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NASP Vehicle Interactions and Signatures above 100 Kilometers
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As hypersonic space vehicles (such as the NASP X-30 Research Vehicle) traverse the 80-300 km altitude range,
a variety of phenomena will arise from the interaction of the spacecraft with the residual atmosphere. Across this
altitude regime, the flow surrounding the vehicle makes a transition from continuum to free molecular. A simple
modeling effort is presented to quantify the variety of processes likely to occur. For example, communications will
be severely hampered by the enhanced plasma cloud created at lower altitudes. Optical emissions will be gener:
ated in the high-velocity collisions of the atmospheric O, N2, and O2 with the vehicle surfaces and with outgassed
molecules, transpired coolant, exhausts, and reflected atmospheric species. We have developed elementary gas
kinetic descriptions of the flowfield and interaction lengths surrounding the lifting body vehicle. This information
and assumed radiative efficiencies permitted predictions of relative radiance as a function of altitude. Quantita-
tive predictions of the emissions from the ultraviolet through infrared spectral regions will occur and will result
in decreased visibility of remote emission features. The local interaction radiances are.sufficiently bright to
obscure emission from the upper atmosphere and will even substantially obscure the hard Earth in certain bands.

Nomenclature
A = sensor collection area, cm2

ce = emitted species thermal velocity, cm/s
e = electron charge
/ = electromagnetic radiation frequency, Hz
Moo = rreestream Mach number
me = electron mass
m(h) = Mach number as function of altitude
Net = photon collection rate, s"1

ne = number density of emitted species, cm3

nt = number density of incident species, cm3

p(h) = pressure as function of altitude, atm
^dynamic = dynamic pressure, atm
R = radius of vehicle, cm
T = temperature near surface of body, K
MOO — freestream velocity, 8 km/s
v = vibrational quanta
y = specific heat ratio
Xe/ = mean distance emitted species travels before striking

incident species, cm
kie = mean distance incident species travels before colliding

with emitted species, cm
TtD2 = collision cross section, cm2

p/poo = density ratio
pe = electron plasma density, cm3

o = collision frequency, s"1

<i> = angle of attack, deg
Q = solid angle field of view, sr
tope = plasma frequency, Hz
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Introduction

A S hypersonic space vehicles such as the National Aerospace
Plane (NASP) X-30 Research Vehicle traverse the 80-300 km

altitude range, a variety of phenomena will arise from the interac-
tion of the space plane with the residual atmosphere. Across this
altitude regime, the flow surrounding the vehicle makes a transition
from continuum to free molecular. We present here a critical
assessment of the phenomena that will result from this interaction
to estimate their effect on communication and surveillance. Optical
emissions will be generated in the high-velocity collisional interac-
tions of the atmospheric O, N2, and O2 with the vehicle surfaces
and with outgassed molecules, transpired coolant, exhausts, and
reflected atmospheric species. We have used elementary kinetic
theory to model the flowfield and interaction lengths surrounding a
lifting hypersonic body. Over a range of assumptions of radiant
efficiencies, both qualitative radiance predictions are made for a
variety of scenarios. The near-field interaction radiances are suffi-
ciently bright to obscure emission from remote objects in orbit and
from the upper atmosphere. They will even substantially obscure
the emissions from the solid Earth in certain bands. The wide range
of plasma processes likely to be encountered are also considered.

Because of the desirability of using atmospheric O2 as the oxi-
dant, the NASP exit trajectory is planned to achieve near orbital
velocity at altitudes with substantial atmospheric density. At 50-
km altitude, velocities approaching 8 km/s, Mach 25 are achieved,
and the vehicle pitches up and travels to higher altitudes. Greater
surface heating rates are encountered on ascent than are expected
for re-entry, which has a profile similar to that followed by the
Shuttle. This trajectory poses severe demands on materials technol-
ogy, the structure, cooling systems, aerodynamics, and the propul-
sion system.

