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the pitchingmoment showeda signi� cant dependencyonÁ. The � n-
less body is stable at low ® and becomes unstable at higher ®. The
� nned body data show that the most stable con� guration is the C
con� guration and the least stable is the £ con� guration. These data
show a signi� cant broadening of the pitching moment data based
on the aerodynamic roll angle at the highest angles of attack.

Also shown on Figs. 2 and 3 are data from a theoreticalprediction
formulated by Jorgensen for � nless slender bodies.6 Comparison
of the � nless CN data with the theoretical prediction shows good
agreementover the entire ® range shown. Comparison of the � nless
CLM datawith thepredictionshowsgoodagreementfor® ¸ 30 deg.
Below 30 deg, however, the predictionand experimentaldata do not
agree. The data show that our con� guration is much more stable at
low ® than the theory predicts. Our present data also show more
stable behavior at low ® than do other experimental data.6;7 The
reason for this discrepancy is not quite clear but may be caused by
a number of factors. Three dynamic considerations that may lead
to differences are as follows: 1) The � neness ratio for our model
was nearly double that of previous researchers,2) the Mach number
(0.15) was signi� cantly lower than the lowest Mach number for
which previousdata was found (0.6),6;7 and 3) the Reynoldsnumber
was also lower than for previous work. Because of the repeatability
of our measurements and the good comparison with other data and
prediction for the normal force coef� cient and the pitching moment
coef� cient above ® D 30 deg, we are quite con� dent in our data.

Figures 4–6 show the associated out-of-plane loading for the
� nned and � nless body. The data gathered in the out-of-planechan-
nels were not nearly so repeatableas the in-plane.Other researchers
have arti� cially tripped the � ow on one side of the body to estab-
lish a repeatable vortex formation, and subsequently, a repeatable
out-of-plane loading. Arti� cially tripping the � ow was not done in
this study. It was desired to let the body vortices form naturally and
examine the magnitude of the loading that results without arti� cial
protuberances. The data presented in Figs. 4–6 are the results of
a single representative run. These data show the magnitude of the
out-of-plane loading at the various ® and Á.

Figure 4 shows the signi� cant variations observed in the side
force coef� cient CY. For this geometry and conditions, the side
force coef� cient reaches magnitudes of approximately 20% of that
of the normal force coef� cient. This is true for both symmetric
con� gurations (Á D 0; 45, and 90 deg) as well as the asymmetric
cases (Á D 22:5 and 67.5 deg). In fact, the side force does show
a dependence on the aerodynamic roll angle at the lower angle of
attack. However, the spread of the side force data is so large at the
high angles of attack that the effect of the roll angle is lost. Overall,
the data show a quasi-maximummagnitudeof the side force at each
angle of attack.

Conclusion
High-® aerodynamics of an AMRAAM body at low speed have

been presented. The Reynolds number and Mach numbers for the
present study were 8:72 £ 104 and 0.15, respectively, and the data
are important for preliminary design and prediction of � ight char-
acteristics of slender bodies. Data for the normal and side force
coef� cients and all three moment coef� cients are shown for a slen-
der body with and without wings and tail � ns, at � ve roll angles,
and over a range of ® from 0 to 70 deg.
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Introduction

A REENTRY capsule is shaped to be blunt so as to survive
the intense aerodynamic heating in the hypersonic portion of

the � ight. However, during the transonic and subsonicphases of the
reentry at what might be considered as off-design conditions, the
vehicle faces a more pronouncedstability and control problem. The
dynamic vortex formation typical of the blunt-body wake � ow in
the aforementionedspeed regimesproducesunsteadyloadingon the
vehicle and can sometimes, thereby, affect its handling character-
istics severely. It is, therefore, important to determine the stability
characteristics of the vehicle so as to ensure timely and proper de-
ployment of parachutes prior to the onset of instability, as well as
to obtain a thorough description of the � ow� eld to understand the
associated � uid mechanics. The importance of and dif� culties in
characterizingthe unsteady wake of reentry capsules are illustrated
and discussed further in Ref. 1.

