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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 2x105 to 1x106, 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 
Do = Parachute nominal diameter 
x/d = Non-dimensional trailing distance measured from capsule to parachute band leading edge 
d/Do = Capsule to parachute nominal diameter ratio 
Re = Reynolds number 
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ωAO = Frequency of area oscillations 
Ap = Projected area variation 
tFI = Time to full inflation 
t* = Non-dimensional time 
Q = Dynamic Pressure 
DGB = Disk Gap band 
FSI = Fluid Structure Interaction 
CFD = Computational Fluid Dynamics 
MSL = Mars Science Laboratory 
PIV = Particle Image Velocimetry 
 

I. Introduction 
 
he Mars Science Laboratory (MSL) is NASA’s next 
landed mission to Mars. The mission will deliver to 

the surface a 900 kg rover equipped with instruments to 
analyze the atmosphere and soil.  To improve science 
return a more ambitious entry-descent-and landing (EDL) 
subsystem has been developed, enabling access to higher 
altitude landing sites with challenging surface terrain and 
with greater precision than previously demonstrated1.  
The MSL EDL system leverages the technologies and 
architectures developed for Viking, MER and Phoenix 
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-down3 (Fig. 1). The 
resultant architecture yields an error ellipse of 10 km from the designated surface target, truly advancing the state-
of-the-art 4,5.   

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) 6.  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 Mach2.27,8,9. 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 qualification10.  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 11,12,13. 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 program14,15. 

Supersonic wind tunnel tests of 4% scale MSL parachutes were conducted in support of the MSL parachute 
supersonic qualification program16. 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 
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Fig 1. MSL descent and landing sequence indicating 
the parachute function in the heat shield separation 
even and power-descent initiation10. 

 
 



 

program was also designed to generate a validation dataset for fluid-structure interaction computational tools under 
development for MSL17. 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 deployments14,17. Results and findings from the test will be discussed herein. 

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 1x105 to 3x106.  More details on the 
facility can be found in ref.18.   

Table 1. 4% scale DGB parachute-with-capsule test matrix23. 
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Fig 2. Schematic of flexible test configuration in the GRC 10x10 supersonic wind tunnel.  
 







 

 
 

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 parachutes21. A schematic of the parachute is 
shown in Fig. 5. The test articles are geometrically scaled from the standard Viking-DGB configuration6,8. A 20 kPa 
dynamic pressure deployment necessitated the use of 1.15 oz/yd2 Nylon and six times thicker than flight-scale 
Kevlar suspension lines21. 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 examination22. 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 IV23.   

 
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 scale21,23.   
  
 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 23. 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) 21.  

 

 
 

 
Fig. 5 Schematic showing (left) side view and (upper 
right) top down view and (lower right) detail of the 
vent region of the 0.8 m parachute21. 

 

 
Fig. 6 (Top) Photograph of the apex region of 
the constrained parachute showing vent ring 
and vent line terminations. (Bottom) CAD 
drawing of vent bushing in the disassembled 
configuration21. 
 









 

 
 
 

 
 

 

 
 

 
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. 

 

 
 

 
 

 
 

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. 
 





 

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 instantaneous 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 PIV 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 instantaneous 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 Q 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 
 
There was a clear Mach number dependence of all 

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. 

B. Dynamic Pressure versus Reynolds number  

 Dynamic pressure effects were coupled with a 
reduction in Reynolds number (turbulence) in the capsule 
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 
(Q) 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. 

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 PIV 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 

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

 
Fig. 17 Shadowgraph illustrating suspension line 
interaction and bow-shock disruption at Mach 2.0. 
The flow direction is from left to right. 
 



 

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 inflation11. 
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-
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.  

 
 

 
 

 
 

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) 23. 

 



 

 
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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