
14th International Symposium on Turbulence and Shear Flow Phenomena (TSFP14)
Heidelberg, Germany, July 28–31, 2026

AERODYNAMIC CHALLENGES IN THE FLUID-STRUCTURE
INTERACTION SIMULATION OF PARACHUTE DEPLOYMENT

Carlos Pantano
Department of Aerospace and Mechanical Engineering

University of Southern California
Los Angeles, CA 90089

pantanor@usc.edu

ABSTRACT
The fluid-structure interaction (FSI) simulation of highly

deformable systems, such as parachutes, presents a confluence
of challenges spanning numerical methods, physical model-
ing, and computational efficiency. In this paper, we exam-
ine the key aerodynamic modeling barriers to robust and pre-
dictive FSI simulation, with particular emphasis on three in-
terrelated components. First, algorithmic and methodologi-
cal challenges arise from the strong, nonlinear coupling be-
tween fluid flow and large structural deformations, often com-
pounded by topological changes, mesh distortion, and stability
constraints in both partitioned and monolithic solution strate-
gies. Ensuring numerical stability, accuracy, and scalability
under these conditions remains a central difficulty. Second, the
high-Reynolds-number flows typical of parachute operation
often require turbulence models to balance physical fidelity
with computational tractability. The selection and integration
of appropriate models (such as scale-resolving methods like
large-eddy simulation) must account for their interactions with
moving, highly flexible boundaries and their impact on cou-
pling stability and solution cost; this is the focus of this paper.
Third, these elements must be integrated into an efficient, scal-
able simulation framework that robustly resolves multiphysics
interactions within practical time constraints. This requires ad-
vances in parallel algorithms, adaptive meshing, load balanc-
ing, and data management to support large-scale, high-fidelity
simulations. The interplay between algorithmic design, tur-
bulence modeling, and computational performance ultimately
governs the feasibility of predictive FSI simulations for com-
plex, real-world, descelerator systems. This paper highlights
these challenges and outlines directions for developing robust,
efficient, and accurate simulation methodologies for parachute
deployment modeling.

1 Introduction
Parachutes have evolved from early conceptual devices

intended to mitigate falls into highly engineered aerodynamic
decelerators used across a wide range of civil, military, and
aerospace applications. Historical accounts trace the concept
to early experiments attributed to Armen Firman in the 9th cen-
tury and the Renaissance sketches of Leonardo da Vinci, with
the first successful demonstrations occurring in the late 18th
century by L.S. Lenormand (who coined the name parachute
in 1785) and A. Garnerin. Since their adoption in World War
I as life-saving devices for aviators, parachutes have under-
gone continuous refinement, transitioning from simple fab-

Figure 1. Sketch of prototypical parachute inflation during
vertical descent. Time increases from left to right.

ric canopies to sophisticated systems designed for controlled
deployment, stability, and performance. Modern parachutes
serve diverse purposes, including personnel descent, cargo de-
livery, vehicle deceleration, and spacecraft recovery, all fun-
damentally relying on the generation of aerodynamic drag to
reduce velocity.

From a functional perspective, parachute systems can be
broadly categorized into two classes: deceleration and gliding
devices. The former – encompassing traditional round, ribbon,
and ring-slot parachutes – operate primarily as drag-producing
bodies with limited or no lift, and are widely used in recov-
ery and descent applications where stability and predictable
vertical deceleration are paramount. In contrast, modern ram-
air parafoils act as lifting surfaces, enabling significant ma-
neuverability and horizontal translation akin to gliding flight;
while important, such systems fall outside the primary scope of
this work. The engineering of deceleration parachutes, partic-
ularly those used in high-performance or mission-critical ap-
plications, is comprehensively documented in Knacke (1991),
which provides detailed methodologies for system selection,
aerodynamic performance prediction, and structural design of
recovery systems. An earlier focused treatment of the aerody-
namic principles governing parachutes in the subsonic regime
can be found in Cockrell (1987). Together, these works frame
the modern understanding of parachute aerodynamics and de-
sign, forming the basis for contemporary investigations into
fluid-structure interaction in highly deformable decelerator
systems.

