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Supersonic wind tunnel testing of Viking-type 0.8 m Disk-Gap-Band (DGB) parachutes was conducted in the
NASA Glenn Research Center 10°x10° wind-tunnel. The tests were conducted in support of the Mars Science
Laboratory Parachute Decelerator System development and qualification program. The aerodynamic
coupling of the entry-vehicle wake to parachute flow-field is under investigation to determine the cause and
functional dependence of a supersonic canopy breathing phenomenon referred to as area oscillations,
characteristic of DGB’s above Mach 1.5 operation. Four percent of full-scale parachutes (0.8 m) were
constructed similar to the flight-article in material and construction techniques. The parachutes were
attached to a 70-deg sphere-cone entry-vehicle to simulate the Mars flight configuration. The parachutes were
tested in the wind-tunnel from Mach 2 to 2.5 in a Reynolds number range of 2x10° to 1x10°, representative of
a Mars deployment. Three different test configurations were investigated. In the first two configurations, the
parachutes were constrained horizontally through the vent region to measure canopy breathing and wake
interaction for fixed trim angles of 0 and 10 degrees from the free-stream. In the third configuration the
parachute was unconstrained, permitted to trim and cone, similar to free-flight (but capsule motion is
constrained), varying its alignment relative to the entry-vehicle wake. Non-intrusive test diagnostics were
chosen to quantify parachute performance and provide insight into the flow field structure. An in-line load-
cell provided measurement of unsteady and mean drag. Shadowgraph of the upstream parachute flow field
was used to capture bow-shock motion and wake coupling. Particle image velocimetry provided first and
second order flow field statistics over a planar region of the flow field, just upstream of the parachute. A
photogrammetric technique was used to quantify fabric motion using multiple high speed video cameras to
record the location in time and space of reflective targets placed on the canopy interior. The experimental
findings including an updated drag model and the physical basis of the area oscillation phenomenon will be
discussed.

Nomenclature

d Capsule diameter
D, = Parachute nominal diameter

x/d = Non-dimensional trailing distance measured from capsule to parachute band leading edge
da/D, = Capsule to parachute nominal diameter ratio
Re = Reynolds number
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A0 = Frequency of area oscillations

A, = Projected area variation

trr = Time to full inflation

t* = Non-dimensional time

(0] = Dynamic Pressure

DGB = Disk Gap band

FSI = Fluid Structure Interaction
CFD = Computational Fluid Dynamics
MSL = Mars Science Laboratory

PIV = Particle Image Velocimetry
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he Mars Science Laboratory (MSL) is NASA’s next [ 4 ,s >
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The MSL EDL system leverages the technologies and E B o]

architectures developed for Viking, MER and Phoenix m
missions and pushes the envelope of the existing heritage
in terms of the induced aero-thermodynamic environment
2. The MSL EDL system utilizes a lifting-body entry,
active RCS control, 4.5-m entry-vehicle, 21.5-m meter
supersonic parachute, and a retro-propulsive terminal descent system with a tethered touch-down’ (Fig. 1). The
resultant architecture yields an error ellipse of 10 km from the designated surface target, truly advancing the state-

of-the-art **

Fig 1. MSL descent and landing sequence indicating
the parachute function in the heat shield separation
even and power-descent initiation'’.

The parachute decelerator system is a major element of the MSL EDL system providing a highly scalable,
volume, and mass efficient source of aerodynamic drag. The MSL parachute is a 21.5-m nominal diameter Viking
heritage disk-gap-band design (DGB) °. The Viking program qualified a 16.1-m nominal diameter DGB parachute
over a range of deployment conditions up to and including 750 Pa and Mach2.2"%°. All NASA Mars missions since
the Viking Lander have flown DGB’s less than 16 m in diameter and deployed at less than Mach 2, to take
advantage of the existing supersonic qualification'®. MSL, however, will fly a 21.5-m parachute deployed up to
Mach 2.3, a departure from the existing heritage qualification. Moreover, the MSL parachute will spend up to 10
seconds above Mach 1.5, an area of concern due to a known aerodynamic instability that has been observed on
multiple flight and wind tunnel tests of DGB’s deployed above Mach 1.5 1213 This instability, commonly referred
to as “area oscillations” by the parachute community, is a supersonic canopy breathing mode characterized by
periodic in-folds in the band, leading to localized canopy collapse and subsequent re-inflation. The area oscillation
subjects the parachute to projected area variation, drag instability, and a re-inflation load on the order of the peak
inflation load. The cause of the phenomenon has not been understood for the past several decades and therefore a
better understanding was required for the MSL parachute qualification effort for parachute performance and health
considerations. Recent work with a rigid DGB parachute supersonic test and corresponding CFD simulations has
yielded a great deal of insight into this phenomenon, specifically its dependence on the aerodynamic coupling of the
entry-vehicle wake to parachute bow-shock, laying the ground work for a flexible parachute test program'*">.

