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Direct simulation Monte Carlo and free-molecular methods are used to provide aerothermodynamic charac-
teristics for the Mars Global Surveyor spacecraft. These characteristics have been used for spacecraft design,
mission planning, � ight operations, and atmospheric reconstruction. Rare� ed transitional � ow effects on both
heating and aerodynamic drag are shown to be signi� cant. The spacecraft is shown to be aerodynamically stable
in both pitch and yaw. The effects of a partially deployed, unlatched solar panel are also studied to provide the
aerothermodynamiccharacteristics of a revised aerobraking con� guration. The predictions show that the heating
and aerodynamics of this revised con� guration are not signi� cantly different from those of the originally planned
con� guration.Attitude excursionsobserved in the early aerobrakingpasses are shown to be explainedby signi� cant
de� ections of the partially deployed panel. The predicted attitudes and panel de� ections are in good agreement
with � ight measurements.

Nomenclature
Aref = reference area, 17.44 m2 for NASA Langley Research

Center three-dimensionalmodel, 16.79 m2 for direct
simulation Monte Carlo analysis code model

CD = drag coef� cient, D=. 1
2 ½1V 2

1 Aref/
CH = heat transfer coef� cient, Pq=. 1

2 ½1V 3
1/

Cm ;[x;y;z] = moment coef� cient about x; y, or z axis,
M[x;y;z]=. 1

2 ½1 V 2
1 Aref L ref/

C[x;y;z] = force coef� cient in x; y, or z direction,
F[x ;y;z]=. 1

2
½1 V 2

1 Aref/
F[x;y;z] = force in x; y, or z direction, N
Kn = Knudsen number, ¸=L ref

L ref = reference length, 8.73 m
M = Mach number
M[x;y;z] = moment about x; y, or z axis, N-m
n = number density, 1/m3

q = dynamic pressure, N/m2

Pq = heat � ux, W/m2

T = temperature, K
V = velocity, m/s
x; y; z = Cartesian body axes, m
® = pitch angle, deg
¯ = yaw angle, deg
µ = panel sweep angle, deg
¸ = mean free path, m
½ = mass density, kg/m3
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Subscripts

HS = hard sphere
trim = trim condition
1 = freestream

Introduction

M ARS Global Surveyor (MGS) is the � rst planetary mission
designed speci� cally to use aerobraking as a primary means

of customizing its orbit to achieve its science objectives.1 The fea-
sibility of aerobraking was demonstrated by Magellan near the end
of its mission around Venus.2 However, aerobraking was not a pri-
mary initial objective for Magellan, and the aerobrakingwas not as
aggressive as that used for MGS. The MGS prelaunch plan called
for a large number of aerobraking passes over a period of about
four months to gradually reduce the periapsis velocity by about
1 km/s and transform the highly elliptical capture orbit into the
nearly circular orbit needed for atmospheric and surface mapping
experiments. MGS was launched on Nov. 7, 1996, reached Mars
on Sept. 11, 1997, and began aerobraking on Sept. 17, 1997. After
initial orbit insertion, the spacecraft used small propulsive maneu-
vers to gradually lower its periapsis into the atmosphere, where it
uses its solar panels as wings to achieve the necessary aerodynamic
drag. Anomalies that occurredduring orbits 12–15 caused a tempo-
rary halt to the aerobraking phase. After extensive analysis of the
status of the spacecraft, a revised aerobraking plan was developed,
and aerobraking was resumed on Nov. 7, 1997, and is proceeding
smoothly but less aggressively.

The atmospheric densities that MGS encountersplace the space-
craft well into the rare� ed transitional � ow regime during aero-
braking (see Fig. 1). The MGS spacecraft goes much deeper into
the atmosphere of Mars in comparison to the exploratoryaerobrak-
ing experiments of Magellan in the Venus atmosphere. Therefore,
MGS designers relied heavily on analytical and numerical predic-
tions of aerodynamics and heating to design the spacecraft, to plan
the aerobraking operations, and to interpret � ight results. Based on
prelaunch analyses, a con� guration was selected in which both so-
lar panels would be swept backward 30 deg to provide aerodynamic
stability together with acceptable drag and heating. This prelaunch
con� guration was analyzed extensively using free-molecular and
direct simulation Monte Carlo (DSMC) techniquesto provide com-
prehensive data on the aerothermal environment for various aero-
braking and nonaerobraking geometries, including the effects of
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Fig. 1 MGS trajectory in Reynolds–Mach–Knudsen number domain.

reaction control jet � rings.3¡5 The prelaunch heating predictions
were used by spacecraft designers to design the panel thermal pro-
tection, and aerodynamic drag predictions were used by mission
planners to optimize the aerobraking trajectories.3

