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VISCOUS SHOCK-LAYER PREDICTIONS OF THREE-DIMENSIONAL NONEQUILIBRIUM
LOWS PAST THE SPACE SHUTTLE AT HIGH ANGLE OF ATTACK
M. D. Kim, 5. Swaminathan, and Clark H. Lewis
tevsspace and Ocean Engineering Department

virginia Polytechric Institute and State University
Blacksburg, Virginia

SUMMARY

Computational solutions have been obtained for chemically reacting fiowfields
sver the entire windward surface of the Space Shuttle at high angle-of-attack. The
recently develqped computational method for the Space Shuttle is capable of treating
three—dimensional viscous nonequilibrium air flow as well as equilibrium air and per-
fect gas flows. A general nonorthogonal computational grid system is used to treat
the nonaxisymmetric geometry. Boundary conditions take intc account noncatalytic
wall, equilibrium catalytic wall, and shock and wall slip conditions. The nonequi-
librium solutions with noncatalytic wall condition are compared to the fully cata-
Iytic wall solutions, the equilibrium alr solutions, the perfect gas solutions, and
also the Shuttle flight heating and pressure data. The comparisons show good agree-
zents and correlations in most cases.

INTRODUCTION

Recently the nonequilibrium effect on the Shuttle reentry flowfield has been
widely investigated to reduce the surface heating by employing a proper surface
material. The purpose of the present paper is to accurately predict the three-
dimensional nonequilibrium flowfield ove~ the entire Shuttle windward surface and
compare the result with the flight data of heating rate and pressure. For a few
typical reentry flight conditions, the nonequilibrium solutions were obtained for
both noncatalytic and fully catalytic wall conditioms, and compared with the corres-
ponding equilibrium and pérfect gas solutions. The present numerical scheme was also

extended to include the capability to treat the nonequilibrium wall and shock slip
conditions.

The present numerical method (SHTINEQ) has been developed based on the two-
dimensional nonequilibrium flowiield code by Miner and Lewis (ref. 1) and the three-
dimensional perfect gas code by Szema and Lewis (ref. 2). The complete governing
equations and the description of the present method are given by Kim, Swamipathan and
Lewis (ref. 3). The SHTNEQ method uses a qeneral nonorthogonal computational grid
system to treat the nonaxisymmetric Shuttle geometry. Since the three-dimensional
viscous shock-layer equations are parabolie in both the streamwise and crossflow di-
rections, the equations are solved by a highly efficient finite-difference scheme
developed by Murray and Lewis (ref. 4), which reguires nuch less cemputing time than

PYS or time-dependent methods. The present method can solve both subsonic and super- .
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sonic flows and requires the shock shape as initial input data. The shock shapes for
the present Shuttle calculations were provided by the inviscid HALIS method of
Weilmuenster and Hamilton (ref. 5).

In the later secticns, a description of the governing equations and boundary
ccnditions is given, and the thermodynamic properties and chemical reaction model
used in the present calculations are also®described. It is known that the nonequi-
librium real gas effects persist through a wide range of the Shuttle reentry trajec-
tery (altitudes of 122 to 50 km). In the present work, three points along the tra-
jectory of the second Space Shuttle flight (STS-2) are chosen, and the numerical so-
lutions are obtained over the entire windward surface of the bedy. These freestream
conditions are the same as used in ref. 3, and the present paper is an extension of
the previous paper by including more calculations with comparisons to additional
r:ight data and also the wall and shock slip effects. The computational results of
the surface heating rate and pressure predictions are comparad with the STS5-2 flight
data. The variations of some shock-layer profiles along the body are also presented.

P s
SYMBOLS

Cp specific heat at comstant pressure

TLCAT nonequilibrium solution with fully catalytic wall

8y . vector in streamwise (El) direction .

