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Abstract

This paper presents the application of a commercially
available Fluid Structure Interaction (FSI) simulation
tool post inflation problems in parachute systems.
Steady state performance and post inflation dynamic
loading are explored for an arbitrary cross parachute
design.

Additionally, the affect of mesh boundary location on
these results is explored.

Introduction

The understanding of post inflation dynamic loading
of parachutes continues to be the realm of expensive
testing rather than analysis and simulation. This is not
only costly in terms of program dollars, but also can be
costly to system performance.

Post inflation loading can include events such as
vehicle reorientation for landing position orientation or
load retraction for soft landing. In both areas, the
parachute apparent mass and canopy skirt deformation
are significant contributions that simple spring mass
type simulations find difficult to fully represent.

In the reorientation case, we know from experience
that these events can have loads equal to or higher than
to original parachute inflation loads. We also know that
common simulation techniques (spring/mass/drag
simulations) tend to over predict these loads by 10% or
higher. Structural efficiency and, in some cases,
customer confidence, is lost due to poor predictions.

For the retractor cases, a level of performance is lost
to the same phenomena, and the landing sweet spot can
be significantly changed by the combination of
structural elongation, skirt deformation and dumping of
the entrapped air mass.

This paper will explore the aspects of post inflation
dynamic loading through the use of Fluid Structure
Interaction simulations. Along the way, as a matter of
model development and checkout, we will also review
variations in modeling technique, such as boundary
location and parachute performance, such as the
variation of drag coefficient with canopy loading
(W/S).
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Approach

The Explicit Finite Element Analysis (FEA) tool LS-
DYNA will be employed for this investigation. Irvin
has used this tool for many years for the analysis of
fabric structures, including airbags, impact nets, and
highly technical static fabric structures.

The LS-DYNA tool currently includes two fluid
solvers with further extension ongoing. The most
mature of these solvers is a Navier-Stokes solution
based on the Arbitrary LaGrange-Eulerian (ALE)
solution method. In this approach, the fluid mesh
computation includes a LaGrangian phase, where the
fluid mesh is allowed to move. This can greatly reduce
the cost (computational overhead) associated with
solution of the Navier-Stokes (NS) equations. At
intervals, either every computational frame or user
selected, the fluid mesh is moved back to its original (or
Eulerian) position. During this process, fluid mass must
be conserved and, in the case of multi-material fluids,
individual element characteristics must be updated. This
process is often referred to as “advection”. For all
simulations in this paper, advection was completed at
every time step (integration step). While reduction of
the advection frequency can greatly improve
computational overhead, the models presented herein
have acceptable performance and the limited number of
similar runs did not require run time optimization.

Fluid/structural coupling is completed within the LS-
DYNA solver. This approach provides significant
flexibility to the user as fluid and structural meshes can
be totally independent. A simple series of input cards
dictate coupling between various parts — in this case,
the fluid and the parachute structure. In other
applications, this might be cords in an automotive tire
or re-bar in a concrete structure.

During the solution, the LS-DYNA solver completes
coupling through penalty method, between the fluid and
the parachute structure. This approach eliminates
significant problems such as fluid mesh distortion.

It is one of our purposes with this article to begin to
establish validation of this technique in our application
area, specifically, fluids and fabric structures.
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For this effort, a full symmetry model of a cross
parachute was initially created. However, the majority
of simulations were completed using a quarter
symmetry model for computational overhead.

The cross geometry is somewhat arbitrary and is
discussed below; model size will be varied to isolate the
effects of mass and drag. The model is initiated with the
parachute in a flat “as built” configuration and fluid
flow “inflates” the parachute to a flying shape.

The parachute structure includes suspension lines and
structural elements that represent radials and skirt
bands. Figure 1 presents views of the basic structural
mesh. Shell elements representing the parachute drag
surface use the LS-DYNA *mat fabric material model
which eliminates bending stiffness and has little to no
compressive stiffness. Similarly, beam elements used
have no compressive stiffness. For simplicity, linear
moduli are used in the tensile regime. However, fully
non-linear characteristics, including hysteretic behavior,
are available for both the shell and beam elements.

Figure 1. Basic Model — Parachute Structural Mesh

Figure 2 presents a view of the initial fluid mesh with
the constructed parachute shape.

