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A series of free � ight-test programsconducted on scale models of variousblunt atmospheric entry con� gurations
is discussed. Most of these tests were conducted in the Aeroballistic Research Facility, located at Eglin Air Force
Base, Florida.The tests for Reynolds-numbereffects were conducted in the Hypervelocity Free-FlightAerodynamic
Facility located at NASA Ames Research Center at Moffett Field, California. Because these blunt atmospheric en-
try shapes have a tendency to experience small angle-of-attackdynamic instabilities leading to limit-cycle motions,
the primary purpose of the tests was to determine the dynamic stability characteristics of the con� gurations. Al-
though all of the aerodynamicparameters were obtained during these tests and are presented in the corresponding
references, only the dynamic stability results are discussed. The tests were conducted from subsonic to super-
sonic Mach numbers, 0.7 to 3.5, Reynolds numbers from 0.27 £ £ 106 to 6.97 £ £ 106 , and for angles of attack up to
40 deg.

Nomenclature
A = reference area, ¼D2=4, mm2

Cmq = damping-in-pitchderivative, 1/rad
CN = normal force coef� cient
CN® = normal force derivative, 1/rad
CX = force coef� cient, x direction
D = model diameter, reference length, mm
Ix , Iy = moments of inertia about the x and y axes, g cm2

L = model length, mm
l , m, n = moments about the x , y, z axes
M = Mach number
V = model velocity, m/s
X = down range distance traveled, m
Xcg = distance from model nose to center of gravity, mm
N® = total angle of attack, deg
½ = air density, g/cm3

Introduction

P LANETARY atmospheric entry con� gurations typically have
blunt conical noses with various afterbody shapes dictated by

mission requirements. The blunt conical noses are designed to uti-
lize the aerodynamicdrag in order to achieve a certain deceleration
pro� le as the vehicleenters the planetaryatmosphere.This decelera-
tion is required in order to ensure a certain velocity either at impact
or upon parachute deployment. Figure 1 shows a typical mission
pro� le. Unfortunately, these blunt bodies tend to experience low-
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angle-of-attack dynamic instabilities1;2 in the high supersonic to
transonicMach-numberrange. These dynamic instabilitiescan lead
to angularmotionsthat frequentlydevelopinto limit cycles,3 and this
is the focus of the present paper. If the magnitude of the limit cycle
is relativelysmall, i.e., a few degrees, the limit cyclemight not cause
problems associated with completing the mission. However if this
limit cycle is large, the vehicle could entangle itself in the parachute
lines, thereby losing the vehicle, or the impact angle could be too
large for the vehicle to successfully perform its mission upon land-
ing. Therefore, the determination of the vehicle’s dynamic stability
characteristics is important during the mission planning stage.

Flight testing subscale models has proven to be a fast and in-
expensive method of determining the low-angle-of-attackdynamic
stabilitycharacteristicsof these con� gurations.This paperdiscusses
the dynamic stability test results obtained from six different con� g-
urations encompassing 83 � ights in two different free-� ight test
facilities.

Aerodynamic Testing
Facilities and Data-Reduction Techniques

The majority of the tests discussed herein were conducted in the
Aeroballistic Research Facility (ARF).4 The U.S. Air Force Re-
search Laboratory (AFRL) Munitions Directorate in partnership
with the University of Florida Graduate Engineering and Research
Center manages and operates this facility. The tests for the ef-
fects of Reynolds number were conducted in the NASA Ames
Research Center’s HypervelocityFree-Flight AerodynamicFacility
(HFFAF).5 In both facilities the aerodynamic and stability charac-
teristics of a test item are determined from the measurement of the
test item’s spatial and angular orientationsobserved during the free
� ight.6

The ARF is an atmospheric facility and has a 207-minstrumented
length. This facility has a 3.66-m square cross section for the � rst
69 m and a 4.88-m square cross section for the remaining length.
Orthogonal photographs of the model’s shadow are obtained at 50
instrumentation sites and then used to determine the spatial posi-
tion and angular orientation of the test model at each location. The
HFFAF is a variable pressure facility 25 m long with 16 orthogo-
nal shadowgraphstations. In both facilities the � lm readingprocess
and the determination of the discrete times, positions, and orien-
tations are performed using the Comprehensive Automated Data

49



50 WINCHENBACH ET AL.

Fig. 1 Typical mission pro� le.

a) Huygens Probe

b) Huygens Probe with hemispherical base

Fig. 2 Sketch of Huygens Probe and probe with hemispherical base.