We address the capabilities of the vehicle once it has arrived at
cruise altitude in the low-density nonequilibrium upper atmosphere
(thermosphere). At the lower end of this region, continuum flow is
encountered, and a dense bow shock will exist in front of the plane
that will generate a high degree of ionization and molecular disso-
ciation and excitation. Above 100 km, flow is transitional to free
molecular, and the atmosphere collides with the NASP vehicle and
its effluent cloud at 8 km/s (Mach 25). Some data about orbital
interactions at this altitude regime are provided by satellite and
Shuttle observations, where optical emission glow is generated by
collisions with the residual atmosphere, and plasma interactions
create waves and noise. Orbital interaction optical emissions have
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232 GREEN ET AL.: NASP INTERACTIONS AND SIGNATURES

been observed between —160 and 350 km in the uv, visible, arid
infrared spectral regions. They are believed to arise from many
types of processes, including gas-phase collisions, material ero-
sion, and surface-aided recombination. The on-orbit data clearly
indicate emissions from N2 and NO2 electronic states and NO and
OH vibrational emission.

We have assumed here that the NASP vehicle is moving at
Mach 25 (orbital velocity) and is in a ballistic mode (i.e., that the
main engines have shut down). We have examined steady-state
cruise operation at a variety of altitudes both with hydrogen tran-
spirational cooling and without. We have not addressed the vari-
able effects of maneuvering thrusters (bipropellants, either H2/O2
or MMH/N2O4 systems) on the near-field vehicle environment.
Our estimates of the flowfield are presented in the next section as a
necessary basis for radiance and plasma predictions.

NASP Aerodynamics
The aerodynamics associated with the NASP vehicle are quite

complex. It may operate as a jet; rocket, or orbiting vehicle withalti-
tude control rockets. Our intent here is to identify potential prob-
lems with surveillance and/or communication systems in a regime
that has not been extensively studied with detailed computer codes.
As such, we have concentrated on the high altitude (>1QO km) re-
gime where the ambient flowfield around the vehicle is in free mo-
lecular and transitional flow and the firing of the main or altitude en-
gines would completely engulf the vehicle, leaving exhaust
contaminants on the vehicle surface that may later be emitted.

The surface temperature of the NASP vehicle in steady flight
will not exceed 1000 K above 100 km. Freestream molecules that
strike the vehicle with velocity u^ (8 km/s) are fully or partially
thermally accommodated at the vehicle surface and then leave the
vehicle with thermal speed ce « u^. This limit is termed "hyper-
thermal," and the hyperthermal mean free path completely charac-
terizes the flowfield. This accommodation leads to the observed
pressure enhancements over surfaces facing the velocity direction.

As shown in Fig. 1, incident molecules, velocity UM and number
density «r strike a vehicle of radius R. They thermally accommo-
date at the vehicle's surface, leave with velocity ce and number
density ne, and travel distance \ei (the hyperthermal mean free
path) before striking another incoming molecule. The correspond-
ing distance traveled by an incident species before striking an
"emitted" (sub e) molecule is Kie whereas the mean free path
between incident molecules is \ti (X.̂ ) and that between emitted
partners is \ee.

Elementary kinetic theory arguments1 may be used to express
\ei in terms of X^ and the freestream Mach number M^ (uj c^):

(1)M

where c ̂  is the mean thermal speed in the incident flow. Note that
\ei is much shorter than X^ in the high Mach number (M^ » 1) or

Free Molecule
1 80 km X6j - 6m -4— -L collisions

First Collision

1 50 kmXej » 2m -4-- 1 collision

Transition

113 km xel * 6.5 cm -4- 30 collisions

Merged Shock Layer

96km Xei » 0.4 cm -4- 500 collisions

Viscous Shock Layer

80 km JUi * 0.02 cm -4— 104 collisions
t

Inviscid Shock Layer

Fig. 2 NASP flow regimes (r = 2m, M^= 20).