3 vector £h normal (52) direction

8y vector in circumferential (53) direction

L Shuttle body total length, 32.84 m

M freestream Mach number

NONCAT nonequilibrium solution with noncatalytié wall

NONEQL nonequilibrium flow calculation

NSH shock-layer thickness nondimensionalized by Rn
p pressure, p*/(p_U2)

PG perfect gas solution

PHI same as ¢ in cylindrical coordinates

PW/PINF  same as pw/pw

. . 2
ow surface heating rate due to conduction and diffusion (MW/m™)

Re freestreanm unit Reynolds number, m--1
R dimensional Shuttle nose radius, 62.23 cm (24.5 inches)
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SHTNEQ

STS space transportatizn svsten
S/RN surface distance zlong body nondimensionalized by Rn
*
T . temperature, T /Tref
. . 2

T dizensional reference temperature, U./C

ref o/ ~pw

t Stuattle entry time from 1Z2 km altitude

u, dizensional freestream velocity

u,v,w streamwise, normal ind circumferential velocity tensor components

nondimensionalized 5y U
» - ® ‘-

U/UINF streamwise velocitr, u*/Uco

Wy species production Zerm

Y/RN body-ncrmal distance nondimensionalized by Rn
Z,T,d reference cylindrical coordinates

Z/L axial distance alorz body, same as z/L
o angle of attack, degree
€ Reynolds number parameter, [;rlf/(:mmen

viscosit * -

H FAT /Prer
v reference viscosity evaluated at T

ref - ref
51,52,53 computational coordinates

- .-

o density, c*/pOo
Superscript
*

dimensional quantity

Subscript

i species i1

w wall value

@ dimensional freestream value

Shuttle nonequilibrium, the present numerical method

n

in

ipe i BN

0
o

&

—
<

EﬂﬁiM%@Jqﬁi““

7
A

i'f .W

{
]



ANALYSIS

Governing Equations

The governing equations are derived from the steady Navier-Stcokes equations for
a reacting gzas mixture as given by Bird et al. (ref. 6), and they are written in a
surface-oriezted general nonorthogonal coordinate system (see fig. 1). The £1 cc-
ordinate consists of straight lines in the surface-normal direction. At the body
surface, the 53 coordinate is chosen to coincide with the & coordinate of the ref-
erance cylindrical coovdinate system. The coordinate system requires orthogorallr
only at the tody surface. The normal velocity v and normal coordirate £o are zssumed
to be the orier of €, and all terms which are of higher order than € are neglz:cted 1
the governing equations. The lccal physical velocity vector is defined as

v-= q&l + vgz + wg3
43 =

where the u, ¥ and w are tensor velocity components in the computational coordinate

system. Only laminar flow is considered in the present analysis. The derived nondi-

mensional fora of the three-dimensional viscous shock-layer equations for a rcacting

gas mixture is given 1in ref. 3.

Boundary Conditions

At the body surface, the slip and temperature-jump boundary condition. can be
used if necessary. The nonequilibrium wall slip equations given by Hendricks (ref. 7)
have been rewritten for the present coordinate system and chemical model. Thec ral-
culated Reynolds number parameter £ was less than 0.108 for the present test cases
which Iindicates that the slip effects on the heating rate and surface pressure will
be small (see e.g. ref 8), but the slip effects on some shock-layer profiles over
the nose region are calculated and presented. The wall temperature is specified by
the STS-2 flight thermocouple data. 1In the present calculations, the wall species
concentration is dictated by the noncatalytic or fully catalytic condition, but the
boundary condition can easily be extended to include the effects of finite wall
catalycity on the recombination of dissociated air. At the low surface temperature
of Shuttle, the equilibrium catalytic wall condition can be replaced by the fully
catalytic wall condition.

In the present method, shock shape information is necessary as an input which is
used for the calculation of the shock-boundary condition. The three-dimersional
shock-boundary conditions with slip effects (modified Rankine-Hugoniot jump relations)
given by Murray and Lewis (ref. 4) have been extended to include finite-rate chemistry
and the ronorthogonal coordinate system. Two-dimensional shock-normal coordinates
are defined in the plane which contains both the freestream velocity vector and the
vector which is normal to the local shock surface. Then, the freestream velocity
vector is written in the shock-normal coordinates, and two-dimensional shock-crossing
conditions are calculated in the shock-normal coordinates. The known after-shock
quantities are rotated into the three-dimensional computational coordinates.