Supersonic wind tunnel tests of 4% scale MSL parachutes were conducted in support of the MSL parachute
supersonic qualification programlé. These tests investigated the aerodynamic coupling of the entry-vehicle wake to
parachute flow-field to determine the cause, functional dependence, and scaling of the supersonic area oscillation
phenomenon. Results have been used to determine the frequency of the instability, dynamic drag variation, and
provide an update to the Mach efficiency curve for Viking-type DGB parachutes from Mach 2.0 to 2.5. The test



program was also designed to generate a validation dataset for fluid-structure interaction computational tools under
development for MSL"". It builds from a prior test program and Computational Fluid Dynamics (CFD) validation
effort that utilized a 2.1% scale rigid MSL parachute with an entry-vehicle to explore the aerodynamic flow-field of
Mars parachute deployments'*'”. Results and findings from the test will be discussed herein.

Table 1. 4% scale DGB parachute-with-capsule test matrix>’.

High O Low O
Configuration Mach Re 0 Re 0 Trim d/D, D, (m) x/d
(x10%) (kPa) (x10°)  (kPa) (deg)

Constrained 2 1.0 16.8 2.0 4.3
2.2 1.1 18.3 2.4 3.8 0 0.21 0.8 10.6
2.5 1.2 19.8 2.5 3.1

Constrained 2 1.0 16.8 2.0 4.3
2.2 1.1 18.3 2.4 3.8 10 0.21 0.8 10.6
2.5 1.2 19.8 2.5 3.1

Unconstrained 2 1.0 16.8 2.0 4.3
2.2 1.1 18.3 2.4 3.8 variable 0.21 0.8 10.6
2.5 1.2 19.8 2.5 3.1
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Fig 2. Schematic of flexible test configuration in the GRC 10x10 supersonic wind tunnel.

II. Test Description

A. Wind Tunnel Test Configuration

The parachute test was conducted in the GRC 10x10 closed-loop supersonic wind tunnel. The test section has a
10x10x40 ft (3x3x12 m) geometry with smooth walls and standard air as the operating fluid. Mach number in the
tunnel is controlled with a flexible-wall nozzle geometry enabling Mach 2 to 3.5 operation. Variable pressure
operation enabled matching the Mars deployment Reynolds number range of 1x10° to 3x10°. More details on the
facility can be found in ref.18.



The test matrix was selected to explore the Mach,
Reynolds number, dynamic pressure, and trim angle of a

Mars deployment (Table 1). Matching Reynolds number and N »
Mach number were deemed to be the most representative of Suspension swivel Now N
a Mars deployment as CF'D simulations of the parachute and Lines ‘ ¢ ﬂ E“tfy’
entry-vehicle flow-field indicate the area oscillation ‘\& L2 Vehide

phenomenon is turbulence dependent'”'. Because of the — {T-@j@ : f %Fﬁ
small test article size, matching a flight-like Re necessitates N
high dynamic pressure (20 kPa). As this was an order of
magnitude greater than the flight dynamic pressure, low
dynamic pressure (4 kPa) runs were also performed. These
were delineated as high O and low Q runs, respectively. It
should be noted that the low Q runs were still a factor of 4
higher than a flight-like deployment, but lower tunnel
pressures could not be achieved with the exhaust system that
was used for the test. Low Q runs were also required to
increase parachute lifetime for the PIV measurement, as will
be discussed later.
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Riser ‘ Riser
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A schematic of the test configuration is shown in Fig. 2.
A 0.8 m nominal diameter DGB parachute with 0.17 m Fig 3. (Top) Parachute to capsule connection
maximum diameter 70-deg sphere cone entry-vehicle at an and (bottom) constrained parachute
x/d=10.6 was selected for the test program, providing a d/D, configuration®.
of 0.21 *°. This is equivalent to ~4% of flight-scale, and the
maximum scale possible in the 10x10 to ensure reflected shocks intersected downstream of the parachute™. A
swept-back diamond-wedge stainless steel strut was selected to mount the entry-vehicle to the tunnel ceiling. The
strut was sized to prevent lateral vibrations at the same time minimizing aerodynamic interference or distortion of
the entry vehicle’s wake'”'*. The entry-vehicle (capsule) was hard-mounted to the strut at a 0-deg angle of attack
with respect to the free stream direction. The parachute was attached to the entry-vehicle via a swivel, two Kevlar
risers, and a single-axis load-cell as shown in Fig. 3 (top). One riser was used to connect the load-cell to the swivel.
The second riser was used to connect the swivel to the parachute triple bridle assembly. This combined metallic and
textile joint provided three rotational and three translation degrees of freedom and a trailing distance of x/d=10.6
from the band leading edge to the capsule maximum diameter. The load-cell was hard-mounted inside of the entry-
vehicle, preventing any applied moment to the internal strain gauges.