Deployment is the critical stage in the lifecycle of a
parachute: the inflation phase, initiated when the canopy is
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extracted from its deployment bag, often by a pilot or drogue
parachute. During this process, see figure 1, the canopy un-
dergoes a rapid geometric transformation, transitioning from a
compact, folded configuration to a fully deployed aerodynamic
surface through a sequence of unsteady FSI. The associated
flow field is highly dynamic, characterized by large-scale sep-
aration, vortex formation, and rapidly evolving pressure dis-
tributions that strongly couple with the structural response of
the fabric (Peterson et al., 1996). It is within this short but
violent transient that the largest dynamic loads are generated.
These loads arise from rapid deceleration, canopy pressuriza-
tion, and inertial effects, and are transmitted through the sus-
pension lines into the canopy fabric.

An important mechanism for managing the severe tran-
sient loads associated with parachute deployment is reefing.
Reefing is a controlled-inflation strategy in which the canopy
is temporarily constrained during the early stages of deploy-
ment, typically via reefing lines or devices that limit the effec-
tive skirt diameter. As the parachute is extracted, the canopy is
prevented from fully expanding, instead inflating to a reduced
projected area. This staged opening allows the surrounding
flow to gradually pressurize the structure while maintaining
a lower initial drag force and, consequently, reduced deceler-
ation loads. After a prescribed delay, the reefing constraint
is released, either mechanically or pyrotechnically, permitting
the canopy to expand to its full geometric configuration. In
many applications, this process occurs in multiple stages, with
successive reefing levels designed to further smooth the infla-
tion dynamics. Reefing is critical because it directly addresses
the problem of opening shock, which can otherwise generate
extreme transient forces that can exceed material limits. It is
not uncommon for the inflation shock loads to exceed two or
three times the nominal load of the parachute. By moderat-
ing inflation rates, reefing reduces peak loads and promotes a
more uniform distribution of stress throughout the canopy and
suspension system. This is particularly important given the
susceptibility of parachute structures to localized stress ampli-
fication at seams, joints, and stitched elements, making reefing
a key design feature for ensuring structural integrity and reli-
able performance.

Despite the maturity of parachute design methodologies,
many legacy approaches remain rooted in steady or empiri-
cally derived models that are not fully equipped to capture
the highly transient and nonlinear nature of parachute de-
ployment and inflation. Legacy design practices often rely
on simplified load factors or empirical opening shock coeffi-
cients, which can obscure localized phenomena. In reality, the
load path is highly non-uniform, leading to amplification at
stress concentration points such as seams, reinforcements, and
stitched interfaces. These localized stress intensifications are
frequently the governing factors in material failure and struc-
tural integrity. Accurately predicting these effects requires re-
solving the coupled dynamics of fabric deformation, air infla-
tion, and load redistribution – capabilities that extend beyond
traditional design frameworks and motivate the need for high-
fidelity, time-resolved FSI simulations, which have matured
substantially in the last decade.

In this paper, we will focus on key aerodynamic interac-
tion elements that are critical (or very important) but poorly
understood or modeled using current state-of-the-art FSI sim-
ulation methods, and we will not discuss the very impor-
tant structural mechanics modeling component that is crucial
for successful computer-based prediction of parachute perfor-
mance.

2 Computational Methodology
Figure 2 shows a diagram of a typical full-scale sys-

tem FSI simulation framework with all the interacting ele-
ments. Flow, structure, suspension lines (usually described
as cables), contact mechanics, and turbulence modeling are
usually integrated into an adaptive-resolution (or mesh refine-
ment) infrastructure to accommodate the large deformation of
the parachute (Hornung & Kohn, 1998). In this figure, “dy-
namic topology” denotes the possibility of user actions during
a simulation, such as reefing lines being cut or other actions
that may be desired (e.g., releasing pilot parachutes).