Thermodynamic and Transport Properties

Multi-compenent ionizing air is ccnsidered to be a mixture of ther. lly periect
gases, and the thermodynamic and transport properties for each species are calculated
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using the local temperature. The properties for the gas mixture are r=en determined

in terms of the individual species properties. The enthalpy and speciIic heat of
each species are obtained from the thermodynamic data tabulated by Browme (refs. 9-11).
A second-order Lagrangian method is used to interpolate the values at = given tempera-

ture. The viscosity of the individual species is calculated from the curve fit re-
lation given by Blottner (vef. 12), and the thermal conductivity of ezch species is
calculated from the Eucken semi-empirical formula using the species viszosity and
specific heat. After the viscosity and thermal conductivity of the izZZwidual species
are calculated, the viscosity and thermal conductivity of the gas mixtuTe are calcu-
lated by the method suggested by Armaly and Sutton (refs. 13, 14). Iz <he present
work, the diffusion model is limited to binary diffusion with the binzr= diffusion
coefficient specified by the Lewis number of l.4.

Chemical Reacrion Mode:l

It is assumed tbat the ghemical reaqtions_proceed at a finite rat=. and the rate
of production terms wi of the individual species are iacluded in the energy equation
and the species continuity equations. The wj terms are functiors of both the tem—
perature and the cpecies concentrations, ard they must be rewritten so zhat the tem-—
perature or the species concentrations appear as one of the unknowns as given in
ref. 1. 1In the present calculations, the chemi~al reaction model and the reaction-
rate constants are taken firom Blottner (ref. 15). Seven (7) chemical species are con-—
sidered in the reactions; viz., 0, 8p, NO, N, NOt, Ny, and e”. The follewing pure air
chemical reactions are used for the present study:

1. 0y +M1 T 20 + Ml

2, Np +M2T 2N + M2

3. Np+ N I 2N+ N

4. NO+M3T N + 0+ M3

5. N0O+0 < 0y +N

6. Wy +0 < NO + N

7. N +0 I NOF+ e~
where M1, M2 and M3 are the catalytic third bodies (: "}. Since the rate of pro-
duction terms are for nonequilibrium flows, the prese. 5d encountexrs difficulty
in obtaining a converged solution whenever the flow ¢ .. ns approach equilibrium.

The difficulty is severe, particularly at the stagnat.. - point.

Numerical Solntion

Davis (ref. 8) presented an implicit finite-difference method to solve the vis-
cous shock-layer equations for axially symmetric flows, and Murrav and Lewis (ref. 4)
further developed the scheme for three-dimensional flows. In the presemt work, the
method is extended to the chemically reacting three-dimensional flewiieid solution in
a surface-oriented nonorthogonal coordinate system. Since the viscous shock-layer
equations are parabolic in both the streamwise and crossflow directioms, the equatiouns
are solved by a highly efficient finite-difference scheme. The continuizy and normal
momentum equations are solved in a coupled form to promote convergence. The shock
stand-off distance is evaluated by integrating the continuity equation.

The solution begins on the spherically blunted nose by obtaining 2= axisymmetric

solution in the wind-fixed coordinate system. The axisymmetric solution 1is rotated
into the body-fixed coordinates and is used as the initial profile for e three-

809

Ay

¥t

"mkl



dimensional solution. The three-dimensional solution begins in the windwizrd :lzce
and marches around the body obtaining z converged solution at each Zy-stexw. a2
completing a sween at a £]-marching station, the procedure then steps dowmstrzz=

in

€1 and begins the next §3-sweep. At each point the equations are solved -2 the Inl-—

lowing order: (i} species continuity, 7ii) f;-momentum, (iii) energy, (iT) ij-=inex—
tum, (v) integration of continuity for shock-layer thickness, and (vi) cozples zoa-

tinuity and normal momentum equations.

RESULTS =ND DISCUSSION

In order to sredict the 3huttle reentry Zlowfield, three test cases wsre Inrsenl
and the viscous windward flowfield solutions were chtaired using various -nemi:zl
models. For the wide range of the Shutzle reentry conditions (above 50 <= alziz:Ze,

the nonequilibriuw: effects can occur, and the nonequilibrium affects are _=argesi zezT
the nose of the bedy and around t = 45C sec on the trajectory (ref. 16). The zI
tudes selected for the present calculations are 81, 70 and 60 km (t = 25Q0. 460, =30
sec, respectively). Detailed freestrzam conditions for the three test cas=zs zTe

given in table I. The inviscid input shock.shapes for the present calculzzions dzve
been provided by the HALIS method for an angle-of-attack of 40 deg for boch perie:t
gas and equilibriv= air. The inviscid EALIS shock was available only up =o z/l =

