
JOURNAL OF SPACECRAFT AND ROCKETS
Vol. 36, No. 3, May–June 1999

Aerodynamics of the Mars Microprobe Entry Vehicles
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NASA Langley Research Center, Hampton, Virginia 23681

The selection of the unique aeroshell shape for the Mars Microprobes is discussed. A description of its aerody-
namics in hypersonic rare� ed, hypersonic continuum, supersonic, and transonic � ow regimes is then presented.
This description is based on direct simulation Monte Carlo analyses in the rare� ed � ow regime, thermochemical
nonequilibriumcomputational� uiddynamicsin the hypersonicregime, existing wind-tunneldata in the supersonic
and transonic regime, additional computational work in the transonic regime, and, � nally, ballistic-range data.
The aeroshell is shown to possess the correct combination of aerodynamic stability and drag to convert the probe’s
initial tumbling attitude and high velocity at atmospheric interface into the desired surface-impact orientation and
velocity.

Nomenclature
A = reference aerodynamic area, m2

B = ballistic coef� cient, kg/m2

C A = axial force coef� cient
CD = drag force coef� cient
Cm = moment coef� cient
Cm ;® = slope of the moment coef� cient curve, deg¡1

Cm ;q C Cm ; P® = dynamic derivatives, rad¡1

CN = normal force coef� cient
D = base diameter of capsule, m
Kn = Knudsen number
M = Mach number
Ms = mass, kg
q = stagnation-pointheating rate, W/cm2

Rbase = base radius, m
Rn = nose radius, m
Rs = shoulder radius, m
t = independent variable time, s
V = velocity, m/s
® = angle of attack, deg
± = distance above stagnation point, m

Introduction

W HEN the Mars Surveyor mission is launched in February of
1999, it will transport not only its own lander and orbiter to

Mars, but two small soil penetrators.These two Mars Microprobes1

are the secondof theDeepSpacemissionsfrom theNew Millennium
Program Of� ce. Upon arriving at Mars, the penetrators will be re-
leased from the Surveyor spacecraft and begin a free fall to the
surface. This paper focuses on the aerodynamic challenges asso-
ciated with that Mars entry. In particular, the penetrators must be
packagedwithin passiveaeroshellsthatwill carry their instrumented
payloadssafely throughhypersonicrare� ed, hypersoniccontinuum,
supersonic,and transonic � ows to an impact with the surface at pre-
scribed velocity and attitude.
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The objective of this paper is to review the decisions made in
the selection of the aeroshells to ful� ll these requirements, and
then describe in depth the expected aerodynamics in each of the
� ight regimes. This description is based on direct simulation Monte
Carlo (DSMC)analysesin the rare� ed � ow regime, thermochemical
nonequilibrium computational � uid dynamics (CFD) in the hyper-
sonic regime, existing wind-tunnel data in the supersonic and tran-
sonic regime, additional CFD in the transonic regime, and, � nally,
ballistic-rangedata.

Selection of the Aeroshell
Selection of the aeroshell for Mars Microprobe requires consid-

eration of the unique objectives of the mission. An enclosure is
required that will safely deliver the penetrator payload through en-
try to impact with the surface. The aeroshell must decelerate the
vehicle during its descent to a prescribed impact velocity. It must
possess suf� cient stability to correct an initial tumbling attitude
to one of forward-facing � ight early in the trajectory, and it must
maintain that orientation within small tolerances until impact. This
attitude control must be accomplished passively because there is
no accommodation for active controls. Finally, the aeroshell must
protect the payloadfrom intenseaerodynamicheating.The basis for
this selection is discussed in the following paragraphs.

