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SUMMARY 

 
Application of fluid structures interaction (FSI) computational techniques to configurations of 

interest to the entry, descent and landing (EDL) community is limited by two factors – limited 
characterization of the material properties for fabrics of interest and insufficient experimental data to 
validate the FSI codes. Recently ILC Dover Inc. performed standard tests to characterize the static 
stress-strain response of four candidate fabrics for use in EDL applications. The objective of the tests 
described here is to address the need for a FSI dataset for CFD validation purposes. To reach this 
objective, the structural response of fabrics was measured in a very simple aerodynamic environment 
with well controlled boundary conditions. Two test series were undertaken. The first series covered a 
range of tunnel conditions and the second focused on conditions that resulted in fabric panel 
buckling.  

INTRODUCTION 

Three configurations (i.e. ballutes, tension cones and stacked toroids) are currently under 
consideration by the NASA EDL program for missions that require landing high mass payloads on 
planets with thin atmospheres. FSI computations of some of the configurations of interest have been 
completed with various degrees of success. Shown in figure 1 from reference 1 is a result computed 
using the NSCART-GT Navier Stokes code coupled with the LS-DYNA transient dynamic finite 
element code that illustrates some of the challenges involved in the computation of a tension-cone 
decelerator. In particular, the wrinkling in the fabric under aerodynamic load is problematic in several 
respects including the obvious challenges of generating a grid adjacent to the fabric surface.  

 

 
Figure 1. FSI simulation of a tension-cone decelerator (from Ref. 1 with permission). 
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In addition, to the wrinkling that results from highly dissimilar components of strain, (i.e. the 

strain along a ray emanating from the apex is significantly greater than that in the circumferential 
direction) the basic response of the fabric in an aerodynamic environment is likely to be substantially 
different from that measured in standard fabric material properties tests because the loading is 
different (aerodynamic loads are directed normal to the surface). In addition, woven fabrics behave 
differently than isotropic materials in that they have a degree of porosity, creep while loaded and 
apparently have a memory (i.e. some fabrics have been observed to remain deformed after they are 
unloaded and then they slowly return to their original state after a period of hours to days).   

 
The behavior of loaded fabrics has been explored in several studies. Presented in reference 2 

are the results of four different test techniques performed on five coated fabrics to characterize the 
stress-strain and shear stress-strain behavior. The testing included using a trellis frame to measure 
the in-plane shear stress response to shear strain, a bias extension test, an uni-axial pull test and a 
cylindrical biaxial test. The results showed a significant degree of nonlinearity and hysteresis in 
virtually all of the tests performed.  

 
In reference 3, thin square membranes subjected to symmetrical corner loading were tested and 

modeled. Photogrammetry was used to measure the membrane deformation. The modeled and 
measured results agreed reasonably well in terms of the overall wrinkling amplitude, extent and 
frequency although the test results were not found to be very repeatable. Some of the details of the 
wrinkles were not captured by the modeling. It was determined that the wrinkles in the membrane 
formed along lines in the direction of the major principle stress.  

 
Shown in reference 4 are the results of a finite element calculation of a rectangular Kapton 

polyimide membrane subjected to shear. The modeled wrinkling pattern is similar to that visualized in 
an actual membrane but no quantitative comparisons were presented.  

 
Woven fabric shear deformation test techniques were surveyed in reference 5. The test 

methodologies of seven international research organizations were compared on three identical woven 
fabrics. It was found that the details of the various trellis frame designs lead to significant differences 
in the measured shear force versus shear angle trends. The data set collapse was improved after the 
data were corrected for differences in the frame geometry through use of an “amplification factor.” 
Furthermore, it was found that the data repeatability could be greatly improved through mechanical 
conditioning (i.e. shearing the fabric in the frame several times before starting the test).    

 
The importance of proper alignment of fabric test samples in trellis frame shear tests was 

pointed out in reference 6. In this reference, the load–displacement traces of the bias extension tests 
were compared with those measured using a modified trellis-frame. It was found that if the poly-
propylene and glass-fiber fabric was properly aligned in the frame and the shearing velocity was 
accounted for, both tests gave similar shearing loads.  

 
The references cited above bring to light certain challenges in measuring the basic material 

properties required to model the response of fabrics and membranes to static loads. In EDL 
applications the complexity is even greater because of the effects of fabric porosity, aerodynamic 
heating and dynamic loads. The current experiment represents a first attempt to incorporate some of 
these factors. It is recognized that the results presented here are imperfect and additional 
measurement technique refinement and testing will be required in order to develop a comprehensive 
dataset suitable for FSI validation purposes.  
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TEST DESCRIPTION 
 

The overall approach to the FSI validation experiment is to apply known structural and 
aerodynamic loads to a fabric panel and measure the corresponding deformation of the panel and the 
flow field adjacent to the deformed fabric surface.  The deformation of the panel is measured using a 
two-camera photogrammetry system and the flow field is measured using Particle Image Velocimetry 
(PIV).  