Reduction and Analysis System (CADRA).7 The analysis process
for the experimentally measured trajectories as obtained from the
ARF is accomplishedusing the AeroballisticResearchFacilityData
Analysis System (ARFDAS),8 whereas CADRA is also used in the
trajectory matching process for the HFFAF. Both ARFDAS and
CADRA use a nonlinear numerical integration technique9 for the
trajectory � tting process.

Models and Test Conditions
During the past few years, several different blunt-body atmo-

sphericentrycon� gurationshavebeentested.Thesewere as follows:
1) The Huygens Probe, which is presently in route to Saturn

as part of the Cassini mission, will enter the atmosphere of Titan
(Saturn’s largest moon) in late 2004 to accomplish measurements
of the atmosphere. Two variations of this probe were tested, one
having a base cavity.

2)An AFRL modi� cationto theHuygensprobehavinga spherical
base is also a con� guration.

3) Another is the Mars Micro Probe, two of which were lost along
with the main polar lander attempting to land on the surface of the
planet in December 1999. If successful, these would have injecteda
probe into the subsurfaceto collect samples for on-siteexamination.

Table 1 Model physical properties

Mass, I y;
Model g g cm2 Xcg=D

Huygens a) 320 610 0.180
b) 340 540 0.175

Huygens (hemispherical base) 374 1030 0.179
Mars Micro Probe 503 1410 0.267
Mars Probe (� at base) 450 1500 0.293
Stardust a) 704 2320 0.350

b) 730 2180 0.331
c) 747 2350 0.364

(HFFAF) d) 86 63 0.335
(HFFAF) e) 11 11 0.335
Genesis 633 1990 0.343

a) Mars Micro Probe

b) Mars Micro Probe with � at base

Fig. 3 Sketch of Mars Micro Probe and probe with � at base.

4) An AFRL modi� cation to the Mars Micro Probe having a � at
base is also included as a con� guration.

5) StardustSampleReturn Capsule (SRC), launchedin Feb. 1999,
is presently on a 7-year mission to collect samples from the tail
of a comet and return them to Earth. Five variations on this cap-
sule con� guration were tested. Three 70-mm-diam variations hav-
ing different center of gravity locations were tested. Also, two
NASA 35-mm-diam variationshaving different masses were tested
at reduced atmospheric pressures in order to determine potential
Reynolds-number effects.

6) Genesis Sample Return Capsule (SRC) was launched in
Aug. 2001 on a 3-year mission to collect samples of the solar wind
(atoms and ions emitted from the Sun) and return them to Earth.

Sketches of the various con� gurations are shown in Figs. 2–5
and a table summarizing the physical characteristicsof the various
subscale models are presented in Table 1. Because these blunt entry
con� gurations have high drag characteristics,all of the models, ex-
cept those launchedat reducedatmosphericpressures(low Reynolds
numbers), were purposelydesigned to be relativelymassive in order
to minimize the deceleration experienced during the � ights in the
facility.

The base of the Genesis SRC can be approximated by a hemi-
sphere as indicated by the effective radius shown in the sketch of
Fig. 5. Also, note that the center of this radius is located well ahead
of the model’s center of gravity. This will be discussed again later
in the paper.

The models launchedin the ARF had a designdiameterof 70 mm.
However, because of machining and construction tolerances the
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Table 2 Overall test conditions

Mach-number Angle-of-attack Reynolds-number
Model range range, deg range, £10¡6

Huygens 1.0–2.8 0–30 1.99–5.57
Huygens 1.8 0–20 3.58

(hemispherical base)
Mars Micro Probe 0.7–1.5 0–20 1.39–2.99
Mars Probe (� at base) 1.2–1.5 0–20 2.39–2.99
Stardust
ARF 1.2–2.8 0–30 2.39–5.57
HFFAF 1.5–2.5 0–15 0.22–1.80
Genesis 1.4–3.5 0–40 2.79–6.97

Fig. 4 Sketch of Stardust SRC. Note: The HFFAF models were homo-
geneous and were constructed from either steel or Lexan.

