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Proposed Radiometric Measurement of the Wake
of a Blunt Aerobrake
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This paper describes the aerothermal environment in the afterbody region of a blunt entry body. Recent
ground-based experiments and computational predictions of the afterbody flow structure and radiation are
présente'd. The similarity between the flowfield structures observed in the ground-based experiments and that
obtained by calculation is encouraging. Approximate calculations of the radiative heating rate to the base are
presented. Many of the phenomena associated with the expanding flow at the corner and the formation of the
wake neck, however, are not well understood and require further study. A flight experiment is described that
would use spectral and total measurements of the wake radiation as a nonintrusive diagnostic method to provide
insight inte the thermodynamic state of the wake gas.

‘Nomenclature

d =body diameter, m -’

D = pressure, N/m?

q =radiative heat flux, W/cm?

T  =temperature, K

T, =translational and rotational temperatures, -in
nonequilibrium model

T, =vibrational, electronic, and electron temperatures,
in nonequilibrium model

V. =flight speed, km/s

o =angle of attack measured from the normal to the base
plane, Fig. 8 :

o =wake neck viewing angle, Fig. 8

¢ =shear-layer detachment angle, Fig. 8

o =density, kg/m3 :

T =characteristic time constant for unsteadiness of the
afterbody flow

Subscripts

b =base stagnation points

s =front stagnation point

0 =reference value in Eq. (3)

Introduction

HE concept of aeroassist has been evolving rapidly in the
area- of space transportation in recent years. In an
aeroassist maneuver, a spacecraft enters Earth’s atmosphere
and utilizes the aerodynamic forces acting on the vehicle, to
decelerate or change its course, and then exits the atmosphere
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to attain a desired orbit. As an alternative to consuming
precious onboard fuel to perform an equivalent orbital trans-
fer, the aeroassist maneuver effectively increases the available
payload of space vehicles (see, e.g., Refs. 1-3). The vehicles
performing such maneuvers have been named Aeroassisted
Space Transfer Vehicles (ASTV). Proposed applications of
this technique include transportation of communication satel-
lites between geosynchronous Earth orbit (GEO) and low
Earth orbit (LEO); on-site repair, refueling or resupplying of
various satellites; and deceleration of vehicles entering plane-
tary orbits or returning from the Moon or planets.

A conceptual ASTV, suited for the transportation of a
communication satellite between GEO and LEQ, is shown
schematically in Fig. 1. A typical ASTV trajectory is shown in
Fig. 2. The aerodynamic surface that produces the forces for
the aeroassist maneuver is called the aerobrake. The payload is
the assemblage of components behind the aerobrake consist-
ing.of the command and control module, astronauts’ cabin,
fuel tanks, rocket engines, and satellite cargo. It must be
placed behind the aerobrake and shielded from the intense
heat generated by the front shock layer and from the convec-
tive and radiative heating environment produced by the wake.

The technology associated with aeroassist has been identi-
fied as an enabling technology for the nation’s space transpor-
tation efforts.** In addition to computational and ground-

Fig. 1 Aurtist’s sketch of an ASTV concept.
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Fig. 2 Trajectories of ASTV and other flight vehicles.

Fig.3 Planform and profile of the AFE vehicle.

based experiments designed to study aeroassist technology, the
Acroassist Flight Experiment (AFE) has been conceived and
pursued by NASA. The AFE vehicle is approximately a V4-
scale model of a typical ASTV. Figure 3 shows the profile and
planform of the AFE. The latest mean trajectory would have
it enter the atmosphere at a velocity of about 9.9 km/s, and
reach a perigee altitude of about 75 km. The AFE program
was cancelled recently due to budgetary constraints. Neverthe-
less, aeroassist remains an important and promising technol-
ogy for the nation’s space effort and warrants further study.

One aspect of particular interest in ASTV research is analy-
sis of the wake flow. The afterbody assemblage must be pro-
tected from the convective and radiative heating environment
produced by the wake flow. Prediction of this environment
must, therefore, be of sufficient accuracy to adequately design
the thermal protection for the payload. Although convective
heating rates on the base are generally small,® very high local-
ized heating rates can occur if the shear layer separating from
the frustum, or corner, of the vehicle impinges on the after-
body. At such an impingement point, the convective heat
transfer rate can be of the same order as that experienced at
the front stagnation point.” Also previous experimental work
suggests that the radiative heating to the afterbody could be as
high as 5% of that at the forebody stagnation point.?

