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Low-Speed Aerodynamics of a Planetary Entry Capsule

Frank Y. Wang,* Ozgﬁr Karatekin,” and Jean-Marc Charbonnier*
von Kdarman Institute for Fluid Dynamics, B-1640 Rhode Saint Genése, Belgium

Results of an investigation of the global aerodynamic coefficients and flow characterization around an Apollo-
style capsule model at low speed are presented. Flow features were ascertained quantitatively with laser Doppler
velocimetry, digital particle image velocimetry, and hot-wire measurements, as well as qualitatively by flow visu-
alizations. The study revealed a meandering vortex ring around the capsule, well-organized streamwise vortices
whose maximum vorticity increased in the recirculating wake before decaying farther downstream, as well as a
complex array of flow separation and reattachment features. A number of particularities in the flowfield have been
identified as potential candidates for triggering the onset of vehicle instability. Based on these findings, a modeling

approach is proposed.

Nomenclature
Cd = drag coefficient
Cl = lift coefficient
Cmy, = static moment coefficient about center of gravity
D = capsule maximum heat-shield diameter, m
f = oscillation frequency, Hz
1 = mass moment of inertia, kg-m?
e = freestream dynamic pressure, N/m?
R = local radius, m
S = projected heat-shield area, m?
Sr = Strouhal number of the wake
t = time, s
Uy = freestream velocity, m/s
u,v,w __ = velocity componentsin Cartesian coordinates, m/s
w2, v'2, w? = turbulent normal stresses, (m/s)?
u'v', u'w’ = turbulent shear stresses, (m/s)?
w = amplitude of the unsteady pitching moment
relative to its mean
X, Y, Z = Cartesian coordinates
o = angle of attack, deg
dCm, /0 = static pitching moment coefficient slope, 1/rad
Poo = freestream density, kg/m?
w = angular frequency of wake oscillation, rad/s

Introduction

HIS investigationis motivated by current international interest

in planetaryentry capsules, for example, the atmosphericreen-
try demonstrator (ARD) program! of ESA. The ARD capsule,which
was onboard the Ariane 503 flight, permitted ESA to gain invalu-
able operational experience in launching and retrieving a crewed-
type spacecraft, as well as a collection of flight data during various
phases of reentry. One of the prime objectives of the ARD program
is to compare the results from ground test simulation, computer
predictions, and actual flight data to validate the methodology of
extrapolation to flight. Research activities of this nature are very
important for ensuring the proper design and safe operation of cur-
rent and future planetary entry missions. For example, experience
gained from ARD activities would lead to greater confidence in Eu-
rope’s capability to develop manned space transportation systems
such as the Crew Transport Vehicle and Crew Return Vehicle that
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havebeen proposedas partof ESA’s contributionto the International
Space Station. To take advantage of existing data circulatingin the
public domain, the ARD was modeled after the Apollo capsule.
As a side contribution to the ARD activity, the present authors
have embarked on investigation of the flowfield around the
ARD/Apollo capsule as the necessary first step toward understand-
ing capsule aerodynamics, stability, parachute-wake interactions,
and other associated fluid dynamics issues related to the sub-
sonic/transonic phase of the entry.>~* Moreover, subsonic aerody-
namics of capsules has received a resurgence of interest due to the
requirementof maintaining subsonicstability in many of the upcom-
ing planetary sampling missions,’~'* sometimes without the benefit
of parachutes.’ To the best of the authors’ knowledge, this undertak-
ingrepresentsone of the few detailed flow surveysofarepresentative
capsule, and the present paper highlights the results'""'? to date.