Fig. 5 Sketch of Genesis SRC.

diameters varied slightlywith each con� guration,about§0:03 mm.
The models tested in the HFFAF were approximately half the size,
D D 34:3 mm, of the ARF models. The models tested in the ARF
were � red from a 76-mm smooth bore single stage powder gun.
These tests were conducted at atmospheric conditions of about
21±C and 50% relativehumidity.Barometricpressureswere approx-
imately 1020 mbar. Roll orientations and spin rates were measured
on only a few of the models (ARF only) because it was shown that
these blunt entry con� gurations tended to roll only slightly during
� ight and the analysis was insensitive to these low roll rates.

To achieve high initial angles of attack, some of the models
in both facilities were purposely disturbed. This disturbance was

accomplished by impacting the model into folded pieces of paper
as they entered the instrumentedportion of the facility.The 13 Star-
dust SRC models tested in the HFFAF were also launched using a
single-stage powder gun, but with a bore diameter of 44 mm. The
pressure in the HFFAF was varied to achieve the desired density.
The reduced densities in conjunction with the smaller models re-
sulted in the reduced Reynolds numbers. Table 2 summarizes the
test conditions for each of the test programs.

Dynamic Stability Results
Huygens Probe and Modi� ed Huygens Probe with Hemispherical Base

The typicalmotionsobtainedfrom testing the Huygensprobe10;11

are shownin Fig. 6. This � gure illustratesthatwhen the initialmotion
amplitude was high, the motion damped (Fig. 6a); when the initial
amplitude was low, the motion grew (Fig. 6c); and when the initial
amplitude was about 12 deg, the motion stayed constant (Fig. 6b).
These motion characteristicswere typical for both con� gurationsof
the Huygens probe (with and without the base cavity). This � gure

a) High angles

b) 12 deg

c) Low angles

Fig. 6 Typical Huygens Probe motion plots.
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Fig. 7 Pitch-damping derivative vs angle of attack (Huygens Probe
and probe with hemispherical base).

Fig. 8 Motion plot for modi� ed Huygens Probe (hemispherical base).

describesa classic limit-cycle tendencyand is caused by a nonlinear
damping-in-pitchderivativeCmq. Figure 7 shows thenonlinearityin
the measured Cmq and the Huygens stability limit computed using
linear theory. This stability limit is calculated using the following
relationship:

Cmql D
CN ® ¡ 2CD

m D2
¯

IY

(1)

CN® and CD are obtained from the trajectory analysis. If Cmq is
above the stability limit, the motion amplitude will increase. How-
ever becauseCmq is decreasingwith increasingangle-of-attack,the
motion reaches a point where Cmq crosses the stability limit af-
ter which the model begins to become dynamically stable and the
motion amplitude tends toward a limit cycle.

After testing the Mars Micro probe, discussed in the next sec-
tion, it was suspected that the Huygens limit cycle of approximately
12 deg was related to the relative � at-base shape of this con� gura-
tion. Therefore, additionalmodels were constructedand tested with
hemispherical bases.12 The radius of the hemispherical base was
de� ned as originating at the model’s center of gravity. A typical
motion from one of these � ights is shown in Fig. 8, indicating that
although the motion is damping slowly the amplitude is decreasing.
This result indicates that Cmq is below the stability limit through-
out the angle-of-attackrange. Again the measured Cmq level for the
hemispherical-basedcon� guration, also shown in Fig. 7, con� rms
this result. In fact, no nonlinearityin the experimentallydetermined
Cmq was detected for the hemispherical-basedcon� guration.

Mars Micro Probe and Modi� ed Micro Probe with Flat Base
The two primary purposes of testing the Mars Micro Probe were

to determine the angle of attack and velocity as the probe im-
pacted the surface of Mars. Achieving these purposes meant de-
termining the magnitude of the limit cycle at impact. Although not
shown here, the models were dynamically stable throughout the

Fig. 9 Motion plot for modi� ed Mars Micro Probe (� at base).