The Viking2 and Mars Path� nder3 landers, as well as the Pio-
neer Venus4 and Galileo5 probes, used spherically blunted cones
for their forebody. Selection of the appropriatecone angle involves
tradeoffs between drag, heating, stability, and overall size. Blunter,
i.e., larger half-angle, cones exhibit more drag for a given surface
area as well as lower heating; sharper cones possess more stability.
Both Pioneer Venus and Galileo used 45-deg half-angle cones, but
these missions were entering atmospheres much denser than Mars.
The two Mars missions (Viking and Path� nder) require the higher
drag properties of 70-deg sphere–cones to decelerate their heavy
landers at suf� ciently high altitudes to permit parachute deploy-
ment. Mars Microprobe is light (around 3 kg) and must impact the
surface with suf� cient speed for penetrator insertion. In addition,
Microprobe requires the highest possible stability.

The impact-velocity problem can be discussed in terms of the
ballistic coef� cient B,

B D Ms=CD A (1)

Figure 1 compares the expected impact velocity vs ballistic coef� -
cient for this Mars entry from three-degree-of-freedom (DOF) en-
try simulations. The range of acceptable impact speeds is shown in
Fig. 1. For a velocityof 160 m/s, a ballisticcoef� cient near 28 kg/m2

is necessary. The current mass estimate for Microprobe is 2.4 kg,
and the size that can be attached to the Mars Surveyorspacecrafthas
diameter D of 0.325 m (A D 0:08296 m2); thus, the drag coef� cient
must be around 1.0: the value for a 45-deg cone. (Since this work
was performed, the diameter was increased to 0.35 m and the mass
estimate was increased to 3.4 kg.)
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Fig. 1 Ballistic coef� cient required for different impact speeds.

Fig. 2 Increased nose radius trade between maximum stagnation-
point heating rate and transonic static stability.

Fig. 3 Pioneer Venus small probe geometry.

The extent of spherical blunting of the nose has a minimal ef-
fect on the drag coef� cient for a 45-deg half-angle cone. However,
Fig. 2 reveals that increasednose bluntnessdecreases the maximum
stagnation-pointheating rate because heat rate varies as the inverse
square of the effective nose radius. Unfortunately, increased nose
bluntness also decreases static stability, as shown by the decreas-
ing negative values for the slope of the moment curve (Cm;® from
Mach 1.65 wind-tunnel measurements in Ref. 6). Selecting the ap-
propriate nose bluntness is a tradeoff between heating and stability.
For Microprobe, a nose radius equal to half of the overall vehicle’s
base radius (Rn=D D 0.25 ) is chosen. This ratio is the same used
in the Pioneer Venus and Galileo probes. In an analogous manner,
rounding the vehicle’s shoulders decreases the heating at that loca-
tion. However, rounding the shoulders decreases drag and stability.
The compromise is to again use the Pioneer Venus values: shoulder
radius Rs equal to 1

10
th the nose radius. It is possible to optimize the

nose and shoulderradii for the Microprobemission, but these previ-
ously used ratios appear adequate,and their selectionallows the use
of an extensive body of existing aerodynamic data. The geometry
of the Pioneer Venus small probes is shown in Fig. 3.

Fig. 4 Mars Microprobe aeroshell geometry.

Microprobe’s hemisphericalafterbodyserves two purposes.First,
because the vehicle’s initial attitude is tumbling, it may encounter
the atmosphere while traveling backward. A hemispherical after-
body with its center at the vehicle’s center of gravity is not stable at
thisbackwardorientationandwill fosterrotationto a forward-facing
attitude.Second, the shape has been shown to decrease the dynamic
instability observed in blunt vehicles traversing the transonic � ight
regime.7 Selection of the large hemispherical afterbody for Micro-
probe does not rely on previous mission’s designs, but is similar to
the one used in the Planetary Atmospheric Entry Test experiment.8

Regarding the backward stability issue, Pioneer Venus, Galileo,
Viking, and Mars Path� nder were all hypersonicallystable in either
a forward or backward orientation.To avoid a backward entry, each
was oriented nose � rst and spin stabilized to assure a nose-� rst
attitude at atmospheric interface. Because spin stabilization is not
an option for Microprobe,an afterbodythat assures the vehicle does
not trim in a rearward-facingattitude must be chosen.