Experimental Approach and Setup

Examination of Apollo test data in the subsonic/ransonic
range'>'* revealed that the force and moment trends are alike over
the surveyed Mach number range of 0.2-1.35, suggesting that as-
pects of the flow around the capsule could bear similarities through-
outthe quoted Mach numberrange. This observationtriggereda par-
allel study reportedin this issue by the presentauthors to investigate
the effect of compressibility on the global flow features around and
in the wake of the Apollo shape.!* The study was conducted at four
Mach numbers: from that of essentially incompressible, 0.5, 0.7,
t0 0.9, in a Reynolds number range of 10*~10° (based on the heat-
shield diameter D in Fig. 1). The results from the aforementioned
study indicated that sufficient similitude existed in the flowfield to
utilizelow-speedtests for extractingthe flow featuresathigherMach
numbers. Although Reynolds numbers attainable in these tests were
comparatively low relative to that of 107 in flight, the influence of
Reynolds number would be expected to be secondary as well, par-
ticularly in practical situationsin which the heat shield is facing the
freestream. In such cases, the presence of a very small radius at the
heat-shield edge would essentially fix a major portion of flow sepa-
ration. This parallel examination led to the notion of utilizing low-
speed testing, which is less cumbersome to operate and for which
more diagnostictools are available, to delineate the most salient fea-
tures of the flow during the terminal phase of a reentry capsule. The
terminal aerodynamics of the capsule was therefore conducted in
three incompressible flow facilities, L7, L7+, and L2A, at the von
Karmén Institute for Fluid Dynamics. The various characteristics
of the tunnels are described in Ref. 16. The model is of the Apollo
Command Module block I configuration with no protuberances,?
shown in Fig. 1. The 180-deg-angle-of-attack positionis defined as
shown in Fig. 1, with freestream direction being from left to right.
Using o = 180 deg as areference,a rotation in the counterclockwise
direction reduces the angle-of-attack value. Except for flow visual-
izations and moment measurements, a 30-mm capsule model was
supportedfrom the tunnel side wall with a 3-mm-diam cantileverrod
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Fig. 1 Scaled drawing of the model tested.
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Fig. 2 Force and momentcofficients of the Apollo capsule atlow speed.

affixed at the theoretical center of gravity position shown in Fig. 1.
For surface oil and lightsheet visualizations, a 2-mm rod spanning
the wind-tunnel test section was used to supportthe 30-mm capsule
model. For pitching moment measurements, a 50-mm model was
used in conjunction with an 8-mm transverse support through the
theoretical center of gravity.'*

Results and Discussion

Force and Moment Measurements

Lift and drag were measured with a two-component parallelo-
gram strain-gauge balance in the L2 A tunnel at a Reynolds number
0f6.0 x 10* and ablockageratio of 1.16% based on projectedfrontal
area. The associated maximum uncertainties in lift and drag coeffi-
cientsare = 0.013 and &+ 0.036, respectively. Pitching moment mea-
surements about the theoretical center of gravity, also conductedin
the L2A facility, were obtained with a torsion balance implemented
in a free-to-tumble rig.'"* The moment measurements were made
at a Reynolds number of 1.1 x 10° and a blockage ratio of 3.22 %.
The maximum uncertaintyassociated with the moment coefficient is
£ 0.004.The force and momentresultsare presentedin Fig. 2. In ad-
dition to providing global acrodynamictrends, these data facilitated
the selection of angle-of-attack cases for which a detailed flowfield
investigation was later made. For example, pitching moment data
revealed the stable trimmed positions, that is, where Cm., =0 with
a corresponding negative dCm., /da, to be at @ =40 and 165 deg.
Because o = 165 deg represents an orientation in which the heat
shield is facing the stream, a greater emphasis has been placed
on this case of practical interest during the flowfield investigation.
The connectionsbetween these global aerodynamic coefficients and
the flowfield investigationare presented subsequently where appro-
priate.

Flow Visualization

Surface oil and laser lightsheet tests were first employed for a
qualitative investigation of the flowfield. These experiments were
carried out in the L7 wind tunnel at a Reynolds number of 3.7 x 10*
and with a blockage of 2.76%. A mixture of lamp oil, petroleum,
titanium-dioxide, and oleic acid was used for the surface flow vi-
sualization. A 2-W argon-ion laser was used in conjunction with a
cylindrical lens to produce a simple uncollimated lightsheet. The
visualization tests were attempted for the complete range of angle
of attack. However, the flowfield was successfully visualized only
in the ranges of 10-110- and 150-170-deg angles of attack.