Figure 2. Basic Model — Parachute and Fluid Mesh
Model Checkout

Several steps were taken to validate the cross
parachute model and simulation results prior to the
analysis of post inflation dynamics. These analyses
include the evaluation of boundary location and the
variation of the parachute drag coefficient with flight
velocity or canopy loading (w/s). The latter is a well-
understood trend in most parachutes and the
demonstration of a representative trend is pursued to
provide some confidence in the FSI results.

Parachute Loading (w/s) Validation

One of the most common parachute performance
parameters, and perhaps the simplest to validate in an
FSI simulation, is the relationship between canopy
loading (or rate of descent) and the drag performance,
as measured by drag coefficient, of the parachute. The
higher the canopy loading, or descent flight condition,
the lower the drag coefficient. This effect is presented
in Reference 1 and many others.
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Our current simulation technique is an infinite mass
flight, that is, the parachute lines are constrained and
the air passes by the parachute, much as would happen
in a vertical wind tunnel. Therefore, in this simulation
environment, the weight loading is reflected as an
increasing velocity in the fluid passing by the retained
parachute. Velocity variations from 18.0 to 36.0 fps
were selected.

One of the first conclusions we reached was that the
parachute drag should be evaluated at the same non-
dimensional inflation time for all simulations. As we
know, parachutes inflate as a function of the true
airspeed at which they are inflating. Therefore, for these
relatively short inflation simulations (1-2 seconds),
evaluation at the same “quasi-stable” point was
important. That is to say, that since these results were
taken approximately 0.5 to 1.0 seconds after initial
inflation, the parachute drag results are still relatively
un-damped.

As a result, all results presented in this section are
based on a similar inflation velocity time. For instance,
the 18.0 fps inflation results are taken at 2.0 seconds in
the simulation. Similarly, the 36.0 fps results are taken
at 1.0 second in the simulations. All other results are a
ratio of the fluid (inflation) velocity, and the 36.0
fps/1.0 second result.

Our original result is presented in Figure 3. The plot
provides a variation of parachute drag coefficient versus
“free stream” dynamic pressure.

Parachute Drag Coefficient versus Dynamic Pressure
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Figure 3. Parachute Drag Coefficient (Cd) versus Flight
Dynamic Pressure

While the trend in the drag coefficient is similar to
measured data (Ref 1) and encouraging, the mean value
of the drag coefficient seams questionable. First, the
overall value is too high. Two potential explanations
occur for this. The first is that the parachute model,
while being a cross configuration, is constructed of zero
permeability fabric — permeability models are currently
being developed. Furthermore, the boundary conditions
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for quarter symmetry result in a zero permeability
parachute with perfect stability. Therefore, we would
expect the Drag Coefficient (Cd) for this simulation to
be rather high. Parachute drag coefficient is based on
constructed (planform) area of the cross parachute.

However, the resulting Cd is high enough that we
decided to review the boundary conditions and related

blockage effects for this model.

Boundary Location Variation and Computational Cost

As discussed above, the rather high Cd results
initiated a review of the mesh boundary location. One
metric that we will use for this evaluation is the ratio of
parachute constructed or planform area to the vertical
cross section of the fluid mesh. We were surprised to
discover that this was approximately 11% for the
original model but this model was basically created on
“looks good criteria”. Additionally, this ratio is the
ratio of constructed parachute area and flow area and is
not directly related to classic wind tunnel blockage area.
A true blockage might be closer to 4-6%.

At this point, two additional fluid meshes were
completed by extending the outer elements in both the
vertical cross section (flow area) and the entrance and
exit locations for the fluids. Figure 4 presents a
comparison of the original and two new, extended fluid
mesh models.

Figure 4. Comparison of Original and Extended
Boundary Models

The 28.0 fps model was used as the comparison point
between these three fluid mesh models. All runs were
completed to the same time period and drag data were
reduced to coefficient form in the same manner.
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Figure 5 provides a plot of parachute drag coefficient
versus the planform to flow area ratio. The 11.25%
entry is the original model. While not yet asymptotic,
the 4-6% ratio area begins to look acceptable for
engineering solutions. That is to say, we are not looking
for absolute engineering data from these class of
simulations, but rather accurate comparisons between
configurations variations. Thus, we believe that some
level of absolute accuracy can be sacrificed in exchange
for improved computation overhead (run time).

