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Introduction 
 This is a case study that showcases practical issues that often 

arise in wind tunnel experiment design, execution and analysis  

 Wind tunnel testing budgets are nearly always funding driven, not 
data driven 

 Until the late 90’s DOE was unheard of in wind tunnel testing – 
OFAT still rules the engineering culture 

 Engineers working in low-noise environments tend to want to avoid 
good DOE practices  

 Randomization is often viewed as inefficiency in test practice 
versus OFAT 

 Regression model building is readily accepted 
 However, significance testing is typically not a high priority 

 Uncertainty estimates are welcome 

 The challenge is to extract as much information as possible 
from a given test campaign 

 Experiments need to have some flexibility in size and run 
choices to adapt to available resources 

 Run-time estimates are often off by 50-100% when 
investigating a new test article 
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Background 
 Mission success relies on high fidelity simulation for 

prediction of Mars entry, descent and landing  

 Large Monte Carlo simulations used to predict trajectory 
include uncertainty contributions from all sources 

 Parachute aerodynamics are a big part 

 Reduced uncertainty in aerodynamic models leads 
directly to increased precision of the landing ellipse 
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Mars Entry Descent and Landing 
 Example from Mars Science Laboratory (2012) 

Image: JPL 
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Aerodynamic Forces 

 All forces and moments are of interest 
to the overall study 

 For the tests described here  
focus on the drag force 

 Resistance force generated  
by the parachute opposing  
the direction of motion 

 Non-dimensionalize drag force to a 
drag coefficient, CD 

Drag 

 VelocityDensity x PressureDynamic q

Area x PressureDynamic 
ForceDragC
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 Model Parachute Testing 

 Two parachutes of interest 

 Legacy: Disk-Gap-Band (DGB) parachute 

 Used on missions from Viking 1 (1975) to MSL (2012) 

 New and unproven: Supersonic Ringsail (SSRS) parachute  
 

 Compared by measuring forces in the Transonic 
Dynamics Wind Tunnel at NASA Langley 

SSRS model parachute 

DGB model parachute  
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The Transonic Dynamics Wind Tunnel 

 16 x 16-foot test section  

 allows at least 5% scale parachutes to be used for this test 

 Operating pressures from 0.03 to 1.0 atmosphere 

 Can simulate low-density Mars atmosphere 

 Mach numbers from 0 to 1.2 
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NASA Engineering and Safety Center  
Wind Tunnel Test Overall Objectives 

1. Obtain SSRS parachute aerodynamic data that 
would allow for the creation of models to 
simulate the dynamics of payloads descending 
at subsonic speeds on Mars. 

2. Obtain DGB parachute aerodynamic data that 
would allow for the creation of models to 
simulate the dynamics of payloads descending 
at subsonic speeds on Mars. 

3. Obtain data that will allow comparisons to be 
made between the performance of the new 
SSRS parachute and the heritage DGB 
parachute. 
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Preliminary Test:  
CD at (Earth) Atmospheric Pressure 
 Parachute models are handmade and inherently subject 

to variation in their geometry 

 The lead engineer chose to test two models of each design 
to ascertain their interchangeability   

 A third was held in reserve for potential canopy failures 

 Two fabric permeabilities were of interest (material) 

 A range of dynamic pressures were of interest (Q) 

 Testing at earth atmospheric pressure to avoid 
additional costs associated with sub-atmospheric facility 

 
Factor ID Type Change Low Level High Level 

Q (psf) A continuous ETC 11.11 25 
Canopy B categoric HTC DGB SSRS 
Material C categoric HTC orange white 
Model D categoric  HTC i ii 

Factors Chosen  
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Preliminary Test:  
CD at (Earth) Atmospheric Pressure 

 Response of interest is the drag coefficient, CD 

 Question to answer: 

 Is there any variation in drag coefficient due to 
differences in model-to-model fabrication ? 

 For a given material–canopy combination 

 Over a range of mission-representative dynamic pressures 

 Method: 

 Conduct an experiment with a design that supports 
building the following regression model 
 
 
 

 Set out to prove that term D (canopy model) and its 
interactions are not significant 

 Minimize required facility time by accommodating hard-
to-change (HTC) factors 

CD = intercept + A + b + c + d + Ab + Ac + Ad + bc + bd + cd + A2 

10 



Preliminary Test Experiment Design 

 Constraints 

 Resources were limited for this preliminary test 

 Three factors were considered HTC, each at 2 levels 

 Dynamic pressure (Q) is ETC but requires 3 levels  

 Sequential split plot design chosen  

 8 whole plots (WP) 

 no replication, this is a fallback (minimum) design, replication 
anticipated 

 minimum run crossed design 
(2 canopy types) X (2 materials) X (2 models) X (3 Q’s)  

 will support model building including interactions but not 
significance testing 

 2 additional replicated WP’s planned if time allowed 

 This provides degrees of freedom for significance testing of the 
WP factor model terms 
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Preliminary Test Power, PV, VIF’s 
 8 WP, 10 WP SPD, and an I-optimal CRD design metrics compared 