Aerodynamic predictions are also important in connection with
onboard accelerometer measurements6 being used for atmospheric
reconstructionexperiments.These experimentsare designed to pro-
vide new data on the structure of the Mars atmosphere and to
assistmissionoperationsthroughreal-timemonitoringof the atmos-
pheric density. Aerodynamic predictions are essential to the atmo-
spheric reconstruction process, and at the same time, knowledge
of the atmospheric density allows the predicted aerodynamic and
thermal loads to be quanti� ed based on measured � ight parameters.
Althoughthe aerothermalenvironmentthat MGS experiencesis rel-
atively benign compared to that encountered by typical hypersonic
entry vehicles, the thermal and structural design of the MGS space-
craft is more fragile than the typical entry vehicle, and the predicted
aerodynamic and aerothermal loads are signi� cant.

When the MGS solar panels were deployed from their stowed
position shortly after launch, one of the panels failed to fully extend
into a latched position, resulting in a kink in the panel geometry.7

Because the panel hinge was not latched, an alternate con� guration
had to be developed to prevent excessive panel de� ections during
aerobraking.Therefore,missionplannersdecidedto rotate the panel
180 deg so that aerodynamic forces would tend to push it toward
the latched position. Slight alteration of the planned sweep angles
for each panel was then needed to provide the proper aerodynamic
trim. This revised aerobrakingcon� gurationwas analyzed to assess
its aerothermodynamicproperties.

Finally, when MGS began aerobraking in September 1997, the
spacecraftexperiencedunexpectedatmosphericdensity excursions,
and the partially deployed solar panel showed evidence of de-
� ecting more than predicted. The interpretation of the behavior
of the partially deployed panel depended strongly on predictions
of aerodynamic trim position and on predicted aerodynamic hinge
loads on the panel. Alternate aerobraking con� gurations were con-
sidered as a possible means for reducing the solar panel hinge
loads, and furtheraerodynamicanalysiswas requiredto assess these
con� gurations.

The MGS program is the � rst planetary mission in which rare-
� ed transitional � ow predictions, in particular DSMC, have played
such an integral role all of the way from preliminarydesign through
mission operations and � ight data analysis. The purpose of this
paper is to summarize predictions that have been made for the var-
ious purposes just described and to present recent results that have
not been previously published. This paper focuses on predictions
for the revised aerobraking con� guration and in support of � ight
measurements and interpretation. Also, because different geome-
try models and computational techniqueswere used for these more
recent studies than for previously published prelaunch predictions,
comparisons with the earlier prelaunch predictions are given. The
rare� ed computational tools, various spacecraft geometry models,
and simulation conditions are described, representativeheating and
aerodynamicpredictionsare given, and calculationswith particular

relevance to � ight operations and data interpretationare presented.
Finally, a limited discussion of � ight results is provided. A com-
plete discussion of the accelerometer measurements and mission
operations is given elsewhere.6;8

Rare� ed Aerothermodynamic Analysis Tools
In rare� ed transitional � ows, molecular collision effects must be

taken into account, and the DSMC technique of Bird9 is the most
widely accepted technique to simulate these � ows. The motion of
thousands to millions of representativemolecules are tracked while
the molecules undergo collisions among themselves and with any
surfacesthat may be present.Collisionsare typicallymodeled using
the variable hard sphere model developedby Bird with internal en-
ergy exchange modeled using the Borgnakke–Larsen model.10 Sur-
face collisions are generally modeled as a combination of diffuse
and specular scattering to represent partial momentum and energy
accommodation.

Various computer codes have been developed to implement the
DSMC technique and the two codes used for the MGS analyses are
the NASA Langley Research Center three-dimensional(LaRC-3D)
DSMC code11 and the DSMC analysis code (DAC).12 Both codes
can handle complex three-dimensionalgeometriesbut differ in their
treatment of surface geometry and � ow� eld grids. The LaRC-3D
DSMC code uses an unstructured grid, where each computational
cell is composed of one or more elements from an underlying uni-
form Cartesian mesh, which may be made � ner near the body. The
body geometry is described as a discrete set of small Cartesian el-
ements, but the code retains information on local surface normals
from a more exact geometry de� nition and allows inclusion of a
body-� tted grid near the wall to captureKnudsen layers.DAC uses a
two-levelCartesiangrid, where the � rst level is a uniformstructured
mesh and the second level consists of a locally re� ned Cartesian
mesh within each � rst-level cell. The body geometry is describedas
an unstructuredtriangulargrid,which clips the local Cartesian grid.
Each code has certain unique advantages,but both codes use essen-
tially the same DSMC proceduresand physicalmodels, and both are
capable of handling the complex geometry of the MGS spacecraft.
The LaRC-3D codewas used for all of the prelaunchpredictionsand
for several postlaunchanalyses of the revised aerobraking con� gu-
ration. DAC was used mainly to generate the aerodynamicdatabase
for the atmosphericdensity reconstruction6 and to provide analyses
in support of various mission operations.