The test program explored three parachute configurations: a fixed 0-deg parachute trim angle, a 10-deg trim
angle, and the parachute free to trim and cone unconstrained relative to the entry-vehicle. For the constrained test
configuration the parachute was held to fixed trim angle via a constraining rod that passed through the canopy apex,
as shown in Fig. 3 (bottom). The parachute was able to translate axially and rotate along the rod, but all lateral
motions were prevented. The parachute interface was a metallic ring sewn to the vent and will be discussed in more
detail later. The constraining rod was attached to the chamber balance mount. The balance mount can be configured
to provide up to a 20-deg angle relative to the free-stream direction; providing the 0 and 10-deg trim configurations.

The test section has multiple optical access points as shown in Fig. 4 for the parachute test configuration. A pair
of optical grade windows was used for Shadowgraph imaging of the parachute bow-shock. Two windows located
just above the Schlieren windows provided access for the PIV cameras. The PIV laser sheet was fed through a
window in the tunnel test section floor which provided a stream-wise plane upstream of the parachute from an x/d of
6 to 10. Two windows upstream of the entry-vehicle were used for high-speed video cameras and lighting. Two
additional windows in the floor and ceiling upstream of the entry-vehicle provided vantage points for high-speed
video footage of the parachute from the floor and ceiling. These diagnostics will be described in more detail later.
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Fig. 4 Camera placement and optical diagnostics indicating high speed video, shadowgraph, and PIV.

Table 2. Subscale and full scale parachute parameters

23,10,6,21

Parameter Subscale MSL
Nominal Diameter (D,) 0.8 m 21.5m
Projected Diameter (D,) 0.67 D, 0.67 D,
Number of gores 24 80
Entry-vehicle / Nominal Diameter 0.21 0.21
Suspension Line Length 1.7D, 1.7D,
Suspension Line Thickness/D,, 0.0012 0.0002
Suspension Line Young’s Modulus (GPa) 43.0 12.9
Canopy Fabric Young’s Modulus (GPa) 0.88 0.69
Max Reynolds number (Re) 1.2x10° 1.0x10°
Mass Ratio (mp/pDD3 ) 2 10
Max Dynamic Pressure (Pa) 20x10° 750
Trailing Distance (x/d) 10.6 10.4
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Fig. 6 (Top) Photograph of the apex region of

Fig. 5 Schematic showing (left) side view and (upper the constrained parachute showing vent ring

right) top down view and (lower right) detail of the and vent line terminations. (Bottom) CAD

vent region of the 0.8 m parachute®’. drawing of vent bushing in the disassembled
configuration®',

B. Parachute Test Articles

The test articles were 0.8 m nominal (constructed) diameter DGB parachutes similar in construction to full-scale
flight articles. Table 2 documents the relevant dimensions, material properties and non-dimensional scaling
parameters of the test articles and compares them to the full-scale parachutes®’. A schematic of the parachute is
shown in Fig. 5. The test articles are geometrically scaled from the standard Viking-DGB configuration®®. A 20 kPa
dynamic pressure deployment necessitated the use of 1.15 o0z/yd® Nylon and six times thicker than flight-scale
Kevlar suspension lines”'. The material scaling differences result in a factor of 3.3 and 1.3 times stiffer than the full-
scale article for the canopy fabric and suspension lines respectively. The increased stiffness results in a more
scalloped band leading-edge profile, as compared to the full-scale inflated shape. The effect on the parachute
dynamic response is assumed to be second order for the mass ratios under examination®”. Thicker suspension lines
have the most significant effect on performance by increasing vent blockage and in the generation of shocks that can
alter the subsonic wake’s coupling to the parachute. These subjects are discussed in greater detail in section IV .

The constrained parachutes had a stainless steel vent-ring sewn into the apex of the canopy as shown in Fig. 6
(top). Each vent line terminates at the ring around which a smooth bore two-piece bushing was installed as shown in
Fig. 6 (bottom). The constraining-rod allowed for free axial translation of the parachute. It was fitted with a
hemispherical end-cap on the upstream-end to prevent the parachute from coming off. The vent area of the
constrained parachutes was increased to account for geometric blockage due to the rod, and vent-ring, resulting in an
effective open area equivalent to the standard Viking scale®'?.

