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Assessment of Thermochemical Nonequilibrium and Slip
Effects for Orbital Re-Entry Experiment

Roop N. Gupta,* James N. Moss,T and Joseph M. Price#
NASA Langley Research Center, Hampton, Virginia 23681-0001

Results are provided from a viscous shock layer (VSL) analysis of the re-entry flowfield around the
forebody of the Japanese Orbital Re-entry Experiment (OREX) vehicle. This vehicle is a 50-deg spheri-
cally blunted cone with a nose radius of 1.35 m and a base diameter of 3.4 m. Calculations are performed
for the OREX trajectory from a 105 to 48.4 km altitude range. A seven-species chemical model for air
is found adequate for the flowfield analysis. However, for altitudes greater than 84 km, the low-density
effects (such as thermal nonequilibrium and slip) must be implemented to accurately predict flight-
inferred heat transfer rate data. At altitudes lower than 84 km, a finite surface recombination probability
employed in place of a noncatalytic surface enhances the agreement between the calculations and flight
data. VSL results are also compared with the direct simulation Monte Carlo predictions at high altitudes
(>80 km) and the electron number density data for three altitudes in the OREX trajectory. Overall, the
agreement between the flight data and calculated results is quite good.

Nomenclature

d = base diameter, m

Kn., = freestream Knudsen number, A../d

L = shuttle length, m

M., = freestream Mach number

Dw = surface pressure, N/m?

q. = surface heating rate, W/m?

Ry = nose radius, m

s = distance along the body surface measured from
the stagnation point, m

T = vibrational-electronic- electron excitation
temperature, K

T, = surface temperature, K

T. = freestream temperature, K

Ve = freestream velocity, m/s

X; = mole fraction of species i

X = axial distance from stagnation point measured
along symmetry axis, m

y = radial distance from symmetry axis, m

Yo, Y~ = recombination probabilities for atomic oxygen
and nitrogen, respectively

Ne = electron number density, m~>

A = mean free path, m

Peo = freestream density, kg/m’

Introduction

OR the optimum design of reusable space transportation
vehicles, it is necessary to determine the re-entry aero-
thermal environment of these vehicles accurately so that the
weight of the thermal protection system may be minimized to
increase the payload capacity. An accurate prediction by com-
putational fluid dynamics (CFD) methods of surface heating,
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temperature, and flowfield quantities during re-entry naturally
requires accurate modeling of the flowfield chemistry, gas-
surface interaction, body (and shock) slip, as well as the ther-
mochemical nature of the flowfield.' Because of the extreme
physical conditions encountered and associated modeling dif-
ficulties, it becomes essential to calibrate the CFD codes, ide-
ally against flight data, for a wide range of flow conditions.
Some of the codes show good accuracies against ground-test
results, which, in general, do not simulate high-temperature
real-gas effects as encountered in a hypervelocity flight. Thus,
the code comparison against the flight data cannot be over-
emphasized, especially, for high energy flows. The Orbital Re-
entry Experiment (OREX) was conducted recently from orbit
to create a database to study the re-entry technology, and to
establish the accuracy of computational design tools for Earth-
Space Round Trip (ESRT) systems.”

OREX was the first of the three flight experiments planned
to obtain the technology base for the development of Japan’s
unmanned space shuttle called HOPE (H-II Orbiting Plane).
OREX was launched into Earth orbit by the H-II rocket on
Feb. 4, 1994, and was the first Japanese entry experiment. Two
of the many OREX objectives were to 1) gather re-entry data
(such as those for the aerodynamic performance and aero-
thermal environment and guidance/navigation/control), and 2)
test the thermal protection system that has been developed for
HOPE. For meeting the second objective, the maximum heat-
ing rate encountered by OREX was almost equal to that com-
puted for HOPE (Ref. 2). The initial reports provide an indi-
cation of the scope and quality of the basic data acquired.””

The inferred surface heating rate data for OREX are consid-
ered potentially unique for altitudes above about 92 km. Un-
like the Shuttle Orbiter, which is an operational vehicle, OREX
was enclosed in a protective fairing during launch, thereby
negating the requirement for waterproofing the thermal pro-
tection materials. Consequently, the OREX thermal protection
system did not produce some of the outgassing products and
the associated reduction in heating measured for the Orbiter
during the initial phase of the heat pulse.* A motivation, there-
fore, exists for the comparison of numerical predictions with
the OREX data. Reference 3 presents a seven-species, one-
temperature (1-T) analysis of the OREX stagnation-point heat-
ing data. The computations of Ref. 3 were recently redone with
new values for the thermal properties of the carbon/carbon
(C/C) nose cap.5 The low-density effects (such as the ther-
mochemical nonequilibrium and slip) were not considered in
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the analyses of Refs. 3 and 5. In the data reduction procedure
for the electrostatic probe,2 however, a two-temperature (2-T)
calculation method was employed without the surface-slip ef-
fects.

