
J. SPACECRAFT, VOL. 35, NO. 3: ENGINEERING NOTES 409

Fig. 4 Time history of wall temperature and surface mass loss rate.

because the wall temperature remains in the diffusion-controlled
regime through the trajectory, and the surface oxidation reaction
results in heat release to the � ow near the surface. When the wall
temperature reaches the sublimation regime, the convectiveheating
rate is signi� cantly reduced.2 In the � ight regime of peak stagnation
heating, the heat � ux augmentation due to the surface oxidation is
much smaller than that due to the catalyticrecombination.However,
the difference becomes smaller at lower altitudes. The temporal
variations of the wall temperature and the surface mass loss rate
alongthe trajectoryare presentedin Fig. 4. After the peakconvective
heating, the surface mass loss rate decreases gradually because it
is not sensitive to the wall temperature in the diffusion-controlled
regime, as shown in Fig. 1. Consequently, the wall temperature for
the ablating wall becomes higher than that for the nonablatingwall
at lower altitude.

Concluding Remarks
The ablation phenomena are formulated in a framework of

the nonequilibrium chemistry of the 19 carbon–oxygen–nitrogen
species. The boundary conditions at the ablating surface for the
shock-layer� ow computationare presentedbyconsideringthe � nite
rate surface reactions of catalytic recombination, ion–electron re-
combination,surfaceoxidation,andsublimation.Resultsof theVSL
analysis demonstrate that both the diffusion-controlledregime and
sublimation regime are successfully described by the present anal-
ysis model. This method is applied to the trajectory-basedanalysis
of the stagnation-pointaerodynamicheating environmentof the su-
perorbital re-entry capsule for the MUSES-C asteroidsample return
mission.
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Introduction

T HE InternationalSpace Station (ISS) will use the Global Posi-
tioning System (GPS) for providingposition, velocity, attitude

determination,and time reference.The choke-ringGPS antennasare
located on the center truss segment (SO truss segment) of the Space
Station as shown in Fig. 1. There are concerns about the multipath
effects (signal interference due to re� ections and diffractions) of
the SO truss structure on the GPS antenna gain and phase patterns.
Multipath from the SO truss and surrounding objects may degrade
the accuracy of the GPS performance.1 To investigate the SO truss
effects on the space station GPS antenna gain and phase patterns,
three different con� gurations of the truss structures were analyzed.
A series of tests of the GPS antenna on the SO truss was performed
using the NASA Johnson Space Center radio frequency anechoic
chamber antenna test facilities for comparison of both GPS antenna
gainand phasepatterns.Computationalinvestigationswere alsoper-
formed using the electromagneticmodeling technique.The uniform
geometrical theory of diffraction (UTD) was applied to compute
the GPS antenna gain and phase patterns including multipath ef-
fects from the three different truss con� gurations.2 3 Measured and
computed data were analyzed and compared for the different truss
con� gurations.

Experimental Investigations
The four tested con� gurations,as shown in Fig. 1, are as follows:

1) free spacecon� guration—GPS antennaonly (no trussstructures),
2) truss con� guration 1—antenna on SO truss (no boxes and no
cable trays), 3) truss con� guration 2—antenna on SO truss with
boxes and cable trays, and 4) truss con� guration 3—antenna on SO
truss, which is covered with metal sheet.

The measured GPS antenna gain and phase patterns are pre-
sented and compared in Figs. 2 and 3. Test results indicate the three
investigated truss con� gurations only slightly affected the upper-
hemisphere portion of the GPS patterns. By upper-hemispherepor-
tion, one means the region where the GPS satellites are to be found
( 90 deg from antenna boresight). Measured data show little dif-
ference between a GPS antenna on an open truss with boxes (truss
con� gurations 1 and 2) or a solid truss (truss con� guration 3). The
choke-ringGPS antenna consists of several concentricmetallic cir-
cular � ns on a ground plane, as shown in Fig. 1. The choke-ring
featuremay reduce the signal interferencefrom the truss structures.4

The various truss structures mainly affected the GPS antenna pat-
terns in the lower-hemisphereportion( 90– 180deg fromantenna
boresight). Because the GPS antennastrack the GPS satellites in the
upperhemisphere,the truss structuresshould not affect ISS GPS an-
tenna performance signi� cantly.
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Fig. 1 a) GPS antenna and b) SO truss segment.