Deployment of the parachutes was challenging due to the separated flow startup environment of the 10x10 wind
tunnel, prior to passage of the shock. Fabric test articles cannot survive this start-up flow environment, requiring a
deployment mechanism to release the parachute after supersonic conditions were achieved . A Spectra deployment
sleeve was used to protect the parachute during startup (Fig. 7). The sleeve unlaced from the canopy apex to leading
edge, to ensure removal of the sleeve prior to the onset of parachute inflation. The sleeve unlaced by means of a
break-tied daisy chain rip-cord. The rip-cord was removed, on command, by a hydraulic actuator. A bungee loop,
also tensioned by the same actuator, pulls the rip-cord away from the parachute after sleeve release (Fig. 8)*'.



C. Diagnostics

Non-intrusive diagnostics were selected to
minimize interference with the wake structure and
its interaction with the parachute. Shadowgraph of
the parachute bow-shock region was obtained

through optical windows on either side of the test Fijg, 7 Photo of the parachute rigged in the deployment

article as shown in Flg 2. Images were collected at sleeve showing rip cord and lazy leg and mouth
2000 fps to resolve the frequency of the parachute termination pin®.

bow-shock oscillation. The camera had an /RIG-B
time stamp to relate the image data collected to the
rest of the data acquisition system output. The
video data yield mean and RMS bow-shock shape RipCord lLazyleg
and stand-off distance, as well as the frequency of / ™~
oscillation. Shadowgraph images were also e
collected during inflation on some runs at a rate of

Bungee
N

Constraining
Rod

4000 fps. Prior testing with a rigid parachute N

indicated that Shadowgraph was the optimum Sleeved Break Cord
interferometric technique to resolve the bow- Parachute

shock'®.

Drag was measured with a single-axis load-cell Fig. 8 Schematic of the parachute in the deployment
mounted within the entry-vehicle. Force was sleeve showing textile connections. Following breakage of
measured from the parachute single-riser through the break-cord the energy stored in the bungee pulls out
the swivel in the free-stream flow direction. Data the rip cord and deploys the parachute.
were collected at 20 kHz by the tunnel data
acquisition system. Drag is calculated in the same
method as the Viking era wind tunnel programs for consistency **.

F D
C, 1.
q 4 ),

Dynamic pressure was not adjusted to account for tunnel blockage effects to be consistent with the method in
ref.24. Tunnel blockage tends to drive up the “effective” dynamic pressure in the vicinity of the parachute and
reduce the measured drag coefficient. For the 10 degree constrained case the cosine loss was factored into the
measured value. It was also assumed there was zero frictional loss from the vent restraint bushing. For the
unconstrained case, there was no correction for parachute trim and coning motion, as the angular motion was
typically less than 10-deg and occurred at a relatively high frequency.

High-speed pressure transducers and static pressure ports were placed on the entry-vehicle back shell to provide
mean and RMS pressures at known point locations. The transducers used the reference static-ports to define the
absolute pressure.

Photogrammetric measurements of the canopy shape, utilizing high speed video, were made during the low O
and high QO runs with reflective targets placed on the canopy interior and band leading edge. Target’s were applied
with a thermally activated adhesive to the interior region and also tacked in place to the leading edge. Optimum
canopy targeting pattern was determined during the course of the test. Some canopies were targeted only in the band
and apex region. Other canopies were targeted throughout the disk region but those data have not yet been reduced
due to their complexity. Targets were not placed on the canopy exterior as that would have made the shape
reconstruction too difficult to compute due to overlap and lack of reference between interior and exterior targets.
The canopies were illuminated by two 200 W Halogen lamps on either side of the chamber. The targets reflectivity
and lighting were such that sufficient contrast could be provided to track the target locations from frame to frame of
the high speed video. Four Photron SA1 high speed video cameras were used to collect images looking downstream,
into the canopy. Two cameras were located on either sidewall of the test section looking through large optical grade
windows. The remaining two camera views were through floor and ceiling windows. The camera layout is shown in



Fig. 4. A minimum of three camera views per instant in time were
required to triangulate the parachute’s position and then reconstruct
its shape. Images were collected at 2000 fps and the cameras
synchronized/triggered with respect to each other. Each camera had
an /RIG-B time stamp to relate the image data collected to the rest
of the data system output. The photogrammetric technique used
three out of the four cameras. The fourth camera was used to
capture the parachute inflation at 4000 fps or other features of
interest and therefore was not synchronized with the other three
cameras. This was determined on a test run basis.