In the 10-70-deg angle-of-attack regime, that is, with the apex
of the capsule facing the stream, only the leeward side of the cap-
sule was noted to experience a broad range of change in surface oil
pattern, whereas those from the heat-shield and the windward sides
remained essentially unaltered. In this particularrange, strong fore-
body vortices similar to those found on aircraft or missile nosetips
began to form as the angle of attack increased from zero. These
vortices were well visualized as black voids in the lightsheet and
multiple separationlines in the surface oil pattern. For example, the
visualizationresults for « =40 deg, one of the stable trimmed con-
figurations, are shown in Fig. 3. Figure 3a is a lightsheet taken at
the locationimmediately behind the model and perpendicularto the
freestream in which the symmetric forebody vortex system com-
posed of primary and secondary vortices can readily be seen. The
recirculatingwake, visualizedin the lightsheetas a dark ring around
the capsule and connecting the streamwise vortices, is also seen in

Fig. 3a Lightsheet visualization at o =40 deg.

Fig. 3b Surface oil pattern on the heat shield at o =40 deg.
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Fig. 3d Surface oil pattern on the leeward side at o = 40 deg.

Fig. 3a.Figure 3bis the surface oil pattern on the heat shieldin which
the appearance of a recirculating wake is evident. The oil patterns
for the windward and leeward sides are shown in Figs. 3¢ and 3d,
respectively. Their similarity in appearanceto those typically found
on aircraft or missile nosetips is noted. At « =50 deg, the oil flow
visualization showed two symmetrically positioned foci patterns
appearing on the leeward side suggesting the occurrence of spiral-
type separation. At the same time, the lightsheet showed the dark
spots representing forebody vortices to be dramatically enlarged,
resembling the appearance of vortex breakdown. At @ = 60 deg, the
visualized flowfield characteristics were the same as those found at
50 deg, with the positions of the foci as revealed by oil flow visu-
alization moving farther along toward the apex of the capsule. At
70 <o <110 deg, streamwise vortices from the capsule were no
longer evident from the lightsheet, whereas the surface oil pattern
showed the formationoflargerecirculationbubblesover the leeward
side.

The oil patterns for the 150 <« < 170 deg range possess substan-
tial similarity and are exemplified by the case of « = 165 deg shown
in Fig. 4. These features are described as follows. At « = 150 deg,
separation lines associated with forebody vortices began to be dis-
cernible in the surface oil visualization, as typified in Fig. 4b. In
addition, two large Werlé-Legendre-type separated regions were

Fig. 4b Surface oil pattern on the upper side at o« =165 deg.

Fig. 4c Surface oil pattern on the lower side at a =165 deg.
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found on the upper cone portion behind the heat shield. As the an-
gle of attack increased, the area of the Werlé-Legendre separated
flow progressed toward the apex. On the heat shield, a stagnation
pointwas apparent,from which the oil streaksextendedradially out-
ward. In the lower cone portion, the appearance of a reattachment
line from the apex to the heat shield was noted (Fig. 4c).

Time-Averaged Center Plane Velocity Surveys

Laser Doppler velocimetry (LDV) measurements also were per-
formed in the L7 tunnel, at a Reynolds number of 3.7 x 10* with
2.76% blockage, and for the half of the model opposite the support-
ing rod. A TSI two-component backward scattering LDV system
was used to characterize the time-averaged flowfield. The system
was set to collect either 2048 samples per measurement location or
as many data points as possible within a 90-s window, depending
on the condition first reached. In the latter scenario, a minimum
of 800 data points were collected at each measured location. Seed
particles on the order of 1-um diameter were generated by vapor-
izing oil droplets introduced through the blower into the tunnel
diffuser. Complete three-dimensional wake flows were mapped out
at three angles of attack for a distance up to two capsule diameters
downstream. However, the flow diagnosticsaroundthe capsule body
were restricted to # and v components. The LDV raw data were pro-
cessed with a transit time weighting bias correction scheme, and the
commercial software Tecplot was utilized for data visualization.
The uncertainty in the measured velocity is 1%.