The wake flowfield influences the shear-layer turning angle,
the convective and radiative heat flux to the payload, and to
some degree, vehicle aerodynamics. An approach in studying
ASTV wake flows is to use the radiation inherent in the corner
and wake flows as a nonintrusive diagnostic means to gain
insight into the thermodynamics of the flowfield. Such an
experiment, which is designed to study wake phenomena of
the proposed AFE, is called the Afterbody Radiation Experi-
ment (ARE). The objectives of this paper are to state the
importance and complexity of ASTV wake flows, to justify
the ARE, and to briefly describe the proposed instrumenta-
tion.

Wake Flow Characteristics

Only a brief description of wake flow phenomena will be
presented in this paper, however, an excellent review of hyper-
sonic wake flows was given in 1965 by Lykoudis.® During this
discussion, it will be helpful to refer to the sketch in Fig. 4
which shows the dominant features and physical phenomena
important in the ASTV flowfield. Figure 5 is a shadowgraph
of an AFE model that has recently been obtained in the Ames
ballistic range.!® The velocity of the model was 5 km/s, the
Reynolds number (based on a model diameter of 2 cm) was
600,000, and the angle of attack was about 10 deg nose down.
The forebody shock, shear layers, neck region, and recom-
pression shocks that are shown schematically in Fig. 4 can be
seen in the shadowgraph.

Evidence of Wake Radiation

The possibility that there may be radiation in the afterbody
region of a re-entry body at high entry speeds was first consid-
ered for the Apollo program. Canning and Page measured
spectral radiation from the stagnation and wake regions of
ablating and nonablating models flying at a speed of 6 km/s.!
The largest amount of radiation from the wake of the nonab-
lating model was observed to be between wavelengths of 200
and 600 nm. (Their instrument was not sensitive to wave-
lengths below 200 nm.) In 1965, Stephenson!? launched
axisymmetric blunt body models in a ballistic range at flight
speeds up to 10 km/s. The models were made of plastic
materials that ablated during the flight. The hot gas and
ablation products emitted strong radiation both in the fore-
body and in the wake regions. A photograph of the luminous
flowfield taken from Stephenson is shown in Fig. 6a. The
observed radiation was due predominantly to CN, a product
of the ablation process. The area from which the strongest
radiation occurred for the nonablating case was similar to this
ablating case and the figure serves to illustrate some of the
predominant flow features. There is evidence of strong radia-
tion in the wake, particularly in the region of the wake neck,
located about one body diameter aft of the model. The pho-
tograph also shows bright and dim features in the luminous
wake and structure reminiscent of vortex shedding which are
indicative of unsteadiness.

Prior to the Apollo missions, a flight experiment of a Y-
scale model of the Apollo vehicle, named Fire, was flown at a
speed of 11.3 km/s to study the radiative heating phenomena
on both the forebody and the afterbody regions. The Fire
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Fig. 4 Physical phenomena important to ASTV.
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Fig. 5 Shadowgraph of AFE model flying in Ames’s ballistic range
at 5 km/s with Re =600,000.

vehicle, like the Apollo vehicle, was axially symmetric. But its
center of gravity was offset so that it would attain a nonzero
trim angle of attack. As a result, the flowfield around the
vehicle was three dimensional and produced substantial lift.
The heat shield was designed such that.there' would be no
ablation, at least while the measurements were being made. A
radiometer was placed to view the expanding region of the
flowfield behind the heat shield. Since the vehicle rolled, the
radiative flux was measured at all possible azimuthal angles.
The measured radiative flux was highest at the extreme leeside,
and was determined by Cauchon!® to be equal to 5.3% of that
at the forebody stagnation-point. Peak radiative heating on
the afterbody was observed to occur prior to peak radiative
heating at the front stagnation-point.

In the 1970s, measurements of the radiative flux on the base
region of a nonablating Galileo entry probe were made by
Shirai and Park!#" in a shock tube at M =1.5. They measured
radiative flux to the base to be about 4% of that at the front
stagnation point. Figure 6b shows a scale model of the Galileo
probe made of a graphite material that was flown in krypton
in a ballistic range at a flow Mach number of 20. The picture
was taken at a point in the range close to the launcher where
ablation had not yet occurred. Here, peak luminosity occurred
at a distance of about one body diameter downstream.