 
Fabrics Tested 

 
The fabrics supplied by ILC Dover Inc for use in this study are highlighted in Table 1. During the 

first test entry, which is the subject of this report, only the F-111 Nylon and ST11-4600 Kevlar were 
tested. 

 
Table 1. Fabrics provided by ILC Dover Inc. for testing. 

 

 
 
Selected material properties of these fabrics have been measured by ILC Dover (see reference 

2) and the fabrics from the same production run are used in the current study. 
 

Wind Tunnel 
  
Shown in figure 2 is the 14x14 in transonic wind tunnel, located in test cell 3 in the Fluid 

Mechanics Laboratory at NASA Ames, that was used in the testing. This is an indraft wind tunnel that 
has a Mach number range of 0.13 to 0.58 and the static pressure in the test section is up to 2.5 psi 
less than atmospheric depending on the Mach number. Mach number is set by adjusting the height of 
a choked nozzle between the test section and the diffuser. The nozzle prevents disturbances from the 
diffuser from propagating upstream into the test section. The tunnel was instrumented with a Setra 
Inc. Datum 2000 differential pressure transducer to measure the free stream dynamic pressure and 
Omega Inc. model PX409-005CG5V pressure transducers that were used to measure the test section 
and plenum static pressure levels. 
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Figure 2. The FML 14×14 inch transonic tunnel and associated instrumentation. 
 

Test Hardware 
 
The fabric test panels were installed in a custom designed stainless steel trellis frame (see 

figures 3-6) using specialty tooling that was developed to maintain the orientation of the fabric panel 
while the side clamps were installed. Fabric installation was performed on a bench while the trellis 
frame was held in the square configuration. After the fabric panel installation process was completed, 
the initial fabric panel tension was measured using a Newman ST tensionometer and then the trellis 
frame assembly was installed in the tunnel floor followed by adjustment of the jack screws to set the 
desired frame elongation. Plates with cutouts that matched each elongated frame configuration were 
then bolted and sealed in place in such a manner that the undeformed surface of the fabric was flush 
with the floor of the test section and there were no significant steps or gaps between the fabric panel 
and the rest of the tunnel floor. The fabric was installed so that either the warp or fill direction was 
aligned with the free-stream flow direction. Some tests were also performed with fabric oriented at 45 
degrees to the frame axis.  
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Figure 3. F-111 Nylon fabric installed in trellis frame. 
 

 

 
Figure 4. CAD model showing trellis frame range of extension. 
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Figure 5. CAD model of trellis frame integrated into a wind tunnel wall (underside). 
 

 
 

Figure 6. Fabric frame dimensions (in inches)  
 

The dimensions of the trellis frame are shown in Figure 6. The installed fabric rests on the 
edges of the frame which have a radius of 0.1875 inches in order to limit stress concentrations in the 
fabric. The unsupported portion of the fabric panel is 6.925 × 6.925 inches. As the trellis was 
elongated, the upstream corner remained at the same stream-wise position, the downstream corner 
moved downstream, and the outboard corners moved toward the tunnel centerline (Figure 4).  

 
The trellis frame is capable of  applying axial loads up to 20,000 lbs with axial elongations of up 

to a 2.5 inches. This range exceeded the axial tension and shear levels that were studied in the ILC 
Dover static tests. The applied tension in the fabric panel was  measured by an Omega LC 101-10K 
load cell. It should be noted that the 1.5 inch by 4 inch (width x height) stainless steel frame is very 
stiff in order to produce well know boundary conditions. The high-load capability was designed into 
the apparatus in order to cover a wide range of fabrics types (from thin stretchy Nylon to thick Kevlar). 
It was also deemed important to have the capability to fail the fabrics in tension in order to provide 
useful information for decellerator designers because the ultimate strength of the fabrics under 
aerodynamic load are currently unknown.  
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A plenum was fabricated to enclose the trellis frame assembly thus permitting the back side of 
the fabric panel to be pressurized up to 3 psi above the test section free-stream static pressure 
thereby creating a substantial pressure differential across the fabric (see Figure 7). The plenum  
pressure is set by a Proportionair QB-3 pressure regulator that allows air to be drawn into the plenum 
from the ambient environment. For highly porous fabrics, (e.g. F-111 Nylon) an auxillary compressor 
was used to increase the pleunum pressure level. The primary test series consisted of plenum 
pressure sweeps (i.e. fabric ∆p loading) on samples that were pre-elongated (stressed) to pre-
determined elongations by the jack screw. 

 

 
Figure 7.  Diagram of the plenum pressure control system. 

