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The development of computational
models that predict the aerodynamic
performance of parachute systems
has significantly enhanced the tech-

nology of airdrop systems by providing alterna-
tives to or complementing drop tests and labo-
ratory experiments. Increases in the scope and
reliability of computational modeling are bring-
ing current technology closer to establishing
“virtual proving ground” models for a wide
range of parachute applications such as person-
nel and cargo parachutes. 

Traditional methods for developing airdrop
systems rely heavily on full-scale testing, which
can be prohibitively expensive, time-consum-
ing, and limited in the data they provide. Com-
putational modeling can complement these
methods. The primary challenge in modeling
parachute systems is representing the coupling
between the airflow around the parachute and

the parachute’s structural dynamics. In almost
all cases, this coupling plays a major role in
parachute performance and in accurately rep-
resenting the parachute’s complex dynamics in
a model requires that we treat the problem as a
fluid–structure interaction (FSI) problem. We
cannot obtain solutions for the parachute flow
field and structural dynamics independently;
rather, we need an algorithm that lets us match
shared fluid and structural information (that is,
the parachute displacements and velocities on
one side and the aerodynamic forces on the
other). For this reason, we need suitable tech-
niques for fluid and structural computations.
We use the Deforming-Spatial-Domain/Sta-
bilized Space–Time (DSD/SST) formulation1

to develop FSI models, and base our structural
dynamics computations on a Lagrangian finite-
element formulation for a cable–membrane
tension structure.2

In this article, we highlight methods re-
cently developed by Rice Univerity’s Team
for Advanced Flow Simulation and Model-
ing (www.mems.rice.edu/TAFSM) for para-
chute computations, such as DSD/SST and
advanced mesh update methods. We focus
on the challenges involved in developing
computational models of airdrop systems
and the computational issues that arise when
simulating interactions between parachute
structural dynamics and aerodynamics. 
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Using computational models in parachute system development can improve performance.
For successful modeling, however, several challenges must be addressed, particularly the
interaction between the parachute structural dynamics and the aerodynamics.
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Parachute aerodynamics
and structural dynamics

Because the features of the complex and un-
steady flows surrounding a parachute canopy de-
pend on the canopy’s shape, which in turn de-
pends on the flow field, simulating the time-
dependent parachute FSI is a difficult task. Para-
chute behavior is one of the “grand challenges”
in FSI modeling because the aerodynamic struc-
ture changes shape significantly from one oper-
ation stage to the next. For example, during in-
flation, a parachute changes from a tightly
packed bag into an inflated canopy in seconds.
Only coupled FSI models can attempt to repre-
sent this behavior. Modeling other stages of
parachute operation—terminal descent, maneu-
vering, interaction between multiple parachutes,
and so on—faces the same challenge. 

Challenges in FSI modeling

To successfully model parachute systems, we must
first address several computational challenges,
such as flows with changing spatial (mathemati-
cal) domains, mesh management, and strong cou-
pling between the airflow around a parachute and
the parachute structural dynamics. 

Flows with Changing Spatial Domains
To compute flow problems with moving bound-
aries and interfaces, we can use interface-tracking
or interface-capturing methods.3 The method we
use depends on the problem being addressed. In-
terface-capturing methods represent the interface
in a fixed domain through an interface function.

The interface is captured within the resolution of
the finite-element mesh covering the area in
which the interface is located. Interface-tracking
methods follow the interface and precisely repre-
sent it as a surface contained in the finite-element
mesh. This method is more suitable for accurate
computation of the boundary layers near solid
surfaces (that is, the parachute canopies). In an in-
terfacing-tracking method, the mesh needs to be
updated during the computations as the solution
evolves.