In the present study, the OREX aerothermodynamic data are
analyzed by using the viscous shock layer (VSL) technique of
Ref. 1. This technique is used to calculate flowfield and surface
quantities along the OREX forebody for altitudes of 105-48.4
km. Information concerning the surface temperature was ob-
tained from Yamamoto® for these altitudes. Comparisons of
VSL results with flight data include stagnation-point heating
rates and the flowfield electron number densities. An assess-
ment of the low-density effects (such as thermochemical non-
equilibrium and slip) on surface heating and flowfield quanti-
ties is made by comparison with the direct simulation Monte
Carlo (DSMC) results obtained from the method of Bird” and
the flight data.

Problem Definition and Methodology

OREX Geometry and Sensor Locations

The OREX vehicle is a 50-deg spherically blunted cone with
a 1.35-m nose radius and a base diameter of 3.4 m (Fig. 1). It
was launched into Earth orbit using Japan’s new H-II launch
vehicle. During entry, aerothermal data were obtained from
altitudes of about 120 km down to about 40 km, including the
blackout period when the maximum heating occurred.

The measurements for which the data are compared with
current VSL and DSMC calculations are 1) the inferred heating
rates extracted (Ref. 8) from the back surface (with material
thickness of 4 mm) temperature measurements made at the
nose cap stagnation point, and 2) the electron number density
distribution in the boundary layer measured by an electrostatic
probe mounted on the conical flank before the probe shoulder.
The electrostatic probe protrudes from the OREX vehicle sur-
face 70 mm in height. Five semicylindrical electrodes of 0.2
mm diam are situated along the leading edge of the probe with
0.4 mm bluntness and 60-deg sweep angle. Those electrodes
collect ions at five vertical positions to give the ion density
profile in the boundary layer, which is assumed equal to the
electron number density, to be measurable between 10'°- 107
electrons/m>. The lowest altitude where the electron density
measurement can be made within this range is about 75 km.
The procedure used to reduce the probe data is similar to that
used with the RAM-C flight experiment.” Further details con-
cerning the OREX flight measurements can be found in Refs.
2, 3, and 8.

Computational Methods

The VSL method of Ref. 1 is used to analyze flowfields
over the OREX forebody for altitudes from 105 to 48.4 km
(and Mach numbers from 27.1 to 9.1), whereas the DSMC
method of Bird’ is employed mostly at high altitudes (greater
than about 80 km) in the present study. The VSL method can
be used to compute reacting gas flows in thermochemical equi-
librium or nonequilibrium state with and without body and
shock-slip boundary conditions, and with an arbitrary number
of chemical species.' For the current study, the number of spe-
cies ranged from 5 to 11 using the VSL method, whereas the
DSMC method used five species.

A detailed description of the VSL method that was used is
given in Refs. 1 and 10. Briefly, this method is a spatial-march-
ing, implicit, finite difference technique, which includes cou-
pling of the global continuity and normal momentum equa-
tions. For the thermal nonequilibrium calculations with two
temperatures, two energy equations are solved for the
translational-rotational and vibrational-electronic-electron
temperatures. Only the total energy equation needs to be
solved for the thermal equilibrium calculations. Further, for the
thermal nonequilibrium case, air chemistry is modeled by us-
ing a modified Arrhenius expression for the forward- and back-
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Fig. 1 Re-entry body geometry of OREX vehicle.

ward-rate coefficients (see Table 1 of Ref. 10). Chemical-
vibrational coupling is taken into account through the prefer-
ential dissociation and recombination model proposed by
Park." The body and shock-slip boundary conditions are im-
plemented at higher altitudes in the OREX trajectory. A de-
scription of the thermodynamic and transport properties, chem-
ical kinetics model with chemical-vibrational coupling,
relaxation processes for the vibrational-translational and
electronic-electron-translational energies, and body and
shock-slip boundary conditions is given in Refs. 1 and 10.