 Lead Research Engineer (LRE) consultation showed 

 A similar but limited test was conducted for MER in 2001 and showed 
drag coefficient σ = 0.01-0.0125 

 The practical difference in the response δ was felt to be 0.05 to 0.06 
in drag coefficient 

 Power calculated for SNR:  4 < δ/σ < 6 at α = 0.05 

 Multicollinearity is really a non-issue here, VIF’s low as expected 

 Prediction variance considered, CRD somewhat lower vs. SPD 

 Number of entries to test section (model changes) drives the 
overall test duration (and underestimated), SPD superior 

 

 

 
Design   8 WP SPD 10 WP SPD I-Opt CRD 
Entries   8 10 14 
Est Total Duration (hrs) 7.50 9.50 9.7 
Prediction Variance Max 2.45 2.08 1.968 
Prediction Variance Ave 2.25 1.93 1.6 
Lowest Power (δ/σ = 4) in term estimation 71% 97% 99% 
Max VIF   1.00 1.08 1.09 
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As-Run Design: 10 WP’s 

Note missing runs. 
LRE was concerned  
about damaging  
canopies at high Q after 
observing runs. 

Pure error computed using 
WP reps with averaged Q 
values for small set point 
error. 
 
Replicated groups (WP’s) 
2 and 10 
5 and 9 
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Preliminary Test - Results 

 Analysis of Variance at α = 0.05 using REML 
 

 

 

 

 

 

 Model contains no terms with D involved, canopy models can be 
viewed as interchangeable 

 Additional findings 

 WP variance found to be less than subplot variance 

 Loosely interpret as variance associated with parachute model changes 
is less than variance in setting flow conditions 

 Could now interpret as a CRD 

 MSE valuable for assessing future uncertainty in CD 

 

Term Error F p-value
Source df df Value Prob > F       Comments
  A(Q) 1 15.25 0.5 0.48000 Kept for hierarchy

B (Canopy) 1 6.38 167.5 0.00001 Highly Significant
C (Material) 1 6.21 3250.4 0.00000 Highly Significant

AC 1 15.25 5.7 0.03000 Significant
BC 1 6.38 129.7 0.00002 Highly Significant
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CD Characterization at Sub-Atmospheric 
Pressure: Test Objectives 
 The response of interest is again the parachute aerodynamic 

drag coefficient (CD). 

 The primary objective is to characterize and compare four 
canopy-material combinations over a range of Q and Mach 
typical of Mars mission subsonic operation 

 A design was proposed to allow building a global model in four 
factors and take advantage of  

 the higher power  

 better error estimation   

 lower prediction variance 

 better parameter estimates 

versus individual models built for each of the four        
combinations 
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Drag Coefficient Characterization at 
Sub-atmospheric Pressure 

 Mars atmospheric conditions require test facility to operate  
at pressures lower than earth atmospheric pressure to 
evaluate parachute CD  

 The same four canopy-material combinations must be 
evaluated over a range of Mach (M) and Q 

 An available sparse historical data set from the MER test in 
2001 showed: 

 CD most likely had quadratic dependency on M and Q  

 Canopy type and material were most likely involved in 
interactions 

 The desired M-Q design space was next evaluated 
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Sub-Atmospheric M-Q Design Space 
 Start with LRE proposed test conditions  

 Adding a single point forms a pseudo-orthogonal face 
centered design (FCD), 2nd order model 

 Option to eliminate several M-Q combinations duplicated 
from the preliminary experiment  
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The Modified FCD in M and Q 
 Multicollinearity due to off-design points must be evaluated. 

 Results were acceptable with all term VIF’s < 2 for a full 
quadratic model in M and Q 

 Prediction variance distribution is acceptable and far 
superior to previous efforts (MER 2001) 
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Sub-Atm CD Experiment Design 

 Factors chosen 
 
 
 
 
 
 

 Consider crossing the flow condition FCD with each canopy-
material combination in a 4 whole plot design 

 This offers insurance in the event that all test articles from a 
particular canopy-material combination are destroyed 

 A stand-alone regression model is still available for each 
remaining combination 

 Minimum model desired: 
CD = intercept + A + B + c + d + AB + Ac + Ad + Bc + Bd + cd + A2 + B2 
 

 Add two WP replicates for WP term significance testing  

 If these runs don’t occur, term significance testing  
is sacrificed, power suffered 

 

  Factor ID Type Change Low 
Level High Level   

  M A continuous ~ETC 0.11 0.5   
  Q (psf) B continuous ~ETC 11.11 25   
  Canopy c categoric HTC DGB SSDS   
  Material d categoric HTC orange white   
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Planned Test Execution 

 Operation of the tunnel requires first pumping the 
circuit down and then it slowly leaks back to 
atmospheric pressure over time 

 To minimize energy requirements, conduct test such 
that 

 M is in general decreasing over the time 

 Combinations of Q and M change over the WP so they were 
treated as subplot factors  