The DSMC analyses were supplemented by various free-
molecular codes. The free-molecular calculations use the standard
free-molecular equations given by Bird,9 and codes have been de-
veloped to accept the same three-dimensional geometry descrip-
tions used by the LaRC-3D and DAC and to provide compatible
output.11;12 These codes account for geometric shadowing that oc-
curs in complex geometries and give essentially the same results as
the DSMC codes in the collisionless, hypervelocity limit.

Spacecraft Geometry Models
The geometry models used for the prelaunch analysis with the

LaRC-3D DSMC code and for the postlaunch analysis with DAC
are shown in Fig. 2. The LaRC-3D geometry model (Fig. 2a) is con-
structed from a highly detailed thermal radiation analysis system
(TRASYS) model. The computational model resolution of some
components is actually higher than that shown and is reduced in
Fig. 2a for convenience of plotting. The TRASYS model contains
a more detailed description of the spacecraft bus than that used
for the postlaunch con� guration with DAC (Fig. 2b). However, the
two models have approximately the same projected frontal area, an
important parameter for drag predictions in rare� ed � ows, and the
de� nition of the solar panels is very similar for the two models.
The reference areas used to nondimensionalize force and moment
coef� cients are 17.44 m2 for the LaRC-3D model and 16.79 m2

for the DAC model. These reference areas approximately repre-
sent the projected frontal area for the prelaunch and postlaunch
computational models, respectively, with the solar panels in their
nominal aerobrakingposition. For comparison, the best estimate of
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a) Prelaunch aerobraking con� guration; TRASYS model for
LaRC-3D DSMC code

b)Postlaunchrevised aerobrakingcon� guration;unstructured
grid model for DAC

Fig. 2 MGS geometry models.

Fig. 3 Schematic of a single MGS solar panel (dimensions in meters).

this frontal area for the actual postlaunchspacecraft based on draw-
ings of the � ight hardware is 17.01 m2. The reference length used
for moment coef� cients is 8.73 m for all cases and is the approxi-
mate distance between the ends of the CY and ¡Y outboard solar
panels (excluding the drag � ap) when both panels are at 30-deg
sweep.

A schematic of a single solar panel is shown in Fig. 3 with key
components and dimensions labeled. The complete solar panel as-
semblies make up about 83% of the total projected frontal area
of the spacecraft in the nominal aerobraking con� guration (panel
sweep ¼30 deg). The y-shapedyoke is attachedto the spacecraftbus
through a two-axis gimbal, and the inboard solar panel is attached
to the yoke by hinges and a damper. The computational geometry
models are constructed so that the yoke, the inboard and outboard
solar panels, and the drag � ap can be easily rotated into any desired
orientation.For the prelaunchcon� guration, the solar cells (the de-
tails of which were not modeled) are assumed to be on the leeward
side,whereasfor the revisedpostlaunchcon� guration,the solarcells
on the partially deployed panel are assumed to be on the windward
side. Because of material differences between the surfaces of the
solar arrays and the composite facesheet to which the arrays are
attached, possible differences in gas–surface accommodation coef-
� cients exist between the CY and ¡Y panels. The effect of such
differences are discussed later.

Simulation Conditions
All calculations presented are for a freestream velocity of

4.811 km/s, which is the nominal value near periapsis. The atmo-
sphere is assumed to be 95.37% carbon dioxide and 4.63% molec-
ular nitrogen by mole at a temperature of 148 K. All surfaces are

Fig. 4 De� nition of pitch ® and yaw ¯ in the spacecraft coordinate
system; velocity components in x; y, and z directions given in terms of
V1 ; ®, and ¯.

assumed to be at a temperature of 300 K and, unless otherwise
speci� ed, to have diffuse scattering with full momentum and en-
ergy accommodation[accommodationcoef� cient (AC) D1.0]. This
surface temperature is an upper limit of that typically experienced
in � ight, i.e., actual temperaturesare generally lower, but sensitivity
studiesshow that the aerodynamicforcesare not signi� cantlydiffer-
ent at the lower temperatures. AC differences between the CY and
¡Y panel do have an effect on aerodynamic trim, and those differ-
ences are discussed. However, full accommodation is assumed for
all heat transfer calculations to give an upper limit on the expected
heating for design purposes.