hyperthermal limit (u^ » c e). This was first noted by Probstein2

(Xei is v2 in his notation), and this distance has since been recog-
nized as the critical hydrodynamic length scale since it is the short-
est of the four length scales. These distances can be related through
the hyperthermal mean free path as

r
R2 (2)

Fig. 1 Schematic high-altitude flowfield for a spherical body.

if an R 2 radial density falloff surrounding the body is assumed.
From the geometry illustrated in Fig. 1, it is clear that the frac-

tion/of incident molecules scattered by e molecules is given by
Eq.(3):

Free molecular flow is rigorous in the limit/— > 0. For all practi-
cal purposes, this regime is limited to/< 0.1 or \ei > 3R. A first
collision regime is a perturbation to free molecule flow wherein
each incident molecule suffers less than one collision, i.e.,/< 1 or
\ei >R. The transition flow then occurs for/ > 1 or R > \ei.

Continuurii descriptions of the flowfield are also quite diverse.
At a low altitude, a distinct shock, an inviscid shock layer, and a
boundary layer exist. At a higher altitude, the entire shock layer
becomes viscous, but the shock wave and shock layer are distinct.
At still higher altitudes, the shock and shock layer merge but pos-
sess sufficient (~30) collisions to justify use of the Navier-Stokes
equations.

The sequence of flow regimes described earlier is illustrated in
Fig. 2. Dominant gaseous radiation occurs in the hot inviscid shock
layer with somewhat reduced signatures occurring in the cooler
viscous shock layer. These regimes have been studied in detail
with large hydro/radiation computer codes. The present effort con-
centrates on the higher altitudes where rarefied flow. models are
required.

In the free molecular and first collision regimes, the e-i colli-
sions dominate over the length scale Xei, and the associated colli-
sion frequency vei is greater than that of the other collisions. How-
ever, in the transition regime, all collisions are equally probable
and occur on the same length scale \ei. Simplified models for these
flowfields have been generated1 and used to predict radiation sig-
natures seen by an oil-board sensor with collection area A and solid
angle field of view £1 If each e-i collision produces N^ photons in
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a spectral bandpass of interest, the net photon collection rate at the
sensor becomes

(4nR) nD
£|e (4)

where nD2 is the collision cross section of the e-i collision. The
rightmost term, denoted [ ] hereafter, contains the altitude depen-
dence of N'et-

Following a similar exercise for e-e collisions, we assume each
e-e collision produces Nee photons and the photon count on the di-
tector assumes the same form, with Nee replacing Nei and the alti-
tude dependence [ ] is

*

in free molecule flow and

(5)

(6)

in the transition regime.
Applying this model to the NASP lifting underbody, shown in

Fig. 3, at angle of attack <I>, now results in a 1/r scaling of the emit-
ted density ne. The dominant relative effect is that Nei is reduced by
sin <$>, N ei is reduced by sin <f>, and Nee is reduced by sin2 <l>.

These results are illustrated in Fig. 4 for a 2-m radius body. The
previous treatment applies only to the highest altitudes where R/\ei
is less than 0,3 (and could possibly be extrapolated to the first col-
lision limit of R/\ei < 1). The Nei continues to increase with
decreasing altitude and peaks in the transition regime, where each
incident molecule strikes at least one emitted molecule. At alti-
tudes below 150 km, self-collisions separate the incident and emit-
ted molecules. Collisions between emitted species are less ener-
getic than e-i collisions and closer to the energetic threshold for
excitation. We have assumed photon yields for e-e collisions as an

m
Uco

Fig. 3 Schematic high-altitude flowfield for a lifting NASP body.
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order of magnitude lower than for e-i collisions. Nevertheless, as
altitude decreases below 150 km, the number of e-e collisions
grows until they dominate the radiation signature in the merged
layer. This emission continues to increase in the viscous and invis-
cid shock layer regimes.