The desired impact velocity of Mars Microprobe is just below
Mach1. Unfortunately,aeroshellssuchas the45-and70-degblunted
cones mentioned suffer a dynamic instability at small angles of
attack in the Mach 1.0–2.0 range.2;7;9 That is, though they remain
statically stable as they traverse that Mach range, an increase in
incidence angles is observed. Because the instability is restricted to
angles of attack less than 5 deg, the increasein incidence is bounded
and results in a wobbling motion. Unfortunately for Microprobe,
surface impact near Mach 1.0 means this instability interferes with
its requirement of small angle of attack at impact. Both Viking and
Mars Path� nder deployed parachutes at supersonic speeds to avoid
thisdynamicsproblem.Galileounexpectedlytraversedthe transonic
� ight regime, and � ight data indicate a growth in incidence angles
beginning at Mach 2.0 and increasing to a maximum value near
15 deg at Mach 1.0.

The source of the dynamic instability is still debated.Sammonds7

argued that a hemispherical afterbody centered about the center of
gravity would eliminate this problem because afterbody pressure
forces would be directed through the c.g. such that asymmetric
pressure distributions there would produce no pitching motions.
He demonstrated this at Mach numbers up to 1.2. Whereas it is un-
proven for larger Mach numbers, it is arguable that a hemispherical
afterbody will decrease the dynamic instability.

Based on the preceding discussion, the forebody geometry of
the Mars Microprobe is speci� ed to be a 45-deg sphere–cone with
Rn D 0:08125 m, Rs D 0:008125 m, and D D 0:325 m. The after-
body shape is a hemispherical section with radius 0.174 m, which
is centered about the expected c.g. location of the vehicle. The ge-
ometry is shown in Fig. 4.

Trajectory
Detailed analysis of the aerodynamics requires knowledge of the

expected trajectory. A preliminary aerodynamic description of the
Mars Microprobewas constructedusingfree-molecularaerodynam-
ics, Newtonian aerodynamics, and Pioneer Venus supersonic and
transonic wind-tunnel data. This description was then used in a
preliminary six-DOF trajectory simulation to create an estimated
nominal trajectory.Altitude and Mach number vs velocity from that
trajectoryare presented in Fig. 5. Points from this trajectory in each
� ight regime were then selected for more detailed analysis.
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Fig. 5 Estimated Mars-entry trajectory.

Fig. 6 Free-molecular � ow aerodynamics.

Free-Molecular Flow
Free-molecular � ow assumes there are no collisionsbetween gas

molecules in the � ow� eld. The surface is impacted by freestream
particles, which are diffusely re� ected after full thermal accommo-
dation. Unlike hypersonic-continuum aerodynamics, where forces
exerted on the body are primarily the integrated effect of surface
pressures, free-molecular � ow aerodynamics contain a signi� cant
contribution from shear stress.

The two Mars Microprobesare to be releasedfrom thehost space-
craft3 min prior to atmosphericinterface.As the tumblingspacecraft
approach the outer reaches of the atmosphere, they will encounter
widely spaced molecules. Surface impacts of these molecules will
exert the � rst aerodynamic forces on the entry vehicle. Knudsen
number Kn is the ratio of the quiescent gas’s mean free path to the
vehicle’s diameter. At the outer reachesof the atmosphere,Knudsen
number is large.As long as it remains of order 10 or larger, the asso-
ciated aerodynamic forces can be computedby free-molecular � ow
methods.

The free-molecular � ow aerodynamics for the Mars Microprobe
entry vehicles are presented in the form of nondimensional coef� -
cients in Fig. 6. Because the geometry is axisymmetric, the static
aerodynamics can be described by an axial force coef� cient CA ,
a normal force coef� cient CN , and a moment coef� cient Cm . The
reference area is the frontal area of the aeroshell (0.08296 m2 ), and
the reference length is the diameter (0.325 m). Unless otherwise
speci� ed, moments are taken about the actual nose of the vehicle.
For a c.g. location 0.24D back from the nose or less, the vehicle is
statically stable only when facing forward.