Parachute Drag Coefficient versus Area Ratio
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Figure 5. Drag Coefficient Results versus Area Ratio —
Original and Extended Boundaries

The lack of expected asymptotic behavior is likely
related to the fact the extended boundary models
increase the fluid flow area and move the inlet and exit
flow boundaries further from the structural elements.
Figure 6 provides a comparison of parachute Cd with
total element count for the models. Here we see an
expected asymptotic behavior on Cd with increasing
element count.

Parachute Drag Coefficient versus Model Element Count
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Figure 6. Drag Coefficient versus Element Count —
Extended Boundary Models

Figure 7 provides plot of computational cost (run
time hours) versus the resulting parachute drag
coefficient. We see that a significant additional cost is
paid for the relatively small overall accuracy increase
from 6% to 4% of the ratio.
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Computational Cost versus Parachute Cd
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Figure 7. Computational Cost versus Drag Coefficient
Result

We therefore conclude that the 6% model represents
the appropriate balance between run time and accuracy,
at least for this exercise.

Finally, Figure 8 presents the relationship between
computational cost (run time) and number of elements
for these three models.

Computational Cost versus Element Count

"

: A
/

Computational Cost (hours)

2

0
40000

100000 120000 140000

Number of Elements

60000 80000 160000

Figure 8. Computation Cost versus Element Count

Updated Parachute Loading Validation

A new w/s run series was completed using the middle
or 6% ratio model. The same flight velocities were
used with the fluid mesh being the only change. Figure
9 presents the Cd versus dynamic pressure variation
from this series of runs. The curve again has the
expected slope. We are not aware of any significant
database for cross parachutes, particularly of any
specific arm length ratio. However, our purpose is only
to demonstrate that the variation can be analyzed with
these tools.

As the Cd variation (versus canopy loading or flight
speed) is known to be related to canopy shape, our next
logical step would be to review the simulation results of
shape differences. Figure 9 provides a comparison
between the 18.0 and 36.0 fps simulations. For
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emphasis, we also completed a similar simulation for a
60 fps flight condition. This helps to further illustrate
the change in canopy shape with canopy loading or
increased flight speed. Note the flattening of the
parachute crown, reduced extension of the parachute
arm, and tightening radius in the shoulder region, all
with increasing airspeed.

Parachute Cd versus Dynamic Pressure
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Figure 9. Final Result — Parachute Drag Coefficient
versus Flight Dynamic Pressure
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Figure 10. Parachute Shape Comparison — Various
Flight Airspeeds

Retraction Models

The stated goal of this paper is to investigate the post
inflation dynamics of parachutes. That is, how fully
inflated canopies respond to load variations. For Irvin,
the most interesting of these events is the reorientation
of a vehicle, such as a UAV. This typically occurs
following main parachute inflation and is done to adjust
the vehicle from the initial parachute deployment
condition to one more favorable for landing.

Our experience is that if not carefully controlled,
these events can produce loads as high or higher than
those experienced during initial parachute inflation. In
the simplest model, this process involves the release of
the parachute(s), and the subsequent retraction or re-
loading of the parachutes by the cargo.
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For the purposes of this paper, we will consider only
the retraction phase. This will eliminate the
computational cost (time) related to the release, as well
as an independent variable, the time or distance that the
parachute is released. Additionally, this approach will
provide some insight, if not a simulation baseline, prior
to investigating the more complicated maneuver.

Our approach therefore, is to complete several
simulations of a retraction of the same parachute and
fluid mesh. The basic difference between simulations
will be the linear size of the parachute and fluid mesh.
Retraction events will be scaled to provide the same
average velocity during the retraction phase.
Additionally, as the linear stroke is scaled with the
mesh size, the parachute will traverse the same portion
of the fluid mesh.

As the parachute drag should scale with the square of
the linear dimension (call it lambda) and the trapped
fluid mass scales with the cube of lambda, we hope to
isolate or at least provide insight into the relation
between drag and inertial forces during these types of
events.

Figure 10 provides an example of an FSI simulation
of a cross parachute during a retraction event.

Figure 10. Cross Parachute under Retraction Load

Scaled Retraction Velocity

Following several developmental simulations, an
initial series of runs were completed. In these, we used
the scaled fluid and structural meshes, but the same
material definitions throughout. Our simulations
included, 1, 3, 7 and 10 times scale factor.
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A preliminary review indicated that the structural
differences between the models, while not severe, were
definitely influencing results.