Wake Radiation for the AFE

Even though the existing experimental data mentioned
above show the radiative flux incident on the base can be as
high as 5% of the front stagnation-point radiation, the radia-
tion to the base of the AFE may be substantially different. The
differences are the scale of the AFE and the pressures of the
overall flowfields. The Fire vehicle was much smaller than
AFE and the peak radiative heating did occur at an aititude
much lower than that expected for the AFE; the wake flow at
that altitude was almost certainly in equilibrium. The Fire
vehicle had a conical afterbody which likely prevented sepa-
rated flow from occurring in the region where the base radia-
tion sensor was located, whereas separation would certainly
occur at the corners of the AFE vehicle. The experiments con-
ducted on the Galileo entry model were made using mon-
atomic gases at a high pressure (the stagnation-point pressure
was greater than 20 atm) and, therefore, the afterbody flow
was likely to have been in thermochemical equilibrium.
Throughout the flight regime of the AFE, the corner flow is
expected to be in a nonequilibrium state, while the wake neck
may be at equilibrium. The extent of nonequilibrium flow
significantly effects the resulting radiation as described below.

To facilitate the design of the ARE experiment, the antici-
pated range of the radiative flux incident on the base, the

location of the principal luminous sources, and the spectral
distribution of the radiation must be known. Past experimen-
tal data cannot be relied upon to predict these quantities, nor
can current ground-based facilities appropriately simulate the
AFE flowfield. Therefore, ground-based data and existing
flight data must be used only to verify computational solu-
tions which then can be extrapolated to the proper conditions
for AFE. To this end, experiments and calculations have been
performed to estimate the required quantities.

In past experiments, significant gas luminosity occurred in
two regions of the afterbody flow: the expanding region at the
shoulder and the wake neck. However, the physical conditions
that would cause the radiation for the case of the AFE in these
regions would likely be very different. In the expanding re-
gion, the flow would be supersonic, the translational tempera-
ture and pressure would be fairly low, and the density would
be high. However, the gas would likely be in thermochemical
nonequilibrium and the internal energy states would be highly
excited, causing the energetic atoms and molecules to radiate.
Therefore, in order to accurately predict the radiation in this
region for the AFE, it is essential to have an accurate thermo-
chemical model to predict the state of the gas correctly.

The neck region would likely radiate because the pressure
and temperature would be high and the flow subsonic. If the
wake flow were steady, there would be a saddle point in the
neck region where the flow velocity would approach zero.
Chapman!é and Korst!” showed that the upper limit to the
neck pressure for supersonic flow past blunt bodies was a
substantial 25% of that at the front stagnation point. At this
point, all of the energy of the flow was in the internal energy
and thermal modes, and hence the translational temperature
was high. If the internal modes were in equilibrium with the
translational temperature, substantial radiation would occur.
Park'® used a one-dimensional model of the wake flowfield of
the Galileo probe and a nonequilibrium radiative transfer
model and found that the ratio of base to stagnation-point
radiative flux, g,/qs, was proportional to the square of the
ratio of the base pressure to the front stagnation-point pres-
sure, py/ps, '

2

This proportionality is expected to hold for the AFE case
despite the difference in freestream pressure. Therefore, it is
essential to have a fluid mechanical model that correctly pre-

a) luminous blunt body in air, ballistic range, M = 30, StephensonlZ

b) Galileo probe in krypton, ballistic range, M =20.

Fig. 6 Evidence of wake radiation: a) lnminous blunt body in air, '
ballistic range, ¥V =10 km/s, Stephenson!2; and b) Galileo probe in
krypton, ballistic range, M =20, Park.
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dicts the base and neck pressures in order to predict the
radiation in this region.

"Importance of the Shear Layer

Prediction of radiation in both the expansion and wake
neck regions requires knowledge of the flowfield and the
thermochemical nonequilibrium phenomena therein. In gen-
eral, the base flowfield is critically dependent on the shear
layer phenomena. The shear layer is the border between the
supersonic inviscid flow and the viscous recirculating flow.
Across the layer, the tangential momentum of the supersonic
flow is transmitted to the recirculating flow. The amount of
momentum transferred determines the velocity inside the
layer, which in turn determines the pressure at the neck saddle
point where the velocity is recovered as pressure. The transfer
of momentum is different for laminar and turbulent flow. A
laminar shear layer imparts only a small amount of tangential
momentum into the recirculating flow. This leads to a low
neck pressure and weak neck radiation. In contrast, a turbu-
lent shear layer imparts a large amount of momentum and
leads to a large neck pressure and radiation.