The LDV measurements were taken along the symmetry plane of
the capsule at « =90, 100, 110, 123, 135, 147, 155, 165, 175, and
180 deg. These surveys had spatial resolutions in the Y direction of
0.5 mm near the capsule surface and, depending on the particular
circumstance, 1-2 mm in regions inside and 2-3 mm outside of the
recirculating wake. The spatial resolution in the X direction ranged
from 2-3 and 3-10 mm inside and outside of the recirculating re-
gion, respectively. Typical results from these surveys are shown in
Fig. 5 in which the streamtrace feature (computed from a predictor-
corrector integration algorithm) of the data visualization software
was used to delineate the recirculating wake. The more comprehen-
sive three-dimensional survey at & = 165 deg conclusively showed

LO0
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that the recirculating pattern seen in Fig. 5 is in fact a slice through
a vortex ring. The flow from one side of the capsule was observed,
for example, in the o =165 deg case, to first shed into the near
wake from the upper cone part and then remarkably impinge on the
lower side. The accompanied surface oil flow visualization, that is,
Fig. 4c, also supports this notion inasmuch as a reattachment line
is seen along the center plane in the underside of the capsule. The
reattached flow then proceeded toward the cone-sphere junction,
merged with the shear layer separated from the lower portion of the
heat-shield edge, and subsequently streamed again into the wake.

The center plane LDV datarevealed a significant bias in the spa-
tial distribution of turbulence intensity {expressed as +/[+(u2+
v"2)]/Ux} and the normalized Reynolds stress, that is, u'v’/
U2, in parts of the flow. For all angles of attack examined, the
wake closure regions exhibited very large turbulence intensity and
normalized Reynolds stress on the orders of at least 25% and 0.03,
respectively. These high values are not unexpected inasmuch as this
is the region where all of the turbulent shear layer fluids impinge on
each other and then are abruptly diverted. For angle-of-attack cases
that produce high lift, in addition to the vicinity of the wake closure
location, these high levels of turbulence intensity and normalized
Reynolds stress are also found on one side of the recirculatingwake
only. For example, in the case of o =165 deg, turbulence inten-
sity and Reynolds stress are shown in Fig. 6 (with the lightly drawn
streamtraces superimposed) in which their high contourlevelsin the
wake closureand lowerrecirculatingwake regions are readily noted.
The same biasis foundina =123, 135,147,and 155 deg, incidences
correspondingthe capsule experiencinghigh lift. The data for arep-
resentative low or nonlifting case, such as those of @ = 100 deg, are
shown in Fig. 7. The turbulence intensity and Reynolds stress are
distributed rather evenly on the upper and lower sides of the wake,
with both quantities having their highest values around the wake
closure locations.

A compilation of the stagnation locations in the wake at various
angles of attack is given in Table 1. The variables X and Y are the
coordinates parallel and normal to the freestream direction with
respect to the capsule apex for each angle of attack. The pressure
drag is the predominant drag componentin a blunt body and should
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Fig. 5 Representative time-averaged, center plane velocity surveys at various angles of attack.
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Table1 Time-averaged wake stagnation
point locations

«, deg X/D Y/D

90 +1.01 -0.15
100 +1.01 —-0.16
110 +0.98 -0.19
123 +0.55 —0.88
135 +0.46 -0.87
147 +0.61 -0.82
155 +0.88 -0.76
165 +1.11 —062
175 +1.32 -0.31
180 +1.36 —-0.13

0.75

Level 1 2 3 4 N 6 7 8
Turbulence Intensity 10.00 14.00 17.50 21.00 25.00 28.00 30.00 32.00 %
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Fig. 6a Turbulence intensity for a = 165 deg.
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manifest itself in the size of the wake in a manner consistent with
the two-dimensional counterpart. Consequently, the dimension of
the recirculating wake along the model center plane would then
provide a qualitative indication of the drag. Similarly, the vertical
position of the stagnation point in the wake relative to the model is
indicative of the upwash or downwash that existed, thus associated
with the amount of lift experienced by the body. The migration of
the wake closure point vs angle of attack is well correlated with drag
and lift trends shown in Fig. 2, which supports the aforementioned
notion. In the « = 180 deg case, the wake stagnation point is noted
to exhibit some degree of asymmetry that could be due to reasons
ranging from the %—deg uncertainty in setting the model angle of
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Fig. 7a Turbulence intensity for o = 100 deg.
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attack, to slightmodel imperfection,to the incoming freestreamflow
being less than perfectly uniform. The exact cause of the observed
asymmetry was not pursued.

