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The Finite Element Analysis (FEA) tool LS-DYNA has been used to assess the
performance of two Advanced Tactical Parachute System (ATPS) main parachute
candidates proposed by the North American Division of the Airborne Systems Group. This
paper presents the use of an Eulerian-Lagrangian penalty coupling algorithm and multi-
material ALE capabilities within LS-DYNA to replicate the quasi-steady-state
characteristics of the MTR1-C and the Irvin “Model C” parachutes. This class of simulation
is often referred to as a Fluid Structure Interaction, or simply FSI, model. An FSI model
combines a structural or Lagrangian mesh with a Navier-Stokes based Eulerian fluid
domain. The methodology described in the paper permits analysis of each parachute in an
infinite mass (wind tunnel type) environment. This approach involves constraining the
payload or confluence and applying a prescribed airflow to the constructed parachute
geometry. By adopting this method, the computationally intensive inflation phase can be
omitted and the quasi-steady-state post inflation behavior can be captured. Although the
original motivation of this study was to replicate parachute testing, the accuracy and insight
obtained from early simulations resulted in the use of these techniques to both reinforce and
guide design development. While these may be the first examples of applying FSI class
simulations as a driver in the design and development of parachutes, the benefits of the tool
to this program remain inescapable. At the very least, the ability to visualize the flying shape
of a newly designed parachute prior to fabrication or testing is an advanced technology that
will aid the parachute designer. The ability to anticipate the aerodynamics throughout the
canopy and to understand the associated effects of the airflow on the parachute performance
have proven to be invaluable tools in the parachute development process. A discussion of the
merits of this approach, its current limitations, computational requirements and applicable
future code enhancements is also included.

Nomenclature
Cy = drag coefficient
F = force
s = area
q = dynamic pressure
psia = pounds per square inch (absolute)
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1. Introduction

HE Advanced Tactical Parachute System (ATPS) will serve as a replacement for the T-10 tactical mass assault

troop parachute system. The T-10 parachute was designed to deliver a gross weight of 250 1b, while the weight
growth of modern combat-ready soldiers has reached almost 400 Ib. This significant increase in parachute payload
weight can be attributed to a combination of larger soldiers and associated equipment. The rate of descent of a
modern day soldier using a T-10D parachute can range from 20-26 ft/s, a significant amount of energy that needs to
be dissipated through the ankles and knees of the jumper during ground impact. Not surprisingly, this has lead to an
increase in landing related injuries. The T-10 parachute has been modified a number of times to counteract this
increase in delivery weight but has now reached the limits of its growth and a replacement with higher payload
capacity is urgently required.

This paper documents the efforts undertaken by Irvin Aerospace Inc. (Irvin) to assess the capability of current
simulation resources to analyze the performance of two Airborne Systems North America ATPS main parachute
candidates, the Para-Flite MTR1-C and the Irvin “Model C”.

The ATPS program has allowed parachute simulation techniques to be assessed in conjunction with an ongoing
parachute design and testing activity. This real-time assessment has assisted in identifying design advantages and
disadvantages of current analysis techniques.

This paper presents a methodology applicable to steady descent phase analysis of parachutes. This strategy is
then demonstrated for the two parachutes described above. Finally, the current limitations of both software and
hardware are discussed, and future enhancements that are expected to address these restrictions are considered.

II. Simulation Definition and Background

The performance characteristics of a parachute can be traced back to complex interactions between the parachute
structure and the fluid through which it flows. The combination of bluff body aerodynamics and a highly deformable
structure, fabricated from a porous media, creates a truly unique and multifaceted design environment.

Irvin has utilized the transient dynamic finite element program LS-DYNA' for over 8 years for the analysis of
fabric structures, including impact attenuation airbags, protective nets and other static fabric assemblies. Irvin has
developed a high level of confidence in the accuracy of LS-DYNA predictions and routinely utilizes a finite element
analysis process in the design of its engineering products. This has resulted in reduced testing requirements and
more efficient solutions for a number of parachute subsystem components, but its influence had stopped there, at the
component level.

Over the past 4 years Irvin has investigated the capability within LS-DYNA to simulate the elaborate
connections between a structure and associated flow field.” Within the past two and a half years, the combination of
code improvements and the availability of suitable computing resources, has highlighted the potential of this solver
for predicting parachute perfonmance.3

A multitude of finite element analysis techniques have been developed and employed to simulate various
functions of a parachute system. These techniques can be separated into the following three approaches:

A. Computational Structural Dynamics
This class of analysis involves applying distributed loading to a given parachute geometry. The more complex
structural analysis methods apply a time dependent loading that approximates the inflation process. These
techniques produce valuable results when the canopy in question is historically well characterized. The canopy
loading inputs rely upon wind tunnel test results or computational fluid dynamic outputs. For this reason, its
applicability is reduced when considering new designs or new flight regimes for existing canopies.