Fig. 10 Pitch-damping derivative vs angle of attack (Mars Micro
Probe and probe with � at base).

angle-of-attackand Mach-number range tested, and no limit cycles
were found.

Although these test � ights were generally at lower Mach num-
bers than the other con� gurations because the impact velocity is
subsonic, it was suspected that the hemispherical base on this con-
� guration was the primary contributor to the model’s dynamic sta-
bility. This suspicion was derived from Sammond’s conclusions as
reportedin Ref. 1.Thereforeadditionalmodelswere constructedand
testedwith � at bases to investigatethis suspicion.At that time it was
also decidedto constructand test the modi� ed Huygensmodelswith
hemisphericalbases, and those results were shown and discussed in
the preceding section.

A typical motion plot for the � at-based Mars Micro Probe is
shown in Fig. 9, and once again the model is dynamically unstable
at the low angles of attack. These results and the results of the
Huygens models with and without � at bases certainly indicate that
the � at-base geometry is the primary cause of the low-angle-of-
attackdynamicinstabilityexperiencedby thisclassof con� guration.

The experimentally determined Cmq values for the Mars Micro
Probe and the � at-based modi� cation are shown in Fig. 10. Again
the Cmq limit values, calculated using Eq. (1), are shown in that
� gure con� rming that the Mars Micro Probe is dynamically stable
throughout the angle-of-attackrange and that the � at-based con� g-
uration tends to a limit cycle of about 12 deg.

Stardust Sample Return Capsule
Typical motion patterns, as obtained in the ARF, for the Stardust

SRC are shown in Fig. 11. These models had a limit cycle between
25 and 30 deg, and this did not appear to vary signi� cantly with
small changes in center-of-gravitypositions,Xcg=D of 0.33 to 0.37,
that were evaluated during this test program.13

The dynamic stability derivative data vs angle of attack for the
Stardustcon� guration,asmeasuredin theARF,are shown in Fig. 12.
Here we are only showing the positive side of the angle-of-attack
curve, and a mirror image side exists for the negative angles of
attack. Because the linear theory Cmq limit value is about ¡0.165
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a) Average Mach number = 1.4

b) Average Mach number = 2.4

Fig. 11 Typical Stardust SRC motion plots.

Fig. 12 Stardust SRC pitch-damping derivative vs angle of attack (as
measured in the ARF).

Fig. 13 Effect of Reynolds number on the Stardust SRC pitch-
damping derivative.

and only varies slightly with Mach number and angle of attack,
it would appear that this model should have become dynamically
stable some where above 8–13 deg. However, as mentioned, the
motion plots indicate a limit cycle between 25–30 deg.

Although the models used in the present tests were much
smaller than their full-scalecounterparts,the test Reynoldsnumbers
were signi� cantly higher than � ight because of the � ight altitudes
and/or the various planetary atmospheres. Therefore, as already
indicated, this con� guration was chosen to investigate potential
Reynolds-numbereffects in the Ames HFFAF.14 The resultsof those
tests are shown in Fig. 13 along with the comparisons of the ARF
results, shown in Fig. 12, for the same con� guration at signi� cantly
higher Reynolds numbers. These results illustrate two basic con-

a) Average Mach number = 1.4

b) Average Mach number = 3.5

Fig. 14 Typical Genesis SRC motion plots.

Fig. 15 Genesis SRC pitch-damping derivative vs angle of attack.

clusions. First, the pitch damping as measured in both facilities is
in good agreement. Second, there is a negligible Reynolds-number
effect on the dynamic stability of these blunt bodies, at least for the
range of Reynolds numbers tested.

