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Optimization of Low-Perigee Spacecraft Aerodynamics

D. Stuart Bowman* and Mark J. Lewis’
University of Maryland, College Park, Maryland 20742

An analytical model for rarefied flow is applied to a parameterized aerodynamic configuration of a low-perigee
spacecraft. Equations with variable surface reflection conditions are introduced for force calculations on a dis-
cretized surface. Optimization is performed with several objective functions: reduced drag, maximum stabilizing
moment under pitch and yaw conditions, and maximum lift-to-drag ratio. In each case volume is also maximized.
Sample optimizations are studied for two reflection conditions, 100% specular and 75 % diffuse. In comparison to
a baseline low-perigee spacecraft design, the reduced drag optimized shapes showed an increase in volume and a
decrease in drag, although they are aerodynamically unstable for all off-design attitudes. The optimum shape was
found to be insensitive to the reflection assumption, although the performance is not. The shapes optimized for
maximum stability tend to have reduced volume and significantly increased drag, but are stable for both specular
and diffuse reflection conditions. The shapes optimized for maximum lift to drag show that rarefied lift can be

increased without a dramatic increase in drag.

Nomenclature

area, m>

shape profile coefficient

drag coefficient

lift coefficient

thermal velocity, m/s

drag, N

eccentricity, 7. /r,

force, N

mass flux, kg/(m? - s)

number flux, 1/(m? - s)

lower surface power-law exponent

lift, N

upper surface power-law exponent

length, m

moment, N - m

hyperellipse exponent; mass, kg
hyperellipse exponent; number density, 1/m?
radius, m

side force, N

velocity magnitude, m/s

spacecraft coordinate directions

0'/0

Vour/ Vin

angle between V;; and surface of incidence
angle between V,,,; and surface of reflection
percent specular reflection

mass density, kg/m?

= angle between a surface plane and the y-axis
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Subscripts

base dimension of vehicle

geospace electrodynamic connections (GEC)
cylinder

final form of equations

diffuse reflection

base
body =

complete
diff
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in = incoming to surface
[ = lower surface
nose = GEC truncated cone portion
out = outbound from surface
pitch = pitch motion
S/C = spacecraft
u = upper surface
X, y,z = spacecraftcoordinatedirections
0-8 = coefficients
Introduction

HERE are numerous scientific questions yet to be explored re-

garding Earth’s upper atmosphere. Included in these questions
are the influence of electromagnetic occurrences and time/space
variations of atmospheric constituents in this upper region. Much
data have been collected throughout the years by various sounding
rocket missions,!? satellite observations,"*~> and mass spectrom-
eter/incoherent scatter measurements;’~’ which have provided the
scientific community with a substantial,butincomplete,understand-
ing of the near-space atmosphere. This understanding is limited
because most of the data has been collected during single passes
through the atmosphere (as with the rocket missions) that could not
accurately measure spatial and time gradients, or obtained remotely
via satellite observations with limited resolution.

Recently,anew class of sciencesatellitesthat are designedto skim
through the upper atmosphere have been proposed, including the
NASA Goddard Space Flight Center’s Geospace Electrodynamic
Connections (GEC).® These “dipper” spacecraft use a low-perigee
orbit similar to the one shown in Fig. 1 to enter into the upper at-
mosphere for a short duration of the orbit period. The spacecraft
perform various in situ scientific objectives before exiting the atmo-
sphere and continuingtoward apogee. Because the trajectory repeats
itself, the spacecraft are able to provide a consistent, predictable
means of studying the Earth’s upper atmosphere.

These low-perigee spacecraft missions will encounter aerody-
namic forces as the spacecraft enters the rarefied flow regime of
the Earth’s upper atmosphere. The forces, which are small relative
to low-atmosphere vehicles, can have a positive or negative effect
on the performance, lifetime, and stability of the vehicle depend-
ing on its perigee and apogee altitudes and the mission objectives.
Drag forces change the perigee velocity causing, among other in-
fluences, the decrease of orbit eccentricity and/or the use of fuel to
maintain orbit. Yaw forces could contribute to stability concerns by
generating unwanted moments. These effects suggest that there is
value to properly designing the aerodynamic performance of dipper
spacecraft.

There has been extensive work in seeking optimal shapes for
continuum flow but much less in the rarefied regime. Carter® sought
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Fig. 1 Scale representation of the low-perigee orbit about a spherical
Earth.