The surface is assumed to be noncatalytic in the present
study for most of the calculations as suggested in Ref. 5. How-
ever, a finite catalytic wall boundary condition™"? (based on
the Shuttle flight heat-flux measurements) is also implemented,
which impacts the heating at altitudes lower than about 84 km.
At higher altitudes, finite wall catalycity does not affect heat-
ing much as compared to a noncatalytic surface. To obtain an
estimate of the reduction in heating caused by a noncatalytic
(or finite catalytic) wall, some results are also obtained for a
fully catalytic wall, which should be closer to the thermo-
chemical equilibrium value.

The noncontinuum two-dimensional/axisymmetric DSMC
method used herein is described in Refs. 7 and 13, and is
briefly discussed here. In this method, the molecular collisions
are simulated using the variable hard sphere (VHS) molecular
model. The collision cross section is a function of the relative
energy in the collision. Parameters used in the present study
to define the VHS model are a reference temperature (2880
K), reference diameters for each of the five species (3.062 X
107"°,3.083 X 107", 2.297 X 107"%,2.398 X 107", and 3.065
X 107" m for O,, N,, O, N, and NO, respectively), and the
temperature exponent (set to 0.73) in the power law for vis-
cosity coefficient. Energy exchange between the kinetic and
internal modes is controlled by the Larson- Borgnakke statis-
tical model. For the diatomic molecules, a rotational relaxation
collision number of 5 and a vibrational relaxation collision
number of 50 are used. The gas surface interactions are mod-
eled by assuming the gas molecules to reflect diffusively with
full thermal accommodation at the specified surface tempera-
ture. Similar to the VSL calculations, the finite catalytic wall
boundary condition is imposed by using the surface recombi-
nation probabilities for atomic oxygen and atomic nitrogen in-
ferred from Shuttle data."”

Flight Conditions and Numerical Parameters

Table 1 provides the range of flight conditions considered,
which encompass altitudes of 105-48.40 km. The atmosphere
values denoted as OREX are those given in Refs. 3 and 5,
where Navier-Stokes (NS) calculations were performed.
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obtained recently and differ from those reported in Ref. 3, in
that the agreement between the computed and flight-measured
back surface temperature was improved for the reasons men-
tioned earlier.

The inferred flight data shown with the results presented
here are taken from Ref. 3 and are referred to as inferred from
flight. The procedures used to obtain these data are described
in Ref. 8.

Results and Discussion

Results are presented from the detailed VSL calculations for
flowfield and surface quantities at altitudes of 92.82, 88.45,
84.01, and 59.60 km (peak-heating altitude in Ref. 3). These
results are compared with other calculations and also with the
OREX flight data for electron density and stagnation-point
heating.

Calculation for Flowfield and Surface Quantities

Before comparing the present results with other calculations
and flight data, it is useful to have an indication of the sensi-
tivity of the VSL calculations to various parameters that are
employed to define the problem. Some of the parameters con-
sidered are the number of species in the chemistry model, sur-
face catalytic activity, and freestream density. A variation in
the values of these parameters gives an indication of the sen-
sitivity of computed results to the uncertainty in their specified
values. Main results of the sensitivity study'® are presented and
briefly discussed first. Next, an assessment of thermochemical
nonequilibrium and slip effects is provided. A comparison of
the VSL calculations with DSMC and NS predictions is in-
cluded at the end of this section.

Sensitivity to Number of Species in a Chemistry Model

The stagnation heating for a noncatalytic surface for two-
temperature (2-T), 5-species (O, O,, N, N,, and NO), 7-species
(0, 05, N, N,, NO, NO™, and e¢7), and 11-species (O, O», N,
N,, NO, OF, 03, N¥, N3, NO™, and e”) chemistry models is
given in Ref. 18. Effect on stagnation heating is shown to be
negligible when the number of species is increased from 7 to
11 (Ref. 18). Therefore, a seven-species chemistry model is
considered adequate for the present study.