 
Typically, the fabric loading was a combination of aerodynamic loading and tension applied by 

the frame depending on the objective of the particular measurement. Three adjustments can be made 
to establish a FSI combined load. The tensioning screw can be adjusted to stress the fabric with 
forces up to 20,000 lbf possible. The static pressure on the back side of the fabric can be adjusted 
over a range of nearly 3 psi (depending on the tunnel Mach number) and the pressure distribution on 
the flow side of the fabric can be adjusted within certain limits to establish a pressure gradient over 
the surface. In addition, the initial fabric tension established during fabric installation can be adjusted 
(and is measured using a tensionometer). Through adjustment of these four variables, it is possible to 
expose the fabric to loading conditions similar to that experienced in a range of EDL applications 
thereby creating a validation dataset that will be relevant to EDL. This is an important aspect of the 
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design of the experiment because of the known highly nonlinear behavior of the fabrics. 
 
Tests were performed with and without pressure gradient effects. A pressure gradient was 

created by a 2 inch high by 26.5 inch long filleted circular arc insert placed on the opposing (upper) 
wind tunnel wall (as shown schematically in figure 8). The radius of the circular arc is 37.5 inches. 
Also shown in Figures 8 is a Navier-Stokes prediction of the far-wall pressure variation created on the 
fabric panel by a similar insert (note that computed and actual dimensions and Mach number differ 
slightly). Shown in the figure is the approximate stream-wise position of the fabric test sample 
(unstretched and fully stretched) relative to the insert.  Circular fillets of 10 inch radius on the 
upstream and downstream ends of the insert prevented flow separation near the junctures between 
the tunnel wall and the circular arc. Combining the stream-wise pressure variation arising from the 
circular arc with the pressure loading due to the difference between the free-stream static and plenum 
pressures results in a fabric loading that is representative in many respects to that experienced by a 
tension cone decelerator (see ref 1). During the wind tunnel test, the nominal free-stream Mach 
number was 0.46 which corresponds to a free stream velocity of 500 ft/sec. Under these conditions, 
the measured tunnel free stream static pressure is 2.0 psi below atmospheric. 

 

 
Figure 8. Wall pressure distribution for 2-in high filleted circular arc at M=0.58. 

 
PIV System 

 
Stereo PIV (SPIV) was used to measure the flowfield in a vertical cross-stream plane at 

approximately the mid point of the fabric panel at zero elongation. 
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The system consisted of a dual-cavity Nd:YAG pulsed laser, operating at 350 millijoules (mJ) per 
pulse and two frame-straddling cameras with sensors of 2048 x 2048 pixels. A laser sheet was 
projected across the tunnel in a vertical plane and the cameras were on the opposite side of the 
tunnel upstream and downstream of the laser plane (Figure 9). The lower edge of the laser sheet was 
adjusted to barely grazed the crest of the deformed model at each condition. Thus, the height of the 
lower edge of the laser sheet provided an estimate of the maximum model displacement at the laser 
station that was independent from the photogrammetry measurements. The images were stored after 
the photogrammetry data were acquired on a separate RAID system. The PIV software for both data 
acquisition and reduction was LaVision’s DaVis 8. The images were processed using a multi-pass 
method with the final pass setting of 32x32 pixels with 25% overlap. No less than 300 instances were 
acquired for each condition, with a simple average of all the instantaneous velocity fields presented 
here.  

 
 

FSI Photogrammetry 
 
The displacement of the model was measured by stereo photogrammetry. The model was 

imaged by two synchronized cameras located behind 3.5-in dia circular windows in the top wall on the 
centerline of  the test section, equidistant  upstream and downstream of the model. The location of 
the windows (and thus the cameras) were constrained by geometry and had to be located upstream 
and downstream of the circular-arc insert. This separation resulted in more oblique viewing angles of 
the model (about 60 degrees from the surface normal) and a larger convergence angle between the 
camera axes (about 120 degrees) than what is optimal (usually about 90 degrees). The high-
resolution cameras (2048 x 2048 pixels, 7.4 µm pitch) were operated at 0.5 Hz. Because of the very 
oblique viewing angles of the model, the camera lenses (50 mm) were mounted independently from 
the camera bodies, and the angles of the camera bodies were adjusted to the Scheimpflug angle, 
resulting in sharp edge-to-edge focus of the model. The model was illuminated through the PIV 
window on the port side of the test section using two pulsed Xenon flash lamps, one upstream and 
one downstream, with a duration of 15 microseconds. The short duration prevented image blur. The 
images were streamed to a RAID and saved as individual TIFF images. The images were captured 
during the condition changes and for several seconds when conditions were set.   