Fig. 2 GEC geometry used for comparison.

axisymmetric minimum drag missile nose shapes using kinetic the-
ory and surfaces of varying roughness. His work produced numeri-
cal solutions that varied based on the surface roughness assumption.
A continuation of Carter’s work by Tan'® provided minimum drag
analytical solutions that approached power-law shapes.

Multiple authors'!!2 have explored the concept of upper atmo-
sphere aerodynamic maneuvering. Lewis'? has suggested that plane
changes may be possible through proper spacecraft design by pro-
viding an appropriatelift-to-dragratio (L /D). Atan L/ D in excess
of unity, the aerodynamic plane change becomes advantageousover
pure propulsive plane change options. The suggested sequence is to
drop the spacecraft out of orbit into the upper atmosphere just far
enough that sufficient lift is available for a plane change. Following
the maneuver, the spacecraftis boosted back out to its original or-
bit. A new class of high-lift spacecraft designs would be required to
exploit this type of maneuver.

This current work attempts to address the aerodynamic design
issues faced within the rarefied environment of the Earth’s upper
atmosphere using the computational solution of an analytical ge-
ometry model. A numerical optimizer is employed to analyze a
13-design-variablegeometry for various objective functions and for
a range of gas—surface accommodation assumptions.

The baseline shape for the NASA Goddard Space Flight Center’s
GEC mission is used as a benchmark against which to compare the
optimized geometries. This mission seeks to study the ionosphere’s
electrodynamicenvironmentby orbiting a cluster of four spacecraft
on a trajectory that will continually bring the spacecraftinto contact

Table1 Properties of the GEC geometry

Property Value
Lhody, M 2.20
Lhose, M 0.50
Fpody, M 0.55
T'noses M 0.25
Surface area, m? 9.25
Volume, m? 2.35

0.3273/0.5441
N-m  7.2463¢—3/—7.9798¢—2

Dragspcc/ diff> N

Testoring .spcc/diff ’

Fig. 3 Geometry evolution from multiple desired shapes to one.

with the Earth’s ionosphere. The baseline GEC geometry was de-
signed without significant aerodynamic considerationsand consists
of a cylinder body with a truncated cone for the nose. The geomet-
ric properties are listed in Table 1 with the full geometry shown in
Fig. 2. The base of this geometry is open (for instrument placement)
as is the geometry used for the optimizations. The perigee of this
orbit is 130 km (p =6.2 x 10~° kg/m®), which will be used as the
baseline minimum altitude in this work.

Geometry Model

A primary concern for low-perigee spacecraft is the drag force
incurred by entering the atmosphere and the possibly destabilizing
moments generated by the aerodynamic forces. Previous work® !0
has shown that a minimum drag body can be approximated by a
three-quarter power-law shape assuming specular reflection; this
result is the same as for hypersonic continuum flow. However, a
monotonic power-law shape may have destabilizing moments at
off-design. For this work our axisymmetric third-order polynomial
shape was chosen because of its ability to produce a flare at its end.
Under straight and level flight conditions, the spacecraft’s flare re-
gion will have equal particle impingement on all surfaces, and the
moments will be balanced. However, as the spacecraftenters a pitch
or yaw orientation, the flared portion will become more exposed to
the flow on one side and less exposed to the flow on the other, creat-
ing a restoring moment. To approximate both low-drag and highly
stable shapes, the geometric function retained both power-law and
polynomialterms by linear combinationof the generatingequations.
To increase the diversity of shapes availablein the geometry model,
asuperellipse!* cross sectionhas been used to allow nonaxisymmet-
ric shapes. This complete geometry evolution is shown in Fig. 3.

The profile of the spacecraftshape is, thus, defined by the follow-
ing equations:

Yu = C1x? 4+ Cox® + Csx + Cy + Cyx* (1)
yi = Csx® + Cox* + Cyx + Cy + Cyx'! (2)

The upper and lower surface powers and scaling coefficients are in-
dependent, thereby affording the greatest flexibility in the geometry
model. For the cases studied here, the exponents/ and k£ are bounded
suchthat0 </, k <1, and Cj is fixed at a value of 0.25 to provide a
flat nose for instrument mounting (similar to the GEC geometry).
The cross-section shape is composed of an upper and lower sur-
face, which are coupled only in their width. The superellipse for-
mulation for the cross-sectional shape is
(sin@)m 3)

Zug =T

Zul
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Vud =Ty, (COS 9)(m.n)