Genesis Sample Return Capsule
Typical angular motions resulting from the free-� ight tests of

the Genesis SRC15 are illustrated in Fig. 14. Once again the total
angleof attack is plottedvsdistance� own. This � gure shows that the
subscale models of the Genesis SRC are also dynamically unstable
at low yaw levels, especiallyat Mach numbers below 2.5 (Fig. 14a).
However the rate at which the motion is undamped appears to be
a function of Mach number. Note the difference in damping trends
between the lower Mach number (Fig. 14a), which is at 35-degangle
of attack and still growing rapidly, whereas the model at the higher
Mach number (Fig. 14b) might be approaching a limit cycle of
approximately 20-deg angle of attack. It is possible that the model
at the highest Mach number is not approaching a limit cycle in
the classic sense; but that whatever the existing initial amplitude the
motion would have continued at about that level. Nevertheless, the
dynamic instability is obviously signi� cantly greater at the lower
Mach-number conditions, and for those conditionsno limit cycle is
apparent below 40 deg.

Figure 15 shows the experimentally measured pitch damping
derivative data vs angle of attack. The mathematical aerodynamic
model that originally existed within ARFDAS could not accurately
model this nonlinearity. However, using the sliding sectional � t
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option in ARFDAS, the general form of the pitch-damping deriva-
tive was input and form factored to best match the experimentally
measured trajectories. Plotted in this � gure are the relevant curves
from this form-factored � t along with the sectional � tting results.
The curves for the variousMach-number regimes represent the best
estimates of the pitch-damping derivatives over the angle-of-attack
range.

The linear theory dynamic stability limit for this model was
computed and is about ¡0.175 and only varies slightly with
Mach number and angle of attack. Therefore, if Cmq is less than
¡0.175, the model’s angular motion should damp and greater than
¡0.175 the motion should grow. The data shown in this � gure in-
dicate that the models are highly dynamically unstable at the lower
angles of attack possibly becoming stable between 8–15 deg and
then becoming unstable again at the higher angles for the lower
Mach numbers. However, the models remain stable at the higher
Mach numbers. This observation is consistentwith the motion plots
shown in Fig. 14, and there seems to be considerable similarity
with the Stardust con� guration discussed in the preceding section.
It is believed that the large dynamic instability associated with the
Genesis con� guration is at least partially caused by the forward lo-
cationof the centerof radius for theeffectivebase radius (see Fig. 5).
Therefore, it is suspected that if the distance between the model’s
c.g. and the location of the effective center of the base radius was
decreased the dynamic instability would also decrease.

Although no limit cycles were found experimentally for the
Genesis con� guration, the aerodynamics for this con� guration sug-
gests that potential limit cycles exist. Because the pitch damping
is a function of Mach number, there will be a different limit-cycle
amplitude for each Mach number. The potential limit cycles were
estimatedusingthe approachgivenin Ref. 3. This approachassumes
that the aerodynamics are not a function of Mach number. Hence
when the approachof Ref. 3 is applied, the potential limit cycle that
would occur at that Mach number is obtained. In the full dynamic
case with aerodynamics that depends on Mach number, the ampli-
tude will lag this limit-cycle amplitude. The limit-cycle amplitude
can be estimated from the following equation:

Z
®amp

0

"
CD ¡ CL®

C
¡
Cmq

¢³m D2

Iy

´#³
d®

ds

´
ds D 0 (2)

In general, the terms in the squarebrackets are a functionof angle
of attack. The slope of the lift coef� cient curve is only weakly de-
pendent on angle of attack and Mach number and hence is assumed
to be constant. The pitch-damping term is a very strong function of
angle of attack and must be considered.Therefore the experimental
pitch-damping data presented in Fig. 15 were � tted with a polyno-
mial from 0 to 14 deg angle of attack and splined to a constantvalue
for angles of attack greater than 14 deg. Using this form, the pre-
ceding equation could be integrated in closed form. The integral is
a higher-orderpolynomial that was solved numerically for the limit
cycle amplitude ®amp .

The limit-cycle amplitudes resulting from this computation are
plottedas a functionofMach number in Fig. 16.Here we see that the
predicted limit-cycle amplitude at the higher Mach numbers M » 5
is small, i.e., below 5 deg. The predicted amplitude increases with
decreasing Mach number, rising very rapidly below Mach number
»3.5. This predicted behavior is consistent with the � ight data as
shownin Fig. 14a,where theaverageMachnumberis1.4andalso for
the higher-Mach-numbercase, average M D 3:5, shown in Fig. 14b.

