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Computation of Hypersonic Flows with Finite Catalytic Walls
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A computational study has been performed to explore the effects of finite catalytic walls on hypersonic flows.
Boundary conditions for noncatalytic, fully catalytic, and finite catalytic walls have been incorporated into an
upwind parabolized Navier—Stokes code. Nonequilibrium laminar airflows over sharp cones at § and 10 deg
angle of attack were computed and the results are compared with previous results wherever possible. A study
of finite catalytic cases was performed using varying recombination rates. Full ranges of catalycities were explored
in the context of the surface energy balance as well as a constant wall temperature assumption. Detailed effects
on specie concentrations, temperature, and heat transfer are presented.

Introduction

ONEQUILIBRIUM conditions exist in high-speed flows

when the shock-body interaction causes the composition
of the medium to change due to chemical reactions occurring
at a finite rate.!> For many such flight conditions, the recom-
bination of atoms is dominant at the wall. The effect of the
body surface on the recombination rates near the wall is de-
scribed by the wall catalycity. The catalycity has two effects,
the first is to increase the heat transfer and the second is to
change the composition of the flow. Theoretically, the cata-
lycity ranges from a fully catalytic condition to a noncatalytic
one, although all surfaces will have a catalycity somewhere
in-between. A fully catalytic wall will cause the recombination
to occur instantaneously and the composition on the wall will
be limited by the speed with which atoms diffuse to the wall.
In this case, heat is released near the wall due to the exo-
thermic recombination reactions. Usually the temperature
gradient near the wall is large causing some of the energy to
be absorbed into the wall. If the wall is noncatalytic, no re-
combination occurs at the wall and the resulting heat transfer
can be much less. A finite catalytic wall is one that produces
a situation between these two extremes.

The effects of catalytic walls on heat-transfer rates have
been well known since the late 1950s.%-° In the early 1960s
many of the published solutions considered only the fully
catalytic boundary condition.®” In the later 1960s and 1970s
some work was performed to investigate the effects of both
fully catalytic and noncatalytic walls.* Tong et al." consid-
ered the effects of finite catalytic walls using the BLIMPK
code in 1973. Presented in that study were heat transfer com-
parisons using average values for the catalycities of nitrogen,
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oxygen, and nitrogen oxide. It was noted by Scott!' that these
solutions can only be considered approximate and do not
provide accurate information on the composition near the
wall.

Subsequently, in the early 1980s, the work devoted to cat-
alytic walls was mainly centered on the Space Shuttle flight
experiments.'?~'¢ By comparing heat flux calculations with in-
flight measurements it was inferred that chemical nonequilib-
rium existed.!” The relatively noncatalytic nature of the Space
Shuttle reaction-cured glass (RCG) tiles enabled investigators
to easily verify the existence of in-flight nonequilibrium con-
ditions. The catalytic surface effects experiment by Stewart
et al.'*™® helped to verify this and provided information on
the catalycity of iron—cobalt—chromia spinel relative to the
RCQG tiles.

The emphasis on Space Shuttle calculations continued into
the late 1980s and 1990s," although some work has been
performed to allow for catalytic effects on aerobraking-type
vehicles.?’-** For a space-plane configuration the effects of
catalytic walls will be significant not only in terms of heat
transfer, but also in terms of flowfield composition. The com-
position of the flow entering a hypersonic airbreathing engine
will be paramount in accurately determining in-flight perfor-
mance. The purpose of this study is to show some of the
detailed effects of catalytic walls in terms of heat transfer and
flowfield characteristics.

A modified version of the three-dimensional upwind pa-
rabolized Navier-Stokes (UPS) code of Lawrence et al.?-2*
has been used for the flow computations in this study. The
UPS code solves the parabolized Navier—Stokes (PNS) equa-
tions using a finite volume, upwind method based on Roe’s
approximate Riemann solver.? It has been well-documented
that the UPS code requires no user-specified smoothing terms
that hindered many of the earlier centrally differenced PNS
codes. The UPS code has previously been extended to permit
equilibrium®*-** and nonequilibrium®-* airflows as well as
three-dimensional internal turbulent flows through scramjet
engines with hydrogen—air chemistry.?