Time-Averaged Crossflow Velocity Surveys

The angles of attack in the neighborhoodof 165 deg alsorepresent
typical capsule orientationsprior to parachutedeployment. Compre-
hensive three-dimensional LDV measurements were consequently
made for the model at @ =147, 155, and 165 deg to ascertain the
crossflow characteristics for these configurations. For the 147- and
155-deg-angle-of-attack cases, the surveys included three stations
up to two capsulediameters downstream, with the middle locationat
the plane of wake closure. In the @ = 165 deg case, the same two cap-
sule diameter downstream survey limit encompassed 10 crossflow
measurement planes. To obtain three-dimensionaldata with a two-
componentLDV system, uv and uw measurements were made sepa-
rately at a given location. A constantspatial resolution of 2 mm was
employed in these measurements. Typical results from these cross-
flow surveys are shownin Fig. 8, where the projection of the capsule
(with apex locationat the origin) on the measurementplane is super-
imposed for reference. The turbulence intensity, computed as
VI3 W?+v?+w?)] /Uy, is again found to have much higherlev-
els in the lower portion of the wake. The normalized Reynolds
stresses, #'v' /U2 and w'w’/ U2, although both also have their re-
spective maximum values in the lower half of the wake, did not
occur in the same general area. These trends were found consis-
tently for the three angle-of-attackcases in which crossflow surveys
were made.
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The maximum vorticity within the convecting vortices, computed
by central differencing crossflow velocity data and normalizing by
Uy /D, are summarizedin Fig. 9. An interesting feature is the trend
of increasing streamwise vorticity of the trailing vortices as they ap-
proachedthe rear stagnation point in the wake. For each of the three
angles of attack investigated, maximum streamwise vorticity was
found to increase in strength and reach the greatest value near the
crossflow plane of wake closure first, before subsequentlydecaying,
aresult that would impact parachute deployment strategy. From the
165-deg crossflow surveys, the trajectory of the streamwise vortex
core can also be inferred (Fig. 10). The vortex center here has been
approximated as the location of zero swirl, as shown in Fig. 10. In
passing through the recirculating wake, the trajectory of the stream-
wise vorticesis apparently significantly affected by the surrounding
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Fig. 10 Trajectory of the o =165 deg streamwise vortices as deter-
mined from the crossflow pattern.

convective flow, as well as the mutually induced velocity field. As
a consequence, streamwise vortices are the closest to each other in
the vicinity of wake stagnation point and subsequently diverge and
descend farther.

Instantaneous Velocity Surveys

Instantaneous velocity measurements along the plane of symme-
try for @ =147, 155, and 165 deg were obtained with the digital
particleimage velocimetry (DPIV) technique whose setup included
a BMI' Nd:Yag laser (with two cavities each pausing at 10 Hz)
and a TSI 640 x 480 pixels cross-correlation camera. These mea-
surements were made in the L7+ tunnel at a Reynolds number of
3.1 x 10* and at 0.7% blockage. Because of the problem of intense
light reflection from the model, DPIV measurements were made



WANG, KARATEKIN, AND CHARBONNIER 665

behind the body only. Such a restricted data field was nonetheless
large enough to have contained a sufficient portion of the vortex
ring, as shown in the following o = 165 deg results. These images
were treated with a Gaussian cross-correlationalgorithm with sub-
pixel interpolation to achieve a particle displacementresolution of
0.1 pixel. An interrogation window of 48 x 48 and overlapping of
13 x 16 pixels were used in reducing the DPIV data, resulting in
35 x 35 vectors covering an area represented by 2.5 x 2.3 capsule
diameters. The spatial resolution of these measurements is, thus,
taken as 2.21 x 2.03 mm. The uncertainty in DPIV measurements
is mainly from resolving the minimum particle displacement within
agiveninterrogationarea thatis taken as 0.1 pixel. This resolutionin
pixeldisplacementthen yieldsan uncertaintyof 4% in freestreamve-
locity. Asimposed by the pulse frequency of the Nd:Yag laser, DPIV
data were acquired at 10 Hz, thatis, 10 cross-correlatedimages. Al-
though this sampling rate, as concluded from hot-wire surveys to
be described later, was insufficient to resolve fully the temporal
evolution of the wake, very insightful information was obtained.
The DPIV data revealed a meandering vortex ring in the wake.
Correspondingly,a substantial movement in the wake closure point
was noted. Some instantaneous data from these tests are shown in
Figs. 11a-11d, in which streamtraces were again utilized to visual-
ize the vector fields. Note that the rear stagnation point in Fig. 11b
was located at (X/D =0.75,Y/D =0.11), representing a move-
ment of 0.73 capsule diameters in the vertical direction from its
time-averaged position. Inasmuch as the shape and the evolution
of the wake would provide a heuristic indicator of the forces on
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the body, the observed event suggests the capsule is experiencing
unsteady loading.

