THE inflation of a parachute can be described as a complicated, time dependent, interaction of structural and
fluid dynamics. The combination of bluff body aerodynamics and a highly deformable structure, fabricated
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This paper documents the results of an internal research and development effort by Irvin
to ascertain the capacity of LS-DYNA to simulate the inflation of a parachute canopy.
Recent application of Fluid Structure Interaction (FSI) techniques within LS-DYNA for the
quasi-steady-state analysis of parachutes, water impact studies, and other dynamic events,
have highlighted the potential of the tool to predict parachute opening performance.
Currently, Irvin and others have restricted the application of FSI simulations to post-
inflation parachute behavior. These simulations allow the parachute designer to visualize a
canopy during the steady descent phase of operation. 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 similar ability to analyze the inflation of a parachute remains a
more difficult assignment. The motivation behind this study was to gain a greater
understanding of the flow dynamics of a flexible parachute. More specifically, the ability to
visualize and characterize the flow-field and parachute parameters responsible for creating
large opening forces could deliver a different perspective for parachute designers. The
reliance on flight tests and past experiences can be expensive and time consuming. This
paper presents the use of an Eulerian-Lagrangian penalty coupling algorithm and multi-
material ALE capabilities within LS-DYNA to replicate the inflation characteristics of small
round canopies in a water tunnel. Inflation loads, canopy shape, canopy breathing
frequency, and fluid-flow patterns are discussed and compared with experimental results. A
discussion concerning computational requirements and future model and technique
enhancements is included. Also examined is the value of such techniques and the
development of the methodology to include finite mass or actual flight scenarios.

Nomenclature

Reynolds number (based on constructed parachute diameter)
= flow velocity
= kinematic viscosity
parachute constructed diameter

i

I. Introduction

from a porous media, creates a truly complex and multifaceted environment.

A number of analytical or semi-empirical methods exist that permit the analysis of parachute inflation. Typically,
these techniques depend upon prior knowledge of parachute performance. Terms such as parachute filling time and
apparent mass are frequently used to explain parachute performance generalities. These expressions are a convenient
means of grouping complex events under manageable segments. The use of these terms often requires a level of
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understanding normally achieved through testing or by extrapolation from a similar parachute or operating
condition.

These methods have advanced significantly since their incorporation into the design process many decades ago.
They are now included in the majority of force-velocity-trajectory codes, enabling a level of prediction for an entire
parachute operational timeline.

The ability of these programs to predict parachute system performance is often sufficient for most applications.
When designing a new parachute or modifying an existing design for use at new operating conditions, the semi-
empirical relationships require the designer to make assumptions or extrapolate from available data. The
performance of designed and proven parachutes is difficult to predict outside of the previous tested environment.

In many applications, opening forces establish the structural requirements of the parachute. The difficulties
associated with characterizing the inflation process generally lead to excessive margin and therefore an inefficient
design. The ability, not only to predict, but also to more accurately understand, the structural and fluid dynamics of a
parachute and associated flow field, during inflation, should guide designers to a more efficient and reliable system.

The objective of this paper is to present the results of a recent study to assess the capability of the commercially
available transient dynamic finite element program LS-DYNA!' to simulate the inflation process of a parachute. A
comparison between the simulated and test-bed performance is documented.

II. Simulation Methodology

A limited number of experimental studies have been performed that measure flow field and parachute parameters
during inflation. Some data exists that equates flow around representative rigid shapes to parachute inflation
performance. Numerous tests have been conducted using full-size parachutes, however, the only performance
parameter normally acquired is force time history. Other studies have assessed the strength of a specific design
during inflation without generating tangible data.

Desabrais® conducted a thorough and fully instrumented series of small-scale parachute inflation tests in the
Worcester Polytechnic Institute free-surface water tunnel facility. The use of a water tunnel facilitates longer
inflation times than would be present in a wind tunnel. The inflation profile of flat circular parachutes of two
diameters, 15.2 and 30.5 cm, were analyzed in a series of flow velocities. The resulting Reynolds numbers ranged
from 3.0 — 6.0 x 10*. The experimental set-up enabled flow velocity to be measured and subsequent vorticity field to
be computed. Canopy drag and geometry were also evaluated.

This study is aimed at assessing the ability to replicate the experiments undertaken by Desabrais within a
simulation environment.

A number of finite element analysis techniques are available and have been used to shed light upon the parachute
inflation process. A selection of these approaches are discussed below.

Many methods have developed from what can be classed as Computational Structural Dynamics, CSD,
techniques. These methods involve applying known or derived pressure distributions to instantaneous parachute
geometry. The resulting displacement of the canopy can then be assessed and an iterative process used to evaluate
the entire inflation. The accuracy of this method is reliant upon the quality of the canopy loading description.

Computational Fluid Dynamics, CFD, techniques are commonly used to provide inputs to a CSD simulation.

This method can be used to assess flow around a rigid body and can provide a pressure distribution for structural
analysis.
An alternative technique, often referred to as Fluid Structure Interaction, FSI, literally combines these two
approaches, CSD and CFD. This approach permits a flexible structure to react and deform in response to a
surrounding flow field. The subsequent effect of this motion on the flow field is then assessed in a closed-loop type
environment. For some time, FSI techniques have shown potential for visualizing and explaining a number of
parachute performance characteristics. Recently, the combination of code improvements and the availability of
suitable computing resources have allowed Irvin to realize some of this potential.

Irvin has utilized the transient dynamic finite element program LS-DYNA for over 8 years for the analysis of
fabric structures and parachute system hardware. Such techniques have lead to reduced testing requirements and
more efficient solutions to a number of parachute system requirements. Over the past 4 years, Irvin has investigated
the FSI capability within LS-DYNA,; leading to successful replication of Apollo Command Module water landing
tests® and an investigation into the apparent mass ofparachutes.4 Ongoing work has helped determine steady-descent
phase performance characteristics of parachutes. The intuitive response to these studies was to establish whether a
similar process could be applied to bring a comparable insight to the parachute inflation process.

The simulation approach developed for this study can be divided into two separate components: the creation of
packed or pre-inflation parachute geometry and the subsequent inflation of that geometry.
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