“

where m is the power for the upper surface u and n is the power for
the lower surface /. These functions provide a large range of prac-
tical cross-sectionshapes; exponentsm, n =1 give circular shapes;
m, n <1 give squarelikeshapes; m, n > 1 give diamondlike shapes.
Also, they automaticallycluster pointsinregionsof curvature,which
provides a better analytical mesh for force calculation. An eccen-
tricity variable is used to allow r. and r, to vary as a proportion,
similar to the relationship of the semimajor and semiminor axes of
an ellipse. The length of the spacecraftis set to a constantof 3 m for
all optimizations (comparable to an early concept for GEC). Over-
all, there are 13 shape-controlling variables, which are as follows:
1) upper surface profile, C, _, and k; 2) lower surface profile, Cs _g
and /; and 3) cross section, m, n, and e. These variables provide

a large range of possible spacecraft shapes, thereby allowing great
flexibility for the optimization.

Aerodynamic Model

Analytical solutions to pressure force in rarefied flow were ap-

D | dmV) B d(mV) ,
1= |:_dt i|m |:_dt i|0mcos(9+9) (&)

L_[dmn)] o
3= 5 OLnsm( +6")

(6)

The flux of moleculesto the surfaceis decomposedinto a convective
component and a thermal impingement rate, /, =n(c/4), where ¢
is the thermal velocity component and 7 is the molecular number
density.!® The flux due to thermal velocity is nearly negligible at

all but small angles of impingement due to the comparatively large
magnitude of the spacecraft velocity, that is, V;, 3> ¢. Under these

conditions, flux can be simplified by linearly summing the thermal
and freestream flux:

Iy = p[Vin sin + (¢/4)] @)
where p is the mass density (o =nm) and sin6 is the unit cap-
ture area of a surface inclined at angle 6 to the flow. Then, three-

plied to provide reasonable optimization run times. The model is
similar to that of Bird,'> but implementation of an analytic solution

dimensional equations for aerodynamic forces can be written as

D/A =1,Vy{l —ecos[0(1 +8)]}

saves much computing time when compared with computationalap-

(®)
L/A =1, Vi esin[6(1 4 §)] cos(yr) ©)
proachessuch as direct simulation, which seeks to model individual S/A = I,,Vyy e sin[0(1 + 8)] sin(y) (10)
flow molecules. e
With large mean free path, force per unitareais taken as a function
of surface angle only. The drag and lift per unit area (Fig. 4) are

where v is the angle between a surface and the y axis and € and
& are particle accommodation coefficients defined as the rebound-
to-incoming velocity and angle ratios, respectively. For specular

reflection, € and § are unity, and for complete accommodation with
no rebound, € and § are zero.

Lift

Diffuse Scattering

Actual rarefied surface interactions will include at least some
diffuse reflection. To include this specifically, a modification is in-
troduced to the surface force calculation. A diffuse surface reflec-
tion can be thought of as the release of a particle that hit at some
previous time and stuck for a while. The velocity of the particle
is, therefore, at most, only mildly related to the incoming particle
velocity.!"® Previous work!7-!® has reported that the scattering pattern
of a diffusereflectionis, on a limited scale, proportionalto a polarly
plotted trigonometric distribution that is symmetric about the sur-
o face normal. This distribution, which has previously been used in
v, some Monte Carlo simulation schemes,!” is shown in Fig. 5. In this

work, a sine distribution is used to show possible solutions under
the diffuse assumption.

Fig. 4 Physical representation of aerodynamic model.

Diffuse Reflection

~ A 1)
Incident Molecule N , R Specular Reflection

> ~ \\ “
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Fig. 5 Sine law representation of the diffuse reflection possiblities (from Ref. 18).
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From Eq. (8) on, the term 6 (1 + §) is rewrittenas (0 +6"), where
0’ is still the molecule rebound angle as before. Then, € is redefined
as a function of velocity from the polar sine distribution

€ditt = (Vinax/ Vin) sin 0’ (11

where Vi, is the maximum rebound velocity and 0 <6’ <. The
velocity ratio term is generally a function of surface temperature’
but can be approximatelydetermined by integratingover the lobular
reflectiondistributionfrom 0 to 7r. Normalizingto the intervallength
provides a mean rebound velocity ratio of 2/3. This ratio is used
as a constant in this work. When Eq. (11) is used and the diffuse
reflection is restricted to the special case of a normal component
only (8’ =m/2), Egs. (8—10) can be rewritten as