For the AFE, the shear layer would originate at the edge of
the heat shield, where it would inherit a velocity distribution
from the boundary layer over the forebody. According to
various calculations performed in recent years, the boundary-
layer flow over the forebody is expected to be laminar at the
heat shield edge. Laminar shear layers have, approximately, a
linear variation in properties across the layer, and are fairly
thick in order to impart a momentum of meaningful magni-
tude. On the other hand, the shear layers observed experimen-
tally, see for example Fig. 5, were quite thin, and are inter-
preted to be a sign of turbulent flow. In turbulent flow, a large
transverse gradient in flow properties occurs at the middle of
the shear layer, with a more gradual variation further from the
shear layer. The large transverse gradient in flow properties in
the middle of the layer will produce the thin appearance of the
layer seen in the shadowgraph, while the gradual variation
makes it possible to impart a large amount of tangential
momentum. Thus, it seems that the shear layer underwent a
laminar-to-turbulent transition between the heat shield edge
and the neck. The point of transition must be predicted accu-
rately to obtain the proper wake properties for the AFE.

Besides affecting the base and neck pressure, the shear layer
is important for another reason, namely the possibility of
impingement on the afterbody. The AFE project estimated the
convective heating due to shear-layer impingement for the
AFE at 20.7% of the stagnation-point convective heating.!®
Using a chemically reacting Navier-Stokes code, Gnoffo et
al.2® estimated the convective heating due to shear-layer im-
pingement to be 13% of the stagnation value. However, exper-
iments have shown that heating rates are highly dependent on
shear angle and can be of the same order as that at the
stagnation point.” Thus, it is important to predict reliably the
angle through which the shear layer turns and the magnitude
of the convective heating it causes. The intrinsic shear-layer
turning angle, defined as the angle between the shear layer and
the direction of the mean flow in the base region, should be a
function only of the ratio of the base pressure to the front
stagnation-point pressure because it must be the Prandtl-
Meyer turning angle corresponding to that pressure ratio.

Experiments measuring the shear turning angle for the AFE
vehicle have been conducted by Wells?! in a wind tunnel and
by Strawa et al.!0 in a ballistic range. The ballistic range tests
were conducted with AFE models 2 cm in diameter flown in
air at 5 km/s and at freestream Reynolds numbers of about
600,000 based on model diameter. The convention used for
the angles are defined in Fig. 7. The angle of attack « was
measured from the relative velocity vector with positive angles
nose up. The shear-layer detachment angle ¢ was measured
from the vehicle base to the shear layer as measured in the
shadowgraphs. Angle ¢ is geometrically related to the shear-
layer turning angle mentioned earlier.

Fig. 7 Diagram showing ballistic range measurement angles.

The shear-layer detachment angle at the upper corner is
plotted in Fig. 8 as a function of angle of attack. The shear
layer at the upper corner is most likely to impinge on the
afterbody. Of the many shadowgraphs taken during the range
tests, only those which exhibited small degrees of yaw and roil
are plotted. The uncertainty in the measurements was about
+1 deg due to the reading errors. Shear-layer impingement
occurred for ¢ <46.4 deg.

The AFE vehicle is designed to trim at o= — 17 deg and the
vehicle would be kept within trim a+5 deg for most of the
flight. At o= — 17 deg, the range data showed the shear layer
detachment angle to be about ¢ = 50 deg; at an angle of attack
of = —22 deg, the shear-layer detachment angle was ¢ =45
deg. These values are comparable with the ¢ =50 deg value
obtained by Wells in his wind-tunnel experiment. Thus, it is
likely that the shear layer from the upper corner would im-
pinge on the afterbody during some portion of the AFE flight.