 Recommend adding a few confirmation runs 

 Whole plot example: 
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WP Run Q M Canopy Material
1 1 17.94 0.5 SSDS Orange
1 2 13.5 0.4 SSDS Orange
1 3 25 0.5 SSDS Orange
1 4 9.4 0.25 SSDS Orange
1 5 16.67 0.25 SSDS Orange
1 6 25 0.25 SSDS Orange
1 7 16.67 0.165 SSDS Orange
1 8 11.11 0.11 SSDS Orange
1 9 25 0.13 SSDS Orange



Design Metrics 
 Power and correlation are evaluated for the six WP 

design at a 5% level of significance  

 Four distinct WP’s and two replicate WP’s 

 Of course lower power in the WP factors  

 Adding two more replicates would be beneficial for power 

Term VIF 
Power at  
δ/σ = 4 

Power at  
δ/σ = 6 

A 1.80 99.9 % 99.9 % 
B 1.36 99.9 % 99.9 % 
c 1.17 62.6 % 88.3 % 
d 1.17 62.6 % 88.3 % 

AB 1.76 99.9 % 99.9 % 
Ac 1.18 99.9 % 99.9 % 
Ad 1.18 99.9 % 99.9 % 
Bc 1.19 99.9 % 99.9 % 
Bd 1.19 99.9 % 99.9 % 
cd 1.00 62.7 % 88.4 % 
A2 1.34 99.9 % 99.9 % 
B2 1.37 99.8 % 99.9 % 
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Experiment Results 

 Resources would not allow conducting the 
replicate WP’s 

 Fortunately there is no question that both canopy 
type (c) and material (d) are significant factors 
based on the results of the preliminary experiment 

 The interaction of these two factors is also likely to 
be significant 

 Since the first experiment also found WP error to 
be smaller than SP error, analysis proceeded as if 
the experiment was conducted as a CRD 

 Not a completely defendable choice but a practical 
reality, representative of this type of testing 
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Experiment Results 
 The M-Q space for each canopy-material combination was 

slightly different 

 CD varies little over the range tested 

 Deviation from plan: no high Q for SSRS-White parachute 

 Predictions in this region should be avoided 
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Results: Regression Modeling 
 Analysis initially completed with quadratic model 

 A model including cubic terms in A and B is feasible  

 We have to accept very mild correlation in all terms except ME and 
pure cubics of A and B 

 Prediction interval is roughly halved versus the quadratic model 

 Model with significant terms from ANOVA in natural units 

 
DGB DGB SSRS SSRS
white orange white orange

CD  = CD  = CD  = CD  =
0.79014 0.70014 0.79661 0.74767
-0.01584  q -0.01886  q -0.01584  q -0.01886  q
-0.80431 M -0.41089 M -0.70433 M -0.39105 M
-0.00604  q * M -0.00069  q * M -0.00604  q * M -0.00069  q * M
0.00105 q2 0.00105 q2 0.00105 q2 0.00105 q2

2.2506782 M2 1.645678 M2 2.250678 M2 1.645678 M2

-1.86E-05 q3 -1.9E-05 q3 -1.9E-05 q3 -1.9E-05 q3

-1.616949 M3 -1.61695 M3 -1.61695 M3 -1.61695 M3
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Residual Diagnostics 
 No troubles found 
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Summary Stats and Confirmation 
 Model fitting metrics are outstanding and typical of a low-

noise experiment 

 R-Squared 0.9975 

 Adj R-Squared 0.9954 

 Pred R-Squared 0.9875 

 A good study involves a series of confirmation points 

 Points other than those used for the design 

 Budget did not support 

 A few points were available at atmospheric pressure (low M, 
various Q), right on the edge of the design space 

q M Canopy Type Material CD PI low Prediction PI high Confirmation
12.43 0.09 SSRS Orange 0.616 0.609 0.615 0.622 yes
22.68 0.33 SSRS Orange 0.622 0.621 0.630 0.638 yes
17.54 0.17 SSRS Orange 0.613 0.604 0.610 0.616 yes
22.48 0.33 DGB White 0.623 0.622 0.630 0.638 yes
17.74 0.11 DGB White 0.673 0.653 0.660 0.667 NO
11.74 0.09 DGB White 0.672 0.650 0.657 0.665 NO
22.39 0.33 DGB Orange 0.568 0.567 0.575 0.584 yes
17.47 0.11 DGB Orange 0.558 0.556 0.563 0.570 yes
11.67 0.09 DGB Orange 0.563 0.560 0.568 0.575 yes 26 
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Conclusions 
 These tests were the first in a series of tests aimed at 

characterizing performance of both parachutes  

 Compromises were made in the design and statistical 
analysis and interpretation required engineering judgment 
 The significance testing of the sub-atm test was based on the 

results from the preliminary test  

 No pure error estimates for the sub-atm test 

 Very few confirmation points, poorly distributed 

 Despite these compromises, the two tests showcased the 
power of statistical engineering approaches  
 The prelim test provided a statistically defensible result: 

Variations due to canopy manufacturing were not detectable 
in the drag coefficient data 

 The sub-atm test provided a CD prediction model as a function 
of M and Q for the two canopies and two materials with 
excellent summary statistics 

 A direct comparison of CD was possible over the range of M and 
Q tested – one of the main objectives of the overall test 
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