Figure 11 presents a comparison of the 1 and 10
times scale simulations at the same point during
retraction. Both the additional suspension line extension
and the skirt collapse related deformation (also related
to the suspension lines) were enough to convince us that
this approach would not provide technical fidelity. The
approach was initially adopted due to concern about
computational overhead and, to some extent, an attempt
to eliminate another scaling factor, that being structural
strength.

|Lambda = 1.0

/ |

Figure 11. Shape Comparison During Retraction —
Different Parachute Size, Same Fabric Strengths

Scaled Retraction Velocity and Scaled Structure

Following the conclusion that parachute structure
would require scaling with the linear dimension
(lambda), those enhancements were made to the model.
Shell elements representing the broadloom areas of the
parachute were scaled by increasing the shell thickness
linearly with the lambda parameter. This approach
provides additional fabric weight along with strength
and, therefore, the overall simulation run time is not
impacted. Additionally, this is a reasonable reflection of
the overall situation. In reality, the smallest parachute
configurations are probably at a minimum weight (or
gauge) condition, resulting in the larger models being
heavier than required, however, this approach provides
an excellent means for apples-to-apples comparison.

The linear structure, suspension lines, radials and
horizontal reinforcements were scaled with the square
of the linear dimension (lambda). Simulation results
have shown that these adjustments do not significantly
impact simulation cost, at least in the context of these
models.

6

Table 1 provides a summary of the models completed
and the input conditions for these simulations.
Unfortunately, these results were completed in parallel
with the boundary location analysis presented above.
They are, therefore, for the smallest or original fluid
model. The next section will present similar results for
the extended boundary model.

Table 1. Input Conditions for Scaled Retraction Models

1 28 fps 5.6 inches .0133 sec. 421.1 in/sec

3 28 fps 16.8 inches .0399 sec. 421.1 in/sec

7 28 fps 39.2 inches .0931 sec. 421.1 in/sec

10 28 fps 56.0 inches 1330 sec. 421.1 in/sec
Figure 13 provides a summary of the force data for

all four models. These plots were completed by
summing the Z-axis force component for each of the
suspension line elements (one per line) and multiplying
by four to represent the entire canopy. Actually, one of
the two center arm elements was dropped to not over
account for this line, which is, theoretically, split by the
two symmetry planes.

Since the force term is computed from the suspension
lines, it represents a combination of drag and inertial
related terms during the retraction event.

The shape of the force versus time curves in Figure
13 suggest a drag dominated reaction for lambda = 1.
For lambda = 7 and 10, the peak force is clearly inertial
related.

Figure 14 provides a summary of the peak retraction
force versus the canopy size parameter lambda.

In Figure 15, we add a simple rigid body drag
calculation during retraction and a least squares
regression type fit to the simulation results and the
simple drag calculation. The second quadratic curve on
the plot represents the drag force for a rigid body of
equal drag coefficient to the steady, pre-retraction
parachute CdS, assuming that this body is at the flight
velocity of the descending parachute, plus the retraction
velocity. We can see that the peak force is well above
the drag only predicted force.

The drag calculation is a true quadratic equation
based on the variation of drag area with the square of
lambda. Thus, even when a cubic fit was selected, the
cubic term is returned as zero.

The similar coefficient on the squared or area related
term and the dominant cubic or volume related term in
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the simulation results curve fit suggests that inertial
terms related to the parachute volume are truly
dominant. This is, of course, a fact that we knew and
expected, but we are excited about the implications for
model validation that these results suggest.

Peak Force during Retraction versus Lambda

60000

Vad

50000

40000

/

Peak Parachute Force

Figure 13. Force Time History during Retraction Event
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Figure 16 provides a comparison between the FSI
results and the simple spreadsheet model discussed
above. We find a reassuringly similar trend between the
peak force in the spring/mass/drag model and the full
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FSI model. Again this suggests a level of validation for
the FSI solution.

In Figure 17, we arbitrarily adjust the volume that is
used to compute the parachute apparent/included mass.
This adjustment is made once, and the resulting volume
is scaled across the range of the lambda scale factor.
With this approach we see a relatively good correlation
between FSI and the simple spreadsheet computation.
Again, this suggests to us a level of validation for the
FSI tool.