Potential Optical Sensor Interferences for NASP
The impact of high-velocity atoms and molecules will produce a

near-field glow that may interfere with sensor performance.
Although poorly understood, these glows have been observed on
the Shuttle and various satellites. A recent summary of the obser-
vations is provided by Garrett etal.3 We present a preliminary esti-
mate of the magnitude of the near-field glows covering the wave-
length range of 0.1-100 |im for the vehicle at 100 and 300km
altitudes. We have compared the results of our glow calculations
with various backgrounds and anticipated operational signatures.
The backgrounds are the hard Earth signature (reflected Sun and
Earth shine) and Earth limb dayglow/nightglow. The operational
scenario examined is the tracking of blackbodies (300 and
2000 K). A functional NASP will have to avoid or track other
objects in low-Earth orbit (LEO).

To estimate the near-field glow, we have considered gas-phase
reactions, surface reactions, collisional excitation processes^ arid
direct T—>E, v processes (conversion of collisional momentum into
electronic or vibrational excitation). The methodology employed is
similar to previous studies of glow we have performed for the
Space Station and for smaller LEO vehicles.4'5 We have used
experimental data wherever possible and reasonable estimates
where data are unavailable.

The first scenario we consider is with H2 transplant on to cool
the vehicle after its ascent. The surface temperatures are assumed
to be —1800 K just after completing ascent, higher than the steady
operational value of 1000 K.

The transpirant flow (number densities as high as 1014 H2 mole-
cules cm~3 above NASP surfaces) creates a multicollisional
regime such that all incoming atoms and molecules are accommo-
dated at all altitudes, and the collisional regimes of Fig. 4 do not
apply. Therefore, only thermalized species will interact with NASP
surfaces.

The important excitation reactions for the transpirant-on case are
gas-phase (emitted-emitted) interactions producing OH(v),6"8

H 2 ( v > l ) +0 ->OH(v= l ) + H

+ 0 9 ->OH(v=l) + 0

(7)

(8)

reactions of vaporized A£ and Ti atoms from the titanium alu-
minide surface,9

(9)

(10)
+O

and surface reactions of chemisorbed H and O to produce vibra-
tionally excited OH and H2O,

(lla)
s + Oads-*OH(v)

!, v2, v3)

Fig. 4 Radiation in the rarefied flow regime (R = Zm, M00= 20).

(lib)

These surface catalyzed and gas-phase chemiluminescent oxida-
tion reactions will dominate the signature in this scenario.

Collisional excitation processes will not contribute to the signa-
ture since most of the 'collisions are between infrared inactive
homonuclear diatomics and atoms. Because all of the incoming O
and O2 flux is consumed by H and H2 reactions* other surface reac-
tions to form NO do not occur at an appreciable rate. We have not
included the collisional vibrational excitation of H2. If the cross
section for this process is as high as 10~17 cm2, then the concentra-
tion of H2(v) would be enhanced by an order of magnitude over our
thermal equilibrium values. Because of a lack of experimental or
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Fig. 5 Predicted NASP glow signature at 100 km, transpirant on in
comparison with hard Earth signature.

theoretical determinations of this cross section, we have not
included this last process in our signature estimates.

The second scenario we consider is with transpirant off and all
hydrogen thoroughly outgassed from NASP surfaces, and the sur-
faces are assumed to be cool. At low altitudes, a multicollisional
regime is established by rebounding atmospheric species. Emitted-
emitted and surface processes dominate the signature as expected
from Fig. 4. At 300-km altitudes, the flow will be free molecular
and the incoming flux will not be accommodated before colliding
with the surfaces. Incident-emitted interactions will dominate the
signature.