0.5 or less. The wiscous flowfield solutions for perfect gas ard equilibrZum zir haT=
been obtained up to z/L = 0.5 in order to compare with the nonequilibrium soluvzirzs.
The nonequilibrium solutions, however, were obtained for the entire windwa=d surizce
up to the body end using an extended shock. The shock extension was done using t2
STEIN {ref. 17) sclution of the skock shape for an angle-of-attack of 25 deg. The ex—
tended shock was scaled and smoothed before being used as input data. Iz order zo
enhance the accuracy of the nonequilibrium viscous solution, a global iter=ticz 2zs
been performed using the viscous outputr shock as an input.

The nonequilibrium solutions have been obtained for both noncatalytic and Iulls
catalytic wall conditions for the purpose of comparison. The cross-sectioms oI 32
madified Shuttle orbiter which have been used for the inviscid and viscous sol:zicms
are depicted in fig. 2. fresented resulcs include the surface heating rat=, surizce
pressure, shock shapes, a few shock-layer profiles, and finally slip effec=s over the
nose region. The flight heating-rate data obtained from the method by Throckmerzon
(ref. 18) are used for comparison with the computational results. The flizht zeasure—
ment data of pressure are used for comparison with the present surface-pressure pre—
dictions.

Surface Eeatiag Rate

The heating-rate predictions along the windward centerline are compared with
each other in fig. 3 for Case 1. The norcequilibrium soiution with noncataZytic wall
condition agrees well with the flight dara for most of the region. The nemequilidrivm
solution with fullw catalytic wall condition shows quite close agreement with rZe
equilibrium air solution. The heating-rata prediction from the perfect gas moca:i Is
halow the equilibrium air solution but well above the notcatalytic wall solutica far
the entire body. The reason for the local mismatch arcund z/L = $.2 is not curreztly
known. At z/L = 0.4, the perfect gas solution is 20% lower than the equilibriwm so-
lution and 50% higher than the noncatalytic wa’l solution. In fact, the swuriaca
finite catalytic effect for Case 1 is negligibie compared to that for Cases 2 azd %
Gue to the altitude dependence cf the surface catalytic activity (ref. 19). Tke Za-
crease of the heating after z/L = 0.8 is due to the slope change of the bccy surizze.
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For Cases 2 and 3, the general trends of the computed heating razes are similar
to the result of Case 1, but the noncatalytic wall solution underpredicts comparel te
the flight data especially on the ncse region and the sody-end region as shown iz
figs. 4 and 5. The discrepancy cver those regions may be due tc the surface catzl7t
effect as recentlwv discussad by other investigators (refs. 16, 19 and 20). In fiz
the nonequilibrium solution with noncatalytic wall condition alcag the body is s!
for various ¢~planes, together with the corresponding equilibrium air solution I:<
Case 2. The equilibrium air solution is much higher than the ncacatzlytic wall szlu-
tion for all the --planes. 1In fig. 6, the surface heating distributicons aleng thz
body for «ll the :--planes are shown. The sudden increase of the heating rate at
¢ = 80 deg and z/L = 0.5 is due to the spanwise slope change of the ~cdy surface
along the body (see fig. 2). At z/L = 0.5 and $ = 90 ceg, the solution did not ::=-
verge, due to the severe surface slope change of the wing tip section. The calcu-
lated windward spanwise heating rates at two axial stations (z/L = 0.2 and z/L = l.ak
for Case 2 are shown in fig. 7. The comparisons among the varicus chemical models
show similar trends and correlations for the spanwise heating rzte distributions Zue
to the flow expansion arournd the body. The flight data were available only at tks
windward centerline (® = 0 deg), and the data agree well with the roncatalytic wall
solution.
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Surface Pressure Comparison

In fig. 8 the surface-pressure distribution over the entire Shuttle windwarc
surface is presented together with the available flight data for comparison. The
$d-planes from 10 deg to 40 deg were omitted on the plot because the results for trose
planes were almost identical with the result for the windward centerline. The agree-
ment with flight data is good especially on the windward centerline for Cases 2 =¢ 3.
In fig. 9 the spanwise surface pressure distributions are shown at two axial staricas
(z/L = 0.1 and z/L = 0.2). - The present calculation tends to underpredict over the
flow expansion region (off the centerline) compared to the flight daca (e.g. abouz 20z
underprediction at 9 = 67 deg, z/L = 0.1). This disagreement ma7 he due to the =—-
certainty of the flight data. A computation usimg a smaller ¢-stepsize may also -2-
duce the discrepancy. The present solution by the SHINEQ method used 3-stepsize sz
10 deg around the body, and this stepsize may not be small enough for the noncircziar
cross section of the Shuttle geometry (see fig. 2). If more ¢-planes than the przsenc
10 planes were included in the computation, the current relatively large storage Te—
quirement and computing .ime would increase accordingly.