In the present study, the UPS code has been further ex-
tended to include a general finite catalytic wall boundary con-
dition assuming either an isothermal wall or a more realistic
condition defined by the surface energy balance. A full range
of catalycity can be accommodated from noncatalytic to fully
catalytic. The new code has been used to compute the M, =
25 laminar flow of chemically reacting air over sharp cones
at 0 and 10 deg angle of attack at an altitude of 61 km (200,000
ft). Additional calculations were performed for the M, = 22
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laminar flow over a sharp cone at 0 deg angle of attack at an
altitude of 30.5 km (100,000 ft). Computations were per-
formed for noncatalytic, fully catalytic, and finite catalytic
cases, and the results are compared with previous results
wherever possible.

Governing Equations

The PNS equations are obtained from the compressible
Navier—-Stokes equations by neglecting the streamwise vis-
cous terms and dropping the unsteady terms. Vigneron’s tech-
nique,*? which was extended by Prabhu et al.** for nonequi-
librium flows, is used to eliminate the ellipticity in the marching
direction due to the streamwise pressure gradient. The PNS
equations expressed in a general nonorthogonal coordinate
system &, n, { are given by

E.+F, +6G, =0 (1)
where

E = (§)E, + (£)F, + (£.0)G,
F = (nJ)E; - E}) + (nJI)F, = FY)
+ (n.U)G, - GY) @
G = (LI)E, — EY) + ({I)F, = FY)
+ (LI)NG: — GY)

The inviscid and viscous flux vectors are given by

E, = {pu, pu> + p, puv, puw, (E, + pyu}”
F, = {pv, puv, pv> + p, pyw, (E, + p)v}”
G; = {pw, puw, pyw, pw? + p, (E, + p)w}”
E
F

— T
v {0’ Tevs T,\"\" Tezs UT, + VT.\V\' + W7y — q\}

vy
— T
v {O’ Ty.\’ T_\'y’ T_\':’ uTy.\' + VT,\"\' + WT_\': - q\}

Gl' = {0’ T_'.\’ T:,\" T::’ MT:.\ + VT_’\' + WT:: - q:}T

where E, = ple + H(u* + v? + w?)}. The superscript asterisks
on the viscous flux vectors in Eq. (2) indicate that the deriv-
atives with respect to £ have been dropped. In the previous
equations, p is the pressure; p is the density; u, v, and w are
the velocity components in the x, y, and z directions, re-
spectively; e is the internal energy; 7 is the viscous stress; and
q is the heat conduction rate.

For nonequilibrium flows the species continuity equations
must be solved in addition to the fluid equations. Using the
global continuity equation and assuming Fick’s law for mass
diffusion, the steady form of the species continuity equation
is written

pV-Ve, = V-(pD.Vc,) + o, s=1,2,...,n 4

where c, is the species mass fraction, D,,, is the multicom-
ponent diffusion coefficient, and w, is the mass production/
depletion rate of species s. In the present study, a binary
diffusion coefficient D is used and is assumed to be the same
for all the species. The species continuity equations are sim-
plified using the PNS assumption of dropping the streamwise
diffusion terms. The effect of mass diffusion of species in the
energy equation is accounted for by adding the following com-
ponent to the heat flux terms (q,, q,. q.):

p 2, cUh, )
s=1

where U, is the diffusion velocity of species s and A, is the
species enthalpy.

The species enthalpy, specific heat, and viscosity are ob-
tained from a table-look-up procedure using the data of Ref.
34. The species thermal conductivity is computed using Euck-
en’s semiempirical formula. The viscosity and thermal con-
ductivity of the mixture are calculated using Wilke’s semiem-
pirical mixing rule,* and thé binary Lewis number Le is assumed
to be the same constant for all the species. The chemistry
modecl uscd in this study is that of air consisting of seven
species (n = 7), including electrons and seven reactions (m
= 7). This model is identical to that used by Blottner et al.**
and Prabhu et al.* The constituent species are molecular
oxygen (O,), atomic oxygen (O), atomic nitrogen (N), nitric
oxide (NO), nitric oxide ion (NO *), molecular nitrogen (N,),
and electrons (e ). The following reactions are considered:

O, + M, =20 + M,
N, + M, =2N + M,
N, + N=2N + N
NO + M;=N + O + M, (6)
NO + O=0, + N
N, + O=NO + N
N+ O=NO"* + e-
The reaction rates are obtained from Ref. 34.