Using a nonoscillating Apollo capsule as a representative case,
this Note provides experimental evidence that the capsule incom-
pressible wake � ow is characteristic of the entire subsonic regime
(Mach 0–0.7). Therefore, detailed � ow diagnosticsof the capsule at
low speed,where they can be carriedout more readily,couldbe very
bene� cial in obtaining qualitative information regarding the causes
of capsule instability in transonic � ow. The experiments focusedon
the comparison of global aerodynamic quantities and on the � ow
structures of an Apollo capsule of boilerplate block I con� guration
in the incompressible,high-subsonic,and transonic regimes.

For a two-dimensional symmetric or three-dimensional axisym-
metric body in free � ow at zero lift, the associated global time-
averaged wake characteristics are dependent on the drag exerted
by the body inasmuch as this quantity represents an integral of the
wake motion. In the case of a lifting body, it is expected that the lift
would play its role and manifest itself ultimately in the wake as well.
Some insight into the � ow around the bodycan also be derived from
surface pressure measurements,whose values re� ect the initial dis-
tribution of vorticity shed into the wake. With the aforementioned
in mind, the test series was designed to acquire the global aero-
dynamic quantities, lift, drag, and moment coef� cients, about the
center of gravity at four different Mach numbers. The investigation
includedacquisitionof surfacepressuredata as well as visualization
around and in the near wake of the capsule. In addition,the temporal
characteristic of the � apping wake motion was mapped out. Four
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wind tunnels were used in this endeavor. Information related to the
experiments, including precautions taken in minimizing the inter-
ferencewith the wake � ows, are found in Ref. 2. Data were acquired
at Mach numbers from 0 (incompressible) to 0.9, with the associ-
ated Reynolds number based on the heat-shield diameter spanning
from 104 to 105 . The Reynolds number range attained is narrow and
low with respect to in-� ight values on the order of 107. However,
Reynolds number in� uence is believed to be secondary,particularly
for practical cases in which the heat shield faces the freestream, so
that a substantialpart of the separationwould be essentially� xed by
the small radius present at the sphere–cone junction.The � ndings in
this Note are, therefore, consideredgeneric enough to be applicable
to most planetary capsules.

Results and Discussion
The force and moment measurements are summarized in

Figs. 1–3. The force data at various Mach numbers exhibit many

Fig. 1 Lift coef� cient.

Fig. 2 Drag coef� cient.

Fig. 3 Pitching moment coef� cient about center of gravity (c.g. located
longitudinallyat 0.636D from the theoretical apex and 0.058D above the
axis of symmetry).

of the same trends. On the other hand, the pitching-momentdata at
Mach 0.9 reveal a signi� cant departure from the data obtained at
lower Mach numbers. The data, therefore, suggest that the global
wake features are similar irrespective of compressibility effect at
least up to Mach number of 0.7. For practical situation in which the
heat shield is facing forward, the statically stable position, that is,
Cmcg D 0 with a negative@Cm cg =@®; is seen to decreasefrom165 deg
at Mach 0 to 153 deg at Mach 0.9. Nevertheless, the general heat-
shield forward orientationis maintained,as well as the similar trend
of decreasing Cm cg .

The surfacepressuredistributionalong the center plane was mea-
sured at various angles with the heat shield facing forward. Repre-
sentative results taken from ® D 155 deg are shown in Fig. 4. The
pressurecoef� cients have been normalizedwith that of the theoreti-
cal value at the stagnationpoint Cp0 . The data again exhibit similar
behavior at different degrees of compressibility.