D/A|diﬂ'=Ime(1+§sin9) (12)
L/Algite = Ly Vin% cosO sinyr (13)
S/Alae = Ime§ cost cosyr (14)

Complete Equations

To consider a large range of accommodation behaviors, the full
set of equationsis formed from a linear addition of Egs. (§-10) and
the diffuse reflection equations (12-14). A coefficient £ is used to
determine the percent of specular reflection during a simulation

E\'.y.z/A|complctc = g(Er.)r.z/A)|spcc + (1 - g)(Er.)r.z/A)|diﬁ (15)

These three force equations can be easily employed in the computa-
tion of aerodynamic forces on a vehicle with a discretized surface,
all with very little computational expense. The coefficients for the
geometries presented here will be referenced to base area Ay, as

Cy, s/c = 2D/pV2Abasc» CI.S/C = 2L/pV2Abasc (16)
Negative Angle Surfaces

The equations derived assume an incident angle 0 < 6 <90 deg.
However, this surface angle is not always the case with the polyno-
mial geometry because the angle between the velocity vector and
the surface can be negative. Because the impingement due to ther-
mal velocity componentis in all directions, there will be some small
fractionof impingementat moderate negative angles. To account for
this impingement on negative surfaces, a triangle is formed using
Vin and the thermal velocity component assuming that the two are
perpendicular vectors. The angle between the resulting hypotenuse
and Vj, is considered the most negative angle on which impinge-
ment can occur, and appropriatecalculations are made based on that
limiting angle. Secondary impingement between negative surfaces
and positive surfaces is neglected.

Optimization

This optimizationis carried out using Design Optimization Tools,
version 4.0, by VMA Engineering?® The constrained solution is
found using the modified method of feasible directions >' Optimiza-
tions have been carried out with the 13-design-variable geometry
using a specular reflection assumption (¢ = 1) and 75% diffuse re-
flectionassumption(§ =0.25). Actual on-orbitreflection conditions
are difficult to predict. These two chosen do not represent believed
on-orbit conditions, rather these have been chosen to show solu-
tion dependence on the reflection assumption and to help bound the
problem.

Optimization Constraints

This design problem has constraints that are imposed by engi-
neering practicalities. Because these low-perigee spacecraftare en-
visioned to be used in a constellation (for simultaneous time and
space measurement opportunities), they are designed so that multi-
ple spacecraft can fit within a single launch shroud. In the case of
the GEC mission, four identical spacecraft are currently expected
to launch together in a Delta shroud. If the GEC designs are pack-
aged side-by-side, the maximum volume for one GEC spacecraftis
a “pie-shaped” prismatic space in which one GEC spacecraft must
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b) Five launch vehicle constraints

Fig. 6 Launch shroud vehicle constraints.

fit, as shownin Fig. 6a. This volumeis used to evaluate the distances
between the launch shroud and the vehiclein five separatelocations,
as shown in Fig. 6b.

The second geometric constraint involves internal component
placement and ensuring that there is adequate volume in the cor-
rectlocations for certain basic components. Currently, only the fuel
tank is being considered because it is the largest and highest mass
internal piece of GEC. The GEC tank is approximated by a slightly
elongated sphere of radius 0.5 m and is assumed to be located 0.1 m
behind the nose and on the longitudinal axis. Fuel tank dimensions
are checked at three points on the geometry (upper surface, lower
surface, and width) to ensure vehicle feasibility.

Because of the nature of the third-order polynomial used, the
upper and lower surfaces may generate nonuseful geometries with
crossing surfaces, as shown in Fig. 7a. To ensure that this situation
was not considered a valid design, two constraints were calculated
such that the minimum point on the profile of the upper and lower
surfaces had to be greater and less than zero, respectively. Next, two
more constraints were set to ensure that the end of the upper and
lower surfaces were greater than and less than zero, respectively. An
example of these four points is shown in Fig. 7b.

Objective Functions

There are multiple aspects of this geometry model that could be
explored. Of primary initial interest were those shapes that produce
minimum rarefied aerodynamic drag. Also of interest were shapes
that have restoring moments during off-design orientations. The
results of the following three optimization objectives will be pre-
sented here as maximizations: 1) dragreductionstudy, volume/drag;
2) aerodynamic stability study,

3
volume x E moment;

i=1
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b) Four flare evaluation points
Fig. 7 Spacecraft flare constraints.

and 3) lift and drag study, volume X lift/drag. Stability is determined
by calculating the moments acting on the spacecraftunder three off-
design conditions: positive pitch, negative pitch, and positive yaw
(which is the same as negative yaw for these geometries). Moments
are summed about the spacecraft center of gravity, which is differ-
ent for each design point??> A somewhat arbitrary worst-case off-
design scenario of 5 deg from the velocity vector was used in each
condition.