Shock-Layer Thickness

A comparison of the shock-layer thickness distributions aloag the body at the
» = 0 plane which has been obtained from various chemical models Is shown in fig. 0.
All the viscous shdck shape results except the in.iscid shock are from the once
globally iterated results. When an inviscid input sheck is not very accurate, ths
output shock shape is, in general, different from the iaput shocx. In such a cass,
a global iteration is necessary in order to refine the entire flowfieid solution.
Thus, for the present three test cases, all the presented viscous flowfield soluti:as
are from the first global iteration. The inviscid shock is froz the EALIS code a=Z
was available onlv up to z/L = 0.5 as mentioded earlier. The imviscié HALIS shocz
for o = 40 deg has been extended by the inviscid shock of a = 25 deg irom the STZIX
method. The extended shock was scaied and smoothed, and then ussd as the input sicck
data for the initial calculation (zeroth iteration). When the various viscons sbiek-
layei thicknesscs 2re compared to the inviscid perfect gas shock at z/L = 0.4, the
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+:scous perfect gas shock is 86.7%, the nonequilibrium shock is 52.82Z and the
2cuilibrium shock 1s 36.1%. The shock from the fully catalytic wall condition Iz
zlmost identical to the noncatalytic wall solution.

Comparison of Shock-Layer Profiles

The nonequilibrium flowfield structure of the viscous shock-laver at 2 few
zzlected axial stations om the windward centerline is depicted for btoth the non-
zztalytic and fully catalytic wall conditivas in figs. 11-14. The profiles incl:de
czmperature, tangential velocity and mass fractions of oxygen and nirrogen 2toms Zer
Czse 2 (t = 460 sec). The temperature and velocity prcfiles in figs. 11 and 12 :hcw
rzat the viscous effects are dominant across the entire shock-layer, especially 'm
-he forward part of the body. At the axizl station of z/L = 0.046 in the plot =
tzmperature profile, the wall temperature gradient of the fully catalytic wall s:lu-
tion is larger than that of the noncatalytic wall solution, which produced a 34%
lzarger conduction heating rate. At the same station the heating rate due to the
zzss diffusion was 93% of the conduction heating rate in the fully catalytic wall sc—
iuztion. The diffusive heatirg in the noncatalytic wall case was, of course, negligix
The surface chemical catalycity has negligible effect on the velocity profile as
shown in fig. 12. The mass-fraction profiles of oxygen and nitrogen clearly show the
e:fects of the noncatalytic and fully catalytic wall corditions. In the nocncata_ytir
wzll case, the oxygen atom concentration at the wall remains almost ccnstant alorg
the body, while the nitrogen atom concentration is reduced downstream due tc mor:s
rzpid recombination. )

Slip Effects

The SHTNEQ method has been further extended to include the shock slip and e
wall slip conditions. In high altitude freestream conditions, the conventional
frozen shock crossing of Rankine-Hugoniot relations for nonequilibrium flows gives
poor prediction of the after-shock quantities. It is known that the slip effects ox
surface-measurable quantities like heating rate and pressure are significant,
especially for reentry bodies with a smail nose radius at very bigh altitude. Fzr
tie Space Shuttle geometry at the test case freestream conditions, hcwever, the =l-
cuzlated Reynolds number parameter € was less than 0.108 which indicates that the slix
effects on the surface-measurable quéntities will not be significant (ref. 8). &=
fig. 15, the shock-slip effects on the temperature profile and mass fraction of
oxygen and nitrogen atoms are shown at the stagnation point. The slip temperati—z zaC
the shock is less than the no-slip temperature by 1500 K. The shock-slip effect
oa the oxygen mass-fraction distribution across the shock-iayer is limited to ths
razgion near the bow shock, but for nitrogen the shock-slip effect is propagated zI1
tarough the shock-layer. Figure 16 shows the wall-slip effects on the surfzce tzm—
serature and axial flow velocity jumps over "the nose region for Case 2. The amomt
o7 the temperatire jump is about 200 K at the stagnation point, and the slip
velocity is 9.0050 times the freestream velocity at S/RN = 0.8.

