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Fig. 4 Normal-force data and prediction—45-deg roll angle.

the specified margin allowable for preliminary design. How-
ever, as in the previous case, the experimental values of Cy
fall off at higher angles while the predicted values tend to con-
tinue increasing. The curves for both roll angles cross at 70
deg.

To summarize, for the case studied, Missile DATCOM was
found to predict normal-force behavior very well for the body-
tail configuration, up to extremely high angles of attack.
Poorer correlation was found to exist for the complete config-
uration at roll angles of 0 and 45 deg. A method better than
can be achieved from extrapolated aircraft data must be devel-
oped to treat unconventional wing planforms.

The authors wish to thank the personnel of the W. R.
Church Computer Center at the Naval Postgraduate School
for their assistance, and also the personnel involved with Mis-
sile DATCOM at the Flight Dynamics Laboratory, Wright
Patterson Air Force Base, for their assistance in obtaining a
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V., =freestream velocity, km/s

€ =tile emissivity
g = Stefan-Boltzman constant, 5.6696 x 1014
MW/m2K*
o = density, kg/m?
Subscripts
c = convective
eff =effective
r =radiative
req =radiation equilibrium
sp  =stagnation point
w =wall
oo = freestream
Introduction

N order to obtain the data necessary to design future

aeroassisted space transfer vehicles, NASA is currently de-
veloping the Aeroassist Flight Experiment (AFE). This vehicle
will be deployed from the Shuttle Orbiter (scheduled for
1994), make a data-gathering aeropass through the upper at-
mosphere, and then return to orbit for pickup by the shuttle.
The primary purpose of the AFE is to obtain data in the flight
regime where chemical and thermal nonequilibrium effects
dominate the shock layer, because such effects may play a
large role in the design of aeroshells for future aeroassisted
space transfer vehicles. A review of aeroassist concepts is
given by Walberg.!

The absence of applicable flight data and the inability of
ground-based wind tunnels to simulate the low-density, high-
energy flight environment?? are the impelling forces that dic-
tate the need for the AFE flight experiment. This lack of data
also creates an uncertainty in the heat transfer predictions
needed to design the AFE heat shield. Among the important
factors that must be considered in the heating predictions are
both chemical and thermal nonequilibrium, an extensive vis-
cous region, small but finite wall recombination rates, non-
equilibrium radiative heating, and three-dimensional effects
due to a nonaxisymmetric heat shield geometry.

Rochelle and co-workers*’ have used an axisymmetric
chemically reacting version of the BLIMP (boundary-layer in-
tegral matrix procedure) code® to predict AFE heating. In the
present paper, an axisymmetric chemically reacting viscous-
shock-layer code’ has been used to calculate heating rates on
the AFE. The present method of analysis automatically ac-
counts for the viscous-inviscid interaction and entropy-layer-
swallowing effects that are not properly accounted for in a
classical boundary-layer method. The current method has
been compared with a full three-dimensional Navier-Stokes
code® for verification. Calculations of the stagnation point
heating for the current AFE baseline trajectory are presented.
Results for the high-altitude portion of the trajectory have
also been calculated using the stagnation-region Navier-Stokes
method described in Ref. 9.

Vehicle and Trajectory

The aerobrake on the AFE vehicle (Fig. 1) is an elliptic
cone, blunted with an ellipsoidal nose, and raked off at an an-
gle of 17 deg relative to the cone axis. The ellipticity of the
cone is such that it produces a circular base in the rake plane.
This results in a highly three-dimensional stagnation region. A
skirt is fitted tangent to the elliptic cone at the rake plane to
reduce heating in this region. The aerobrake is made of a con-
ventional aluminum structure covered with a thermal protec-
tion system, with the outer layer consisting of tiles similar to
those used on the Shuttle Orbiter.?

The vehicle is deployed from the shuttle payload bay. It is
maneuvered to its entry attitude and then driven into the outer
fringes of the atmosphere at a high velocity by a solid rocket
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motor that is jettisoned prior to the data-collection phase of
the experiment. The vehicle enters the atmosphere at approx-
imately 9.9 km/s and penetrates to a perigee of approximately
75 km where its velocity has decreased to 8.6 km/s (see the
baseline trajectory presented in Fig. 2). It is then maneuvered
back into a higher Earth orbit using aerodynamic lift and is re-
trieved by the Shuttle Orbiter and returned to Earth. The most
important part of the mission, from a scientific viewpoint, is
the entry phase from 90 km down to 75 km where several in-
struments will take data.?

) Analysis

The stagnation region of the AFE vehicle is subjected to
high heating on the entry phase of the mission prior to perigee.
In order to design a vehicle that can survive and perform its
mission successfully, one must accurately predict the
stagnation-region heating environment. The conditions are
such that the flow within the shock layer is in both thermal
and chemical nonequilibrium. The surface heating is primarily
convective, but the nonequilibrium radiative heating is too
large to ignore completely.