Numerical Method

A finite volume, upwind, total variation diminishing (TVD)
scheme is used to integrate the fluid equations. The algorithm
is second-order accurate in the crossflow plane and first-order
accurate in the streamwise marching direction. The upwind
algorithm is based on Roe’s steady approximate Riemann
solver,” which has been modified® for nonequilibrium ef-
fects. Second-order central differences are used to model the
viscous terms.

The species continuity equations are solved using a finite
volume approach. The requirement that the mass fraction of
the species sum to unity eliminates the nth species continuity
equation. This results in requiring only n — 1 equations to
be solved. The convective terms are modeled using first-order
upwind differences in a conservative manner. The species
production/depletion rate o, is treated as a source term and
is lagged to the nth marching station for the present calcu-
lations. A line Gauss—Seidel procedure with successive over-
relaxation (SOR), in conjunction with a scalar tridiagonal
solver for each line, is employed to solve each equation.

The coupling between the fluids and chemistry is achieved
in a “‘loosely coupled” manner. First the fluid equations are
solved assuming no change in the composition. The new den-
sity and velocity are then used in the solution of the species
continuity equations. Once the species mass fractions are found,
the new density, internal energy, temperature, pressure, and
specific heats are determined. The coupling between the fluids
and chemistry can be enhanced through the implementation
of Newton iterations on the governing equations at each
streamwise step.” However, this was found not to be nec-
essary for the cases considered in this study. Further details
of the algorithm can be found in Refs. 23, 24, and 26-31.

Finite Catalytic Wall Boundary Condition
The boundary condition for a finite catalytic wall is dis-
cussed in detail by Anderson,' Park,> Scott [Refs. 37 and 17
(pp- 394-400)], Bruno,* and Goulard.® Following the deri-
vation given by Scott,?” the expression for the boundary con-
dition at a finite catalytic wall for a given species can be written
as

D,—“) = K, s=1,2,...,n @)
0N/ wan
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where D is the binary diffusion coefficient, K| is the catalytic
recombination rate for the species, and n is the coordinate
normal to the wall. All of the above quantities are evaluated
at the wall. Scott has shown that the recombination rate can
be related to the recombination coefficient vy, through the
following equation:

K, = yV(kT27)(N,,/M,) 8

where v, is defined as the fraction of atoms impinging on the
surface that recombine. In this equation k is the Boltzmann
constant, M, is the molecular weight of the species, N,, is
Avogadro’s number, and T is the temperature in degrees
Kelvin.

The recombinations of nitrogen, oxygen, and nitrogen ox-
ide have been accepted by many investigators to be the most
important reactions occurring on a finite catalytic wall,*-*
with the nitrogen oxide recombination being less important
than the other two. The nitrogen oxide recombination reac-
tion has been ignored in this study. This leaves the following
reactions at the wall:

N + N> N,

©)
O+0—-0,

For this study, a fully catalytic wall is defined as yy = v,
= 1. Another interpretation*” for a fully catalytic wall is to
assume the species concentrations at the wall are equal to
their equilibrium concentrations based on the local temper-
ature and pressure. For wall temperatures below 2000 K (so-
called ““cold walls”), this corresponds to the composition of
the ambient air. In this study it will be shown that these two
interpretations are reasonably consistent with each other for
a constant wall-temperature, cold-wall flow test case. In gen-
eral, these two interpretations will produce different results.
A noncatalytic wall is defined by setting vy, to zero.

As discussed in Ref. 41, the species continuity equations
are solved for each species using a scalar tridiagonal solver.
The species mass fractions at the point L = 1 (see Fig. 1)
must be written in terms of the mass fractions at L = 2 to
incorporate the boundary condition [Eq. (7)] into the implicit
system of equations. Using a differenced form of Eq. (7), the
species mass fractions at point L = 1 are determined from

(¢) = (¢): — (KAn/D)(¢,)van (10)

where K, is evaluated at the previous marching station and
(¢y)wan 1s approximated by

(C_\-)wuu — (Cx)l ;— (C.v)z (11)

For a noncatalytic wall, K, = 0, which reduces Eq. (10) to

(e = (c): (12)

For a fully catalytic wall, K| is calculated with y, = 1.
In the case of a finite catalytic wall, Eq. (7) is employed
for the atomic nitrogen and atomic oxygen species. The ni-
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Fig. 1 Finite volume geometry at the wall.

trogen oxide and nitrogen oxide ion species are treated as
noncatalytic. The mass fraction of molecular nitrogen (N,) is
obtained by utilizing the fact that all mass fractions sum to
unity. For molecular oxygen (O,), the gradient must be im-
plemented such that oxygen atoms are conserved at the wall.
This is accomplished with the equation:

9o, _ % (13)
on wall on wall

where the gradient for atomic oxygen is determined from
Eq. (7).