Fig. 2 Comparison of measured gain patterns.

Fig. 3 Comparison of measured phase patterns.

Computational Investigations
Computational investigations were performed using the electro-

magnetic modeling technique. The UTD technique was applied to
model and to compute the GPS antenna patterns with different SO
truss con� gurations.The UTD techniqueprovidesa high-frequency
approximate solution to the electromagnetic � elds—including
incident, re� ected, and diffracted � elds—and their interactions.2 In
the � eld computation, the incident, re� ected, and diffracted � elds
are determined by the � eld incident on the re� ection or diffraction
point multiplied by a dyadic re� ection or diffraction coef� cient, a
spreading factor, and a phase term.2 The re� ected and diffracted
� elds at a � eld point r , Er d r , in general have the following form:

Er d r Ei r Dr dAr d s e j ks (1)

where Ei r is the � eld incident on the re� ection or diffraction
point r , Dr d is a dyadic re� ection or diffraction coef� cient, Ar d s
is a spreading factor, and s is the distance from the re� ection or

Fig. 4 Comparison of computed gain patterns.

Fig. 5 Comparison of computed phase patterns.

diffraction point r to the � eld point r . The terms Dr d and Ar d

can be found from the geometry of the structure at re� ection or
diffraction point r and the properties of the incident wave there.

The application of UTD to a given radiation problem is � rst to
decompose the scattering structure into simple geometrical shapes,
given that the re� ection and diffraction coef� cients for them are
known. Next, all � eld components contributing to the radiation in-
tensity in the � eld point must be traced, and the individualcontribu-
tions must be determined.2 The resultant � eld is given by summing
all of the complex contributing components:

E tot E inc
N

n 1

E ref
n

M

m 1

Edif
m (2)

where E tot is the total � eld at the observation point, E inc is the
direct incident � elds from antenna, E ref is the re� ected � eld from
plates and cylinders, and Edif is the diffracted � eld from plates and
cylinders.Detailed information on the theory of this method can be
found in Refs. 2 and 3.

Figures 4 and 5 show the UTD-computed GPS antenna gain and
phase patterns for free space (no truss) and three different tested
truss con� gurations. By comparison with the free space antenna
patterns, the computed antenna patterns, including multipath from
the truss structures, are changed mainly in the lower-hemisphere
portion. The truss structures do not affect the GPS patterns much in
the upper-hemisphereportion.The truss structurescause only small
ripples that are present in the upper-hemisphereportion of the gain
and phase patterns. This agrees with observations from previous
experimental test results.

Conclusions
Both test and computed results indicate that the truss structures

do not havemuch effect on the upper-hemisphereportionof the GPS
antennapatterns.The truss structuresmainly affect the GPS antenna
patterns in the lower-hemisphere portion. Note that the choke-ring
of the GPS antenna is designed to minimize the multipath effects
in the low-elevation angles. The choke-ring may reduce the signal
interferencefrom the truss structures.Both measured and computed
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data indicate that the multipath effects from the SO truss segment
should not be of concern to the ISS GPS antenna performance.
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Introduction

T HE advantagesof using low-thrust electric propulsion(EP) for
interplanetarymissions that requirea large energy changehave

been documented.1 Several studies have demonstrated the payload
enhancementsassociatedwith utilizing EP for transfers to the outer
planets. For example, previous mission studies include a manned
Mars mission2 and scienti� c missions to Jupiter, Uranus, Neptune,
and Pluto.3 4 In addition, the � rst New Millennium mission will
use solar electric propulsion (SEP) as the primary propulsion mode
for transferring a spacecraft to an asteroid.5 However, few mission
studies have investigated the use of EP for transfers to the inner
planets, and, to our knowledge, no research involving a low-thrust
rendezvous with Mercury using SEP has ever been published.

In this Note, the feasibilityof using SEP for a Mercury mission is
investigatedby computing the optimalorbit transfers that maximize
the spacecraft payload mass at Mercury rendezvous. The proposed
Mercury rendezvousis a Discovery-classmission that utilizesDelta
and Med-lite launch vehicles for injection into heliocentric space.
The EP system consists of 30-cm ion thrusters that are similar to the
proposed thrusters for the � rst New Millennium mission.5 For this
analysis, the orbit transfer is governed by two-body dynamics, and
a gravity assist from Venus is included to reduce further the orbital
energy enroute to the Mercury rendezvous. Numerical results are
presented for maximum payload trajectories.