The presence of large displacements and deformations
makes conforming grids impractical, and most existing ap-
proaches use an immersed geometry coupling technique be-
tween the flow and the structure to circumvent regridding
(Stein et al., 2000; Peskin, 2002; Balaras, 2004; Mittal & Iac-
carino, 2005; Kim & Choi, 2006; Kim & Peskin, 2009; Tez-
duyar et al., 2010; Sawada, 2018; Mo et al., 2018; Yu & Pan-
tano, 2024). In this methodology, the fluid is typically solved
on a fixed (Eulerian) background grid that does not conform
to the instantaneous geometry of the parachute. The structural
components (such as the fabric canopy and suspension lines)
are represented independently in a Lagrangian finite element
model (membrane or shell description) and allowed to move
freely within the fluid mesh. Coupling between the two sys-
tems is then enforced through the exchange of forces and kine-
matic constraints across the fluid-structure interface. At each
time step, the position and velocity of the structural surface
are communicated to the fluid solver, which imposes appropri-
ate boundary conditions – such as no-slip or slip conditions –
through forcing terms, interpolation schemes, or modified flux
calculations near the immersed boundary. In turn, the fluid
solver computes pressure and viscous stresses in the vicinity
of the structure, which are then projected back onto the struc-
tural mesh to determine the loads driving deformation. This
bidirectional coupling enables the simulation of strongly non-
linear interactions without the need for continuous remeshing
of the fluid domain. However, this convenience comes with
important limitations. Because the fluid grid does not con-
form to the structural surface, the representation of the inter-
face is inherently diffuse, often spanning several grid cells. As
a result, sharp gradients in pressure and shear stress near the
fabric surface are smeared, reducing the accuracy of load pre-
diction, particularly in regions where boundary layer develop-
ment, flow separation, or vortex shedding are critical. Addi-
tionally, accurately enforcing boundary conditions on highly
flexible, thin structures remains challenging, especially when
the local mesh resolution is insufficient relative to the scale of
structural features such as seams or folds, or when wrinkling
of the fabric is present. Despite ongoing advances, this loss
of near-interface fidelity persists and is an accepted limitation
of current immersed approaches, representing a key trade-off
between computational tractability and physical accuracy in
large-deformation FSI simulations. Nevertheless, the limita-
tions of embedding geometry approaches are not particularly
critical in fully deployed parachute simulations because, as we
will discuss shortly, the majority of the load is due to pressure
in a largely inviscid process.

To conclude, it should be noted that, in practice, self-
contact mechanics is one of the most time-consuming com-
putational components in parachute deployment simulations.
Self-contact is very common when the parachute is still par-
tially folded (coming out of its bag). By nature, contact res-
olution is highly geometric (it is, in principle, an NP prob-
lem), and specialized algorithms are required to address this
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Figure 2. Diagram of the interactive elements involved in a fully-coupled parachute simulation.

Figure 3. Schematic of a drogue parachute model used by the
Orion CPAS.

mechanical feature in a reasonable amount of time. Physically
correct deployment simulations are virtually impossible with-
out such algorithms, e.g., see Wang & Pantano (2024).

3 Essential Elements of a Parachute
Here, I focus on subsonic canopies at high Reynolds num-

bers, but specialized supersonic parachutes are also used in
military and space exploration applications (Lingard & Dar-
ley, 2005; Cruz & Lingard, 2006; Barnhardt et al., 2007; Kara-
giozis et al., 2011; Huang et al., 2020). I also do not discuss
low-speed (Stokes) parachutes or the fascinating applications
of parachute clusters or parachute interactions with other bod-
ies (e.g., dropping off from an aircraft). Figure 3 shows a re-
alistic, simplified drogue parachute model used in the Orion
vehicle Capsule Parachute Assembly System (CPAS) (Bled-
soe et al., 2009; Olmstead et al., 2009). The real parachute
in this application is a conical ribbon parachute (see Knacke
(1991) for a comprehensive classification of parachutes), but it
was simplified to a ringslot geometry to aid in simulations (re-
duce complexity). Most parachutes have features such as vents
and slots, usually referred to as geometric porosity (in addi-