In this study, the vy, values are treated as constants and not
functions of temperature. This assumption is made because
of the lack of theoretical and experimental data to provide
accurate correlations between vy, and wall temperature for
materials other than those used on the Space Shuttle.*>-#4

Surface Energy Balance for Finite Catalytic Walls

The previous description of the finite catalytic boundary
condition is based on the principle of conservation of mass
applied at the wall. In most hypersonic flows the surface en-
ergy balance must also be employed to accurately determine
the heat transfer rates and detailed characteristics of the flow-
field. This important aspect is often neglected in the literature
where it is usually assumed that the vehicle surface can main-
tain a constant wall temperature regardless of the flowfield.
Only in rare instances is this a fair approximation.

The surface energy balance in this study takes the following
form:

9

oT < C,
= K— + hpD —= = T)* 14
G = k5o + 3 hpD 52 = co(T) (14)

where the emissivity ¢ is taken as a constant equal to 0.85,
and o is the Stefan—Boltzmann constant. This equation as-
sumes that the surface is at radiative equilibrium and there
is no radiation contribution from the flow to the wall and no
conduction loss through the wall. In the present study the
wall temperature is updated explicitly at each streamwise sta-
tion using a Newton—Raphson approach. Convergence is usu-
ally achieved within 7-10 iterations.

Numerical Results
Test Case 1

The geometry for test case 1 consists of a sharp cone with
a length of 0.5 m and cone half-angles of 10 and 20 deg. The
coordinate system is shown in Fig. 2. The flow conditions for
this test case are identical to those of Prabhu** and Molvik
and Merkle.* The velocity and altitude are 8071 m/s and 60.96
km, respectively. This particular flight condition corresponds
to the expected maximum cruise Mach number of a space—
plane prior to the rocket-assisted ascent into orbit. The free-
stream temperature and pressure at this altitude are 252.6 K
and 20.35 N/m?, respectively. These conditions result in a
Mach number of 25.32 and a Reynolds number of 1.28777 x
10°/m. The composition of the air was assumed to be 26.29%

x,& é z
&L i

Fig. 2 Coordinate system.



MILLER ET AL. 489

molecular oxygen and 73.71% molecular nitrogen, where the
percentages are in terms of mass. The Lewis number was held
constant equal to 1.4. Two approaches were used to imple-
ment the boundary conditions. In one approach the wall tem-
perature was fixed at 1200 K and in the other, the surface
energy balance was used to determine the wall temperature
at each station. All test cases throughout this study were
started with an initial solution obtained using a conical step-
back procedure.*®

The first set of calculations were for a 10-deg cone at 0 deg
angle of attack with either constant wall temperature or sur-
face energy balance boundary conditions. The grid contained
50 cells in the normal (radial) direction and 14 cells in the
circumferential direction. A grid refinement study was per-
formed using 75 and 20 cells, respectively, and the change in
computed results was negligible.

These calculations were started at an initial station of x =
0.01 m. The height of the first cell next to the wall was held
fixed at 1.0 X 10 * m for the constant wall temperature
approach and 1.0 X 10°° m for the surface energy balance
approach. The outer grid height varied in the streamwise
direction with the outer grid angle set to 20 and 15 deg,
respectively. The wall spacing and grid height were used to
determine the appropriate Roberts’ stretching parameter* for
the remaining cells (points). The average number of steps
taken (including stepback) for the fully catalytic cases was
4000 for the constant wall temperature approach and 2500 for
the surface energy balance approach. In general, the non-
catalytic assumption required fewer steps (approximately half).
The number of steps used for intermediate ranges of catalycity
were between the fully catalytic and noncatalytic values.