Gnoffo® has developed a Navier-Stokes flowfield code,
LAURA (Langley Aerothermodynamic Upwind Relaxation
Algorithm), which uses a two-temperature thermal model and
an 11-species chemical model. It has been applied to calculate
the flowfield over the AFE vehicle in flight. In principle, this
code could have been used in the present analysis to predict the
convective stagnation-point heating rates; however, this would
have required several hours of computer time on a CRAY-2
for each trajectory point. Instead, an axisymmetric viscous-
shock-layer (VSL) code developed by Gupta’ that uses a
single-temperature thermal model and a 5-species chemical
model has been employed. The VSL code requires much less
computer time than the LAURA code (only 1 or 2 min per
case), but it automatically accounts for viscous-inviscid in-
teraction and is thus more accurate than a boundary-layer
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Fig. 1 Geometry of AFE aerobrake.
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method applied at these conditions. Although more
sophisticated thermal and chemical models similar to those
used in the LAURA code are required to properly account for
nonequilibrium radiation,!® the much simpler models used in
the VSL code should be sufficiently accurate for calculating
surface phenomena such as convectivé heating. The three-
dimensional stagnation region of the AFE will be approx-
imated by a sphere in the VSL code with an effective radius
(Ry) that produces the same heating rate as the LAURA code
applied to the actual AFE vehicle at the peak heating point on
the trajectory. By using this approach, the effective radius,
R . of the sphere for the convective heating calculations was
determined to be 2.16 m. For higher altitudes, where the low-
density effects are more significant, the stagnation-region
Navier-Stokes (SRNS) code® for an 11-species chemical model
with and without wall-slip boundary conditions has been used.
Similar to the VSL code, an effective radius has been used in
the SRNS calculations. However, unlike the VSL code (which
is based on shock fitting), the SRNS code captures the shock
and thus automatically includes the effects of shock slip.

The surface of the aerobrake is covered with tile, made from
the same material as that used on the Shuttle Orbiter, which
has a small but finite chemical recombination rate. To account
for this effect, the surface catalysis results of Stewart!! have
been used in the present calculations. The thermodynamic and
transport properties used in the LAURA, VSL, and SRNS
codes are the same and are described in Ref. 12.

Park!? has devéloped a method to compute the nonequili-
brium radiative stagnation-point heating rate on the AFE ve-
hicle; however, this approach also requires a large amount of
computer time (up to an hour to compute the stagnation
point). To alleviate this problem, Jones (one of the present
authors) developed the following correlation that matches
Park’s calculations to within approximately 10% for the con-
ditions encountered by the AFE vehicle, with the largest devia-
tions occurring at the higher altitudes. Following this ap-
proach, the approximate nonequilibrium radiative stagna-
tion-point heating rate is given by the equation

log (g,,,) = 0.3542 + 0.5646V,, + (0.306 + 0.066V,)

X ]0g (pooReff,r) (1)

This equation was developed for use with trajectory calcula-
tions for the AFE and should be sufficiently accurate for the
present analysis. The effective radius for the radiative heating
calculation R, used in Eq. (1) is the nose radius, which pro-
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Fig. 3 Stagnation-point heating on AFE.
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vides the proper shock-layer thickness. This was obtained by
matching the shock stand-off distance from the VSL calcula-
tion over a sphere to that predicted by the LAURA code on
the actual AFE vehicle at the peak heating point on the trajec-
tory. With this approach, the effective radius for the radiative
heating R.¢;, was determined to be 2.74 m. ’

The wall temperature used in the present analy51s was the
radiation equilibrium value T, ., iteratively calculated from
the following equation:

Tw,req = [(qw,c + QW,r)/ea] V4 (2)

where the surface emissivity e was assumed to be 0.85.

Discussion of Results

By using the previously outlined approach, the stagnation-
point heating rates for conditions along the AFE trajectory
have been calculated and are presented in Fig. 3. The free-
stream conditions used correspond to the project’s baseline
trajectory as of this writing, which is designated the baseline 5
mean trajectory. Peak total heating occurs at approximately
117 s (76 km) and produces a radiative equilibrium wall tem-
perature of approximately 1785 K, which is near the upper
limit of the surface tile. Peak radiative heating occurred
slightly earlier and is only approximately 15% of the total
heating.

For times greater than 325 s where the altitude is above 90
km, the heating rates calculated by the VSL code level off. In
this region, the atmospheric density is reduced greatly com-
pared with the perigee value, and the VSL equations are no
longer completely valid. For the higher altitudes, heating
calculations have been made using the SRNS code with and
without wall slip. The heating rates obtained from this code
match theé VSL results at the lower altitude and decrease with
increasing altitude as would be expected. For these conditions,
including wall slip has little effect on the heating rates. The
shock slip, which is automatically accounted for in the SRNS
calculations with shock capturing, seems to impact the heating
rates more significantly. Similar effects would be expected on
the entry leg of the trajectory at high altitudes (+ < 50 s in Fig.
3), but these calculations are not included in the present paper.

Concluding Remarks

The results of these calculations represent the most com-
plete and accurate set of contiruum stagnation-point heating
rates that have been obtained over the high heating portion of
the AFE trajectory. They are currently being used in conjunc-
tion with nonequilibrium BLIMP calculations®* to define the
aerothermodynamic environment needed for the heat shield
design.
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