tion to the proper fabric porosity), that are intentionally incor-
porated to regulate internal pressure, reduce instabilities (e.g.,
pendulum-type oscillations), and prevent excessive shock load
buildup during inflation. In the figure, one can see the sus-
pension lines coming off the skirt of the parachute. Generally,
the suspension lines run continuously around the canopy to en-
sure safety by eliminating the need for hard attachments to the
canopy (preventing stress concentration regions where failures
tend to occur). The suspension lines come together at a con-
nector that attaches them to a riser line (specific to this type of
parachute), going all the way to the payload. There are mul-
tiple mechanical attachments and connector types, each spe-
cialized for a given application. This geometry also features a
reefing line that controls the opening of the parachute during
deployment, preventing excessive shock load during initial in-
flation. Reefing lines are cut at pre-programmed times using a
pyrotechnic cutter or similar device; a parachute can have mul-
tiple reefing lines of different lengths. The geometry shown in
the figure is what is called the constructed geometry. This is
not the actual shape of the parachute when it deploys, since it
does not incorporate the elasticity of the fabric.

The aerodynamic parameters entering the problem are:
the fluid density, ρ∞, the system (freestream flow) velocity,
U∞, the dynamic viscosity, µ , and the parachute diameter Do
(e.g., the constructed geometry diameter). The canopy has a
characteristic elastic modulus, E, thickness, h, and density ρs.
Several other nondimensional parameters, such as the Pois-
son ratio, ν , and other characterizations of nonlinearity, are
not considered qualitatively dominant here (but they do matter
quantitatively). Furthermore, the suspension lines have a ca-
ble stiffness constant Ks (units of force), independent of their
length L. Thermo-elastic effects that could couple with the
fabric mechanics are not considered in this analysis, as they
are relevant only in some high-speed (supersonic) parachutes.
We also have gravity, g, and the payload mass, Mp, but one can
simplify the dimensional analysis by assuming the parachute
moves in an infinite-inertia medium and match the payload
mass from the corresponding drag. The finite inertia effects
associated with the desceleration of the system operate on a
larger timescale, as inferred from the available parameters,
than those of the aerodynamics. Using the standard conven-
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tions, we can define a Reynolds number

Reo =
ρ∞U∞Do

µ
, (1)

and a dynamic to elastic ratio, called a Cauchy number, of the
canopy

Cac =
ρ∞U2

∞

E
. (2)

In the applications of interest here, Reo ≫ 1 and Cac ≪ 1,
which result in a modest flow ability to stretch the fabric (small
strains), although the cumulative (finite) stretch of the whole
fabric can be substantial. But this does not imply small dis-
placements of the canopy; on the contrary, aerodynamic forces
move the canopy until the fabric is in tension. The relative mo-
tion is controlled by the ratio of inertia of the flow to the struc-
ture, which can be parameterized by a nondimensional mass,
defined by

m∗ =
ρsh

ρ∞Do
, (3)

which is very small in parachute applications. This implies
that the flow can easily displace the canopy until a structural
arrangement is reached in which the elastic forces dominate
and therefore arrest further motion. In addition, we also have
the true permeability of the fabric, which is usually parameter-
ized as a velocity of flow through the fabric, vs, as a function
of the pressure drop across the fabric ∆p; in general, it also de-
pends on the amount and direction of stretch. For Darcy-type
approximation, we have vs = k/µ∆p, where k is the intrinsic
permeability (units of length squared). Computational studies
suggest that permeability can reduce drag by up to 20%, de-
pending on the fabric and parachute (it is not straightforward
to test this effect in an experimental setting because one cannot
usually choose the permeability of the fabric at will).