Calculationsforboth theprelaunchandpostlaunchcon� gurations
were performed at various attitudes (® and ¯ ) and atmosphericden-
sities. Pitch angle ® and yaw angle ¯ are de� ned in the spacecraft
coordinate system as shown in Fig. 4. The aerodynamic database
generated for density extraction is based on computations at nine
different attitudes (® and ¯ D ¡15, 0, and 15 deg) for each of
three densities (½1 D 12, 60, and 120 kg/km3) corresponding to
the transitional � ow regime and for conditions corresponding to
free-molecular � ow. Computations were also carried out for vari-
ous sweep angles µ (30.5, 40.5, and 50.5 deg) of the ¡Y panel to
simulate de� ections of the unlatchedpanel. Other calculationswere
performed at various densities, sweep angles, and attitudes needed
to address speci� c � ight issues. Knudsen numbers are based on a
constant hard-sphere diameter of 4.64£ 10¡10 m for the CO2/N2

mixture and a reference length of 8.73 m.

Results
Selectedresultsarepresentedin the followingsectionsto show the

rare� ed nature of the atmospheric � ow around the MGS spacecraft,
the level of heating encountered at various densities, and the aero-
dynamic drag and stability. Comparisons are made between the
prelaunch and postlaunch predictions to show the sensitivity of the
aerodynamicpredictionsto the geometry models and DSMC codes.
Results are also shown that illustrate the sensitivity of the aerody-
namics to certainmodelingparameters.Finally, a limited discussion
of various results and their relation to measured � ight data obtained
during aerobraking is given.

Flow� eld
Over the rangeof atmosphericdensitiesencounteredby MGS, the

spacecraft � ies in what is generally considered rare� ed transitional
� ow. At apoapsis, the atmospheric density is negligible, and the
spacecraft is in free-molecular � ow. At the lowest periapsis alti-
tude anticipated, the maximum expected atmospheric density was
estimated prior to launch to be about 120 kg/km3 based on exist-
ing Mars atmosphericmodels. At this density, the Knudsen number
(ratio of mean free path to reference length) is about 0.07 using
the total span of the solar panels (swept at 30 deg) as the refer-
ence length.A comparisonof the predicteddensity contoursaround
the MGS spacecraft is given in Fig. 5. At an atmospheric density
of 12 kg/km3 (K n ¼ 0:7), the � ow is relatively rare� ed, and per-
turbations to the local density � eld caused by molecules re� ecting
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Fig. 5 Density contours (½/½1 ) around MGS at two different atmo-
spheric densities; cut taken in Y–Z plane near middle of solar panels,
® = ¯ = 0.

from the spacecraft extend much farther ahead of the body than at
120 kg/km3 (K n ¼ 0:07), where the relativedensity near the space-
craft is much higher and a weak shock-like structure is evident.
However, local densities are high compared to the freestream den-
sity in both cases, which demonstrates that local departure from
free-molecularconditions is signi� cant. The density reaches values
approximately 30 times the freestream density at 12 kg/km3 and
approximately 60 times freestream at 120 kg/km3 . The largest den-
sities occur on the windward side of the spacecraft bus, where the
main propulsion nozzle is modeled with a large � at forward-facing
surface. However, densities are also high near the surface of the
solar panels, which are swept approximately 30 deg. These high
densities are caused both by the bluntness of the vehicle and by the
low surface temperatures.

Under purely free-molecular conditions, the perturbations to the
density � eld extend farther upstream than indicated in Fig. 5, and
localconditionscanbeviewedas just the linearsuperpositionof con-
ditions based on the uniform freestream molecules and molecules
re� ected from the surfacesof the spacecraft.The in� uenceof the de-
parturefromfree-molecular� ow (transitionaleffects) on the heating
and aerodynamics is discussed in the following sections.

Heating Predictions
Predictions were needed to design thermal protection for sensi-

tive portionsof the MGS spacecraftwhere the aerodynamicheating
would be the most signi� cant. Because the solar panels are directly
in the hypervelocity� ow during aerobrakingand becauseof the rel-
atively low-temperaturelimits on the solarcells, rare� ed transitional
� ow calculations focused on heating predictions for the panels at
various densities and sweep angles.

Typical surface heating distributions on the solar panels are
shown in Fig. 6 as surface heat transfer coef� cient CH contours
at freestream densities of 12 and 120 kg/km3 . In Fig. 6, the panel
is viewed normal to the surface while the panel is at 30.5-deg in-
cidence to the � ow. These particular results were obtained for the
revisedpostlaunchcon� gurationwith DAC. At 12 kg/km3, the heat-
ing distribution is relatively uniform, whereas at 120 kg/km3, the
distribution shows signi� cant gradients across the panel with max-
imum heating near the edges and corners. This transitional effect
is caused by the development of the shock layer upstream of the
panel that tends to shield the central regions whereas the heating
along the outer edges is much closer to that for free-molecular
� ow. In free-molecular � ow, the heating distribution would be uni-
form on the panel. The results shown are quite similar to those ob-
tained by Rault et al.,3 on the prelaunchcon� guration, which were
used by spacecraft designers to lay out the panel thermal insulation
and protective paints. Heat transfer predictions for nonaerobraking
geometries and other spacecraft attitudes are provided by Shane
et al.5

Fig. 6 Heat transfer contours (CH ) on solar panel; view normal to
panel, which is at 30.5-deg incidence to � ow.