Stereo particle image velocimetry (PIV)*>*® was used to
measure the three components of velocity in the parachute bow-
shock region. The measurement was made over an axial plane
centered in the tunnel, from the x/d=6 to x/d=10 position, intended
to be aligned with the anticipated parachute bow-shock location.
Figure 9 shows the PV configuration including the location of the
laser light sheet, cameras, and PIV data plane (relative to the
parachute and entry-vehicle). Two high resolution cameras
(4000x2672 pixels) were used to generate the cross correlation
images from the illuminated region of the flow, providing a spatial
resolution of 2.9 +/- 0.1 mm, over a 740x390 mm field of view 7,
PIV images were recorded at 2Hz for several minutes (test run
specific), providing 600 to 1200 instantaneous measurements of the
velocity field in this region. An /RIG-B time stamp was included
with each instantaneous measurement, allowing reconstruction of
the periodic / oscillatory motions in the flow by comparison to
other data collected during the test (video, shadowgraph, drag).

Fig. 9 (Top) PIV setup in the 10x10 facility.
The laser sheet is shown in green. (Bottom)
PIV velocity field measurement at Mach
2.2 for the 0 deg constrained configuration.
The flow direction is from right to left in
this image.

The processed PIV data included instantaneous and mean 3-
component velocity, 3-component RMS velocity, and turbulence
statistics >, For illustration, Fig. 9 (bottom) shows a mean axial
velocity field P/V measurement overlaid in the physical space from where it was obtained for the 0-deg constrained
parachute at Mach 2.2. This will be described in more detail in section III.

III. Experimental Results

A. Axial Force

The axial force measured by the single axis load-cell was used to compute the drag coefficient. Non-axial drag
was not measured or included in the computation of drag. The drag coefficient versus Mach number is plotted in
Fig. 10 for all three configurations investigated. The trend of decreasing Cp with Mach number is evident in the
dataset. Also included on the figure are data obtained from the pre-Viking supersonic wind tunnel program of
unconstrained subscale parachutes’’. The measurements compare well with the Viking subscale dataset over the
same Mach number range, utilizing the same data reduction technique. It is important to note that tunnel blockage
and trailing distance effects were not included in the calculation of drag. This was done to provide consistency with
measured drag from ref. 24. Qualitatively, tunnel blockage for the Viking dataset was higher than for MSL, which
would tend to bring the two datasets closer together in terms of effective drag coefficient. However, the Viking data
were from parachutes with an x/d=8.5 at a lower dynamic pressure, which could reduce the drag coefficient. As
these parameters are not well understood in the supersonic environment, an adjustment for these factors has not been
attempted.



The RMS drag is plotted against non-
dimensional inflation time (¢*) in Fig. 11 for the O-
deg  constrained case. Time is non-
dimensionalized by the time from deployment to
full inflation (z5) for each Mach number
investigated (Table 3). RMS drag varied by as
much as +/- 50% of the mean value. The RMS
drag also indicates two dominant frequencies. It is
likely the higher frequency component was driven
by the bow-shock oscillation and the lower
frequency component by the area oscillation
instability. Another interesting finding from the
RMS drag is that the peak drag load did not
coincide solely with the initial inflation opening
shock. Instead subsequent re-inflations during the
area oscillation instability were characterized by
peak loads within 2% of the initial inflation load.
In a free flight application the parachute will
decelerate the entry-vehicle and reduce the peak
load from that of the initial inflation load. But
from a structural loading perspective this does
suggest the parachute will see a dynamic load
factor similar to an opening shock augmentation.
This may present additional difficulties with the
traditional subsonic qualification of a supersonic
parachute, as a single load application may not
represent the full flight environment.

B. High Speed Video

The parachute fabric dynamics were directly
reducible from the high speed video data. The
fabric dynamics were characterized by periodic in-
folds in the band region at times leading to canopy
collapse and subsequent re-inflation events. The
frequency associated with the in-folding was
determined from high speed imaging. The
frequency of the motion increased with Mach
number from 2 to 2.5. The collapse and re-
inflation events were characterized as area
oscillations. The behavior is consistent with
previous observations of the phenomena in the
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Fig. 10 Measured axial force for the three flexible
parachute configurations tested. Error bars are only
shown on the newly measured data. Subscale Viking-type
DGB drag data from ref. 24 are shown for comparison.
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Fig. 11 RMS Drag Variation from Mach 2 to 2.5 for the 0-
deg constrained parachute. Non-dimensional time is
normalized by time to peak inflation for each dataset.