The DSD/SST formulation suits our modeling
challenges. This formulation, which was devel-
oped for flow problems with moving boundaries
and interfaces, is an interface-tracking method ca-
pable of handling parachute shape changes within
the fluid domain. In the DSD/SST method, be-
cause the finite-element formulation of the prob-
lem is written over the associated space–time 
domain, the motion of moving interfaces is auto-
matically taken into account. This method is based
on stabilization techniques, namely the Stream-
line-Upwind/Petrov-Galerkin (SUPG)4 and Pres-
sure-Stabilizing/Petrov-Galerkin (PSPG)1 formu-
lations. Stabilization techniques let us compute,
without numerical instabilities, flows in realistic
flow speed ranges. We can also use equal-order in-
terpolation functions for velocity and pressure.
This has several advantages, including easier par-
allel implementation.

Mesh Management
In parachute FSI computations, the parachute
canopy surface is an embedded interface in the
fluid mesh that tracks the canopy motion, and we

(a) (b) (c)

Figure 1. Jacobian-based stiffening (JBS) bending tests using a deformed mesh for χ = 0.0, in which (a) no stiffening 
occurs; χ = 1.0, in which (b) the stiffening is proportional to the inverse of the Jacobian; and χ = 2.0, in which (c) 
stiffening is proportional to the inverse of the Jacobian squared. 
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therefore need suitable mesh management tech-
niques. For simple problems and interface geome-
tries, we can use special-purpose mesh-generation
and mesh-moving techniques. Such techniques
can be efficient, but their use is limited.

Because most real-world problems, such as
parachute FSI, involve complex geometries and
arbitrary motions, we use mesh update methods
consisting of mesh-moving and remeshing as
needed. Remeshing involves additional costs for
generating mesh and projecting the solution
from the old mesh to the new one. It also intro-
duces projection errors. Mesh motion requires
the mesh’s normal velocity to match the fluid’s
normal velocity at the interface. For problems in-
volving large displacements, remeshing is un-
avoidable, so the objective would be to develop
methods that minimize remeshing frequency. To
that end, we use mesh-moving techniques5 in
which the elasticity equations govern internal
node motion. 

We treat the mesh selectively based on element
sizes by modifying the Jacobian of the transfor-
mation from the element domain to the physical
domain.5 This Jacobian-based stiffening (JBS)
method stiffens the smaller elements proportion-
ally to the Jacobian inverse. We generalize JBS by
introducing a stiffening power (χ) that determines
how much stiffer to render the smaller elements
than the larger ones.6 Figure 1 shows the de-
formed mesh for stiffening powers ranging from
0.0 to 2.0 for a test case in which the interface de-
forms from a straight line to a half-circle over 50
increments. In this example, the increased stiff-
ening clearly reduces mesh distortion signifi-
cantly, especially near the interface tips.

The Solid-Extension Mesh-Moving Tech-
nique (SEMMT)7,8 was developed for moving
the mesh in fluid–solid interface computations
where the fluid mesh has layers of thin elements
adjacent to the interface. SEMMT treats those
layers of elements like an extension of the solid
elements. It does this in two ways: 

• SEMMT—Multiple Domain solves elasticity
equations for the nodes connected to the thin
elements separately from the elasticity equa-
tions for the other nodes. 

• SEMMT—Single Domain solves the elasticity
equations for the nodes connected to the thin
elements together with the equations for the
other nodes. 

When SEMMT solves the thin elements sep-
arately, it specifies a traction-free boundary con-

dition at the interface with the other elements.
When SEMMT solves them together with other
fluid elements, it assigns the thin elements a
higher rigidity than the other elements. We re-
ported a several two-dimensional test cases for
the SEMMT elsewhere.9

Figure 2 compares deformed meshes for the stan-
dard mesh-moving technique5 and SEMMT—
Single Domain. The figure shows close-up views
of the deformed mesh for three types of pre-
scribed interface motion: rigid-body translation,
rigid-body rotation, and pure bending. As in Fig-

(c)

(a)

Standard SEMMT-SD

(b)

Figure 2. Mesh deformation tests with the standard mesh-moving
technique and SEMMT—Single Domain. Three types of prescribed
interface motion has been tested: (a) rigid-body translation, (b)
rigid-body rotation, (c) and pure bending.
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ure 1, the mesh motions are prescribed over 50
increments. The inner element colors depict ele-
ment-area distortion, with blue and red corre-
sponding to low and high distortion, respectively.
Clearly, SEMMT handles the prescribed inter-
face motions with significantly less distortion of
the thin elements.