Fig. 7 Heat transfer distribution along diagonal of inboard solar
panel; horizontal dashed line is free-molecular limit.

The heatinggradientson the panel are further illustratedin Fig. 7,
where CH is plotted along a diagonal cut across the inboard panel
for three different freestream densities. The free-molecular limit is
shown as a horizontal dashed line. These gradients are important
in the interpretationof temperature measurements in � ight because
such measurements are used as a real-time indicator of the heat
load on the panel during aerobraking.6 Because the thermocouples
are mounted near the center of the panels, it is necessary to know
the ratio of the heat transfer at the thermocouple location to that at
the edges to have a proper indication of the peak heating condition
being experienced.Results such as these were obtained by Shane13

to essentially calibrate the thermocouple measurements to indicate
peak heating on the inboard and outboard panels under a variety of
conditions.

In the revisedcon� guration,thebacksideof thepartiallydeployed
¡Y panel is facing the � ow, and several electronic and instrument
assemblies(shuntboxes,sunsensors,etc.)are exposeddirectlyto the
� ow when the panel is rotated 180 deg for the revised aerobraking
con� guration described earlier. Therefore, additional calculations
wereperformedto determinewhethersigni� cantinterferenceeffects
might be caused by these protuberances.DSMC analyses show that
the local mean free path in the vicinity of these various objects is
of the same order as their dimensions. Therefore, although these
protuberances alter the heating in their near vicinity, local heating
either is negligibly increased due to the orientationof the objects or
is decreased due to shadowing.
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Fig. 8 Drag variationwith atmospheric density; solid and dashed lines
are curve � ts to prelaunch and postlaunch predictions, respectively.

Aerodynamic Predictions
The aerodynamic drag of MGS is a critical parameter in design-

ing the aerobraking mission. The spacecraft must have suf� cient
drag to provide the change in velocity, 1V , needed to circularize
the orbit in the allotted mission time frame. Transitional � ow aero-
dynamic predictions obtained by Rault et al.3 for early prelaunch
designs were instrumental in the spacecraft designer’s decision to
add the drag � aps (see Fig. 3) to provide approximately 2.8 m2 of
additional frontal area for aerobraking.These predictionswere used
by mission planners to optimize the aerobraking trajectories.Static
aerodynamic stability predictions were also needed to design the
� ight controls and were especially important for determining the
trim position of the spacecraft with the unlatched panel.

Prelaunch/Postlaunch Comparison
The variation of the drag coef� cient with density for the � nal

prelaunch con� guration (with drag � aps) and the revised aerobrak-
ing � ight con� guration is shown in Fig. 8. The drag coef� cient
is approximately 15% lower than the free-molecular value at the
highest expected density, and the prelaunchand postlaunch models
give approximatelythe same drag coef� cients.The drag coef� cients
for the revised postlaunch model obtained with DAC are generally
lower than those for the prelaunch con� guration obtained with the
LaRC-3D code. However, quadratic, least-square,curve � ts to each
set of predictions (shown as solid and dashed lines in Fig. 8) give
essentially the same trends, and differencesbetween the two results
are less than 2% at the higher densities. These small differences
are due to a combination of both physical and simulation factors.
The panel sweep angles are slightly different for the two sets of
calculations,and the simulations have different geometry represen-
tations,grid resolution,and statisticalscatter.However, both models
give essentially the same free-molecular drag coef� cients. Overall,
the agreement is quite good.

A comparison of moment coef� cients about the X and Y axes
is shown in Fig. 9. The origin has been translated to the spacecraft
center of mass, so that a moment of zero indicates the aerodynamic
trim position about each axis. Also, for the spacecraft coordinate
systemchosen,a negativeslope forCm ;x vs¯ and a positiveslope for
Cm ;y vs® indicatepositiveaerodynamicstability.The prelaunchand
postlaunch predictions show very little difference in the magnitude
of these moment coef� cients, and the trim angles about both the X
and Y axes agree to within about 0.1 deg.