 

Figure 9. Plan-view illustration of the imaging systems for photogrammetry and SPIV. 
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The cameras were calibrated before the model was installed by imaging a rectangular plate that 
fit in the model cut-out in the floor of the test section. The calibration plate included a rectangular 
array of targets (Fig. 10) and was supported by a linear translation stage that allowed precise 
displacements in the direction normal to the plate surface. The plate was imaged by both cameras 
over a range of plate displacements spanning the expected out-of-plane displacements of the model. 
The targets were located in all images, and a best fit of the Direct Linear Transformation (DLT), which 
is an approximation of the collinearity condition of photogrammetry, was computed for each camera. 
Each DLT provides a transformation between object-space (x, y, z) and image-plane (X, Y) 
coordinates (Ref. 7): 

 

� = ��� + ��� + �	
 + ����� + ��� + ���
 + 1 

(Eq. 1) 
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When image-plane coordinates for the same point are available in the images of two cameras, 

the corresponding object-space coordinates are computed by solving the linear least-squares 
problem: 
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where superscripts A and B refer to images A and B, respectively.  
 

Data analysis began by defining a planar, rectangular interrogation grid in object space and, 
with Eq. (1), projecting it into images from both cameras where the model was undeformed (Fig. 11). 
The grid was positioned to coincide with the undeformed surface of the model. The most critical step 
of data reduction was to assure that each node of the interrogation grid corresponds to the same 
physical point on the model in the images of both cameras. This was accomplished by cross-
correlating image-data from each camera in a small (64 x 64 pixel) interrogation window centered on 
each node of the grid. Differences in perspective between the images, if left uncorrected, would 
overwhelm the cross-correlation function with noise. Therefore, both images were first dewarped to 
minimize perspective differences. The B-to-A cross correlation of the dewarped images at each node 
yielded a correction to the node position in image B so that the corrected position in image B 
corresponded to the same physical point as in image A.  

 
After correspondence of nodes was established in the first images, where the model was not 

deformed, each node was tracked through the sequence of images from each camera independently 
of the other camera. The displacement of each node from one image to the next was determined by 
cross-correlating intensity data within an interrogation window centered on the node from the current 
and next image. Thus the surface grid conformed to the shape of the model as the model deformed. 
This procedure requires that the imaging rate be high enough that there are no abrupt changes in 
model shape between successive images. This was true in the present test except in rare cases 
when the plenum pressure changed very quickly. After image-plane coordinates of each node were 
computed for both cameras at each sequence, the object-space coordinates of the nodes were 
computed from Eq. (2).  

 
The data-reduction procedure was the same as that used to measure the deformation of a 

tension-cone decelerator (Ref. 8) in a subsonic wind tunnel and the recession of ablation test articles 
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in arcjets (Ref. 9). An important requirement is that the approximate shape of the model must be 
known at least one condition. This is necessary so that a surface grid can be defined that conforms 
closely enough to the shape of the model to allow establishing correspondence of nodes in the 
images of the two cameras. This requirement becomes more important as the convergence angle 
between the cameras increases and corresponding points on the model appear more different as the 
camera perspective differences increase. 

 
For the case of maximum model elongation, the automatic algorithm for establishing point 

correspondence failed because the model was so deformed in the initial images. Therefore, 
measurements were made only at ten points along a line near the model center, and points in image 
B corresponding to points in image A were located manually by eye and “point and click” with the 
computer mouse. The tediousness of this procedure precluded making measurements on more than 
this small number of points. 

 
The plates with cut-outs that matched the elongation of the trellis included reference marks that 

appeared in the images of both cameras. The vertical positions of these marks were measured by 
photogrammetry and their average was taken as the reference zero position. Variations in the zero 
position among all configurations were less than 0.5 mm. 

 
 
 

 

Figure 10. Image of calibration plate from one camera. 
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Figure 11. Interrogation grid projected into wind-off image of model with no elongation. 

 
Test Matrix 

 
Presented in table 2 is the test matrix that was followed during the first test entry. It should be 

noted that not all of the test points were actually achieved. In some cases, the fabric slipped or failed 
in the frame during the elongation process and in other cases, (with the F-111 fabric) the porosity of 
the fabric was so great that it was not possible to establish the desired differential pressure loading. 
Only the results of selected runs are presented in this report. 
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Table 2. Test matrix for phase 1. 
 

Fabric Panel 
Orient. 

Tunnel  
Conditions 

Frame 
Elongation 

(in.) 
Measurements 

Solid panel N/A 
M=0.46 
No insert 

N/A 
Pitot probe b.l. surveys at 

x=0, 12, 24, 36, 48 inches 

Solid panel N/A M=0.46 
Insert 

N/A “ 

Uncoated  
Nylon  
(F-111) 

Tension 

M=0.46,  
∆Pfabric=0 �  
3.0, 0.5 psi 
No insert 

0.0, 0.1, 0.2, 
0.6, 1.2, 1.8 

Tunnel conditions,  
Frame load cell load,  
Frame elongation, 
Fabric ∆p, 
Fabric Deformation,  
PIV 