Hypersonic-Transitional and Continuum Aerodynamics
As the descentcontinuesinto the upper atmosphere,themean free

path (and Knudsen number) decrease, and collisions between parti-
cles must be accountedfor in describingforceson the vehicles.This
regime is the transitional� ow regime. Even lower (below 55-km al-
titude for Microprobe), Knudsen number drops below 0.001, and

Table 1 Axisymmetric results from DSMC

t , s Alt, km M V , m/s Kn CA

10.4 126.7 33.3 6909 86.5 2.054
20.3 113.2 35.1 6916 10.08 2.010
31.8 100.6 37.4 6921 1.25 1.901
38.0 91.4 39.1 6923 0.305 1.771
48.0 80.3 37.7 6908 5.46e¡02 1.536
50.5 73.4 35.9 6884 2.45e¡02 1.352
65.0 64.3 35.6 6751 6.78e¡03 1.190
77.2 54.9 31.8 6168 1.83e¡03 1.108

Fig. 7 High-altitude � ight regimes.

Fig. 8 Comparison of zero angle-of-attack axial force coef� cients in
the transitional � ow regime.

continuum methods can be used to describe the � ow about, and the
forces on, the vehicle. Figure 7 presents Knudsen number Kn vs
altitude for the high-altitudeportion of the Microprobe trajectory.

The transitionalaerodynamicsforMicroprobewere computedus-
ing DSMC methods and are discussed in Ref. 10. Eight axisymmet-
ric solutions from that study are presented in Table 1, and seven of
the points are plotted in Fig. 8. Figure 8 contains the free-molecular
prediction, a bridging function estimate, and eight continuum CFD
solutionsdiscussed later. Transitional normal force coef� cients and
stability are discussed in Ref. 10.

In the hypersonic continuum regime, the LAURA CFD tool
can describe the static aerodynamics of Microprobe. LAURA is
an upwind-biased, point-implicit relaxation algorithm11 for ob-
taining the numerical solution to the Navier–Stokes equations
for three-dimensional viscous hypersonic � ows in thermochemi-
cal nonequilibrium. The Mars atmosphere version of the code12

contains an eight-species CO2¡N2 chemical-kinetics model. This
computational tool was used to describe the aerodynamics of Mars
Path� nder.13;14 Predictions from the code have been shown to be in
excellent agreement with the Mars Path� nder � ight data.15

LAURA solutions are computed at eight points in the trajec-
tory’s hypersonic continuum regime. Table 2 presents the 0-deg
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Table 2 Axisymmetric results from LAURA CFD

t , s Alt, km M V , m/s Kn CA

48 80.5 37.7 6913 6.1e¡02 1.598
55 73.4 35.9 6884 2.5e¡02 1.378
72 55.8 32.8 6271 2.0e¡03 1.086
82 48.7 25.9 5419 1.0e¡03 1.061
92 43.3 19.9 4327 6.2e¡04 1.049
116 34.9 10.0 2206 2.6e¡04 1.027
125 32.6 7.5 1665 2.1e¡04 1.028
142 29.5 5.0 1121 1.6e¡04 1.035

Table 3 Three-dimensional results from LAURA, ® = 10 deg

t , s M CA CN Cm

72 32.8 1.0281 0.1687 ¡0.1106
82 25.9 1.0353 0.1689 ¡0.1103
92 19.9 1.0141 0.1706 ¡0.1125
116 10.0 1.0016 0.1691 ¡0.1115
126 7.5 0.9987 0.1668 ¡0.1125
142 5.0 1.0133 0.1635 ¡0.1064

Fig. 9 Variation of axial force coef� cients in the hypersonic � ow
regime.

angle-of-attackCA results (also shown in Fig. 8). Additional fore-
body solutions are computed at 10-deg angle of attack for six of
these trajectory points. Those results are listed in Table 3.