Computing Times
The computing times required for the flowfield computations of all the test
czses are liczed in table II. The computing times are based on an IBM 370/3081

general purpose computer. The nonequilibrium computztions took about one-and a wzlf
hours CPU tize for solving the entire Shuttle windward surface. When an input shick
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dats is not accurate, generally a global iteration is 1equired, thus consuming mere
computing time cham the tabulated ome. The computing times for the perfect gas and
equiiibvium air are for the solutjon of the first half of the body (up to z/L = 0.3).
The solation of the perfect gas or equilibrium air flows tcok relatively small cca-
puting times (lzss than 20% of nonequilibrium case). Tle axial marching step-sizzs
are controlled internally in the code considering t—he number of local iterations
taken. A fixed input of 51 or 101 zrid points was used in the surface-normal di-
rection and 10 planes were used around the body for the wirdward surface (10 deg
step-size). The leeward surface o° the Space Shutzle was cot considered, because a
solution cannot be obtained by tbe present method Zue to strong Ilow separztion. The
storage requirement of the present SHTNEQ code is 2532 kilo-bitee in the IBM 370/:l31
computer.

CONCLUSIONS
P
In general, the rowpur .7zl results of surface heating rate for the three-
dimersional nonequiliby’ .l.miiz:d over the Space Shuttle compare well wvith the

available flight data. The flight heatin; rate data are higher than the ioncata-
lytic wall solution especially on th2 nos¢ region and the body end due to the suriface
finite catalytic effect. The nonequilibriur solution with fully catalytic: wall gives
quite clcse agreemen> with the equilibrium heating rate predictior. The jerfect zas
solution of surface heating rate is less than the equilibrium solution but higher
than the flight data for the entire region. The calculated pressure distr:bution also
shows good agreement with the flight datz. The calculated nonequilibriun shock- znd
wall-slip effects on the heating rate were negligible for tke present test cases. The
computing times taken for the nonequilibrium calculation are reasonable corsiderizg
the large size of the computational grid due to the complex Shuttle geometry and the
chemical reactions of seven species. Further work is planned to calculate the eficcts
of finite catalytic wall conditions on the three-dimersional norequilibrium flewfiz2ld.
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TABLE 1. TEST CASE FREESTREAM CONDITIONS
Case t Altitude a M Rewm U Tw Px

No. (sec) (km) (deg) (m—1) {(xn/s) (X) (atm)
1 250 35.74 41.0 2£.6 2726. 7.33 -39 3.587E-C*%
2 60 74.98 40.0 25.5 15686. 7.20 -238. 2.142E-G2
3 650 71.29 39.4 23.5 .25756. 6.73 z05 3.965E-03

TABLE I{. COMPUTING TIMESa FOR TEST CASES

Case z/L Grid Size of CPY Time
Flow Model No. from - tc §,-steps Ez-pts £3-plznes (H:M:S)
Nonequilibrium 1 0. - 0.93 127 51 10 1:20:34
Noncatalyzic 2 0. - 0.93 129 51 10 1:50:28
3 0. - 0.93 142 51 10 1:51:40
Nonequilibrium 1 0. - 0.93 123 51 10 1:23:02
Fully Catalytic 2 0. - 0.93 124 51 10 1:26:53
3 0. - 0.93 124 51 10 1:27:22
1 0. - 0.50 78 101 10 0:07:07
Perfectc Gas 2 0. - 0.50 78 101 10 0:07:06
3 0. - 0.50 78 101 10 0:07:05
. 1 0. - 0.453 72 101 10 0:08:32
Equilibrimm 2 0. - 0.453 72 101 10 0:08:28
3 0. - 0.453 72 101 10 0:08:27

2CPU time cn IBM 370/3081, H=OPT2
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Figure 1.- Body-generator ncnorthogonal coordinate system.

Figure 2.- Cross sections of the modified Shuttle orbiter.
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Figure 9.- Compariscn of spanwise surface pressure distributions.
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