Optimization Results

Before beginning the full 13-variableoptimizations,fourreduced
design variable studies were performed using the specularreflection
assumption and all of the constraints (to generate feasible designs
with which to initialize the full optimizations). These studies were
as follows: First, an axisymmetric power-law shape study used two
design variables, C, and k, to generate power-law shapes with the
same upper and lower surface. A systematic search of the reduced
design space was used. Of the 1600 designs tried in this space, only
1 design was feasible (Fig. 8a). Second, an axisymmetric polyno-
mial shape study used three design variables, C;—Cj3, to generate
polynomial shapes with the same upper and lower surfaces. The
design space was splitinto 64,000 equally spaced designs. Of these,
only three designs were feasible (Fig. 8b—8d). Third, zero-liftshapes
in which seven design variables, C; _ 4, k, e, and m, were used to
provide designs in which the upper and lower surfaces were the
same. These shapes were optimized using the reduced drag objec-
tive function and a specular reflection assumption (Figs. 8e and 8f).
Fourth, maximum volume shapes in which seven design variables,
Cy,Cs, k, 1, e,m, and n, were used to generate power-law designs
that had fully separate upper and lower surfaces. This shape was
optimized by maximizing volume (Fig. 8g).

Reduced Drag Study

For the specular portion of this study, 10 separate initial designs
were used. Seven from the initial studies and three additionalinitial
designs were also used. Each optimization solution had very dif-

a) Design 1

¢) Design 3 d) Design 4

e) Design 5 f) Design 6

g) Design 7

Fig. 8 Reduced design variable optimization results using specular
reflection conditions.
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Rear View Profile View

Isometric View

Fig. 9 Reduced drag optimized geometry (design 5) using specular
reflection conditions.

ferent objective function values, suggesting that the reduced drag
design space is not flat. The best constrained solution was the op-
timum from the no-lift study (design 5 in Fig. 8). This optimum
vehicle shape, shown in Fig. 9, is not axisymmetric or cylindrical
like the GEC design. Nearly all of the drag is accumulated on the
nose by the flat, forward-facing surface, while the sides are aligned
nearly parallel to the molecule flow (minimizing impingement on
the sides of the shape). Compared to the GEC design, this shape has
38% less drag, 5% more volume, and 7.5% more surface area. Note
that this design appears to be cylindrical, but the variablesm and n
actually have values 30% greater than unity.

The diffuse accommodation optimization used designs 1-7 plus
an additional eighth initial design point. Even though the design
space has changed due to the change in reflection assumption, de-
sign 5 again producedthe best objective value. As with the specular
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Table2 Optimum reduced drag designs

Parameter Specular Diffuse
Upper surface
Cy 3.939E-02 3.755E—-02
Cs —0.2500 —0.2502
Cs3 0.4886 0.4892
Cy 1.779E -02 1.8372E—-02
k 0.9615 0.9615
Lower surface
Cs 3.939E-02 3.877E—-02
Cs —0.2500 —0.2500
C7 0.4886 0.4887
Cs 1.779E -02 1.793E—-02
1 0.9615 0.9615
Cross-section
e 0.9442 0.9442
m 1.3031 1.3031
n 1.3031 1.3031
Vehicle parameters
Drag, N 0.2038 0.4606
Lift, N 0.0000 2.470E-03
Yaw, N 0.0000 0.0000
Mpiich, N-m 0.0000 —2.5034E—-09
Cisic 1.0256 2.6702
L/D 0.0000 5.362E—-03
Volume, m? 2.4679 23761
0.16
—e— Specular
0.12F \\ Diffuse
0.08 i LN
0.04f \*\\
T

-0.04F \*\

-0.08F

-0.12f \-\

B T R BT,
(¢4

Fig. 10 Pitching moment coefficient curves for both reduced drag op-
timized shapes.

result, this solution is a constrained optimum, which is why the op-
timum point changed very little between the specular and diffuse
reflection assumption.