Sensitivity to Surface Catalytic Activity

The surface heating calculations are made with the assump-
tions of noncatalytic, finite catalytic, and fully catalytic walls.
The finite catalytic surface recombination values employed are
those of Ref. 12. For the 84.01 km altitude results shown in
Fig. 2a, the surface temperatures are less than about 1100 K
and the recombination probabilities for the finite catalytic wall
in this figure are less than 3.25 X 107> and 9.35 X 107 for
atomic oxygen and nitrogen, respectively. With these low val-
ues of the recombination probabilities, the calculated heat
transfer rates are essentially the same as those for the noncat-
alytic wall case. However, at 59.60 km altitude (see Fig. 2b),
the maximum recombination probability values for atomic ox-
ygen and nitrogen increase to 2.20 X 1077 and 1.50 X 107>,
respectively, at the stagnation point where the temperature is
about 1460 K. For a noncatalytic wall, a 34% reduction in
VSL stagnation heating prediction is obtained for this case and
for a fully catalytic wall, this heating rate is increased by about
31%. For a 84.01 km altitude (Fig. 2a), the VSL heating rate
for the fully catalytic wall condition is substantially larger, as
compared to the noncatalytic (or finite catalytic) wall values.
The VSL calculations at a 84.01 km altitude (Fig. 2a) employ
a 2-T formulation with the surface and shock-slip boundary
condition, whereas a 1-T model with a no-slip boundary con-
dition is used at the altitude of 59.60 km (Fig. 2b) to reflect
appropriate flowfield physics in the computations.

Figures 2a and 2b also contain the 1-T NS calculations of
Yamamoto® for a noncatalytic wall with zero surface slip. Also

Non catalytic, VSL, 2-T, Slip

N Finite catalytic, VSL, 2-T, Slip

""""""""""" . --—-——-- Fully catalytic, VSL, 2-T, Slip
'\_\ ° Non catalytic, NS, 1-T, No Slip
25 | '\,‘ (Yamamoto and Yoshioka)3
. . Inferred flight dataS
20
q, W/cm2 15 b
10 a
s
i / Ry=185m
5L |
a b
0 1 1 L Il _
0.0 05 1.0 1.5 2.0 25
a) s, m
60 - Non catalytic, VSL, 1-T
______ Finite catalytic, VSL, 1-T
m———— Fully catalytic, VSL, 1-T
50 F7 T . o Non catalytic, NS, 1-T,
e (Yamamoto and Yoshioka)3
N . Inferred flight data®

40¢--~-~.. N

q, W/em? 30

0.0 05 1.0 15 2.0 25
b) s,m

Fig. 2 Effect of surface catalytic activity on surface heating rate:
a) altitude = 84.01 km (Kn.. = 0.0016) and b) altitude = 59.60 km
(Kn., = 7.35 x 107

shown in Fig. 2 are the OREX stagnation inferred flight data
for comparison. Present VSL calculations for a finite catalytic
wall are in good agreement with reported flight data for the
altitude of 59.60 km (Fig. 2b). At 84.01 km altitude (Fig. 2a),
however, these calculations are lower by about 17% as com-
pared to the data. Assuming the surface to be noncatalytic at
lower altitudes will result in lower heating as compared to the
inferred flight data as seen from Fig. 2b. The NS calculations
of Ref. 5 also give surface heating distributions, which com-
pare well at the altitude of 84.01 km (e.g., Fig. 2a). However,
the results of Ref. 5 appear at variance at the altitude of 59.60
km with the catalytic boundary condition employed in the
present calculations.

Sensitivity to Freestream Density

Actual atmospheric density during re-entry can be a signif-
icant uncertainty for a given altitude/time, particularly at the
higher altitudes. It may differ significantly from that obtained
from a standard atmospheric model."*"* The significance of this
effect on surface heating is shown in the Comparison with
Flight Data section later in this paper.

Assessment of Thermochemical Nonequilibrium and Slip Effects

An evaluation of thermochemical nonequilibrium in the flow-
field can be made by analyzing the temperature profiles and
surface distributions of pressure and heating rate for a nonca-
talytic wall. The stagnation profiles for the translational-
rotational T and T,. temperature ratios are shown to be quite
different for the altitude of 92.82 km through the entire shock
layer, and accordingly, thermal nonequilibium extends all the
way to the surface.” The degree of nonequilibium in the two
temperature profiles, however, is shown to be reduced closer to
the surface at 84.01 km altitude."

Effects of thermal nonequilibrium on surface quantities may
be evaluated by analyzing the pressure distributions given in
Figs. 3a and 3b from the continuum (VSL) and DSMC methods.