Spreadsheet Simulation vs. FSI Results
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Figure 16. Peak Force Comparison — FSI Results and
Spreadsheet Simulation

Spreadsheet Simulation vs. FSI Results
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Figure 17. Peak Force Comparison — FSI Results and
Spreadsheet Simulation — Parachute Included Mass
Adjusted

Scaled Velocity and Structure with Extended Boundary

The original retraction models were completed prior
to full understanding of the boundary location data
presented above. Fortunately, sufficient time remains to
repeat the retraction runs with the extended boundary
(middle size) mesh, as presented above.

Figure 18 presents a comparison between the original
results and the extended boundary model; clearly, the
mesh boundary locations are not as significant for the
retraction event. This result also indicates that the
previous comparisons remain valid.
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FSI Result Comparison Original and Extended Bounds
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Figure 18. FSI Retraction Results (Original and
Extended Boundary)

Future Investigations

The results presented throughout this paper
concentrated on a cross parachute of generic design.
This is primarily because this is one of the simplest
parachutes to draw.

The application of these tools is certainly not limited
to cross type parachutes. Previously, we have had
difficulty with solution of flat, circular parachutes. This
may be related to inter-gore contact and a resulting
fluid/structure coupling issue. However, it is most
likely the result of an early, incorrect model.

Most recently, we have explored the application of
FSI to shaped, round parachutes. These are much more
applicable to the world of high performance recovery
systems. Figure 19 provides an interim result from a
FSI solution for a solid, quarter-spherical construction
parachute. We expect and are hopeful that this model
will exhibit unstable flight due to vortex shedding and
the resultant fluid structure interactions.

Figure 19. Interim Result, Full Symmetry Simulation of
Round Parachute — Wake Re-contact Event

With the demonstration of this basic result (an
unstable parachute), we can then begin to modify the
parachute configuration to enhance stability.
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The overall relationship between parachute stability
and drag coefficient as established through FSI can
provide a significant enhancement to recovery system
performance.

Similarly, Figure 20 provides an early result for a 3-
cell model of a parafoil portion. Our purpose here was
to demonstrate the ability to model these devices,
including the internal flow aspects of parafoils. The
unique plot provides an opaque contour of the fluid
velocity field and a view of the structural deformations
of fabric structure.

Figure 20. FSI Result — Parafoil Section

Eventually, we believe is will be possible to use FSI
computations for a variety of performance predictions
for these devices. These might include projection of
airfoil shape in flight, optimization of line set geometry
variations in anhedral geometry, and performance
enhancements such as local rigidization.

Other features of the FSI code are being exercised as
well. For instance, the LS-DYNA tool provides a
feature for mesh following which allows a free falling
parachute simulation. The problem is simplified by
specifying a fluid mesh that follows the falling
parachute, thus significantly reducing the problem size.
We are currently working to complete boundary
condition definitions and then will begin simple
validation simulations like those presented herein.

The unique coupling algorithm in LS-DYNA allows
significant cross flow, or shear type motion of the
structure. This is much more difficult for algorithms
that directly couple the fluid and structural mesh and
the fluid elements are quickly distorted. As a result, we
are beginning to use this FSI approach for de-spin
analysis of payloads such as spinning missiles.

Additionally, we continue to cooperate with software
vendors for algorithm and tool enhancement. LSTC will
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shortly add a porosity algorithm to the ALE coupling,
allowing the simulation of parachute fabrics with real
world permeability.

Altair Engineering has recently added significant
post-processing features to their products to support the
analysis and data reduction of these simulations.

Conclusions

We find these results to be somewhat compelling.
However, it must be recognized that these very early
simulations are rather simple when compared to the
world of modern recovery systems. These models lack
many of the sophisticated details of today’s high
performance designs, such as slots, gaps and sails.

Additionally, our validation results are anecdotal at
best, lacking the rigorous details of flight to simulation
comparisons or even a program specific/flight proven
parachute design.

However, it was our simple objective to demonstrate
the emerging use of FSI tools, including commercially
available solvers, to perform the beginnings of true
parachute performance analysis in a virtual (or
simulation) environment.

The solutions presented were all completed on a
modern but commercial PC class workstation. Average
solution times were 6-14 hours. In general, models were
meshed, completed, and post-processed on a modern
PC class laptop computer.

We are convinced that these tools are on the near
horizon for our industry and will offer a significant leap
in recovery system understanding and performance —
perhaps as significant as the introduction of Kevlar was
in the 1970’s.

In summary, the future is bright — the computer is
coming to the recovery system industry.
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