry flow remains higher than
that of fully equilibrium flow in the outer third of the shock layer.
. For a fully equilibrium gas chemistry condition, some of the ther-
mal energy is converted to chemical energy instantaneously as the
flow crosses the shock. For finite-rate gas chemistry, the flow re-
mains chemically frozen at the shock and gradually approaches the
equilibrium condition if the shock-standoff distance is large enough
(Fig. 4c). The predicted species concentrations in the region near
the surface are quite different between these two calculations. This
is mainly a result of the difference in the surface-chemistry models,
and strongly affects the convective heating to the surface.

The effect of surface blowing on the flowfield and surface heat-
ing is shown in Figs. 5a to 5c for the second test case. The stream
conditions are those at the peak heating point (case 2 in Table 1).
The surface is assumed to be isothermal (3000 K) and with frozen
surface chemistry. The computations were performed using finite-
rate gas chemistry. The air blowing-rate ratios m;, which extend
from the stagnation point to 0.95 cm downstream, were set to 0.005,
0.05, and 0.5, respectively, and over the rest of the body, the sur-
face blowing rates were set to zero. Even with the nondimensional
surface blowing rates as high as 0.5, no computational difficulty
was encountered in the GASP code. The temperature profiles and
species-concentration distributions along the stagnation streamline
for various surface blowing rates are presented in Figs. Sa and 5b,
respectively. As expected, the shock-standoff distance increases as
the blowing rate increases. Form; = 0and m; = 0.005, the standoff
distances are about the same. The standoff distance with m;, = 0.5
is about two times as large as that with-m;, = 0. At low blowing
rates (mp = 0.005 and 0.05), the temperature and species gradi-
ents near the surface are reduced by the surface blowing, and the
global structure of the shock layer remains essentially unchanged.
The predictions also indicate that a relatively cold region with fairly
uniform properties is formed near the surface for the very strong
blowing rate (m, = 0.5). The formation of this cold sublayer is
similar to the presence of a virtual surface located at a certain dis-
tance from the real surface, since the surface blowing is large enough
to displace the boundary layer away from the true solid surface. The
temperature and species concentration profiles between the virtual
surface and shock are still similar to those without surface blowing
between the true surface and shock. As indicated from the solu-
tions, an adaptive grid may be necessary to precisely determine the
locations of the virtual surface and shock. The reduction of surface
heating with increased mass injection for various surface blowing
rates is shown in Fig. 5c. For m;, = 0.5, the surface convective
heat flux remains completely blocked over the entire region where
my = 0.

The solutions coupled with complete ablating-surface boundary
conditions are presented in Figs. 6 and 7. The predicted surface tem-
perature profiles over the nosetip are shown in Fig. 6a. The solid
and dashed lines represent the surface temperature distributions for
ablating and nonablating surface conditions, respectively. The cal-
culations were conducted with the GASP code with finite-rate gas
chemistry and equilibrium surface chemistry. Over an ablating sur-
face, part of the incident heat flux to the surface contributes to vapor-
izing the graphite, and part of the incoming flow energy is blocked by
the vaporized graphite through chemical reactions or change of in-
ternal energy. Hence, the predicted surface temperature is lower than
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Fig. 4 a) Effect of gas chemistry on surface temperature (nonablating
surface), b) temperature profiles along stagnation streamline (nonablat-
ing surface), and ¢) species concentrations along stagnation streamline
(nonablating surface).

that in the nonablating case. The steady-state surface temperature
computed by the ASCC code (symbols) without in-depth conduction
agrees with that of GASP for equilibrium surface chemistry. Surface
ablation rates predicted by the GASP and ASCC codes are shown
in Fig. 6b. Ablation rates at the stagnation point predicted by GASP
with equilibrium surface chemistry (solid line) are about 55% higher
than that of GASP with frozen surface chemistry (dashed line). This
again illustrates that the predictions of surface ablation and heating
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Fig. 5 a) Effect of surface blowing on temperature profiles along stag-
nation streamline, b) effect of surface blowing on species concentrations

along stagnation streamline, and c) effect of surface blowing on surface
heating.

rates for this test case are very sensitive to the surface chemistry.
Surface reaction-rate data are essential for accurately predicting the
surface heating and ablation. As compared to GASP using equilib-
rium surface chemistry, the ASCC code predicted a slightly higher
steady-state ablation rate. Figure 6¢ shows the species concentra-
tion (N3, O3, and Cs) surface distribution that is predicted by GASP
using equilibrium (solid lines) and frozen (dashed lines) surface
chemistry models. This figure clearly indicates that a significant
difference appears between the predictions of two surface models,
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Fig. 6 a) Effect of surface ablation on surface temperature profiles,
b) surface ablation rates at peak heating point, and c) effect of surface
chemistry on species concentration profiles along surface.

which results in a 55% difference in the surface ablation rate.

The stagnation-point ablation rates at various trajectory points
(cases 14 in Table 1) computed using the GASP and ASCC codes
are presented in Fig. 7. In the time-dependent ASCC predictions,
the solutions with and without in-depth conduction are presented,
respectively. The surface ablation rates predicted with in-depth con-
duction are lower than those without in-depth conduction. In the
GASP calculations, each point was treated as an isolated steady-
state case without conduction loss into the wall or shape change.
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Fig. 7 Stagnation-point ablation rates at various trajectory times.

The time-dependent ASCC predictions without in-depth conduction
are generally consistent with the GASP solutions using equilibrium
surface chemistry, since without in-depth conduction each trajec-
tory point is an isolated steady-state case. The GASP solutions with
the frozen-surface are far smaller than those with the equilibrium-
surface model.

Conclusions

The general surface boundary conditions with mass and energy
balances of chemically equilibriated or nonequilibriated gas adja-
cent to an ablating surface were derived. A computer procedure
based on these surface conditions was developed and interfaced with
GASP. A test case with a proposed hypersonic test-vehicle config-
uration and associated freestream conditions was developed. The
predictions of GASP with chemically equilibrated ablating surface
conditions were consistent with those of the ASC code. Solutions
with various surface boundary conditions were obtained to study
the effects of gas and surface chemistry on surface heating and ab-
lation rate. The solutions indicate that the predictions of surface
temperature and ablation rate are very sensitive to the gas as well
as surface chemistry models for the test case. However, a reliable
chemical reaction-rate database for both gas and surface reactions
over the TPS ablators is not available. The calculations using an
equilibrium surface chemistry model can provide information for
the most conservative TPS design, and the study of detailed surface
thermal chemistry over ablating or nonablating materials may help
in computing more accurate surface heating values and reducing the
thickness of the TPS.
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