Viking and pre-Viking supersonic flight and wind tunnel programs. Area oscillations occurred at all three Mach
numbers investigated. A representative oscillation at each Mach number tested is shown in Fig. 12 for the 0-deg
constrained configuration. The collapse event was observed to propagate from the band leading edge inward towards

Table 3. Parachute Video Data Analysis for the 0-deg the center of the canopy. The area oscillations were

constrained configuration

also characterized by the projected area variation

and frequency associated with the collapse and
subsequent re-inflation. These parameters were

Test Mach o0 I Apmin reduced from the digital images of each frame of the
(Hz)  (ms) o) high-speed video during an oscillation event using a
pixel count analysis and comparison between
2 70 12.4 68 frames. The projected area variation (4,) was
0 deg 22 81 11.5 52 ) r

2.5 90 10.9

observed to increase with Mach number and ranged

46 from 46% to 68% (+/- 10%) of




Fig. 12 Area oscillation at (top) Mach 2.0,
(middle) Mach 2.2 and (bottom) Mach 2.5 for a 0-
degree constrained 0.8 m DGB parachute.

Fig. 13 Shadowgraph of an area oscillation at Mach
2.5 for (top) unconstrained and (middle) 10-deg
constrained and (bottom) 0-deg constrained. These
images correspond to an AO event. The flow direction
is from left to right in the images.



full open during an oscillation event from Mach 2 to 2.5,
respectively. It is important to note that the onset of an
oscillation appeared to be random, however once an
oscillation occurred, it was followed by 2 to 5 subsequent
collapses and re-inflations with a prescribed period. The
frequency associated with the subsequent oscillations was
between 70 and 90 Hz (+/- 10 Hz) for Mach 2.0 to 2.5.
Parameters reduced from the video data analysis are
summarized in Table 3 for the 0-deg constrained
configuration.

C. Shadowgraph

Shadowgraph imaging provided insight into the flow-
field upstream of the parachute. The parachute bow-shock
shape and stand-off distance varied in a cyclical fashion
consistent with the unsteady parachute response and drag
performance. The bow-shock varied from conical to
detached and the parachute responded in kind for all Mach
numbers investigated. The detached bow-shock state was
related to nominal inflation. During this variation the
pressure distribution in the canopy varied as evidenced by
changes in the parachute’s inflated shape (projected area).
The extreme conical shock state was related to band in-
folding. This suggests a pressurization and de-
pressurization of the parachute interior determined by the
bow-shock. Testing and computational fluid dynamics
simulations of a rigid DGB parachute configuration
exhibited a similar bow-shock temporal and spatial
variation, suggesting the physical mechanism driving the
instability is acrodynamic'*"".

Shadowgraph images of the flow-field during an area
oscillation are shown in Fig. 13 for Mach 2.5 operation of
all three configurations (unconstrained, 10 deg, and 0-deg
fixed trim). Compared to the fully inflated state, the shock
is more conical, attached, and skewed by the collapsed
state of the parachute mouth. The time resolved
Shadowgraph imaging suggests a transition toward a shock
ingestion, however this never occurred and instead the
canopy re-inflates and pushes the shock back upstream.

Several other features from the Shadowgraph imaging
are worthy of discussion. In the fully inflated state, the
bow-shock was asymmetric, which can be attributed to the
ceiling strut contribution to the wake. At times, a pressure
discontinuity or contact surface at the canopy mouth was
observed, possibly established by mass flow into and out
of the canopy. At other times, suspension line shocks were
observed to disrupt the parachute bow-shock. This
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Fig. 14 PIV flow field measurement at Mach 2.2
for the 0-deg constrained configuration. (Left)
Raw PIV image and (right) processed PIV
velocity field magnitude which resolved the bow-
shock, suspension line interaction, and capsule
wake. The flow direction is from right to left in
this image.

=1400 -1600 1400 -1800 -1400 -1
® mm X mm ¥ mm

Fig. 15 PIV flow field measurements in the parachute
bow-shock region for the unconstrained parachute
configuration. The flow velocity is from right to left.
(Left) ensemble averaged mean axial velocity in the
bow-shock. (Bottom) Ensemble averaged turbulence
measurement within the parachute bow-shock. The
flow direction is from right to left in this image.

coincided with more violent fabric dynamics and will be discussed in the following section.