The scatter of the data in Fig. 8 was quite large, about +35
deg. This scatter was interpreted to be due to fluctuations in
the base pressure due to unsteadiness in the flowfield. The
unsteadiness of the flow can be deduced from another distinct
feature in the shadowgraph in Fig. 7: the waviness of the
recompression shock. The  photographs of Stephenson,?
Fig. 6a, and of Park, Fig. 6b, also exhibit this wavy character-
istic. The characteristic time scale of the unsteadiness 7 can be
estimated from the wavelength of the oscillations in the re-
compression shock and the vehicle velocity as

T=— )

For the AFE vehicle, the implied frequency would be between
about 1 and 5 kHz. Another important feature of the after-
body region for instrument design is the wake neck viewing
angle 6 defined as the angle from the center of the base of the
vehicle to the center of the neck region (see Fig. 7). The neck
viewing angle was measured from the shadowgraphs taken in
the ballistic range.!® The tests shown here were conducted at
two velocities, 2 and 5 km/s. The data show a dramatic effect
of angle of attack on the neck viewing angle: at an angle of
attack of about 5 deg the neck viewing angle was nearly zero,

' but increased markedly as the angle of attack increased or

decreased. The behavior was the same at velocities of 2 and 5
km/s. If a reliable prediction of the afterbody flow phenom-
ena is to be achieved for the AFE at flight conditions, the
laminar-to-turbulent transition behavior, the shear-layer de-
tachment angle, the neck viewing angle, and the unsteady
nature of the flow must be correctly characterized.

Computational Modeling and Results

For the design of the ARE experiment, the anticipated range
of the radiative flux incident on the base, the location of the
principal luminous sources, and the spectral distribution of
the radiation must be known. The methods that were used to
determine these parameters are discussed next.
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Fig. 8 Shear-layer angle vs angle of attack.10

Flowfield Calculations

Gnoffo and Greene?? made perfect-gas calculations in the
AFE wake that showed weak shock impingement on the upper
shoulder of the instrument shroud at trim (o= —17 deg).
Their grid in the wake region was coarse and no evidence of
wake neck structure was seen. Li and Wey? made calculations
with a chemically reacting code for the AFE wake, but their
grid in the wake also was coarse and the solution did not show
wake structure. Later, Gnoffo et al.2%20 made calculations for
the near wake of the AFE with a nonequilibrium chemistry
code. Their calculations showed shear layers and indicated a
diffuse neck region with velocity contours converging at about
3 body diameters downstream, the extent of their computa-
tional zone. Palmer®® made similar calculations of the AFE
flowfield including nonequilibrium chemistry. However, his
calculations were limited to the wake flow immediately behind
the base. Tam and Li%® made a comparison of the flow struc-
ture, temperature, and species concentrations computed from
these methods. They found significant differences in the re-
sults on the vehicle surface, across the shock layer, and behind
the base. The level of detail in the wake structure that is
required here was not provided by any of the solutions. Com-
putations which include nonequilibrium chemistry require a
large amount of computer time. For example, Palmer’s code
required approximately 50 h of CPU on a Cray II computer to
reach a converged solution.

These previous calculations were not suitable for present
purposes. A large portion of the radiation from the wake is
expected to come from the neck region and possibly from the
recompression shocks that form after the neck. These struc-
tures, clearly evident in ballistic range shadowgraphs, were not
clearly seen in the computations. To design an experiment
aimed at measuring the radiation from the wake it is necessary
to know the location of the wake neck and the formation of
the recompression shock at trim and off-trim attitudes. Wake
structure is primarily a fluid dynamic phenomenon. The ef-
fects of chemistry should have only second-order effects on
this structure, as confirmed in the parametric studies of
Gnoffo et al.® The expanding flow would quickly freeze,
thermochemically, past the shoulder. An ideal-gas code (y not
equal to 1.4) with an adaptive grid was used to model the flow
in the afterbody out to about 4 body diameters downstream.
Computations were carried out in two steps: the flowfields
were computed using codes that model the fluid mechanics
and thermochemistry; the radiation field was then computed
using radiation models. This section briefly describes the mod-
els and summarizes their results. Palmer’s?® nonequilibrium
solution at the shoulder of the vehicle was used as the inflow
boundary for the ideal-gas solution. The gas model was for
air, consisting of 11 species including electrons and used
Park’s?” modification of the Landau-Teller model to represent
the thermal nonequilibrium phenomena. An adaptive grid
code, developed by Davies and Venkatapathy,?® was used to
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sharpen the flow features. Calculations were performed at five
angles of attack. Details of. the technique can be found in
Ref. 29.

Temperature contours in the pitch plane of the AFE, com-
puted using the method outlined above, are shown in Fig. 9.
The angle of attack was a= —17 deg (AFE trim angle of
attack) and the flight conditions were for an altitude of 77.9
km and a velocity of 8.9 km/s. Flow features that can be seen
in the figure, such as shear layers and recompression shocks,
were similar to those observed in the ballistic range shad-
owgraph in Fig. 5. The shear-layer detachment angle and
location of the neck have been determined using the same
methods and conventions used in obtaining the experimental
values presented in Fig. 8. .