The species profiles of O and NO at the end of the cone
for the constant wall temperature boundary condition are
shown in Figs. 3 and 4, respectively. The noncatalytic case is
compared with the results of Buelow et al.*” The small dif-
ference in results relative to Ref. 47 are due to different
starting solutions. The starting solution in Ref. 47 consisted
of an impulsive start as opposed to the conical stepback pro-
cedure used in the present study. The two different interpre-
tations for the fully catalytic wall give similar results for the
O profile, but different results for the NO profile. The two
definitions appear to be somewhat consistent for this partic-
ular test case, although the two definitions represent distinctly
different physical interpretations.
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Fig. 3 O profilesatx = 0.5 m (« = 0, § = 10, T,,,,, = 1200 K).
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Fig. 4 NO profilesatx = 0.5 m(« = 0, 6 = 10, T, = 1200 K).
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Fig. 5 O profiles at x = 0.5 m (@« = 0, 8 = 10, surface energy
boundary condition).
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The surface energy balance boundary condition was then
implemented for this case. The species profiles of O and NO
are shown in Figs. 5 and 6, respectively. These results are
similar in shape to those in Figs. 3 and 4, although the mag-
nitudes of the species mass fractions are much higher due to
the higher temperatures present in the flow.

In the next calculation, the cone half-angle was increased
from 10 to 20 deg. The freestream conditions and the number
of points in the radial and circumferential directions were kept
the same. The outer grid angle was set to 25 deg and the
height of the first cell above the wall was fixed at 5.0 x 10-°
m. Calculations started at an initial station of x = 0.01 m, as
before, and the surface energy balance was used to determine
the wall temperature at each x station. The species profile
shapes for O are presented in Fig. 7. As expected, the mag-
nitude of the atomic oxygen mass fractions are significantly
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Fig. 6 NO profiles at x = 0.5 m (« = 0, § = 10, surface energy

boundary condition).

0.015 r r
—— Noncatalytic(y=0)
Fully Catalytic(y=1)
0.010 ]
E
g
i
>
0.005 |
0.000 - -
0.00 0.05 0.10 0.15

O Mass fraction

Fig. 7 O profiles at x = 0.5 m (@ =

0, & = 20, surface energy
boundary condition).

higher when the cone angle is increased to 20 deg. The heat
transfer results are presented in Fig. 8 for the noncatalytic
and fully catalytic cases. Included in this graph are the results
for the 10-deg cone. For the 20-deg case, the increase in heat
transfer due to catalycity is about 20% and is negligible for
the 10-deg case. The increase in heat transfer due to the cone
half-angle is more significant. Figure 8 shows a 70% increase
in heat transfer between the 10- and 20-deg fully catalytic
cone cases. It is clear that the change in heat transfer due to
catalycity is very sensitive to the strength of the shock. For
cone angles greater than 20 deg, it was necessary to reduce
the safety factor on Vigneron's parameter for a fully catalytic
boundary condition. The factor was reduced from 0.95 to

approximately 0.55. For a noncatalytic case no reduction was
required.

0.035 (—————— '
il
!
% —— Noncatalytic(8 = 10)
'.I\\ ~——— Fully Catalytic(8 = 10)
W ome-- Noncatalytic(6 = 20)
'\“\ -~~~ Fully Catalytic(d = 20)
\
0.025 + 1
&
0.015 |
0.005 L y : y ;
000 010 020 030 040 050 0.60

X, meters

Fig. 8 Heat transfer effects (@ = 0, & = 10, 20, surface energy
boundary condition).
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0.03 ]
o

0.02
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Fig. 9 O profiles at x = 0.5 m (« = 10, 8 = 10, surface energy
boundary condition).

In the next calculation, the angle of attack of the 10-deg
half-angle cone was increased to 10 deg and the surface energy
balance was used to determine the wall temperature at each
station. The number of points was kept at 50 in the radial
direction, but was increased to 30 in the circumferential di-
rection. The height of the first cell above the wall was fixed
at 5.0 X 10~ m for the lee-side and 1.0 X 10~ m for the
wind-side. Calculations were started at an initial station of
x = 0.05 m. The outer grid height varied in the streamwise
direction with the outer grid angle set to 35 deg for the lee-
side and 15 deg for the wind-side. The heat transfer coeffi-
cients are shown in Fig. 9. The increase in heat transfer due
to wall catalycity on the wind-side is much more significant
than on the lee-side. These results show the effect of a stronger
shock on the wind-side when compared to the lee-side. Figure
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10 shows the effect on the atomic oxygen mass fraction due
to catalycity on the wind-side and lee-side.