D. Particle Image Velocimetry

Instantaneous PIV measurements were collected and ensemble averaged for the low Q constrained and
unconstrained runs. Figure 14 shows a raw PIV image and the reduced instantaneous velocity field map calculated



from it. The left hand image shows the seed material illustrating
the bow-shock, capsule wake, and turbulence in the flow stream.
The right hand image, a result of cross correlation of two
instantaneous measurements, also indicates these features as well
as the suspension line aerodynamic interference and quantitative
measure of the velocity magnitude in the upstream of the
canopy. The 2Hz instantanecous PIV flow field data were
ensemble averaged to obtain mean and RMS three-component
velocities and turbulence statistics. Figure 15 (top) is a
comparison of the mean (ensemble averaged) axial velocity field
in the parachute bow shock region at Mach 2.0, 2.2 and 2.5 for
the unconstrained case. Figure 15 (bottom) is a comparison of
the turbulence measured for the same conditions. The velocity
varies from supersonic to subsonic in this region of the flow-
field. The effect of the parachute’s bow-shock coupling to the
entry-vehicle is evident in the velocity field measurement with a
column of low velocity flow connecting to the bow-shock. This
is evident at all three Mach numbers. The bow-shock angle is
also resolved by PIV with the most conical shock at Mach 2.5.
Although not shown, the instantaneous P/V measurements
captured the changing morphology of the bow-shock as it
transits from conical to detached, similar to the shadowgraph.
The fuzziness of the PIV images in Fig. 15 is due to the
ensemble averaging of the canopy as it trims and cones about the
PIV data plane. The constrained data have more refined bow-
shock profiles for the mean case as their motion was restricted.
Therefore, the instantancous data are the most useful for
comparing to the shadowgraph and high speed video for the
unconstrained runs.

The PIV measurements also provide some insight into the
aerodynamic interaction of the suspension lines with the
parachute flow-field. PIV resolved what appeared to be an
apparent creep of the bow-shock up the suspension lines. It
should be noted, however, that the apparent decrease in flow
velocity around the suspension lines is most probably caused by
flare light from the suspension lines corrupting the cross
correlations in these regions. The suspensions lines are typically
not in the plane of the light sheet.

E. Photogrammetry

Post-test photogrammetric shape reconstruction from the
high-speed video is underway with preliminary results presented
below. Analysis to date suggests the highly dynamic motion of
the canopy can result in overlap of individual reflective targets in
the canopy interior. This leads to difficulty in automated
reconstruction of the shape, and a hand-analysis of each frame
must be performed. Post-test data reduction also revealed a
frame rate of 2000 was sufficient to resolve the dynamic
response of the parachute for the low Q runs but a higher frame
rate for the high Q runs would have been preferred. Post-test
findings also included target adhesion issues for the high QO runs,
yielding only a few seconds of data before targets were lost.

Fig. 16 Photogrammetric reconstruction of
the band leading edge and canopy vent
obtained from photo-reflective targets placed
on the canopy interior and leading edge at
Mach 2.5 for a 10-deg constrained run. (Top)
Example of high-speed camera image of the
inflated parachute. (Middle) Shape solution
for a single frame reduced from three
cameras. (Bottom) Multiple solutions of the
parachute shape in time.



An example of the processed data is shown in Fig. 16
for a 10-deg constrained parachute at Mach 2.5 and low
Q. The top image is a raw image from one of the three
camera views. The middle image shows a single instance
in time shape solution of the band leading edge and
canopy apex at Mach 2.5. The bottom image shows
multiple shape solution, each corresponding to a different
instant in time. This dataset is an excellent quantitative
measure of the projected area variation, canopy motion for
computing angular rates, fabric dynamics for the purpose
of code validation, and potentially canopy strain for the
more heavily targeted canopies.

IV. Discussion

A. Mach Number . " . . .
Fig. 17 Shadowgraph illustrating suspension line

interaction and bow-shock disruption at Mach 2.0.

There was a clear Mach number dependence of all T .
The flow direction is from left to right.

parameters measured in the test. Drag coefficient
decreased with Mach number from 2 to 2.5. RMS drag
increased with Mach number, which leads to structural
implications for high Mach deployments. Qualitatively,
the parachute lateral stability was affected by increasing
Mach Shadowgraph data supports this trend as well. The
parachute bow-shock morphology was more chaotic with
increasing Mach, and the parachute canopy fabric
responded in kind. These parachute responses to
increasing Mach number affect the parachute performance
and health, and should be factored into the overall EDL
performance.
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B. Dynamic Pressure versus Reynolds number

Dynamic pressure effects were coupled with a Aty 'Ai-"' e Vi Igz
reduction in Reynolds number (turbulence) in the capsule ) """ ey

wake, by definition. For the same Mach number, the lower
dynamic pressure runs exhibited less severe area
oscillations, smaller projected area fluctuation, and a
fewer number of oscillation events. Similarly, the high Re
(O) runs had more dynamic lateral motion (trim). This
confirms that the area oscillation phenomenon is
turbulence driven. This was the case for both the thick and
thin suspension lines. The high Q runs exhibited an
increased RMS drag which has structural implications to
the parachute.

Fig. 18 PIV  instantaneous velocity-field
measurement indicating bow-shock crawling up
the suspension lines. The flow direction is from
right to left.