The calculated shear-layer detachment angle, measured
from Fig. 9, at the upper edge of the vehicle was 6=62 deg,
which was somewhat larger than the experimental value about
8=750 deg, but qualitatively the agreement appears quite good.
The location of the wake neck, noted on the figure, was
identified by a neck viewing angle of ¢ = 18 deg down from the
vehicle centerline and is located 1.1 body diameters aft. The
experimental values for the location of the neck are 25 deg
down and 1.0 body diameters aft, given in Ref. 10. Although
these features did not coincide exactly with those of the exper-
iment, the results indicated that progress is being made in our
ability to model the afterbody flow region of the AFE.

Radiation Calculations at the Shoulder

The flow calculated at the shoulder was in a state of thermo-
chemically nonequilibrium. To calculate the radiative flux at
the shoulder, Palmer’s?6 flowfield solution was used for spe-
cies concentrations and temperatures. The radiation was cal-
culated using NEQAIR?, assuming a quasisteady state (QSS)
population distribution in the electronic states, i.e., the time
rate of change of number density in an electronic state is much
less than the difference of the rates populating and depopulat-
ing that state. This step allowed NEQAIR to calculate a sepa-
rate electronic temperature for each electronic state, providing
a multitemperature radiation model. As program input,
NEQAIR required species concentrations and two tempera-
tures at each point in the flowfield; namely 7,, representing
the atomic and molecular translational and the rotational
temperature and T,, representing the electron translational
and the vibrational temperature.

The spectral distribution of the radiative flux (measured in
units of W/cm?2-sr-u) incident on the AFE surface along a line
of sight extending from the upper instrument shroud parallel
to the back plane and in the plane of symmetry is shown in
Fig.10. The spectrum was plotted from 200 to 1000 nm with a
resolution of about 0.6 nm, which was the approximate reso-

Fig. 9 Temperature contours of AFE flowfield-pitch plane.
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Fig. 10 Computed spectra at the upper shoulder line of sight for the
AFE,

lution expected in the ARE spectrometers, although, the spec-
trum was computed from 190 to 1400 nm. The continuum
radiation from the vacuum ultraviolet below 200 nm decreased
rapidly. Separate calculation of the contribution of line radia-
tion from N, N*, O, O+, Ny(1-), N»(2+), Ny(1 +), NOgG,
NOvy, and O,(Schumann-Runge) showed that this contribu-
tion was not significant. Note that the spectral power varied
over nearly four orders of magnitude. One of the proposed
ARE instruments is a radiometer that integrates the total
radiation from 200 to 1400 nm. The radiative flux along this
line of sight from 200 to 1400 nm was computed to be 8 x 103
W/cm?-sr.

Radiation Calculations at the Base

The other major source of radiation in the wake is the neck.
The flow in the wake would likely be in thermodynamic equi-
librium. It was reasonable, then, to use the flowfield calcu-
lated with an ideal gas code and use an engineering correlation
to obtain the corresponding radiation. The engineering corre-
lation, based on thermodynamic equilibrium, was developed
by Nardone et al.3! This correlation, which must be used for
applications that are reasonably similar, relates the radiative
emission at a point (W/cm?) to the local density and tempera-
ture by the equation

n
()
o/ \ T, )

where e and » are constants, which must be found by compar-
ison with experimental data, or theoretical results.This corre-
lation was used to calculate the radiative emission for the
ideal-gas solution mentioned above, throughout the base re-
gion of the AFE vehicle, using e=7x10"1 W/cm? and
n =17.25. The exponential factor of 17.25 would make the
absolute magnitude of radiation very sensitive to the tempera-
ture chosen. However, of interest here is the location of the
most intense radiating regions of the flow, not their absolute
magnitudes. The emission contour plot in the pitch plane is
shown in Fig. 11. The regions of peak intensity are indicated
and are seen to correspond to the regions of high temperature
shown in Fig. 9. '

The directional intensity distribution was calculated from
the emission values given by Eq. (3) by solving the equation of
radiative transport along a line of sight generated from a point
on the surface. This distribution is also plotted in Fig. 11 as
the solid curve representing the logarithm of the relative inten-
sities along the lines of sight from the detector position. The
intensity lobe at 8 =30 deg in the lower half-pitch plane corre-
sponds to the high-intensity neck region in the lower half of
the wake. Plots such as this are very useful in determining the
proper placement, field of view, and orientation of the ARE
instruments. The radiative heating, integrated over the 90- deg
field of view shown in Fig. 11 was 0.26 W/cm2. As mentioned

previously, this value was very sensitive to the temperature
distribution in the flowfield.