Another feature noted was the occurrence of multiple corotating
swirling structures at the lower portion of the wake as shown in
Figs. 11c and 11d. Given the spatial resolution of the vector field,
small-scale vortices stemmed from separation at the cone-sphere
junction would not be resolved in these DPIV images. A question
that then arises would be whether these swirling features are asso-
ciated with shedding of the vortex ring. The available data do not
support the notion that they were, as multiple vortices such as those
shown in Figs. 11c and 11d were found only at the lower half of
the wake. If vortex rings were shed, it should reveal itself as two
(or the multiple of) additional swirling patterns on both upper and
lower parts of the wake. The additional swirl structure found is be-
lieved to be from the vortex loop developed as the consequence of
the capsule experiencing unsteady lift. As the wake closure point
oscillated, a corresponding change in lift was associated. A new
starting vortex was subsequently deposited into the wake, analo-
gous to the wake evolution of an impulsively driven blunt body
shown in Ref. 17. Because the three angle-of-attackcases for which
DPIV surveys were made, that is, &« = 147, 155, and 165 deg, were
positive lifting cases, additional counterclockwise swirling patterns
were found only in the lower part of the wake support for the pro-
posed mechanism. The shedding of the starting vortices from the
capsule would also be manifested as high levels of turbulence in-
tensity and Reynolds stresses in the wake. The high values in these
turbulent quantities distributed at the lower portion of the capsuleas
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Fig. 11 Sample instantaneous DPIV images from the a = 165 deg center plane survey.
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seenin LDV data were consistent with this notion and may be taken
as further circumstantialevidence of the proposed flow description.
In the event of vortex ring shedding from the recirculating wake, no
such spatial bias in the aforementioned statistical quantities would
be anticipated.

On the basis of the vortex-filament consideration, a stable recir-
culating wake behind a blunt body cannot exist unless it is per-
fectly circular.!® Any deviation from this ideal shape would cause
the various parts of the ring to experience different induced veloci-
ties thereby deforming it continuously. The vortex ring behavior is
further complicated by the separated shear layer of the heat-shield
edges, and the streamwise and starting vortices. These neighboring
structures provide mechanisms by which the recirculating wake can
change its shape via exchanging fluids with the surrounding.

Spectral Characteristics

Center plane hot-wire measurements throughout the near wake
of the o = 165 deg case were thus performed in the interest of deter-
mining whether any parts of the flowfield exhibited some degree of
periodicity. A single-component,5-m tungsten hot-wire probe de-
velopedin-housewas used. The study was carried outagainin the L7
tunnel at a Reynolds number of 3.7 x 10* and a blockage of 2.76%.
Acquisition of the hot-wire data was performedover 1 s and fed to a
Hewlett-Packard signal analyzer. When individual frequency spec-
trum displays were viewed, no distinguishablepeaks were observed.
However, notable frequencypeaksemerged when theserecords were
averaged. During the o« = 165 deg investigation,2000 such spectral
samples were used in the averaging process at each measurement
location and plotted as the power spectra density vs frequency. The
investigationrevealed that the vortex ring meandered at the flapping
motionfrequency of the recirculatingwake. Although2000 hot-wire
records were used in each measurement locationin the ¢ = 165 deg
investigation, 200 samples were later revealed to be sufficient for a
dominate frequency in the flow to emerge. Therefore, 200 samples
were used in the subsequentinvestigation.