Precision of Cmq Measurements
The ability to determineCmq from free-� ight trajectorymeasure-

ments depends on several factors. Some of these factors are 1) the
precision to which the model’s angular orientation measurements
are obtained, 2) the magnitude of the angular motions, 3) the num-
ber of cycles obtained, 4) number of data points per cycle, 5) the
applicabilityof the aerodynamicmodel assumed in the Cmq expan-
sion vs angleof attackand Mach number, and 6) how much damping
or undamping is actually present in the motions.

The ability to determine the angular orientations is a function
of the con� guration being tested. For most free-� ight con� gura-

Fig. 16 Theoretical limit cycles.

tions with � neness ratio (L=D) of two or more, this measurement
precision is about §0.1 deg. However, for the blunt con� gurations
discussedin this paperwhere the � neness ratios are less than one the
measurementprecision is on the orderof §0.5–0.7 deg. In fact, even
to achieve this level of precision, considerableeffort was expended
to improve the existing angular orientation algorithms in CADRA.

For the present tests the motion amplitudes were signi� cant. In
general, the models launched at low angles of attack developed
larger angles, and those launched at higher angles either continued
to increaseor approacheda limit cycle.Therefore,the motion ampli-
tudes were large enough and changing signi� cantly such that Cmq
could be reasonably determined. This result was true even though
the measurement precision of the angles were degraded as a result
of the blunt low � neness ratio con� gurations.

Also, although the two facilities used for these tests were of dif-
fering lengths and number of measurement locations, it is believed
that adequate amounts of data were obtained in both, especially
because multiple � ights were analyzed simultaneously. Consider-
ing all of the preceding information it is estimated that the Cmq
levels are accurate to §0.25. This value is derived from probable
errors associatedwith the individual � ts to the experimentallymea-
sured trajectories and is consistent with the levels presented for all
of the con� gurations. Finally, it is certain that the angle-of-attack
and Mach-number trends shown for the various con� gurations are
good representations of their damping characteristics at least for
atmospheric chemistries that are consistent with air.

Conclusions
A seriesof blunt-bodyatmosphericentry shapeshavebeen tested.

These tests covered a Mach-number range of subsonic to high su-
personic0.7–3.5, Reynoldsnumbers from 0:27 £ 106 to 6:97 £ 106,
and anglesof attackup to 40 deg.All of thecon� gurationswith “� at”
bases demonstrated low-angle-of-attack dynamic instabilities, and
most of these culminated in limit-cycle motions. The two con� gu-
rations with hemisphericalbases did not exhibit these low-angle-of-
attack dynamic instabilities but were dynamically stable through-
out the angle-of-attack range. The tests for the effects of Reynolds
number on the Stardust con� guration indicate that these effects are
minimal, at least for the Reynolds numbers tested. The Genesis re-
sults,which covereda broaderrangeof Mach numbersand anglesof
attack than the other con� gurations,demonstrated that the dynamic
instability is highly dependent on Mach number.

The general conclusions can be summarized in the following
statements. First, these blunt atmospheric entry con� gurations tend
to have low angle-of-attack dynamic instabilities culminating in
limit cycles. Second, the afterbody shape causes the dynamic in-
stabilities. Hemispherical afterbodies with the radius located at
the model’s center of gravity eliminate the dynamic instability.
This conclusion is identical to Sammond’s conclusion in 1970
(Ref. 1). Third, the dynamicstabilityderivativesare a complex func-
tion of angle of attack and Mach number. At low Mach numbers
M < 2.5, some con� gurations, i.e., Genesis, might also be unstable



WINCHENBACH ET AL. 55

at high angles of attack. Fourth, the theoretical limit cycles for the
Genesis SRC were computed across the Mach-number range and
are consistentwith the experimentallymeasured motions. Fifth, the
effect of Reynolds number appears to be minimal for these blunt
bodies. Last, good agreement exists between the data obtained in
the U.S. Air Force Aeroballistic Research Facility and the NASA
Hypervelocity Free-Flight Aerodynamic Facility.
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