Discussion

The computational results presented in the previous section
are encouraging. They show that significant progress is being
made in understanding the wake region. Calculated features
of the wake flowfield, including the shear layer, the location
of the neck region, and formation of recompression shocks
were generated and were in qualitative agreement with avail-
able experimental data. But significant differences did exist
between the computed results and the experimental results.

The calculated shear-layer detachment angle ¢ was larger
than that measured and the calculated neck location was closer
to the body centerline than measured. The minimum point in
the wake velocity field occurred at about the point where the
neck was observed experimentally, but, the local maxima of
temperature, pressure, and density did not occur at the same
location. Experimental measurement of these quantities is
very difficult, but are crucial for a better understanding of
hypersonic wakes. _

The two-temperature thermochemical model and the QSS
approximation in NEQAIR were developed to account for the
observed radiation and shock standoff distance measured in
shock tubes or in the shock layer behind a strong bow shock
wave. A new model for expanding flows may be necessary and
may be considerably different from the compressive flow
model. For example, the present model first solves the chemis-
try, transport and flow equations using Park’s two-tempera-
ture model,?” which, among many other assumptions, equates
the electronic, electron kinetic, and vibrational temperatures,
and also assumes that all of the reactions take place in the
ground state. After the chemistry portion of the calculation is
completed, the total population of each species is then parti-
tioned between the electronic states by the QSS approximation
method. This separation of the chemistry portion of the code
from the excitation portion greatly simplifies the computa-
tional task. In expanding flows, the radiant intensity appears
to be strongly related to the vibrational temperature, which
means that the effective electronic temperature is strongly
coupled to the vibrational temperature. Furthermore, the vi-
brational temperature is strongly coupled to the kinetic tem-
perature of the free electrons, which play a major role in the
electronic excitation process. Thus, in expanding flows it is
possible that the chemistry and excitation processes are closely
coupled and cannot be separated.

In the nonequilibrium flow at the shoulder, the low pressure
and density in the wake resulted in a low collision rate among
the gaseous species. Thus, the population of the excited states
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Fig..ll Radiative power contours and polar plot of the normal in-
tensity in the pitch plane of the AFE.



STRAWA ET AL.: WAKE OF A BLUNT AEROBRAKE 771

was lower, possibly very much lower, than the Boltzmann
population because of radiative quenching. To examine the
effect of the QSS approximation on the calculated radiation
incident on the upper shoulder point, calculations were made
replacing the QSS code with a simple Boltzmann distribution
using the electronic temperature (which is equal to the vibra-
tional temperature) found in the chemistry portion of the
solution. The radiative flux along the line of sight shown in
Fig. 10, calculated using NEQAIR and Palmer’s flowfield
solution? and integrated over the line of sight and from 200 to
1000 nm, was 6.8 X 10-2 W/cm2-sr. Comparing this with the
0.8%x 1072 W/cm?sr calculated using the QSS approxima-
tion shows that the collision rates in the flowfield, used by the
QSS code, were not adequate to maintain a Boltzmann popu-
lation in the upper states. If they were, the radiation flux
incident on the surface for this line of sight would be higher by
nearly a factor of ten.

The final point of discussion is the effect of unsteadiness in
the wake region. In the sketch of the hypersonic wake shown
in Fig. 4, the location of the center of the neck is defined as a
saddle point where the velocity goes to zero. Here, the pres-
sure, density, temperature, and radiation are expected to be a
maximum. The coincidence of these features did occur in a
steady, ideal-gas calculation made for a two-dimensional half-
cylinder by Venkatapathy et al.®® A real, three-dimensional
wake flow, such as that for the AFE, however, would be
unsteady and much more complex. The flow in the neck
region would, in fact, never actually come to rest with respect
to the vehicle. In an unsteady flow, the kinetic energy con-
tained in the flowfield would be larger than that in a steady
flow because of the additional, and rapidly varying, velocity
component. Thus, a smaller fraction of the total energy of the
flow would be available to excite the internal energy states of
the gas. The resulting temperatures, and hence the radiation
intensity, could be noticeably reduced, but the amount of the
effect is presently unknown. Although the existing experimen-
tal evidence indicates that the base flowfield was unsteady, all
theoretical calculations performed to date assume that the
flow was steady. o