Revised Aerobraking Con�guration
Aerodynamic database. Postlaunch predictions for the revised

aerobraking con� guration obtained with DAC are used to generate
an aerodynamicdatabaseto extractatmosphericdensitypro� lesdur-
ing each aerobraking pass from accelerometer measurements.6 Be-
cause the unlatched solar panel was expected to de� ect under aero-
dynamicload, theaerodynamiccoef� cientswere expectedto change
due to transitional � ow effects and due to geometrical changesboth
of which would be a function of density. Therefore, the aerody-
namic database was expanded to include additional sweep angles

a) Moment coef� cient about X axis (yaw)

b) Moment coef� cient about Y axis (pitch)

Fig. 9 Comparison of pitch and yaw moment predictions for pre-
launch and postlaunch con� gurations.

of the ¡Y panel to represent these de� ections. The extraction of
atmospheric density from measured accelerations then requires an
iterative process to account for density variations, attitude varia-
tions, and geometrical changes. In addition to providing the overall
spacecraftaerodynamics,the rare� ed � ow simulations providedata
on the hinge moments used to calculate the actual de� ection of the
¡Y panel. A complete discussion of the accelerometer data reduc-
tion procedure is given in Ref. 6.

The aerodynamic database is summarized in Figs. 10 and 11.
Figure 10 shows the drag coef� cient under trim conditions in both
pitch and yaw as a function of atmospheric density for three sweep
angles of the ¡Y panel.A sweep angle µ of 30.5 deg correspondsto
zero de� ection,and 40.5- and 50.5-degsweep correspondto 10- and
20-degde� ections, respectively.De� ection of the ¡Y panel reduces
the projected frontal area, and the drag coef� cient (based on the
nominal referencearea) is lower for panel sweep angles of 40.5 and
50.5 deg than for the nominal sweep. However, transitional � ow
effects are similar for all three panel sweep angles, and variations
with density are well represented by second-ordercurve � ts.

Figure 11 shows the moments about the X and Y axes as a func-
tion of pitch and yaw angle for the three panel sweep angles at an
atmospheric density of 120 kg/km3 (results are qualitatively sim-
ilar for lower densities). As the ¡Y panel de� ects, the trim posi-
tion about the X axis (Fig. 11a) shifts to values that are almost
one-half of the de� ection angle (de� ection angleD µ ¡ 30:5 deg).
However, the trim position about the Y axis (Fig. 11b) is essentially
unaffected.

For extraction of atmospheric density from the accelerometer
measurements, only the axial force component Cz is used because
the data rates for the X- and Y -axis accelerometer components
are much lower and less accurate. Further discussion of the use
of the aerodynamic predictions in the � ight data analysis is given
elsewhere.6
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Fig. 10 Effect of ¡ Y panel de� ection on trim drag.

a) Moment coef� cient about X axis (yaw)

b) Moment coef� cient about Y axis (pitch)

Fig. 11 Effect of ¡ Y panel de� ection on aerodynamic trim.

Transitional effect on trim. In free-molecular � ow, friction
forces tend to constitute a larger fraction of the total force than in
continuum� ows. Therefore,theaerodynamiccenter tends to shift as
a vehiclemoves from free-molecularinto transitional� ow, and fric-
tion forces become smaller relative to pressure forces,14 especially
for blunt bodies.15 For complex geometries that are not perfectly
symmetrical about their center of mass, the trim angle may change
as a function of density. The predicted variation in trim about the X
and Y axes for MGS is shown in Fig. 12 for the nominal revised aer-
obrakingcon� guration.The predictionsshowa small change in trim
angle (about 0.5 deg) over this range of atmospheric densities with
yaw angle ¯ becoming more negative and pitch angle ® becoming
more positive.

Effectof differentialACs. Gas–surfaceACs representthe degree
to which incident molecules achieve equilibrium with the surface,9

and incompleteaccommodation reduces the momentum and energy
transferredto the surface.For the revisedaerobrakingcon� guration,
the forward facing surface of the ¡Y panel is a completelydifferent

Fig. 12 Effect of atmospheric density on trim angle.

Fig. 13 Effect of differential accommodation on trim angle.

material (glass-covered solar cells) than the CY panel (compos-
ite face sheet), and the ACs are likely to be somewhat different.
Although there is insuf� cient data to determine the exact ACs for
these two materials under the Mars aerobraking conditions, limited
observationswith the somewhat similar Magellan spacecraft16 sug-
gest that differences in ACs of up to 0.2 might be possible with
the ¡Y panel having the lower AC. Therefore, DSMC and free-
molecular simulations were run for various combinations of ACs
on the two panels, and the effect of this differential accommodation
on the trim angle ¯ about the X axis is shown in Fig. 13. The cal-
culations labeled “Transitional” correspond to a freestream density
of ½1 D 81 kg/km3 , which is the peak density for orbit 15 during
which large¡Y panel de� ectionswereobserved.Lower momentum
accommodationon the ¡Y panel means there is a greater degree of
specular re� ection, and forces are higher in the stream direction. A
moment is producedthat rotates the spacecrafttoward the panelwith
the lower AC (in this case the ¡Y panel), which trims the space-
craft at larger yaw angles. In free-molecular� ow, the predicted trim
shift varies almost linearly with the difference in AC. However, in
transitional � ow, molecules may have multiple collisions with the
surface due to being re� ected back to the surface by collisionswith
incident freestream molecules. Therefore, the effective momentum
accommodationis closer to unity in transitional� ow, and the shift in
trim angle is much lower. For the range of densities and differences
in ACs expected for MGS, the predicted shift in trim angle is less
than 2 deg in free-molecular � ow and less than 1 deg for typical
densities encountered at periapsis.