The variationin axialcoef� cientat 0-degangleof attackacrossthe
hypersonic-continuum regime is presented in Fig. 9. Little change
in CA occurs across the Mach range. The variation at 10-deg an-
gle of attack of the normal force and moment coef� cients are given
in Figs. 10 and 11. Again, the aerodynamic coef� cients vary little
down to Mach 5. (The aerodynamicsbelow Mach 5 are discussed in
subsequentsections.) The valuespredictedfrom the Newtonian � ow
approximationare included in Figs. 9–11. Newtonian � ow assumes
that the freestream� ow is turned parallel to the surface. Local pres-
sure is then a functiononly of the local surface inclinationrelative to
the freestream. Whereas the simple Newtonian assumption agrees
with the CFD predictionsfor the axial and normal force coef� cients
across the hypersonic regime, it underpredicts the absolute value of
the moment coef� cient by as much as 14%.

At the higher Mach numbers, the bow shock is suf� ciently en-
ergetic to initiate dissociation of the triatomic CO2 molecule. The
degree of CO2 dissociation on the stagnation streamline associated
with four LAURA solutions is shown in Fig. 12. At Mach 33, CO2

dissociates from its freestream mass fraction of 0.97–0.19 at the
edge of the boundary layer. (The fully catalytic wall boundary con-
dition forces complete recombinationof the dissociatedmolecules.)
Lesser degreesof dissociationoccur with decreasingMach number.
No dissociation is predicted at Mach 10. When dissociationoccurs,
the residence time of the gas across the thin shock layer is insuf� -
cient to allow the gas to equilibrate.This phenomenon is a result of
the small length scales associatedwith Microprobe.There does not

Fig. 10 Variation of normal force coef� cients in the hypersonic � ow
regime.

Fig. 11 Variation of the moment coef� cient in the hypersonic � ow
regime.

Fig. 12 Stagnation line pro� les of CO2 at hypersonic � ow conditions.

appear to be a Mach range where an equilibrium gas assumption
would be useful in predicting the � ow� eld about Microprobe.

Figure 12 also shows the associated shock standoffdistances (in-
dicated by that point where CO2 dissociation begins). The distance
at Mach 33 is large due to rarefaction effects; the standoff distance
reaches a minimum below Mach 26, then grows with decreasing
speeds.

Supersonic Aerodynamics
In the supersonic regime, existing wind-tunnel data may be used

to describe the aerodynamics. Nichols and Nierengarten6 tested
45-deg half-angle cones in the Jet Propulsion Laboratory (JPL) 21-
in. supersonic wind tunnel at Mach 3.0, 2.0, and 1.65 and in the
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JPL 20-in. hypersonicwind tunnel at Mach 5.0. The tests were per-
formed in air at Reynolds number (based on diameter of 3.0-in.
models) of 0.3 £ 106 in the hypersonic tunnel and 1.0 £ 106 in the
supersonic tunnel. The � ight Reynolds numbers expected for Mars
Microprobe in this speed range are below 0.1 £ 106 in the Mars
CO2 atmosphere. Whereas the � ow in this regime should be that
of a perfect gas, the ratio of speci� c heats for air at 1.4 is higher
than the Mars atmosphere value of 1.33. In addition, these mea-
surements examined a model that did not include the hemispherical
afterbody.Afterbodyeffectsare negligiblefor small angles of attack
above Mach 5 (which allowed the forebody-only CFD used in the
hypersonicaerodynamicsdescription). Below Mach 5, however, the
afterbody’s in� uence increases. As shown in Figs. 9–11, the Mach
5 measurements compare well with the LAURA CFD calculations.