“ Shear “ 
0.0, 0.6, 1.2, 
1.8, 2.4 “ 

Silicon coated  
Kevlar 
(ST11-4600) 

Tension “ 0.0, 0.1, 0.2, 
0.6 “ 

“ Shear “ 0.0, 0.6, 1.2, 
1.8, 2.4 

“ 

Uncoated  
Nylon  
(F-111) 

Tension 

M=0..46,  
∆Pfabric=0 � 
 3.0, 0.5 psi 
Wall insert 

0.0, 0.1, 0.2, 
0.6, 1.2, 1.8 

Tunnel conditions,  
Frame load cell load,  
Frame elongation, 
Fabric ∆p, 
Fabric Deformation,  
PIV 

“ Shear “ 
0.0, 0.6, 1.2,  
1.8, 2.4 “ 

Silicon coated 
 Kevlar 
 (ST11-4600) 

Tension “ 0.0, 0.1, 0.2, 
0.6 “ 

“ Shear “ 0.0, 0.6, 1.2, 
 1.8, 2.4 

“ 
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RESULTS 
 

Presented in this section is the data acquired from two test entries (referred to as Phase 
1 and Phase 2). Minor refinements were made to the measurement systems as will be described to 
improve the data quality between the first and second entry.  

 
Phase 1 Tests 

 
Figure 12 shows the relative positions of the PIV and photogrammetry measurement 

regions and the coordinates used to report the data. X is streamwise (0 at the laser sheet, positive 
downstream), Y is cross-stream (0 at the tunnel centerline, positive away from the laser), and Z is 
vertical (0 at the test section floor, positive up). The figure includes a red line in the photogrammetry 
plane that shows where the contour data were cross cut to yield displacement profiles. 

 

 
 

Figure 12. PIV and photogrammetry measurement planes and coordinate systems. Grid cells  
 are 1 x 1 cm. 
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Velocity Measurements 
 
Presented in figures 13 through 36 are the results of the PIV measurements. Shown are contours of 
the X-component of velocity with cross flow velocity vectors superimposed. Figures 13-22 are for 
cases without the circular arc wall insert present, and Figures 23-36 show data obtained with the wall 
insert present. Listed in the figure captions is the desired pressure differential between the plenum 
below the fabric and the tunnel free stream static pressure measured at the entrance to the test 
section. The pressure, load data and other measured parameters can be found in the table in 
appendix A.  The fabric weave orientation was in the shear orientation (i.e. fabric yarn direction 
initially aligned with the side edges of the frame) for the cases shown.  

 

 
 

Figure 13. Stream-wise velocity at the initial elongation of 0 inch and ∆P =0.011 psi. 
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Figure 14. Stream-wise velocity at the initial elongation of 0 inch and ∆P=1.462 psi. 
 

 
 

Figure 15. Stream-wise velocity at the initial elongation of 0 inch and ∆P=2.416 psi. 
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Figure 16. Stream-wise velocity at 0.6 inch elongation and ∆P=0.028 psi. 
 

 
 

Figure 17. Stream-wise velocity at 0.6 inch elongation and ∆P=0.992 psi. 



 

18 

 
 

Figure 18. Stream-wise velocity at 0.6 inch elongation and ∆P=1.447 psi. 
 

 
 

Figure 19. Stream-wise velocity at 1.2 inch elongation and ∆P=0.013 psi. 
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Figure 20. Stream-wise velocity at 1.2 inch elongation and ∆P=0.960 psi. 
 

 
 

Figure 21. Stream-wise velocity at 1.2 inch elongation and ∆P=1.970. 
 

Figure 22. Not available.  
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 Figure 23. Stream-wise velocity at the initial elongation of 0 inch and ∆P=0.015 psi. 
 

 
 

 Figure 24. Stream-wise velocity at the initial elongation of 0 inch and ∆P=0.513 psi. 
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 Figure 25. Stream-wise velocity at the initial elongation of 0 inch and ∆P=0.497 psi. 
 
 

 
 

 Figure 26. Stream-wise velocity at the initial elongation of 0 inch and ∆P=1.028 psi. 
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 Figure 27. Stream-wise velocity at the initial elongation of 0 inch and ∆P=1.028 psi (repeat). 
 

 
 

 Figure 28. Stream-wise velocity at 0.6 inch elongation and ∆P=0.015 psi. 
 



23 

 
 

 Figure 29. Stream-wise velocity at 0.6 inch elongation and ∆P=0.512 psi. 
 

 
 

 Figure 30. Stream-wise velocity at 0.6 inch elongation and ∆P=1.017 psi. 
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 Figure 31. Stream-wise velocity at 0.6 inch elongation and ∆P=1.507 psi. 
 

  
Figure 32. Stream-wise velocity at 0.6 inch elongation and ∆P=1.507 psi (repeat). 
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Figure 33. Stream-wise velocity at 1.2 inch elongation and ∆P=0.029 psi. 