The full aerodynamicperformanceof both optimal shapesis given
in Table 2. There is a slight differencein the designs, whichis on the
order of numerical error. As noted, in both the specular and diffuse
cases the volume is a few percent greater than the baseline design.
However, drag for both cases is significantly less than the baseline
shape.

Figure 10 shows pitching moment coefficient curves for the spec-
ularly and diffusely optimized spacecraft. Because this shape is es-
sentially a zero lift body, the curves are symmetric about the 0-deg
angle of attack. The specularly optimized shape is marginally sta-
ble at 0 deg and unstable at all other points plotted. Conversely, the
spacecraft designed under the diffuse reflection assumption is sta-
ble across the entire angle-of-attack range. Thus, the same design
changes stability characteristics based on reflection assumption.

Aerodynamic Stability Study

The goal of this portion of the study was to produce designs that
have restoring moments under conditions of positive and negative
pitch and positive and negative yaw. Three more constraints were
added in this optimization to force the optimizer to seek designs
with the correct moment directions. For the specular study, 10 initial
designs are used. The optimum configuration, shown in Fig. 11, has
20% less volume than GEC, 73% more drag than GEC, 1% less
surface area than GEC, and is elliptical in cross-sectional, shape.

Rear View Profile View

Isometric View

Fig. 11 Stability optimized geometry using specular reflection condi-
tions.
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Profile View

Rear View

Isometric View

Fig. 12 Stability optimized geometry using diffuse reflection
conditions.

The optimizer sought this lower eccentricity value because it causes
the surface area to increase and, thus, the moments to increase.

The diffuse optimizations for stability used eight initial designs.
The optimum configuration is shown in Fig. 12 and was design 7
from the reduced design variable study. This shape has 39% more
volume than GEC, 43% more drag than GEC, and 33% more surface
area than GEC.

Note thatdesign7 did not producea feasibledesignunder specular
reflection conditions (due to the additional moment constraints).
Yet, under these diffuse conditions, design 7 actually produced the
highest objective value due in large part to its high volume. This
result is the same phenomenon seen in the reduced drag study, in
which a given configuration was unstable for specular reflection
but stable for diffuse reflection. However, unlike the reduced drag
optimization, the reflection assumption has dramatically influenced
the optimum point in the stability design space. The design variable
valuesand aerodynamicdataforboththe specularand diffuse optima
are listed in Table 3.

Figure 13 shows the pitching moment curves for the specularly
and diffusely optimized configuration. When this curve is exam-
ined, note that both shapes are stable across the range of off-design
orientations. This performance is significantly better than the drag
optimized geometries.
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Table 3 Optimum stability designs

Parameter Specular Diffuse
Upper surface

C 9.9152E—-02 0.0000

Cy —0.3703 0.0000

Cs 3.947E—-02 0.0000

Cy 0.4638 0.2877

k 0.5108 0.000
Lower surface

Cs 1.011E-01 0.0000

Ce —0.3743 0.0000

Cy 0.5470 0.0000

Cs 0.4544 0.4006

) 0.5126 0.9178
Cross section

e 0.8076 0.7738

m 1.0502 1.0172

n 1.0503 1.9945

Vehicle parameters

Drag, N 0.5657 0.7780

Lift, N —6.521E—-04 1.348E—-02

Yaw, N —4.980E—09 7.598E—09

Mpisch,0 deg» N-m —8.7050E —03 9.5403E—-03

Mpicch,5 deg» N-m —7.156E—-02 —4.695E—02

Mpitch,—5 deg» N-m 5.405E—-02 8.067E—02

Myaw 5 deg» N-m —5.165E—-02  —5.926E—-02

Cua,s/c 2.7213 3.6240

L/D —1.152E-03 1.732E—-02

Volume, m? 1.8718 3.2704

0.25f
025 i
0.15F

o.1§ \\:\\
S N

=

£

o Of \\\.
-0.05F Py

=
0.1} e
-0.15f \\
-0.2F
.0_25:4 L R R PR
-10 -5 0 5 10
o

Fig. 13 Pitchingmoment coefficient curves for both stability optimized
shapes.

Maximum L/D Study

This portion of the optimization study addresses the feasibility
of the L/ D goal set forth by Lewis!® of obtainingan L/ D of unity.
With no molecule reflection (a highly unlikely occurance), lift is
not possible; with modest accommodation (more likely) it was of
interest to seek maximum L /D, or at least L /D > unity. For the
specular portion of this study, 10 designs are used, with the best
solution shown in Fig. 14. This design has 19% less volume than
GEC, 30% less drag than GEC, and 3% less surface area than GEC.