Figures13–15 focuson the Mach rangebelow5 and includewind
tunnel, ballistic range, and CFD data. The solid line in Figs. 13–15
labeled database is included to show trends across the Mach range.
Figures 13–15 reveal a marked change in the aerodynamics across
the supersonic and transonic regimes. The change is a result of the
sonic line shifting from the nose region to the shoulder region. At
Mach 5, the subsonic bubble remains on the spherical nose even at
10-deg incidence.By Mach 2, the sonic line has shifted to the shoul-
der even at 0-deg incidence. At this condition, the entire forebody
shock layer is subsonic � ow.

Pressure distributionsand aerodynamicforces are affectedby the
sonic characterof the shock layer. When the latter above the � ank is
supersonic, the pressure distributions there are � at (a characteristic
of conical� ow). When the shocklayer is subsonic,theellipticnature
of the � ow results in higher, more rounded pressure distributions.
The net effect on the resulting forces is that the axial force increases
while normal force and moment coef� cients decrease. This com-
bination results in a decrease in the static stability margin of the
vehicle.

Fig. 13 Comparison of axial force coef� cient predictions in the tran-
sonic and subsonic regimes.

Fig. 14 Comparisonofnormal force coef� cient predictions in the tran-
sonic and subsonic regimes.

Fig. 15 Comparison of the moment coef� cient predictions in the tran-
sonic and subsonic regimes.

If the vehicle’s c.g. does not lie on the geometric symmetry line,
the vehicle will trim at a nonzero angle of attack. As the Mach
range between 5 and 2 is traversed, the decrease in static stability
would introduce pitching motions for such an offset c.g. because
the vehicle would then trim at a larger angle of attack. Because
Microprobe has strict requirements on angle of attack at impact
(and impact occurs shortly after traversing this Mach range), c.g.
offset should be minimized to avoid the introduction of pitching
motions late in the trajectory.

Transonic Aerodynamics
Figures 13–15 also contain the transonic aerodynamics. The

probe’s impact speed at just below Mach 1 and its requirement that
this impact occur while at small angle of attack demand the best
possible description of the aeroshell’s aerodynamics in this speed
regime. Unfortunately, transonic aerodynamics are complex, and
testing and computations are dif� cult (as well as expensive). The
description of Microprobe’s transonic aerodynamics combines ex-
isting wind-tunnel data, new CFD, and recent ballistic-range tests
performed for Microprobe.

Wind-tunnel data2;16 in the transonic regime were obtained in
support of the Pioneer Venus small probes, which have the same
forebody as Microprobe. Both vehicles have hemispherical after-
bodies (Figs. 3 and 4), though Microprobe’s is larger. In Ref. 16,
static aerodynamics for Pioneer Venus models were measured at
Mach 0.2, 0.5, 0.8, 0.95, 1.1, 1.2, and 1.35 in the NASA Langley
Research Center’s 8-ft transonicwind tunneland Mach 1.5, 1.8, and
2.16 in the NASA Langley Research Center Unitary Plan wind tun-
nel. Reference 16 describes testing problems encountered at Mach
numbers 1.2, 1.35, and 1.5. Figures 13–15 exclude the data from
those Mach numbers.

Figure 13 also contains CFD results at � ve points between Mach
0.6 and Mach 2.2 using the TLNS3D code.17 These calculations
are about the Microprobe geometry for conditions coincident with
Brooks16 wind-tunnel data. The results presented were preceded by
an extensive grid-resolution study to resolve the wake region. The
CFD calculations span the range where the Brooks study encoun-
tered problems with re� ected wall–shock interactions. In an effort
to assess the usefulnessof the Pioneer Venus wind-tunnel measure-
ments in the transonic regime, additional TLNS3D CFD was com-
puted at the same � ve conditions for the Pioneer Venus geometry.
The axial force coef� cients for the two geometries are compared in
Fig. 16. Higher base pressures on the large Microprobe afterbody
result in a decrease (as large as 6%) in the predicted drag coef� -
cient for the Microprobe geometry relative to the Pioneer Venus
geometry.