 

 
 

 Figure 34. Stream-wise velocity at 1.2 inch elongation and ∆P=0.516 psi. 
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Figure 35. Stream-wise velocity at 1.2 inch elongation and ∆P=0.998 psi. 

 

 
 

Figure 36. Stream-wise velocity at 1.2 inch elongation and ∆P=1.509 psi. 
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Deformation Measurements 
 

Model displacements were measured at each node of a rectangular 60x60-node interrogation 
grid that was rotated 45° with respect to the tunnel axes to match the orientation of the model (Fig. 
11). Model features at each node were tracked through the sequence of images as the plenum 
pressure was changed. Figure 37 shows the time history of the out-of-plane (z) displacement of a 
point near the center of a Kevlar model for the case of no elongation and a flat ceiling. It includes 
tunnel start-up with zero pressure difference between the plenum and the test section; five intervals 
where the plenum pressure was increased in 0.5 psi increments; and tunnel shutdown. Note that at 
each plenum pressure the displacement of the model was still slowly increasing when the next 
pressure was applied. This time history was typical of all runs. 

Model displacements at each elongation and plenum pressure are shown as color-contour 
overlays of images of the model from the downstream camera (Figs. 38-40 and 42-44). The 
measurements correspond to data at the end of each pressure interval. The upstream corner of the 
model is at the top of each image. Figures 38, 39, and 40 show data for model elongations of 0, 0.6, 
and 1.2, respectively, for a flat top wall. No contour data are shown for the largest model elongation 
(1.8) because the automatic algorithm for establishing point correspondence failed in this case. Thus, 
ten correspondence points were located manually, “by eye,” and are shown in Figure 41. Figures 42, 
43, and 44 show data over elongations 0, 0.6, and 1.2, respectively, with the circular-arc top wall. 
Data at the larger elongations include many outliers that are clearly bad data points. 

 

 

 
Figure 37. Time history of displacement near center of model (Run 21, Kevlar model, elongation 

= 0, flat ceiling). 

 



 

28 

  

   

  

 
Figure 38. Effect of plenum pressure on out-of-plane displacements (Run 21, Kevlar model, 

elongation = 0, flat ceiling). 
 

∆∆∆∆P = 0.0 ∆∆∆∆P = 0.5 

∆∆∆∆P = 1.0 ∆∆∆∆P = 1.5 

∆∆∆∆P = 2.0 ∆∆∆∆P = 2.5 
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Figure 39. Effect of plenum pressure on out-of-plane displacements (Run 22, Kevlar model, 

elongation = 0.6, flat ceiling). 

∆∆∆∆P = 0.0 ∆∆∆∆P = 0.5 

∆∆∆∆P = 1.0 ∆∆∆∆P = 1.5 

∆∆∆∆P = 1.6 
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Figure 40. Effect of plenum pressure on out-of-plane displacements (Run 23, Kevlar model, 

elongation = 1.2, flat ceiling). 

∆∆∆∆P = 0.0 ∆∆∆∆P = 0.5 

∆∆∆∆P = 1.0 ∆∆∆∆P = 1.5 

∆∆∆∆P = 2.0 
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Figure 41. Manually located points for out-of-plane displacements measurements (Run 24, Kevlar 

model, elongation = 1.8, flat ceiling). 
 

 

 

 
Figure 42. Effect of plenum pressure on out-of-plane displacements (Run 37, Kevlar model, 

elongation = 0, circular arc ceiling). 

∆∆∆∆P = 0.0 ∆∆∆∆P = 0.5 

∆∆∆∆P = 1.0 ∆∆∆∆P = 1.5 
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Figure 43. Effect of plenum pressure on out-of-plane displacements (Run 38, Kevlar model, 

elongation = 0.6, circular arc ceiling). 
 

∆∆∆∆P = 0.0 ∆∆∆∆P = 0.5 

∆∆∆∆P = 1.0 ∆∆∆∆P = 1.5 

∆∆∆∆P = 1.9 
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Figure 44. Effect of plenum pressure on out-of-plane displacements (Run 39, Kevlar model, 

elongation = 1.2, circular arc ceiling). 
 

Cross plots of the contour data along the red line shown in each image are presented in Figures 
45 and 46 for the flat-wall and circular-arc wall cases, respectively. The position of this line relative to 
the PIV measurement plane and the model is shown in Figure 12. The displacement data are plotted 
versus the Y (cross-stream) coordinate of each measurement point. Because the interrogation grid 
was rotated 45° with respect to the tunnel axes to match the orientation of the model, the X 
(streamwise) coordinates of points along the measurement line are not constant (Fig. 12). The (X, Y) 
coordinates of the end-points of the cross-plot line were approximately (52, -47) and (-36, 41). 