Flight Analysis and Results
During the aerobraking portion of orbits 12–15, the unlatched

¡Y panel showed evidenceof de� ecting more than predictedbased
on a simple linear spring model using spring constants determined
from dynamic tests performed during the MGS cruise to Mars.7

MGS project managers decided to halt aerobraking by raising the
orbit until this anomaly was thoroughlyunderstood.Analysis of the
anomalyinvolveda numberof disciplines,e.g., structures,materials,
mechanicalsystems,� ightmechanics,aerodynamics,and thedetails
are beyond the scope of this paper. However, rare� ed aerodynamic
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Fig. 14 Comparison of six-DOF attitude predictions to � ight data for orbit 18 prior to periapsis.

predictions played an important role in the initial interpretation of
panel de� ections and in evaluating potential alternate aerobraking
con� gurations that might reduce the loads on the ¡Y panel. Other
� ight data analysis and observationsconcerning the aerothermody-
namics of MGS are given by Tolson et al.6

De� ection of ¡Y Panel
Initial indication of the de� ection of the ¡Y panel came from

observationsof the attitude of the spacecraft. During orbits 12 and
15, the spacecraft yawed to relatively large ¯ angles (¼10 deg).
Whereas some degree of yawing was expected as the ¡Y panel
de� ected under aerodynamic loads, the observed yaw was greater
than could be explained by de� ections calculated using the simple
spring model. Therefore, it was important to assess uncertainties in
attitude predictions to judge the accuracy of these initial de� ection
estimates. The aerodynamic predictions were reviewed for sensi-
tivity to geometry modeling, transitional effects, and differential
ACs. Additional comparisons were made between the current pre-
dictions and those of the spacecraftdesigner that showed very good
agreementunder free-molecularconditions.Limited six-degree-of-
freedom (DOF) trajectory simulations using techniques developed
for Mars Path� nder17 were also performed up to the time of periap-
sis incorporatingthe currentaerodynamicdatabase.Attitudepredic-
tions from the six-DOF simulations for orbit 18 are shown in Fig. 14
and compare very well with the dynamic behavior observed from
the � ight data. After reviewing these various independent analyses
and accountingfor atmospheric rotationand winds, it was estimated
that the ¡Y panel had de� ected up to 23 deg with an uncertaintyof
§2 deg and an uncertaintyin predictedaerodynamictrim of §1 deg.

The observed de� ections of the ¡Y solar panel were later con-
� rmed by direct measurements using sun-position sensors onboard
MGS and other ancillary measurements. Structural and material
analyses were also performed to develop an improved model of
the damaged panel. Alternate aerobraking con� gurations (some of
which are described in the next section) were consideredas a means
to alleviatesome of the aerodynamicloadingon the panel. Based on
these various analyses, project managers developeda revised aero-
braking mission that would subject the spacecraft to reduced dy-
namic pressures and reduced aerodynamic loads on the ¡Y panel.
De� ections of the panel continue to be monitored using sun-sensor
data and aerodynamicpredictions,and a comparisonof observation

¡Y panel de� ections

Axial force coef� cient Cz

Fig. 15 Comparison of calculated de� ections of ¡ Y panel with sun-
sensor � ight data (from Ref. 6).

and predictionfor a recent aerobrakingpass (fromRef. 6) at reduced
dynamic pressureis shown in Fig. 15. Figure 15 also shows the vari-
ation in axial force coef� cient used to extract atmospheric density
from accelerometerdata for this pass to demonstratethe transitional
� ow effect on Cz . The calculatedde� ections are based on the spring
constant for the unlatched panel determined during cruise prior to
aerobraking together with DSMC predictions of the aerodynamic
hinge moments on the panel. The sun-sensor data show initial and
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� nal offsetde� ectionsof about1.0 to 1.5deg,whereas the initial and
� nal de� ections are assumed to be zero in the calculations. How-
ever, the calculations are in good agreement with the de� ections
measured by the sun sensors during the main part of the drag pass.