Fluid–Structure Coupling
At every time step, we use an approximate New-
ton–Raphson method to solve the large, coupled
nonlinear equation systems for fluid dynamics
(FD), structural dynamics (SD), and mesh motion
(MM). This method is based on iterative coupling.
We successively update the solution vectors cor-
responding to each block (FD, SD, and MM) at
each nonlinear iteration step. Data transfer be-
tween blocks takes place prior to the individual up-
dates. Figure 3 illustrates this iterative coupling
method. Figure 3a shows the successive updates
for the FD, SD, and MM, with the arrows indi-
cating the direction of information transfer. For
example, the SD solver passes parachute canopy
displacements (δxSD) and displacement rates (δ •x)
for use as boundary conditions in the MM and FD
solvers, respectively. The FD solver passes differ-
ential pressures (∆p) on the canopy to the SD. We
use the updated mesh to solve the flow equations.
Figure 3b shows the nonlinear iteration loop in
which successive updates occur. The FSI loop is
embedded in a time-step loop.

Simulations and Test Computations

We focus on three classes of simulations: multiple
parachute interactions, parachute control-line in-

puts, and steerable round parachutes. The size of
our equation systems and the lengthy computa-
tions necessitates the use of parallel supercom-
puters. We performed the simulations described
in this article on a 1,056-processor Cray T3E-
1200 and a 41-node Pentium IV PC cluster. 

Multiple Parachute Interactions
Strong fluid–structure interactions can occur
when parachute systems encounter adverse flow
fields, such as wind gusts or wind shear, aircraft
wakes, and flow fields of nearby parachutes.
They can occur 

• Between two parachutes, when one enters the
wake of the other

• Between the canopies of a cluster of para-
chutes 

We have performed computations to study both
interaction types.

Between two parachutes. Two parachutes can in-
teract when multiple paratroopers or payloads
are deployed in a short timeframe. Initial simu-
lations focused on the purely aerodynamic in-
teractions between two parachutes, treating the
parachute canopies as rigid, nondeforming
geometries.10 In these simulations, we studied
the influence of parachute separation distance
on the aerodynamic interactions. More recent
studies have focused on the FSI behavior be-
tween two separate parachutes.11,12

Here we investigate the FSI of two parachutes
with given initial relative positions.10 The two
parachutes start with a horizontal spacing of 42
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Figure 3. Iterative coupling
strategy. We successively update
(a) solution vectors for fluid
dynamics (FD), structural
dynamics (SD), and mesh
motion (MM). Updates take
place within a (b) nonlinear
iteration loop embedded in a
time-step loop. 
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feet, which is approximately three times the (in-
flated) radii, and a vertical spacing of 56 feet.
The parachute model represents a standard US
Army T-10 personnel parachute. The T-10 has a
35-foot diameter, with 30 suspension lines and
a 3.5-foot vent at the canopy apex. The suspen-
sion lines connect to four risers that attach to the
paratrooper or payload.

We treat the lower canopy as a rigid body,
while we let the upper canopy deform under the
FD forces. We divide the SD model into six dis-
tinct material groups: 

• A membrane group for the canopy 
• three cable groups, one each for suspension

lines, canopy reinforcements, and risers 
• A concentrated mass
• A truss group for the payload

An interior surface in the fluid mesh represents
the canopy. The typical volume mesh size is ap-
proximately 3.5 million elements, and applying
the DSD/SST formulation gives us approxi-
mately 4.6 million coupled equations. We use the
automatic mesh-moving method to handle
canopy shape changes and occasionally remesh
the fluid domain.

For the FD computations, we impose a uni-
form upstream boundary condition at the lower
boundary of the computational domain to repre-
sent parachute descent velocities of 22 feet per
second. We specify traction-free conditions at the
outflow boundary, and zero normal velocity and
zero shear stress conditions at the side bound-
aries. While we specify no-slip conditions on sur-
faces of the lower parachute, the specified sur-

face velocities for the upper parachute come from
the SD solution. Figure 4 shows the vorticity
field surrounding the two parachutes, and Fig-
ure 5 shows the dynamics of the upper parachute
structure during a 0.0 to 3.5-second time period.