566 GUPTA, MOSS, AND PRICE

100 -
Normal force/area, DSMC
Foeel N mmmmme- Pw, VSL, 2-T, Slip
80
60 b N N ]
p, N/m2
40
20t [
|
0 1 1 1 1 |
0.0 0.5 1.0 1.5 2.0 25
a) s, m
800 -
Normal force/area, DSMC
TOOE  cmmmaon Pw> VSL, 2-T, Slip
600
500
p, Nim2 400
300
200
100
. . . ] ‘
0.0 0.5 1.0 1.5 2.0 25
b) s,m

Fig.3 Surface pressure distribution: a) altitude = 92.82 km (Kn.,
= 0.0086) and b) altitude = 84.01 km (Kn.. = 0.0016).
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Fig. 4 Surface heating-rate distribution (altitude = 84.01 km).

Unlike the continuum calculations, where assumptions are made
with regard to the pressure tensor,a DSMC calculation accounts
for nonisotropic effects that become significant under rarefied
(thermal nonequilibrium) conditions. Therefore, normal force
per unit area is shown in these figures from the DSMC calcu-
lations for comparison with the p,, distribution obtained from
the VSL computations. Under thermal equilibrium conditions,
the isotropic pressure p,, and normal force per unit area are the
same.” The surface distributions of these two quantities are dif-
ferent at the altitude of 92.82 km (Fig. 3a), suggesting the in-
fluence of thermal nonequilibrium on p,, which is increased by
about 20%. At 84.01 km altitude (Fig. 3b), however, distribu-
tions of normal force/area and p,, essentially have the same val-
ues, which imply conditions close to thermal equilibrium.

To assess the effect of thermal nonequilibium on surface
heating rate at a 84.01 km altitude, heating-rate distributions are
computed (Fig. 4) using 1-T (for thermal equilibrium) and 2-T
(for thermal nonequilibrium) models with the VSL method.
Also, results are obtained with and without shock and surface-
slip conditions. The VSL results of Fig. 4 imply that the effects
of both thermal nonequilibrium and slip are insignificant on sur-
face-calculated quantities for the 84.01 km altitude conditions,
and these effects may be neglected in calculations below this
altitude.
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Fig. 5 Comparison of surface heating-rate distribution: a) alti-
tude = 92.82 km (Kn.. = 0.0086) and b) altitude = 84.01 km (Kn..
= 0.0016).

Comparison with Direct Simulation Monte Carlo (DSMC)
and NS Calculations

Surface heating-rate distributions obtained using the VSL
method are compared with those obtained from DSMC and
NS calculations in Figs. 5a and 5b, at altitudes of 92.82 and
84.01 km, respectively. Also shown are the flight-inferred data
for the stagnation-point heating. Except for the results shown
over the conical flank in Fig. 5a, there is generally a good
agreement between the VSL and DSMC calculations for the
two altitudes (Figs. 5a and 5b). This implies that a 2-T VSL
formulation with slip boundary conditions models the low-den-
sity effects (thermal nonequilibrium and slip) quite well. The
NS calculations of Ref. 5 are also in good agreement with the
present results in the stagnation region at 92.82 km altitude
(Fig. 5a), and along most parts of the OREX forebody at 84.01
km altitude (Fig. 5b). It is not obvious, however, why the NS
results of Ref. 5 away from the stagnation region are higher
in Fig. 5a. Generally, the influence of a shoulder expansion on
the upstream surface heating should become negligible at
higher altitudes. The surface heating becomes a function of
only surface inclination at free molecular flow conditions.
Present calculations agree quite well with the stagnation flight
data at 92.82 km altitude. However, the present results are
lower than the flight data by about 17% at 84.01 km altitude.
Also, some slip effects are noticeable over the conical flank at
this altitude (Fig. 5b).

Additional comparisons of the present results with DSMC
and NS calculations and flight data at the stagnation point are
provided in the next section.

Comparison with Flight Data

This section provides a comparison between the computed
and flight-inferred stagnation-point heating rates along the tra-
jectory and electron number densities (measured from the elec-
trostatic probe mounted near the shoulder of the vehicle).
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Fig. 6 Comparison of predicted stagnation-point heat transfer
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Stagnation-Point Heating

Figures 6a and 6b present VSL results (for altitudes of
105-48.4 km) as a function of flight time from launch. The
DSMC calculations for altitudes of 105-79.9 km are shown
in Fig. 6b. Also shown in Figs. 6a and 6b are the NS calcu-
lations (called CFD-FEM results in Ref. 3) of Yamamoto.®