Ballistic-rangetests of the Microprobegeometry were performed
at the U.S. Air Force Wright Laboratory’s Aeroballistic Research
Facility (ARF) at Eglin Air Force Base. The test were concentrated
around Mach 0.8 and 1.4. The primary goal of these tests were to
establish the dynamic stability of the vehicle (discussed in the next
section). Static aerodynamics,however,were also measured and are
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Fig. 16 Comparison of the TLNS3D CFD predictions for axial force
coef� cient on different afterbodies.

included in Figs. 13–15. With the exception of CN , there is good
agreement among the ballistic-range measurements, the CFD, and
the wind-tunnel data. The ballistic range is accurate at measuring
axial forces, it has dif� culty resolving the small normal forces as-
sociated with a blunt body such as Microprobe.

The Reynolds numbers based on diameter for this wind-tunnel
and ballistic-range data is between 0.5 and 3.0 £ 106. The ex-
pected � ight conditions have Reynolds numbers between 5 £ 104

and 1 £ 105 for this speed range.

Dynamic Derivatives
Detailedmeasurementof the dynamicderivativesfor Microprobe

over its entire trajectory to a level of accuracy necessary for precise
six-DOF simulation is dif� cult given the time and cost restraints
on the project. Microprobe must impact the surface while � ying at
small angle of attack. This impact will occur around Mach 0.8. The
primary concern for dynamic stability, therefore, is in the transonic
� ight regime. Through use of existing data measured for the Mars
VikingandPioneerVenusmissionsin conjunctionwith the transonic
dynamic data measured in the ARF ballistic range, an assessment
of the transonic dynamic stability of Microprobe can be made.

In preparation for the Mars Viking mission, Uselton et al.9 per-
formed extensivewind-tunnel measurements of the dynamic stabil-
ity of 60- and 70-deg half-angle cones using a forced-oscillation
technique.Reference9 concludes there is no appreciabledifference
between the dynamic response of the two cones when the c.g. lo-
cation of the 70-deg cone is more forward than that of the 60-deg
cone. Reference 9 also observes a decrease in dynamic stability for
a given cone angle when the c.g. is moved farther from the nose.
Based on these two observations,it is arguable that the 60-deg cone
is a more dynamically stable shape than the 70-deg cone, but this
increase in stability can be offset by an aft shift in the c.g. If this
reasoning is extrapolated to 45-deg cones, a 45-deg cone should
exhibit more dynamic stability than a 60-deg cone. Therefore, the
Uselton et al.9 60-deg cone data should representa conservativede-
scriptionof the dynamicperformanceofMicroprobe.Figures17–19
present the angle-of-attack variation of the dynamic derivatives at
three Mach numbers in the transonic regime. Because the geometry
is symmetric, the dynamic derivatives can be speci� ed by a single
parameter (Cm ;q C Cm; P® ).

Dynamic tests in support of Pioneer Venus were performed in the
Langley8-ft transonicwind tunnelusinga similar forced-oscillation
technique.4 The PioneerVenussmall probegeometry(Fig. 3)has the
same forebodyas Microprobe.The c.g. location is 0.22D back from
the nose for the Pioneer Venus tests. Those tests were restricted to
Mach numbers below 1.3 and so representativevalues are included
only in Figs. 17 and 18.

Figures 17 and 19 also contain the ARF ballistic-range data for
the two Mach numbers (0.8 and 1.4) examined. The ballistic range
did not distinguish an angle-of-attack variation in the dynamic
damping; those results (two separate measurements for each Mach
number) are presentedas the straightdotted lines in Figs. 17 and 19.

Fig. 17 Comparison of dynamic derivatives in the transonic regime,
M = 0:8.

Fig. 18 Comparison of dynamic derivatives in the transonic regime,
M = 1:2.

Fig. 19 Comparison of dynamic derivatives in the transonic regime,
M = 1.3–1.45.