For other angles of attack, the hot-wire was placed at approxi-
mately 3 mm horizontally behind the wake closure point indicated
by the mean velocity field. The probe was then traversed vertically
to ensure the consistencyof detected frequency. Except for the range
of o = 60-120 deg, a very distinct dominant frequency is found for
each angle of attack examined. Within the o =60-120 deg range,
the amplitude of the frequency peak is reduced compared to back-
ground turbulence, and its variance is increased. Nevertheless, a
characteristic frequency is still identifiable. Examples of the spec-
trum characteristicsare shown in Fig. 12. The data were reduced to
Strouhal number (with a maximum uncertainty of +0.01), and their
variation with angle of attack is shown in Fig. 13.

Because the probe was located in close proximity to the steady-
state wake closure point, the measured frequency represents twice
that of the wake flapping motion. The comprehensive hot-wire sur-
veys in the 165-deg-angle-of-attack case, which included measure-
ments in the underside of the capsule, showed that reattachment of
the wake flow occurs semiperiodically at the same frequency as the
wake oscillation. The dynamics of the reattached wake flow, there-
fore,inducesan externalmomentand may be modeled by the method
of Ref. 19, which is a combined computational-experimental study
of flow past a freely rotatable square cylinder. In Ref. 19, the wake is
considered as an external forcing moment and the quasi-steady ap-
proach exhibited good qualitative agreement with the experiments.
In the case of negligible aerodynamic damping, which typically is
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an appropriate assumption for capsules around trimmed positions,
the rotational response of the capsule is then given by

d’a dCmy,
IF + gSD

a=qSD-W-Cmg -cos(wt) (1)

The inability to experimentally quantify W is for the time being cir-
cumvented by using the computationalresult of Ref. 19 at the same
Reynolds number range. As the low-speed pitching moment and
wake Strouhal number values are representative of the entire sub-
sonic regime,'’ they have been taken from the incompressible data
presented herein. Such an exploratory calculation indicates that, at
a typical parachute deployment condition of 14.7-km altitude and
Mach number of 0.75, a limit cycle of 2-deg oscillation would start
to set in for an Apollo command module boilerplate configuration?
having the center of gravity location shown in Fig 1. The amplitude
of the oscillationwill grow directly with the increasingdensity asso-
ciated with flight descent. At the same time, the ratio of the capsule
natural frequency to wake excitation frequency, expressed as

fcapsule \/l(acmcg/aﬂl)lpoo D5 2)

fwuke excitation 81 Sr?
reaches 0.28. The two frequencies are, thus, within the same order
of magnitude of each other. It remains a subject of further study to
determine the critical ratio for which a synchronization,21 otherwise
known as lock-in type of phenomenon, would occur, which could
then set the body into autorotation.

Conclusion

The study of the incompressible flowfield around an Apollo cap-
sule model has been presented. Based on a statistically meaningful
sample size, the time-averagedflowfield is found to be characterized
by a vortex ring around the capsule and the presence of streamwise
vortices. Unsteady measurements delineated instantaneous struc-
tures of the wake flow and revealed the existence of a well-defined
Strouhal number.

The sheddingof vortexring, as commonly observedin blunt-body
wakes at lower Reynolds number, did not appear to have occurred,
judging from the present information. Instead, the data are more in-
clined to suggest the continuouspresence of an unsteady vortex ring
around the capsule and the shedding of starting vortices as the body
experiences unsteady lift. It is conjectured that the Strouhal number
foundis associated with the meanderingof the vortex ring around the
capsule, as well as flow reattachment of the body. Inasmuch as the
stability of the wake is inevitably linked to the forces on the body,
unsteadiness in any of the aforementioned flow structures could
provide a source of unfavorable excitation to the capsule and could
cause the onset of instability. The reattached wake flow as illustrated
in the o =165 deg case could also conceivably interfere with the
separationprocess at the sphere-cone junction, thereby affecting the
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loadingon the vehicle. Additional experiments,along with unsteady
numerical computations, are underway to further quantify the flow-
field impact on the various aerodynamic coefficients. The results
of the current endeavor complemented the existing global subsonic
aerodynamic quantities of the Apollo capsule.!": %> Moreover, the
detailed flow documentation provided a valuable database for val-
idating and guiding the simultaneous numerical simulation effort
being carried out on the same geometry elsewhere. Such a database
is of interest not only in the context of the ARD program, but for
other planetary entry missions that demand accurate predictions of
certain low subsonic flight qualities, as well as the near-wake char-
acterization of a generic sphere-cone blunt lifting body.
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