 

∆∆∆∆P = 0.0 ∆∆∆∆P = 0.5 

∆∆∆∆P = 1.0 ∆∆∆∆P = 1.5 
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Figure 45. Cross-plots of out-of-plane displacements for different elongations and plenum pressures 
(Runs 21, 22, 23, 24, Kevlar model, flat ceiling). 

 

 

Elongation = 0 Elongation = 0.6 

Elongation = 1.2 Elongation = 1.8 

Elongation = 0 Elongation = 0.6 
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Figure 46. Cross-cuts of out-of-plane displacements for different elongations and plenum pressures 
(Runs 37 38, 39, Kevlar model, circular arc ceiling). 

 

 Figure 47 shows the effect of model elongation on out-of-plane displacement along the cross-
cut line. The data are shown separately for each wall configuration (flat and circular arc) at ∆P = 1.5 
psi. Note that the trend of displacement with elongation is reversed in the circular-arc case compared 
to the flat-wall case: displacement increases with elongation for the flat-wall cases, but decreases 
with elongation in the circular arc cases. 
 

 

Figure 47. Effect of elongation on out-of-plane displacements (Kevlar model, ∆P = 1.5 psi). 
 
Figure 48 directly compares the effect of the top-wall configuration on the model displacement 

for three model elongations. These data are also at ∆P = 1.5. Note that the relative magnitudes 
between the flat- and circular-arc wall cases are reversed for elongations 0.6 and 1.2 compared to 
elongation = 0. 

 

Elongation = 1.2 

Flat wall Circular arc wall 
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.  

 

Figure 48. Effect of shape of top wall on out-of-plane displacements at different elongations (Kevlar 
model, ∆P = 1.5 psi). 

 
The uncertainty in measuring the displacement points on the model was between 0.1 and 1 mm. 

Most of this uncertainty was due to uncertainty in establishing correspondence between 
measurement points in the images of the two cameras. Factors contributing to this uncertainty 
included: the large difference in perspective between the cameras due to their large convergence 
angle; the lack of reference images where the geometry of the model was known; the coarse weave 
of the model; directional lighting that created dark shadows when the model deformed out of plane 
and amplified the apparent texture of the model’s weave; low contrast between the model surface and 
the random speckles and too few speckles; and occasional abrupt changes in the shape of the 
model. 

 
A more robust algorithm is required to establish correspondence at large camera convergence 

angles when the initial approximate shape of the model is not known in advance. The convergence 
angle for this test (110°) was well beyond angles recommended when using commercial 
photogrammetry software (20-30°) that relies on digital image correlation to establish 
correspondence. Thus, one way to mitigate the correspondence problem is to reduce the camera 
convergence angle. However, this would come at the expense of lower sensitivity to out-of-plane 

Elongation = 0 Elongation = 0.6 

Elongation = 1.2 
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displacements. In the present test the camera separation, and thus convergence angle, was limited 
by the need to place the circular-arc insert between the cameras.  

 
At conditions where the Kevlar models were elongated significantly in the stream-wise direction, 

at wind-off conditions the model surface was not planar but exhibited out-of-plane displacements that 
appeared as longitudinal channels (Fig. 49). As the stretching increased, the displacements 
increased and the channels became more pronounced. This presented several problems for the data-
reduction procedure. Most importantly, for these highly elongated cases there were no images of the 
undeformed model that could be used to establish correspondence between nodes in images A and 
B. Although the channeling usually disappeared after the tunnel was started and there was a 
pressure difference across the fabric, the pressure caused the model to bulge outward so that it was 
not planar at this condition either (Fig. 50). A solution to this problem would be to image the model as 
it is being stretched, thus allowing correspondence to be established in the first images where the 
model was not stretched and when there were no channels. Then, in the remainder of the sequence, 
the grid would stretch with the model as it was deformed by virtue of the node-tracking procedure 
described above (note that these improvements were implemented during phase 2). 

 
 A second problem created by elongation was that, because the model was lit from the side, the 

bottoms of the channels were in shadow (Fig. 49). This made the speckles less visible and 
aggravated the problem of trying to establish correspondence of nodes. A solution to this problem is 
to provide non-directional lighting. 

 
The Kevlar models exhibited a regular, very coarse weave (Figs. 49-50) that made data 

reduction more difficult. The weave appeared as a regular intensity pattern that resulted in cross-
correlation functions with regularly spaced secondary peaks; the separation between peaks in both 
directions was the same as the “wavelength” of the weave. In addition to this pattern of secondary 
peaks, the correlation function included a peak associated with the displacement of the random 
speckles, which was what we wanted to measure. This peak was usually larger than all secondary 
peaks; however, when the contrast between the speckles and the fabric was low, as it was in 
shadows, the magnitude of this peak was only slightly greater than, or sometimes even less than, the 
secondary peaks. The side-lighting made the weave even more exaggerated and increased the 
magnitudes of the secondary peaks, making it that much more difficult to locate the primary peak. 