Since atmospheric data was not gathered during the OREX
flight experiment, calculations of Refs. 3 and 5 are based on
the atmospheric conditions given in Ref. 3, which is referred
to as OREX atmosphere in Fig. 6a and Table 1. Also shown
in Fig. 6a are the VSL calculations based on the Jacchia at-
mosphere model® for altitudes above 90 km (see Table 1 for
the two models). As can be seen from Fig. 6a, the 2-T VSL
predictions for a noncatalytic wall (with slip) based on the
Jacchia atmosphere are in better agreement with inferred
flight data between the 90- 105 km altitude range as compared
to both the NS and VSL calculations utilizing the OREX at-
mospheric data. Further, the effect of slip on surface heating
is dominant, whereas the thermal nonequilibrium (2-T) effects
are secondary in this altitude range. Both slip and thermal non-
equilibrium (2-T) effects are neglected in the NS calcula-
tions.>’

For altitudes below 84.01 km, surface temperatures are
higher and slip and thermal nonequilibrium effects become
negligible. At higher temperatures, finite surface catalytic ac-
tivity also begins to influence the heating rate. Therefore, a
1-T, no-slip, and finite catalytic wall flow model is appropriate
for the lower altitude calculations. The VSL calculations with
these flow assumptions are in better agreement with the in-
ferred flight data than the 1-T, no-slip, noncatalytic VSL and
NS calculations (Fig. 6a).

Figure 6b shows a comparison between VSL, NS, and
DSMC predictions, and with the inferred flight data. The dot-
ted line in Fig. 6b is a fairing through the VSL-predicted val-
ues with appropriate flow physics from high-to-low flight al-
titudes. The DSMC results are shown for the high-altitude
range of 105-79.9 km. Overall, the qualitative behavior of the
DSMC results is similar to that of VSL calculations, and there
is a good agreement between the two and with the inferred
flight data. The NS [1-T, no slip, noncatalytic wall (NCW)]
calculations of Yamamoto® are higher for altitudes greater than
88.45 km as compared to the VSL and DSMC calculations as
well as the inferred flight data. As explained earlier, noninclu-
sion of thermal nonequilibrium and slip effects at higher alti-
tudes and nonimplementation of the finite catalytic wall bound-
ary condition at lower altitudes with the NS computations™
may be responsible for the differences with the VSL and
DSMC predictions.

As described in the Introduction section, the OREX vehicle
was enclosed in a protective fairing during launch, thereby
negating the requirement for waterproofing the thermal pro-
tection materials. Since the Shuttle Orbiter is an operational
vehicle, waterproofing procedures are employed. Therefore,
the OREX thermal protection system should not produce some
of the outgassing products and consequent reduction in heating
that is evident for the Orbiter* during the initial portion of the
heat pulse. The surface heat transfer coefficient based on the
initial entry heating data reported for OREX exhibits'> a mon-
otonic increase with the increase in Knudsen number. This type
of behavior is characteristic of the hypersonic cold-wall, stag-
nation-point heating for a nonblowing surface.'**°

Electron Number Density

Flight data for the electron number density distribution in
the boundary layer with strong entropy layer swallowing serve
to delineate the applicability of 2-T and 1-T flow models for
nonequilibrium ionized gas flows. An accurate calculation of
the electron density also provides knowledge of the onset and
expiration of the communication blackout phase during entry.

Figure 7 shows the electron number density time history at
the location of probe 5 (see Fig. lc of Ref. 18). Two sets of
data shown in Fig. 7 are reduced,” by using 1-T and 2-T CFD
methods of Ref. 6, which employs NS equations with a seven-
species chemical model, and Park’s'' two-temperature model
for the 2-T calculations. Also shown in Fig. 7 are predictions
reported in Ref. 2. The signal conditioner of the electrostatic
probe is adjusted to measure the electron density in the 10
-107° particles/m’ range.