At Mach 0.8 (Fig. 17), all three data sources predict dynamic
stability (a negative quantity) across the angle-of-attack range.
Figure 17 shows that a 45-deg cone possess a higher degree of dy-
namic stability than the 60-deg cone. The ARF data are in good
agreement with the wind-tunnel data.

The instability at small angles of attack for Mach 1.2 and 1.4
is indicated by the positive values for .Cm ;q C Cm ; P®/ in Figs. 18
and 19. The ARF ballistic-rangedata at Mach 1.3–1.45 did not de-
tect a transonic dynamic instability for the Microprobe geometry.
This increased stability may be due to Microprobe’s hemispheri-
cal afterbody, which, as reported by Sammonds,7 can eliminate or
reduce the transonic dynamic instability.

Accurate six-DOF simulation over the entire entry trajectory re-
quires knowledge of the dynamics at higher speeds. The Uselton
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et al.9 measurements are restricted to Mach numbers at 3.0 and be-
low. For larger Mach numbers, other ballistic-range tests on blunt
bodies18 do not discern signi� cant changes with Mach number.
Thus, Mach 3.0 values for a 60-deg cone could be used as rep-
resentative of the higher speed performance. Past experience with
six-DOF simulations have also indicated that large variations in the
dynamic derivatives at the higher Mach numbers have little effect
on the hypersonic � ight dynamics of the vehicle.

As with the supersonic and transonic data, there is a large differ-
ence between the Reynoldsnumbers for the dynamic data discussed
and the expected � ight values for Microprobe. Uselton et al.9 ex-
amined Reynolds number effects on dynamic stability for 70-deg
cones. No clear trend was revealed.

Conclusions
Selection of the aeroshell for Mars Microprobe involved consid-

eration of the unique objectives of the mission. An enclosure was
required that possessed the appropriate drag and stability charac-
teristics to safely deliver the penetrator payload through entry to
impact with the surface. A 45-deg half-angle cone with rounded
nose and shoulderwas shown to be a suitable candidate for the fore-
body shape.A hemisphericalafterbody centered about the vehicle’s
c.g. location was chosen for the afterbody.

The aerodynamicsof this aeroshellarediscussedin eachof the ex-
pected � ight regimes during its Mars entry. This description makes
use of DSMC analyses, CFD, existing wind-tunnel data, and new
ballistic-rangedata.

Free-molecular � ow aerodynamics indicate that the vehicle is
staticallyunstablebackward. If the tumbling vehicle has a rearward
orientationwhen it encounters the atmosphere, it will reorient itself
to a forward-facing attitude.

In thehigh-altitudetransitional� ow regime,a bridgingfunctionis
shown to approximate the variation of the aerodynamiccoef� cients
from their free-molecular values (at Kn D 10.0) to their hypersonic
continuum values (Kn D 0.001). In addition, good agreement be-
tween CFD and DSMC predictions for axial coef� cient is observed
for 2:0 £ 10¡3 · Kn · 3:0 £ 10¡2.

In the hypersonic-continuum regime, the Newtonian assumption
is shown to be a fair estimate for the axial and normal force coef-
� cients for angles of attack up to 10 deg, but it underpredicts the
magnitude of the moment coef� cient by as much as 14%.

In the hypersonic regime, the small length scales associatedwith
the forebody shock layer are insuf� cient to allow the dissociation
of CO2 to reach completion. Accurate description of the species
pro� les requires inclusion of chemical nonequilibrium effects for
all cases in which chemical reactions occur. At Mach 10 and below,
no CO2 dissociation is predicted.

AroundMach 5, the sonic lineshifts from the nose to the shoulder,
which results in an increase in axial coef� cient and a decrease in
static stability of the vehicle.

Ballistic-range tests reveal that the combination of 45-deg cone,
forward c.g. location, and hemispherical afterbody has reduced the
dynamic instability often suffered by large-angle cones traversing
the transonic � ow regime.
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