Surface reactions producing NO and NO2 will dominate the
observed glow for this scenario,

(12a)

(12b)

(12c)->N02(£)

where E represents electronic excitation. These interactions will
occur between dissociatively chemisorbed N2 and O2. We have
used dissociation efficiencies of 10~3 and 10"1 for N2 and 62,
respectively. These values are consistent with metals such as
tungsten.10

Another surface reaction that must be considered is the one that
is responsible for N2(0 — x) LBH emissions. These bands have
been directly observed above several vehicle surfaces over the
180-240 km regime. Sufficient data have been obtained for an
atmospheric density scaling of the intensity to be determined.11

The dependence has been found to be cubic, either cubic in N2 or
squared in N2 and first power in O2. This source of glow has been
added to our estimates by scaling the literature observations. With
this altitude scaling, emission from these features is not significant
above 240 km.

Spectral Predictions
Glow spectra have been calculated for transpirant-on and -off

scenarios at altitudes of 100 and 300 km. To assess the effect of
these glows on sensor performance, we now compare these results
with the background and operational scenarios. Figure 5 shows the
interaction signature with the transpirant on at 100 km in compari-
son with the hard Earth spectrum. These emissions will be
observed if NASP sensors look directly down during the daytime.
With the exception of looking directly at the Sun, this is the bright-
est background to be encountered. The predicted glow spectrum
for transpirant on at 100 km is substantial, nearly equal in magni-
tude to the hard Earth spectrum over most wavelengths. The
brightest features are due to OH and AlO vibrational bands in the
infrared and AtQ(B-X) in the visible. For 300 km the transpirant-
on predicted glow decreases by about 103 for the features depen-

dent on O atoms (e.g., OH) and 106 for features dependent upon O2
(e.g.,AK».

To properly function, NASP sensor systems must be able to
properly target far-field objects for collision avoidance. Figures 6
and 7 show the predicted spectra in comparison with 300 and
2000 K blackbodies. The 300 K blackbody has been taken to be
100 km distant. We have also included a component for reflected
sunlight. The 2000 K blackbody is also for 100 km distance but for
a larger vehicle. Figure 6 shows the blackbody spectra in compari-
son with the 300km transpirant-on data. This comparison shows
that the vehicle near-field glow will exceed the 300 K blackbody
signal for all wavelengths for which we have calculated glow. The
near-field glow is equivalent to the 2000 K blackbody signal. The
results for 100 km altitude transpirant on exceed those for 300 km
by 103 to 106. Thus, at 100 km altitude the vehicle glow will
exceed even the brightest blackbody. Clearly, optical observations
will be severely compromised while transpirational cooling is
ongoing.

The optical environment is considerably improved when the
transpirant, hydrogen, is off. At 300km the transpirant-off glow
exceeds 300 K blackbody emission at several wavelengths but is
well below the signal level for the 2000 K body. At 100 km, how-
ever, the glow signature equals or exceeds the 2000 K body at most
wavelengths as displayed in Fig. 7.

The radiance predictions presented in this section indicate sub-
stantial optical interference during both transpirant-on and tran-
spirant-off scenarios, particularly at lower altitudes. In many wave-
lengths, we predict that the near-field emissions will equal or
exceed the signals from the considered targets and backgrounds.

10-5

10-1*

2000 K
Blackbody Glow

Signature

300K -
Blackbody

0.1 1.0 10
Wavelength (urn)

100

Fig. 6 Predicted NASP glow signature at 100 km, transpirant on in
comparison with 300 and 2000 &, 100 km distant blackbodies.

1.0 10
Wavelength (urn)

Fig. 7 Predicted NASP glow signature at 100 km, transpirant off in
comparison with 300 and 2000 &, 100 km distant blackbodies.
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Table 1 Electromagnetic bands

Band
Vlf
Vhf
Uhf
S
X
K
Infrared

Frequency, GHz
3-30XKT6

30-30"XKrx

0.3-3
2.6-3.95
8.2-12.4
18-26.5

3,000-430,000

Plasma
density, m~3

1.12-112X105

1.12-112X1013

1.12-112X1015

8.4-19.4X1016

8.37-19.13X1017

4.03-8.73 X1018

1.12-22.985X1023

200

180

160

140

120

100

80

60

Ambient
Electron
Density

-Possible
Electron Density
Along Trajectory

S-Band
X-Band

q - 0.1 atm
Trajectory
.J...J..J..J...