C. Suspension Line Interaction

As shown in Table 2, the subscale parachute lines are six times thicker, as compared to the full- scale parachute.
Therefore, any suspension line effects will be more pronounced in the subscale configuration as compared to actual
flight. Figure 17 is a shadowgraph image of the bow-shock region of the parachute during an unconstrained run to
illustrate the suspension line interaction effect. Shocks from the suspension lines create large density disturbances
that at times were observed to disrupt the parachute bow-shock in the Shadowgraph video. Figure 18 is an
instantaneous PV image also illustrating the suspension line interaction. The bow-shock appears to crawl up the
suspension line, which subsequently results in a disruption of the bow-shock. The response of the parachute to this



disruption was a partial collapse of the canopy, i.e. an area oscillation.
Therefore, shocks emanating from the suspension lines, in conjunction
with wake to bow-shock coupling, are responsible for the area oscillation
event. This is a critical finding because the original Viking parachutes
used Dacron suspension lines with a thickness to nominal diameter ratio of
0.00157, similar to that of the subscale test article. We can expect this
effect to be reduced for today’s thinner Kevlar-line flight parachutes.
Therefore, the non-dimensionalized frequency of area oscillations in the
subscale test environment is a conservative representation of parachute
performance on Mars. Also important to note, is the fact that the Viking
era Dacron suspension lines were six times thicker than modern day
Kevlar suspension lines, suggesting that suspension line interaction will be
reduced for MSL versus a Viking era parachute of the same approximate
size/load.

D. Supersonic Inflation

As mentioned previously, a high-speed camera view was used to
record the supersonic inflation of the various test configurations Sleeve
deployment has obvious differences from a mortar deploy, namely the
absence of bag-stripping forces, but the initial presentation of the canopy
skirt to the wind-stream shares similarities to a mortar deploy, making it a
useful qualitative dataset for understanding the dynamics of an inflating
parachute. Inflation times ranged from 9 to 15 ms from Mach 2 to 2.5
respectively. No Mach dependence was observed in terms of inflation
dynamics or the un-furling process. The initial presentation and evolution
of the canopy to the free-stream was similar for all configurations
documented. The canopies inflated from the canopy mouth (not the gap),
in spite of de-lacing from the apex forward. The most interesting feature
observed during the inflation was a multi-gore in-fold present in all
canopies as shown in Fig. 19. The 19.7-m PEPP inflation also exhibited
this in-fold, suggesting it is characteristic of supersonic initial inflation'".
Shadowgraph data were also obtained during the inflation process. Prior to
the deployment sleeve’s removal an attached shock emanates from the
stowed parachute pack. When the sleeve is removed and the canopy
inflates the shock transitions to detached. In some instances disruption of
the shock occurred but it should also be noted that at no time during an
inflation was an area oscillation event observed to occur. In fact, the
partially inflated presentation of the canopy was very similar to an area
oscillation, suggesting it be a stable shape in terms of the ability to re-

Fig. 19 Images of supersonic initial
inflation at Mach 2.5. The images
document, left to right, 2, 4, and 6
ms from sleeve release
(deployment) B,

inflate. Flag drag and flapping dynamics were not observed during the inflation.

V. Conclusion

The wind tunnel experiments performed have been used to determine the supersonic performance of a subscale
representation of the MSL DGB parachute in the wake of a 70-deg sphere-cone bi-conic entry-vehicle. The Mach
and Reynolds number dependence of the parachute’s performance was investigated with non-intrusive diagnostic
techniques including particle image velocimetry, Shadowgraph, and photogrammetric shape reconstruction from
high speed video. Parachute dynamic response to the flow-field is due to a combined effect of capsule wake
interaction and suspension line interaction resulting in periodic depressurization and pressurization of the canopy
and resultant variation in drag and stability. The magnitude and frequency of the response were found to be a
function of Mach number, Reynolds number and parachute trim angle. The parachute’s drag performance was found
to be consistent with the historical dataset; therefore the current model of supersonic parachute performance is

adequate.



Another interesting dataset obtained was high speed video and shadowgraph of the supersonic DGB inflation.
Inflation was orderly and consistent with no apparent dependence on Mach number or trim angle for those
investigated. The parachutes were observed to inflate from the mouth and exhibited a characteristic in-fold also seen
on supersonic high altitude tests, suggesting the scalability of the inflation process.

In summary, the area oscillation phenomenon was observed and characterized in terms of the frequency,
severity, Mach dependence, and dynamic loading environment. The results of the test program suggest that non-
dimensional aerodynamic and geometric parameters are valid in understanding the physics of supersonic DGB flight
in the regime of interest to a Mars deployment.
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