The � ow� elds around and in the near wake of the capsule at
various angles of attack were mapped in greater detail in the incom-
pressible� owregime.Three-dimensionallaserDopplervelocimetry
(LDV) surveys were made up to two heat-shield diameters down-
stream for the model at ® D 147, 155, and 165 deg. Additional ve-
locity measurements along the plane of symmetry were made with
LDV and particle image velocimetry (PIV) at other angles of attack
ranging from 0 to 180 deg. The results of the � ow mapping, which
have been in part documented in Refs. 3 and 4, show an array of
complex wake motion including separationand reattachmentof the
wake � ow around the body. Because pressure drag is the predomi-
nant componentof the total drag in a bluff body and would manifest
itself in the size of the circulating zone, the dimension of the wake
along the symmetricplane should providea qualitativeindicationof
the drag. Similarly, the vertical position of the wake rear-stagnation
point should be indicative of the downwash or upwash in the wake
and, thus, should be associated with the amount of lift experienced

Fig. 4 Pressure distribution along the model center plane at ® =
155 deg.

Fig. 5 Comparison of the mean wake shape at ® = 155 deg.
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Fig. 6 Comparison of computational � uid dynamics results at Mach 0.8 (Ref. 5) and incompressible � ow LDV data.

Fig. 7 Strouhal number detected in the vicinity of the wake closure
point.

by the body. Using this basic premise, the wake dimensions in the
plane of symmetry can be correlated with the global force and mo-
ment characteristics of the capsule, thereby providing a mean of
evaluating the unsteady loading on the capsule by unsteady mea-
surements in the wake.3;4 In the compressible � ow regime, due to
hardwareconstraints,investigationon thewake sizehas been limited
to schlierenvisualizationfor cases in which the heat shield faces the
freestream. Within the resolution of determining dimensions from
photographs, the shape of the shear layers, which also character-
izes the size of the turbulent wake, is seen to be independentof the
compressible � ow range coveredby the current investigation.To il-
lustrate this point, the shapes of the shear layers in the compressible
and incompressibleregimes are shown in Fig. 5. The squares, repre-
senting the centerlineof the shear layer as revealed in the schlieren
photograph,are superimposedonto the turbulenceintensitycontour
mapped at low speed.The data clearly indicate similar wake sizes in
both compressibleand incompressibleregimes.Because theCd and
Cl trends for the forward-facingheat shield are similar for the vari-
ous Mach numbers investigatedand because the shapes of the shear
layers are alike, the locations of the wake rear-stagnationpoints are
construed to be similar. Further circumstantial evidence to support
this notion is found in Ref. 5, from which the computedwake � ow of
an Apollo-style capsule, that is, the Atmospheric Reentry Demon-
strator of ESA, at transonic � ight condition is taken to compare
with the authors’ low-speed LDV data. The comparison is shown in
Fig. 6, and the � ow� eld similarity is noted.

Low-speed PIV experiments showed that there exists an oscilla-
torymotion in the wake’s rear-stagnationpoint.Becausetherewould
be a coupling between the near wake and the body, as postulated
earlier, the oscillatorybehavior of wake’s rear-stagnationpoint can
then be takenas indicativeof the magnitudeas well as the frequency
of the unsteady loadingactingon the vehicle.The characteristicfre-

quency associated with the rear-stagnation point meandering was,
thus, investigated. The results are presented in Fig. 7. The general
trends in Strouhal number variation vs angle of attack at various
Mach numbers are similar, although there are notable differences
elaborated in detail in Refs. 2 and 4. With regard to the heat-shield
forward attitudes, although the magnitudes of the nondimensional
frequencies in the two � ow regimes are somewhat different, that is,
in general, a higher Strouhal number with increasingMach number,
the variation with ® is nevertheless similar, particularly around the
trim angles.

Concluding Remarks
The accumulated data suggest that suf� cient similitude exists in

the capsule’s incompressible and compressiblewake � ows and that
transonicstabilitycharacteristicsare intimated in low-speedtesting.
The similarity is particularly favorable for orientations of practical
interestwhen the heat shield is facing the freestream.The dynamics
of bluff body wake � ow and its in� uence on the capsule stabil-
ity in incompressible� ow may, thus, reveal qualitative information
about stability at higher subsonic Mach numbers. Simulations of
this nature, in an environmentwhere visualizationand modern opti-
cal measurement techniquescan be carried out more readily, is also
helpful in devising strategies to modify the wake behavior.
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