Test Case 2

In this test case the flight conditions correspond to calcu-
lations performed by Blottner® in 1964. This reference is one
of the few to show results for a fully catalytic sharp cone case.
The cone half-angle for this case is 10 deg. The flight con-
ditions given by Blottner are a freestream velocity of 22,000
ft/s (6706 m/s) and an altitude of 100,000 ft (30.48 km). The
corresponding boundary-layer edge conditions are u, = 21,590
ft/s (6581 m/s), T, = 1019 K, and p, = 522.6 Ib/ft> (25,022
N/m?). The input for the UPS code requires only freestream
quantities and these were varied until the UPS boundary-layer
edge conditions were approximately the same as given by
Blottner. The final freestream conditions used were M. =

0.070 T
0.060 -——— Noncatalytic(y=0) —
Fully Catalytic(y=1)
e Noncatalytic(y=0)
0.050 —— Fully Catalytic(y=1) |
. 0.040 [};
£
3
T 0.030 g
0.020 J
Windside
0.010
0.000 - .
0.00 0.05 0.10

O Mass fraction

Fig. 10 Heat transfer effects (& = 10, 8 = 10, surface energy bound-
ary condition).
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Fig. 11 O profiles at x = 11.02 ft (« = 0, 6 = 10, T, = 1000 K).

22.1, Re, = 6.763 x 10°, and T,. = 232.7 K. The freestream
mass fractions were 0.2328 for O, and 0.7672 for N,.

The fully catalytic definition used for this test case is based
on the cold-wall assumption where the mass fractions at the
wall are set to their freestream values. This approach was
used to approximately match Blottner’s calculations where
the wall mass fractions were determined from the equilibrium
composition based on the temperature and pressure at the
edge of the boundary layer.

The grid used for these calculations is similar to the previous
test case. The outer grid angle was set to 20 deg and the
number of radial points was 100. The height of the first cell
at the wall was 1.0 x 105 m. The starting solution was
obtained as in the previous test case and the calculations
proceeded until an x station of 11.02 ft (3.36 m) was reached.
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Fig. 12 O, profiles at x = 11.02 ft (« = 0, 8 = 10, T,,, =
1000 K).
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Fig. 13 NO profiles at x = 11.02 ft (¢« = 0, 6 = 10, T, =
1000 K).
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Fig. 14 Temperature profiles at x = 11.02 ft (« = 0, 0 = 10, T,
= 1000 K).

The y coordinate used in Ref. 6 is given in terms of the
similarity variable 7,. For convenience, the similarity variables
employed in Ref. 6 are repeated here:

£ = [ omars a
(15)

ur, |*
n(x, y) = E)" fu p dy

Figure 11 shows the atomic oxygen profiles at an x station
of 11.02 ft. The noncatalytic and fully catalytic solutions are
shown in addition to a finite catalytic calculation. The fully
catalytic solutions are in reasonable agreement. The differ-
ence in results is believed to be due to the differences in edge
conditions and in the equations being solved. The solutions
presented in Ref. 6 were obtained from the boundary-layer
equations that were coupled with a system of ordinary dif-
ferential equations that described the inviscid portion of the
shock layer.

Figures 12 and 13 show the molecular oxygen and nitrogen
oxide profiles. Good agreement is obtained for the fully cat-
alytic solutions, although the NO profile given by Blottner
asymptotically reaches a value of about 5 X 10-% and the
UPS solution reaches a value very near zero when the simi-
larity variable n, reaches a value greater than 5. This is due
to the slight difference in fully catalytic interpretations as
mentioned previously. The temperature profile is shown in
Fig. 14. The temperature profile is not given for this x station
in Ref. 6, but the peak temperature is given and its value
compares well with the peak value computed in the present
computation. \

Concluding Remarks

The three-dimensional UPS code has been extended to al-
low for finite rate catalytic walls. Nonequilibrium laminar
airflows over sharp cones at zero and 10 deg angle of attack
were computed using noncatalytic, fully catalytic, and finite
catalytic wall boundary conditions. These boundary condi-
tions were based on either a surface energy balance or a
constant wall temperature assumption. The effects of these
boundary conditions on species concentrations, temperature,
and heat transfer were studied and compared with previously

computed noncatalytic and fully catalytic cases. Large differ-
ences in results were found between the surface energy bal-
ance and the constant wall temperature boundary condition.
The effects of catalycity on heat transfer and flow composition
were found to be very sensitive to the strength of the shock
resulting from different cone half-angles or angles of attaek.
Additional results are given in Ref. 41.
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