Spacecraft System Analysis
The payload mass can be computed as the net mass mnet, which

is de� ned as

mnet m0 mprop m tank mpp (1)
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where m0 is the injected mass into heliocentric space, mprop is the
total SEP propellant mass, m tank is the tank mass, and mpp is the
SEP power- and propulsion-systemmass. The spacecraft’s net mass
represents the usable mass for payload plus the basic spacecraft
structural mass, which includes “housekeeping” functions such as
communication and thermal protection. The basic structural mass
can be computed2 as a percentage (5–10%) of the initial mass m0.
Injected mass m0 is computed via launch performance curves for
the Delta and Med-lite vehicles with launch energy C3 as the inde-
pendent variable. The tank mass m tank is assumed to be 15% of the
propellant mass mprop, and the power- and propulsion-systemmass
mpp is a function of the input power at 1 AU (P0) and speci� c mass
( ). The parameter is � xed at 35 kg/kW for this analysis, which
represents the near-term SEP technology level.6

It is assumed that xenon is utilized as the propellant for the EP
system and that thruster ef� ciency is 66% and speci� c impulse Isp

is 3360 s, which corresponds to the SEP system for the � rst New
Millenniummission.5 Furthermore, it is assumed that Isp is constant
over the entiremission,which implies a � xed engineoperatingpoint
with no throttling. For our preliminary analysis, the input power P
for the SEP spacecraft is assumed to behave in an inverse-square
relationwith radial distance from the sun. Because the orbit transfer
is to an inner planet, P increases as radial distance decreases. Fur-
thermore, we assume that power reaches a maximum value of 2P0

and that this maximum power level can be maintainedbycontrolling
the attitude of the solar arrays when the radial distance is less than
0.7071 AU.

Trajectory Optimization
The objective of the Mercury mission design is to maximize the

net mass of the spacecraft at Mercury rendezvous conditions. We
assume a � xed heliocentric trajectory sequence that begins with a
powered SEP arc near the Earth’s sphere of in� uence (SOI) after
chemical injection into heliocentric space followed by a coasting
phase that includes a Venus gravity assist and � nally a second pow-
ered SEP arc to Mercury rendezvous. The insertion into a parking
orbit about Mercury is not addressed in this study. The trajectory
design variables include the launch date, the hyperbolic velocity
vector at the SOI, the durations of the two powered arcs, the thrust
direction for the powered arcs, the changes in true longitude for the
coast arcs, the planetary � yby conditions, and the rendezvous date.
The trajectory is governed by the equations of motion for a thrust-
ing spacecraft in an inverse-squaregravitational � eld. The powered
arcs are numerically computed by integrating the equations of mo-
tion using a � xed-step, fourth-orderRunge–Kutta routine with 100
integration steps for the � rst powered arc and 500 steps for the sec-
ond arc. The coast arcs are computed analytically using two-body
mechanics. Planetary gravity assists are modeled as instantaneous
changes in velocity V without change in spacecraft position. The
gravity assist is de� ned by two free parameters: the periapsis radius
and orbit plane orientation for the � yby. Details of the numerical
simulation of the trajectory are presented in Ref. 7.

Numerical solutions of the trajectory optimization problem are
obtained by utilizing sequential quadratic programming (SQP), a
constrained parameter optimization method.8 The SQP code used
here is taken from Ref. 9 and computes the gradients with for-
ward � nite differences. The thrust steering history is de� ned by
three direction cosines, which are parameterized in the optimiza-
tion problem by linear interpolation through a set of control nodes.
Nine SQP equality constraints are imposed: Six constraints main-
tain the match between the orbital elements of the spacecraft and
Mercury at the � nal end time, and three constraints maintain the
match between the position of the spacecraft and Venus at the grav-
ity assist. The planetary elements are computed by a solar system
ephemeris.

Results
Maximum Payload Trajectories

Several trajectories maximizing mnet are obtained for a range of
input power levels P0, and the results are shown in Fig. 1. Although
the launch date is a free design variable,we chose a nominal launch
date in the mid-2002 time frame. Optimal transfers are obtained for