 
 

 
 

Figure 49. Wind-off image of Kevlar model at elongations 1.2 (Run 23) and 1.8 (Run 24) showing 
longitudinal channels.  
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Figure 50. Wind-on image of model at maximum elongation with bulge due to pressure difference. 
 
Phase 2 Tests 
 
Several improvements were incorporated into the photogrammetry system for Phase two. As before, 
the cameras were mounted above the test section on the test section centerline, one upstream and 
one downstream of the test article. For phase two, no bump was employed on the inside surface of 
the upper wall because fabric buckling was achievable without the presence of the pressure gradient 
induced by the bump. This change made it possible to slightly increase the sizes of the windows 
through which the cameras viewed the test article. This also slightly reduced the angular separation 
between the cameras. Another important improvement was that the model was illuminated from 
above rather than from the side. This prevented shadows from being cast in the longitudinal furrows 
that formed when the test article was elongated. Another change was that the speckles on the fabric 
test article were smaller and denser than in phase one to allow better spatial resolution. The most 
important change was one of procedure: before images were acquired at wind-on conditions, the test 
article was imaged continuously as it was elongated at wind-off conditions. The interrogation grid was 
defined based on images acquired before the model was stretched, when the model was 
approximately square. At this undeformed condition it was easy to establish correspondence between 
nodes of the grid in the images of both cameras (that is, ensure that each node of the grid overlay the 
same physical point on the model in the images of both cameras). Then, as the model was stretched, 
the grid stretched with the model as if it were glued to it thereby preserving correspondence of all 
nodes even at maximum elongation when longitudinal furrows formed. This provided a good initial 
condition for the wind-on measurements and also allowed separating the model displacements that 
were due to stretching from those due to aerodynamic loading. 
 
Figure 51 (left) shows the out-of plane displacements (delta z) of the test article at wind-off conditions 
and maximum elongation. Note the longitudinal furrows. Figure 51 (right) shows the additional out-of-
plane displacements due to aerodynamic loads. Flow direction is bottom to top. All dimensions in mm. 
Figures 52 and 53 are similar comparisons of displacements in the in-plane streamwise (Fig 52) and 
cross-stream (Fig. 53) directions. 
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Figure 51. Out-of-plane displacements due to wind-off elongation (left) and aerodynamic loads (right). 
 
 

 
 
Figure 52. Streamwise displacements due to wind-off stretching (left) and aerodynamic loads (right). 
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Figure 53. In-plane lateral displacements due to wind-off stretching (left) and aerodynamic loads 

(right). 
 
Figure 54 (left) shows an image from the upstream camera with the grid overlaid. Figure 54 (right) 
shows out-of-plane displacements along the row of the grid indicated in Figure 54 (left). The red 
symbols show displacements due to stretching; the black symbols show displacements due to 
aerodynamic loads. Figure 55 shows model displacement data and PIV stream-wise velocity 
measurements. The PIV plane was vertical, 120 mm downstream of the upstream point of the test 
article. 
 
 

 
 

Figure 54. Image from upstream camera (left) and out-of-plane displacements (right) along row 
indicated by red dots. 

 
 



41 

 
 
Figure 55. PIV and photogrammetry measurements. View is along tunnel axis looking downstream, 

Vinf = 566.8 ft/sec, ∆P = -0.08 psi, Elongation = 2.4 in, Kevlar Tension = 13 N/cm. 
 

CONCLUSIONS 
 
This document summarized the development of an experiment designed to provide data on 

fabrics suitable for validation of FSI computer codes. The apparatus developed for holding the fabric 
samples was geometrically simple with well defined boundary conditions yet permitted combined 
loads (structural and aerodynamic) to be applied in a controlled fashion. Although a substantial 
quantity of data was obtained during the wind tunnel tests, only a representative subset has been fully 
reduced and analyzed.  It was found during testing that the phenomenon of greatest interest (i.e fabric 
buckling or wrinkling) that was present with the flow off did not persist once the flow was turned on. 
This was found to be the case even at low pressure differentials across the fabric. A follow-on 
experiment (i.e. phase 2 tests) was conducted wherein the test conditions were tailored in an attempt 
to achieve a flow-on buckled fabric state. Buckling was observed in this experiment at very low 
pressure differences across the tensioned fabric panel.  Even though not all the test objectives were 
met, a dataset was produced that should be of interest to the FSI modeling community.   

 
During this test, many areas of test technique improvement were identified. In particular, 

obtaining PIV measurements close to the fabric surface was found to be problematic. Other 
improvements include providing lighting of greater uniformity for the deformation measurements and 
tracking the fabric deformation using photogrammetry while the fabric is being elongated by the jack 
screw.  
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Appendix A – Selected Measured Data
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