The diffuse optimizationwas carried out using the standard seven
initial designs with three additional designs. The optimum configu-
ration is shown in Fig. 15. Compared to the GEC design, this shape
has less than 1% increase in volume, approximately a 1% increase
indrag, and an 8% increase in surface area. Note that this design did
not have the best L /D ratio of the set. The best L /D ratio was just
over 0.1, but this configuration had a volume of 1.5 m* which forced
the objective value to be low. The best diffuse-reflection design has
much better volume than the specular counterpart, but the actual
L /D ratio is 30% lower. The increased volume is reasonable given
that the diffuse optimal solution has a much more blunt nose than
does the specular best shape.

The design variables and performance information for both op-
timal shapes are given in Table 4. Noted that for both shapes the
L /D is an order of magnitude below the design goal of unity. How-
ever, the L/ D ratios are in a similar range to each other. This result
does not mean that L/D > 1.0 is unobtainable, only that it is not
achievable with this class of geometries.

Table4 Optimum L/D designs

Parameter Specular Diffuse
Upper surface

C 5.968E—-02 1.006E—03

Cy —0.3526 —2.470E—-02

C; 0.5146 3.361E—02

Cy 5.371E-02 0.2439

k 0.9554 741E-02
Lower surface

Cs 4.586E—03 —3.174E-03

Ce —0.2482 —0.1207

Cy 0.5470 6.01E—-02

Cs 7.780E—02 0.3669

) 0.9596 0.9178
Cross section

e 0.9036 0.9163

m 1.4076 1.0168

n 1.2152 0.9378

Vehicle parameters

Drag, N 0.2294 0.5508

Lift, N 2.7714E—-02 4.065E—-02

Yaw, N 3.359E—-09 —2.505E—-06

Mpiich, N-m 2.075E-02 1.869E—-02

Ca,s/c 5.1923 5.5267

L/D 0.1209 7.380E—02

Volume, m? 1.8904 2.3435

15 ¥ey S
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Profile View

Rear View

Isometric View

Fig. 14 L/D optimized geometry using specular reflection conditions.

Rear View Profile View

Isometric View

Fig. 15 L/D optimized geometry using diffuse reflection conditions.
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Fig. 16 Pitching moment coefficient curves for both L/D optimized
shapes.

Figure 16 shows the pitching moment coefficient for the specu-
larly and diffusely optimized L/ D spacecraft. The trim angle for the
specular configuration is near the zero-lift point. This lifting body
is marginally stable at trim conditions; for all other attitudes this
spacecraftis unstable. The diffuse curve maintains positive pitching
coefficients. This vehicle always has a positive pitching moment
acting on it and is aerodynamically unstable for all attitudes. How-
ever, the practical consequence of these moments will depend on
the time constants and moment magnitude.

Conclusions

This study has sought to explore the aerodynamic design space
for low-perigee spacecraft. An analytical aerodynamic model has
been applied to a parameterized aerodynamicconfiguration for low-
perigee spacecraft. The equationscontain variable surfacereflection
conditions and were solved on a discretized body. Optimization of
the spacecraft shape has been performed using two different reflec-
tion conditions and three different objective functions.

Results of this study show that with this geometry model, sig-
nificant drag reduction across the reflection assumption range is
possible (compared to the baseline shape). The best shape was zero
lift, noncylindrical ,and had higher volume and surface area than the
GEC design. This was true for both reflection conditions explored
and, in fact, the best shape was only a weak function of the reflection
assumption. There are, however, moment production concerns with
these shapes that warrant further study before production.

This geometry model does allow generation of aerodynamically
stable configurations across the reflection range explored, and the
moment coefficient values were of similar order. However, the
shapes changed dramatically due to reflection condition and showed
that aerodynamic stability is a strong function of reflection assump-
tion. Also, significant drag and volume penalties exist for these sta-
ble shapes. To cancel these penalties, other stability methods (reac-
tion wheels for instance) should be consideredin the design process.

The L/D goals set forth are not attainable with this geometry
model or within these constraints. However, note that these shapes
did not change significantly based on the reflection assumption,
generated lift without drag penalty, and had similar maximum L /D
values across the reflection range explored. These shapes also gen-
erate aerodynamic stability concerns. Further study using different
geometries is necessary to investigate fully the feasibility of aero-
manuevers for spacecraft.
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