106 108 1Q10
Electron Number Density (cm-3)

Fig. 8 Electron density as a function of altitude upon ascent.

Influence of Plasma Effects on Hypersonic Vehicles
During ascent the hypersonic vehicle will have a plasma sheath

surrounding it (similar to that around a re-entry body). Once on
orbit, it will be subject to a number of plasma interactions between
its own self-generated plasma and the environment.

Vehicles re-entering the atmosphere of the Earth undergo a
"blackout" period12 when the local plasma density around the
body rises to a level that reflects waves in the microwave range,
preventing communication with the vehicle. This typically occurs
in the 30-60 km altitude range as the vehicle is rapidly slowing
from orbital velocities. This effect is well understood for altitudes
up to approximately 100 km. The flowfield about the body is con-
tinuum flow, and the air is shock heated over the surface of the
body to produce the plasma layer that reflects the radio waves. The
formation of a disruptive plasma layer over portions of the body is
less well understood for altitudes above 100 km and for flight over
the polar caps.

For reference in the following sections, we define the range of
electromagnetic frequencies and the associated plasma density in
Table 1. The plasma density is defined through the relation

2nf = co p =

where / is the frequency of the electromagnetic radiation.

(13)

On ascent a hypersonic vehicle must operate on a trajectory sat-
isfying the twin constraints of having sufficient dynamic pressure
to drive the combustion process while keeping the heat flux from
the shock-heated air at an acceptable level. We have considered a
trajectory through the atmosphere with a constant dynamic pres-
sure.

The Mach number at altitude h was obtained from

M(h) = (14)

where y= 1.4. The dynamic pressure Dynamic required to operate
the scramjet was taken as 0.1 atm. The pressure and the mean free
path between collisions at a given given altitude are from the U.S.
Standard Atmosphere.13 A constant dynamic pressure can be main-
tained up to approximately 60 km altitude, when a "pop-up"
maneuver would be performed.

The temperature near the surface of the body is taken to be the
stagnation temperature,

ambient L (15)

The density ratio p/p^ in the continuum range is obtained from the
well-known normal shock relations p/p00=('y+ 1)M2/[(X - 1)M2+
2]. The variables p^ and T^HtrA are obtained from the U.S. Stan-
dard Atmosphere.13 Once we have T and the ratio p/p0 (p0 is the
density at sea level), then we can use the equilibrium electron den-
sity graphs in Martin.12 These graphs relate pe to p/p0 with T as a
parameter. Use of the Rankine-Hugoniot relationship for p/p0 is
only valid in the continuum limit.

The calculated electron number density is shown as a function of
altitude in Fig. 8. The plotted curves are obtained from a contin-
uum, equilibrium approach and should be regarded as most accu-
rate at the lower altitudes. Also shown is the ambient electron num-
ber density. This is seen to be very small. Above altitudes of
35 km, the electron density over the surface of the body rises
extremely rapidly. Just above 40km, S-band communications
would be blocked out for antennas near the leading edge of the
body. By an altitude of 46 km, all communications through the K-
band would be blocked. At the highest altitude accessible with the
scramjet (60 km), the electron density would rise to the 1016 cm"3

level. At altitudes above 60 km, the electron density will drop rap-
idly to ambient. Hence, for a trajectory of ^dynamic=0.1 atm, there
will be considerable electromagnetic interference between 40 and
approximately 80 km in altitude. Above this altitude, the electron
density will be too small to block communications, although some
modification could occur.