Alternate Aerobraking Con�gurations
Alternate methods for reducing the aerodynamic loads on the

partiallydeployedpanelwere consideredas part of the investigation
into theanomalousbehaviorduringorbits12–15. One approachis to
alter the panel sweep angles, and the resultsof these alternate sweep
studies demonstrate the aerobrakingtradeoffs that are possiblewith
a spacecraft like MGS. Variations in twist angle (rotating the panels
about their Y axis) and sweep angle (rotating about gimbal X axis)
and combinations of these rotations were investigated.

One of themorepromisingapproacheswas to sweep the¡Y panel
backward approximately 80–85 deg to allow the inboard panel to
rest against a support bracket on the spacecraft bus, thereby reduc-
ing the hinge moments on the panel. Of principal concern were the
aerodynamic stability about both the X and Y axes and whether or
not a net reduction in hinge moment could be obtained because a
more highly swept con� guration would have to � y at higher dy-
namic pressures to achieve the same total drag during aerobraking.
These analyses were limited to a few free-molecular computations
at attitudesaround the estimated trim positionthat were suf� cient to
assess static stability and provide the necessary trade information.
Predictions of the static aerodynamics for various sweep angles of
the CY panel with the ¡Y panel at a � xed sweep of ¡81 deg are
shown in Fig. 16. These predictions show that the spacecraft is stat-
ically stable in pitch and yaw and show that the trim angle in yaw
is approximately the bisection of the total included angle between
the two swept panels. However, it should be noted that the center
of mass has not been corrected to account for movement caused by
sweeping the panels, although the change in center-of-mass loca-

a) Cm,x vs ¯

b) Cm,y vs ®

Fig. 16 Static aerodynamics for various sweep angles of +Y panel;
sweep of ¡ Y panel � xed at ¡ 81 deg.

Fig. 17 Effect of +Y panel sweep on ¡ Y panel hinge moment; total
drag is constant.

tion is expected to be small because the solar panels constitute a
relatively small part of the total spacecraft mass.

Moments on the ¡Y panel about the unlatched hinge axis were
computed from the simulations and normalized by the total drag
of the spacecraft. A plot of the normalized ¡Y panel hinge mo-
ments expressed as a percentage difference from the normalized
moment for the nominal aerobraking con� guration is shown as a
function of CY panel sweep angle µY C in Fig. 17 for two different
sweep angles of the ¡Y panel. By normalizing the hinge moment
to the total drag, Fig. 17 in effect shows the hinge loads for various
sweep combinations that produce the same total drag. Positive val-
ues in Fig. 17 representgreaterhinge loads, whereas negativevalues
represent reduced hinge loads relative to the nominal aerobraking
con� guration for the same drag. For the ¡Y panel swept to 85 deg,
reductions in hinge loads of up to 90% are predicted. These more
highly swept con� gurations would require the spacecraft to pen-
etrate much deeper into the Mars atmosphere to achieve the same
drag as the nominal design.The altered aerodynamiccharacteristics
would also require signi� cant changes to the � ight control system.
Therefore, although it was not practical to make such changes for
the MGS mission, these predictions emphasize that aerobraking is
an aerodynamicmission, and � ying through planetary atmospheres
may warrant more detailed assessment of the aerodynamic charac-
teristics of future aerobraking spacecraft.

Conclusion
DSMC and free-molecular methods have been used to provide

aerothermodynamic predictions for the MGS from design through
aerobraking� ight. The predictionswere used to design thermalpro-
tection, optimize aerobraking trajectories, provide data for mission
planning, interpret � ight results, and provide operational support.
MGS is the � rst planetarymission in which rare� ed � ow predictions
have played such an integral role.

The results demonstrate the capabilities of current three-
dimensional DSMC and free-molecular codes to model rare� ed
� ows about complex spacecraft geometries, and good agreement
between two different DSMC codes is shown. Heating predictions
show signi� cant rare� ed transitional � ow effects on the MGS solar
panels with signi� cantly higher heating near the edges of the panel
than at their centers. Drag predictions also show signi� cant reduc-
tion of the aerodynamicdrag coef� cient at the highest densities that
MGS is expected to encounter. The MGS aerobraking con� gura-
tion is shown to be aerodynamically stable, and good agreement is
obtained between various prediction techniques.

Off-nominal behavior caused by an unlatched solar panel pre-
sented a challenge to rede� ne the aerodynamic properties of MGS
while the spacecraft was cruising to Mars. Further challenges were
presented to interpret the attitude behavior of the spacecraft when
aerobraking began. The current state of three-dimensional rare� ed
� ow prediction tools is such that these challenges could be met
with suf� cient con� dence to assist mission planners in a real-time
manner.

Aerothermodynamic predictions continue to play an important
role in monitoring the state of the MGS spacecraft and in extracting
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new information on the atmospheric structure of Mars. The results
obtained and the lessons learned will bene� t future Mars missions
and aerobraking maneuvers to other planets.
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