B. Computational Fluid Dynamics

Some insight into parachute acrodynamics can be gained from CFD analysis of flow around a rigid body that
approximates the instantaneous geometry of a parachute in flight. However, the inherent instabilitics associated with
bluff body aerodynamics suggest that this technique has limited applicability when characterizing the performance
of a parachute. The presence of re-circulation and the accompanied reverse flow in the wake of the bluff body
indicate the potential of such flow conditions to create asymmetric instabilities. It is a well-accepted and routinely
observed phenomenon that a flat circular parachute experiences such asymmetric fluctuations. To summarize, CFD
analysis can be a valuable tool but the time-dependent nature of parachute flight and the inability of CFD to account
for changes in the parachute geometry due to its surrounding flow field limits its relevance.
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C. Fluid Structure Interaction

In general terms, FSI techniques involve the coupling of structural and fluid dynamics. The methods utilized to
achieve this coupling are dependent upon the programs used and to some extent the analysis application.

One approach used to couple the two techniques is to employ separate structural and fluid solvers. This has the
benefit of incorporating codes that are enhanced for their specific discipline, either structural or fluid analyses.
Typically, these techniques revert to an implicit time-integration method to transfer the effects of one solver to the
other. Displacements in the structural output act as boundary conditions for the fluid solver, consequently, this
requires the fluid domain to be rezoned or remeshed each time data is transferred from code to code. Automated
mesh moving algorithms have been generated which allow the accurate representation of the fluid structure
interface, however, these steps can become computationally intensive and at times, can lead to inconsistent mesh
quality.

An alternative approach is to perform both the structural and fluid computations with the same code. The
obvious benefit of this scheme is that no inter-code data transfer is necessary. Logically, this approach could contain
highly developed structural algorithms and a less mature fluid counterpart, or vice versa.

The combined structural and fluid solver method has been used for the work presented in this paper and is
covered in more detail in the following section.

II1. Simulation Methodology

It is possible to use LS-DYNA in a number of ways to simulate this highly dynamic, fluid and structural event.
Numerical instabilities due to element distortions limit the applicability of using only a Lagrangian formulation, for
both the parachute and the flow field, when modeling the large deformations associated with parachute behavior.
The Lagrangian description remains a viable option for the structure. An alternative technique for the fluid domain
is a multi-material Bulerian formulation. This formulation permits material flow through a mesh, fixed in space,
whose elements are allowed to contain a mixture of different materials. This method completely avoids any mesh
distortions for the fluid domain. The incorporation of an Eulerian-Lagrangian penalty coupling algorithm permits the
interaction of Eulerian and Lagrangian parts within the same simulation.

The Eulerian formulation is not completely free from shortcomings. The user must be aware of the propensity
for dissipation and dispersion inaccuracies connected with the fluxing of mass across element boundaries. In
addition, the Eulerian mesh is required to span the entire range of activity associated with the Lagrangian structure.
In many applications, this can surmount to a large size mesh and hence a high computing cost. To circumvent these
possible weaknesses the following methodology has been applied for this body of work.

1. Model the parachute using a Lagrangian formulation.

2. Model the fluid domain using a Navier-Stokes based multi-material Eulerian formulation.

3. Perform the analyses using conditions similar to a wind tunnel, i.e. infinite mass; equating the
resudts to the quasi-steady-descent phase of the parachute use.

This 3 step approach reduces the computing cost that would be required to capture vast spatial timelines
associated with real parachute functions. It also permits the reduction in complexity of boundary conditions. The use
of a penalty-based coupling algorithm significantly reduces the energy conservation errors connected with
alternative constraint-based techniques. Kinetic energy is consumed at interfaces when constraint-based coupling
methods are used, this is inappropriate when considering a parachute simulation. Primarily, this approach was
conceived because it creates an environment in which the FSI technique can be assessed.

IV. Parachute Analyses

A. Para-Flite MTR1-C and XT-11

The Para-Flite MTR1-C, as shown in Fig. I, has evolved from a previous ATPS main parachute candidate, the
XT-11. The primary design modification is the incorporation of a slot along each of the arms. This feature is
discussed below.
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