The situation for altitudes in the 100-km range is even more
complex. The flow around the body is in the transitional regime
(/>!), and a shock-heated air layer cannot form. Thus, the plasma
sheath arising from ionization of the air is not expected. However,
the vehicle may be actively emitting various types of neutral gases.
On the ascent trajectory, the vehicle will actively cool itself by
transpiring hydrogen even after it arrives at cruise altitudes. In
addition, if the vehicle uses attitude control thrusters, it will pro-
duce gases like carbon dioxide and water in the vicinity of the
vehicle. At altitudes of 240-300 km, an enhanced plasma cloud
was observed around the Shuttle orbiters that arises from emitted
gases such as water and carbon dioxide. These gases undergo
charge exchange with the ambient oxygen, creating a local plasma.
At 300-km altitudes, this plasma cloud will stay with the vehicle
for a substantial period of time14 through a complex electrody-
namic interaction with the Earth's magnetic field. Observations
from the Shuttle indicate that local plasma densities up to an order
of magnitude above the ambient occur. This enhancement cannot
produce cutoff of the radio signals in the microwave bands.

Chemical equilibrium calculations of the plasma density12

expected in the Earth's atmosphere at 120 km around a body mov-
ing at 7 km/s indicate a density on the order of 1015 m~3. This will
give a cutoff frequency of 684 MHz, which is in the uhf band. Dis-
ruption of communication frequencies in the microwave band will
occur only if the gas density surrounding the vehicle substantially
exceeds ambient and an additional ionization process occurs.
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In polar orbits this neutral cloud around the vehicle will par-
tially ionize upon transit through the auroral oval due to the bom-
bardment by high-energy electrons. Even an optimistic estimate
gives a plasma density that is considerably enhanced above ambi-
ent but not sufficient to block or even significantly modify micro-
wave communications. Data from polar orbiting satellites indicate
that on occasion the vehicle may charge to a large negative poten-
tial.15 This will occur if it is struck by a high-energy auroral
stream at the same time as it passes through an ion hole. If this
occurs, then classical Paschen breakdown may occur on the sur-
face of the vehicle. These discharges could damage the vehicle's
surface material. These occasions will be rare for operational
NASP scenarios.

Conclusions
We have addressed the ability of the future NASP research vehi-

cle to perform remote observations when operating in a high-alti-
tude (above 80 km) cruise mode. The NASP vehicle will encounter
a variety of flow regimes on ascent, from inviscid to viscous to
merged shock layers (80 to 110 km), then transitional to first colli-
sion, and finally free molecular above 180 km. The vehicle will be
actively cooled by H2 transpiration on ascent and initially at cruise
altitudes. Thus, a variety of interaction length scales will be
encountered for both incident, reflected, and surface-produced spe-
cies. These interactions have been assessed through our flow mod-
eling. It created a framework for considering the role of high-
velocity interactions with the atmosphere and redistribution of the
collision kinetic energy into chemical reactions, ionization, and
optical emissions. We then made radiance predictions based on
estimates of collision cross sections. In addition, spectra of the
interactions were modeled and compared with remote observables
such as the hard Earth, another space vehicle, and the Earth's upper
atmosphere.

Although not covered in this paper, the variability of the local
environment must be addressed in future studies. The main engine
and maneuvering thrusters will generate plumes large enough to
engulf the entire vehicle, contaminating its surfaces. This surface
contamination can create additional near-field optical emissions
long after the plume has been swept away.

Substantial optical emissions are observed both with and with-
out H2 transpiration cooling. At an altitude of 100 km, with the
transpirant on, the near-field SWIR and MWIR radiances rival
Earth emission/reflection, compromising observations. The near-
field signature at this altitude also dominates the detected far-field
radiance arising from boost phase vehicles or other on-orbit space-
craft at most wavelengths across the spectrum. At an altitude of
300 km, spacecraft detection is still compromised in the infrared,
and the emission from the Earth's upper atmosphere is obscured
particularly in low emission "window" regions.

A broad range of plasma processes will be occurring over the
vehicle's surfaces. On ascent, a communications blackout will be
in effect from 40 to 80 km. During cruise operation above these
altitudes, activities should not hamper communication. However, a
variety of phenomena such as surface discharges or enhanced ion-
ization are expected around the auroral oval.
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