Figure 4. Changes occurring in the vorticity field surrounding two parachutes at (a) 0.00, (b) 1.75, and (c) 3.50 seconds.
The upper parachute deforms as it enters the lower parachute’s wake. 

(a) (b) (c)

Figure 5.
Deformations
of the upper
parachute
structure in a
0.0 to 3.5-
second time
period.
Canopy colors
show
differential air
pressure.



Between parachute clusters. We also present results
for interactions between canopies in a cluster of
parachutes. As with the two-parachute tests, initial
simulations focused on the purely aerodynamic
interactions.10 The parachute canopies were
treated as rigid geometries. We studied how vary-
ing the canopies’ number (from three to six para-
chutes in a cluster) and arrangement influences
the aerodynamic interactions between the
canopies.  In all the cases we studied, we had a
number of canopies distributed uniformly at a
prescribed angle about the azimuthal axis. In
some of those cases we had a canopy also at the
center. Figure 6 shows, for each arrangement, the
computed flow fields from these simulations. It
depicts the vorticity magnitude in two cross-sec-
tional planes, x = 0 and y = 0. These initial simu-
lations demonstrate the interactions between
canopies in different cluster arrangements. We
are currently conducting FSI simulations to ad-
dress additional factors, such as the preferred
arrangements and dynamics of the canopies.

Parachute Control-Line Inputs
In many parachute applications, we would want
to know how the parachute would respond to
control-line inputs. These control-line inputs
would be performed by the paratrooper or, in
cargo parachutes, by a special device. For exam-
ple, in a round cargo parachute, single or multi-
ple control lines (risers) can be extended to at-
tain limited glide performance. The US Army’s
Affordable Guided Airdrop System (AGAS),13

which is a steerable round parachute, is capable
of such control-line inputs. To give another ex-
ample, a paratrooper with a round parachute can
pull one or two of the risers to adjust his or her
orientation just before landing. We have con-
ducted preliminary FSI simulations for these two
types of control-line inputs.12

As a third example, we can mention the con-
trol-line inputs performed by the soft-landing
retraction systems. In these applications, a con-
trol line or “muscle” between the payload and
suspension lines provides rapid contraction at
landing, reducing landing speed.

Figure 6. Interaction between canopies in a 
cluster of parachutes and the vorticity magnitude
for two cross-sectional planes, x = 0 and y = 0.
From top to bottom: three canopies, four
canopies, four canopies with one at the center,
five canopies, five canopies with one at the
center, and six canopies with one at the center. 
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Steerable Round Parachutes
We are also performing simulations to predict
the response of a T-10 parachute to various one-
and two-riser releases and are using these simu-
lations to study parachutes’ gliding behavior and
to better understand the limits of round para-
chute glide performance. Figure 7 shows the dy-
namic behavior in the case of a single, released
riser. The colors on the deforming canopy rep-
resent the differential pressures from the fluid
dynamics computation, with red and blue rep-
resenting high and low values, respectively. 

Recent years have seen major advances in
the computational modeling of para-
chute systems. These advances were
based on new developments in com-

puter hardware (such as new and more powerful
parallel computers) and state-of-the-art numerical
methods (such as the new formulations for flow
problems with moving boundaries and interfaces). 

These advances will not only help us address
some of the major computational challenges in
parachute simulations, but can also help us ad-
dress similar challenges in other disciplines. For
example, in cardiovascular fluid mechanics, a re-
alistic modeling tool must have a fluid-structure
interaction capability, because we must account
for the response of the blood vessels or the heart
to the fluid dynamics forces generated by the
blood flow. Our current efforts are focused on
improving our fluid-structure interaction and
mesh-moving techniques. Anticipated future de-
velopments will continue to expand the role that
computational modeling has in developing ad-
vanced parachute systems.
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