Present VSL calculations are given at the three altitudes of
92.82, 88.45, and 84.01 km or the flight times of 7391, 7401,
and 7411.5, respectively, in Fig. 7. These calculations were
performed with 1-T and 2-T flow models and slip boundary

A Flight data (analyzed by 1-4emp. CFD)2
o Flight data (analyzed by 2-temp. CFD)2

20 1-Temp. CFD:
r -------- 2-Temp. CFD2
19— A 1-Temp. VSL, slip
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Logg [electron number density (/m3)]
>
I
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Elapsed time after lift-off (sec)
| 1 I 1 1 1 1 1 1 ] 1 1 ]
100 95 90 85 80 75 70
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Fig. 7 Electron number density history for probe 5 (s = 1.9135
m, n = 5.8335 X 107> m).
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1.9135 m, n = 5.8335 X 107> m) for altitude = 84.01 km (Kn..
0.0016).

conditions. Present 1-T VSL predictions are slightly higher
than the 2-T VSL results. Both of these VSL calculations are
closer to the data and 1-T CFD calculations than are the 2-T
CFD results for all three probe locations shown in Fig. 7. Sim-
ilar to the surface heating results given earlier, the effect of
thermal nonequilibrium on electron density also appears to be
secondary. The observation of Ref. 2, that the flight data agree
better with 1-T flow model, is not necessarily the case for the
present calculations. For flight times earlier than 7401 s, i.e.,
at higher altitudes, when the low-density effects (such as ther-
mal nonequilibrium and slip) become important, a 2-T flow
model with slip should be more realistic as evidenced by the
good agreement between the 2-T VSL and DSMC calculations
shown earlier.

Finally, Fig. 8 shows further detailed comparisons between
the predicted values and data for the electron density profiles
at the altitude of 84.01 km for the location of probe 5. The
VSL predictions in Fig. 8 have been obtained with the as-
sumptions of thermal nonequilibrium (2-T) and equilibrium
(1-T) with and without the slip boundary conditions. Except
for the narrow region near the shock, the electron density pro-
files (similar to the surface heat transfer rates) are predicted
essentially by the thermal-equilibrium, no-slip flow model. The
electron density profiles pass almost through the flight-mea-
sured value (Fig. 8). Also, present VSL predictions are in good
agreement with the NS results at this altitude

Summary and Conclusions

This study presents a VSL analysis of the re-entry flowfield
around the forebody of the OREX vehicle. The OREX vehicle
is a 50-deg, half-angle spherically blunted cone with a nose
radius of 1.35 m and a base diameter of 3.4 m. Calculations
are performed for an altitude range of 105-48.4 km. In this
altitude range, the flowfield character changes from thermal
nonequilibrium to thermal equilibrium, and the slip effects be-
come insignificant at lower altitudes. The low-density effects
(such as thermal nonequilibrium and slip) at higher altitudes
are accounted for in the VSL method through the 2-T formu-
lation with slip boundary conditions. With the disappearance
of these effects at lower altitudes, VSL results are computed
using a 1-T flow model with no-slip boundary conditions. Pres-
ent results are compared with the flight data and existing NS
calculations for the OREX trajectory, and with DSMC results
at higher altitudes in this trajectory.

Results from calculations with 5-, 7-, and 11-species air
models reveal that the 7-species chemical model is adequate
to analyze the OREX flowfield. Inclusion of low-density ef-
fects (i.e., both thermal nonequilibrium and slip) is important
for altitudes greater than 84 km. This is demonstrated by the
comparison of viscous shock-layer results obtained from one-

temperature, no-slip, and two-temperature, slip-flow models.
Surface catalytic activity also significantly influences the level
of heating at altitudes lower than 84 km in the trajectory. At
the peak heating altitude of 59.60 km, a 50% reduction in
stagnation-region heating is obtained for a noncatalytic wall as
compared to a fully catalytic wall. Reduction in heating is
about 23% for a finite catalytic surface with recombination
probabilities similar to those of the Shuttle Orbiter thermal
protection coatings. However, at higher altitudes, the recom-
bination probabilities are quite low and the calculated heating
for altitudes greater than about 84 km is essentially the same
as that for a noncatalytic surface.

In general, there is a good agreement between the VSL pre-
dictions and the OREX measured or inferred data for electron
number density and stagnation-point heat transfer rate. Present
results compare quite well with the DSMC predictions for al-
titudes higher than about 84 km. The earlier NS calculations
are higher at high altitudes because of the noninclusion of low-
density effects, and the calculations are lower at low altitudes
because of use of noncatalytic wall boundary conditions when
compared with the flight-inferred heat transfer rate data.

The OREX heat transfer rate data may be unique for high-
altitude flight conditions in that they exhibit proper qualitative
behavior with increasing altitudes. With further refinements in
data extraction procedures and definitions, a valuable aero-
thermodynamic database will become available. This database
should prove immensely helpful in validating the use of vari-
ous theoretical models used for simulation and provide a test
of flowfield codes for reacting gas flows.
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