There is much uncertainty both in the thermochemical and
radiation models used in calculating hypersonic wake flows.
Although progress in understanding the principal features and
some of the details of wake flows has been made by both
laboratory and theoretical research, the uncertainties cannot
easily be sorted out with ground-based testing alone since
ground-based facilities cannot attain the combination of flight
velocity, enthalpy, and vehicle size needed to properly simu-
late the thermochemistry of the ASTV flowfield. Therefore,
the ARE was included as one of the experiments to be flown
aboard the AFE. The objective of the ARE was to measure the
radiative flux to the afterbody and use the radiation inherent
in the wake flowfield as a nonintrusive diagnostic method to
learn about the thermodynamic state of the wake gas. This
data, together with that of other experiments and computa-
tional modeling, would increase understanding of hypersonic
wake physics and lead to more efficient ASTV designs.

Proposed Instruments

The proposed ARE is composed of two kinds of optical
instruments: the Total Radiation Detector (TRD) and the
High Resolution Spectrometer (HRS). The TRD is a ther-
mopile that would measure integrated spectral energy from
200 to 2600 nm, and the HRS is a spectrometer with a spectral
range of 200-770 nm and a spectral resolution of about 0.6
nm. Each instrument would look through a sapphire window
to record the radiative flux from the flowfield falling on the
detectors. Data would be recorded once every 3 s during the
aeropass.

The dynamic range of the HRS is 107. This is because a
dynamic range of 10*is required to capture the features within
the spectra at any instant along the trajectory, as seen from

|

Fig. 12 ARE instruments location and fields of view.

Fig. 10, and 10° to ensure that the signal is detected through-
out the aeropass. -

The locations of the three TRDs and three HRSs that com-
prise the ARE suite of instruments are shown in Fig. 12. The
radiation emitted by the flow as it expands over the frustum at
the top and bottom of the vehicle would be measured by
separate TRDs and HRSs. Because of the three-dimensional
nature of the AFE forebody, the state of the fluid expanding
about the frustum at the bottom of the vehicle would be quite
different from that at the top of the vehicle. This data would
be very valuable in corroborating the thermochemical model
in the expanding flow region and ensuring that the interaction
between the fluid mechanics and chemistry is properly han-
dled.

The base radiation would be measured by a TRD and an
HRS located at the base of the afterbody and pointed at the
wake neck, The aft looking instruments would be canted down
25 deg from the vehicle centerline to observe the wake neck at
its most probable location, as determined from the aforemen-
tioned ballistic range experiments.

The variation of radiation intensity with altitude and veloc-
ity would be expected to have a very low frequency, much less
than 1/6 Hz. Variations of the intensity due to spacecraft
motions would be expected between 1/2 and 1 Hz. Higher-fre-
quency variations in the intensity could be caused by fluid
mechanical instabilities and turbulence in the afterbody flow
and, as mentioned earlier, would likely be at frequencies
greater than 1 kHz. These variations would be filtered out of
the data electronically.

Conclusions

Radiative and convective heating to the afterbody of an
ASTYV could be large enough to necessitate some sort of ther-
mal protection for the afterbody. Large convective heating
rates would be expected if the shear layer, separating from the
vehicle corner, impinged on the afterbody. Estimates pre-
sented here suggest that the radiative flux to the afterbody
may be as high as 5% of the front stagnation point. However,
there are many differences between the experiments conducted
to date, and any future flight experiment or a full-scale ASTV,
that will make current measurements of the shear layer and
radiation difficult to apply directly to full-scale vehicles. Many
of the phenomena associated with the wake flows are not well
understood at present. These include the energy exchange
mechanisms in an expanding corner flow, radiation mecha-
nisms in the wake, and turbulence and unsteadiness in the
shear layer and wake. To accurately predict the wake flow of
an ASTV and radiative heating to the afterbody, it will be
necessary to understand the thermodynamics of the wake.
Spectral and total measurements of the radiation emitted at
the body’s shoulder and in the wake can provide insight into
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the thermodynamic state of the wake gas. An experiment
designed to obtain these data has been included as part of the
experiments aboard the AFE. These data, combined with
other experimental data and computational modeling, would
allow the accurate prediction of ASTV wake flow and make
efficient ASTV design possible.
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