Finally, the large-scale oscillatory (bouncing) motion of
the parachute is produced by the interaction between canopy
pressurization and the elastic resistance of the suspension
lines. This allows us to define a Cauchy number for the sus-
pension lines, as the ratio of these forces, given by

Cas =
ρ∞U2

∞D2
o

Ks
, (4)

which is typically of order unity. By comparing the inertia of
the mass of fluid surrounded by the canopy with the cable stiff-
ness of the suspension lines, it is possible to deduce a natural
frequency of oscillation of the system, given by

ωp =

√
Ks

ρ∞D3
oL

, (5)

which is on the order of a second in many typical cases. These
are the elementary parameters qualitatively defining the dy-
namics of parachutes. Other minor parameters entering the an-
alytical analysis of parachutes are the Mach number, the ratio
of bending to stretch energy of the fabric, Föppl-von Kármán

number, defined as h2κ2/ε2, where κ and ε denote the curva-
ture and strain of the fabric, respectively. Bending is impor-
tant primarily when wide wrinkling is present or when canopy
tension disappears, e.g., during early deployment and infla-
tion. Furthermore, the mass of the suspension lines, defined
in terms of their line density ρc, anisotropy (warp vs weft stiff-
ness) of the fabric, material damping coefficient (a quantity
that is poorly understood for fabrics), and bending and torsion
of the suspension lines. And finally, the properties of the pay-
load, usually related to a Froude number, Fr =U∞/

√
gDo, and

atmospheric conditions, such as wind gust strength, parachute
packing type, and, for high-altitude parachutes, variations in
atmospheric density as the parachute falls, can also be impor-
tant.

4 Key Aerodynamic Processes
The primary mechanism driving parachute inflation is the

gradual pressurization of the canopy (Peterson et al., 1996).
Once the parachute is extracted from its deployment bag (typ-
ically by a pilot parachute or mortar), the canopy begins to un-
furl, exposing increasing surface area to the oncoming flow.
As air enters the canopy, it increases the internal (with re-
spect to the external) pressure on portions of the fabric, causing
the structure to expand outward. This process is highly tran-
sient and nonlinear: the canopy does not inflate uniformly, but
rather through a sequence of localized filling, lobe formation,
and spreading, influenced by fabric permeability, porosity, ge-
ometric constraints, and viscous processes (such as unsteady
turbulent boundary layer interactions) (Peterson et al., 1996).
The balance between incoming mass flow, internal pressuriza-
tion, and fabric tension governs the rate and stability of infla-
tion. During the initial phase, the suspension lines are usu-
ally not in tension, and it is only after the canopy has trav-
eled sufficiently behind the payload and partially inflated that
one reaches the line-stretch condition, in which the suspen-
sion lines can transmit the load to the payload. The infla-
tion process is strongly coupled to the structural response of
the fabric once line-stretch is reached. As internal pressure
rises, the canopy stretches and changes shape, further alter-
ing the flow field and the distribution of aerodynamic loads.
This feedback loop between fluid loading and structural de-
formation is the essence of the fluid-structure interaction dur-
ing inflation. Ultimately, full inflation is achieved when the
canopy reaches equilibrium, in which aerodynamic forces, in-
ternal pressure, and structural tension are balanced. However,
the path to this state involves complex unsteady flow phenom-
ena, e.g., flow separation, vortex shedding, and transient jet-
ting through vents. These processes significantly influence the
dynamics of inflation, the load history, and the overall perfor-
mance of the parachute system. It is no understatement to say
that the substantial complexity of parachute design and mod-
eling stems from their constantly evolving geometry.

By and large, the steady-state configuration of a parachute
can be predicted by an inviscid calculation, since it is primarily
controlled by the overpressure inside the parachute, which is
not a viscous process (it results from the conversion of momen-
tum into static pressure at the walls of the parachute). A few
older studies and other anecdotal results suggest that up to 95%
of the load on a fully inflated parachute can be predicted by an
Euler (inviscid) simulation if the fabric (and other structural
elements) response is correctly incorporated into the model.
This does not apply to the deployment and inflation phases,
since viscous aerodynamic effects, e.g., turbulent wake and
boundary layer interactions, affect the inflation dynamics, or
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Figure 4. Sketch of turbulent boundary layer-fabric interac-
tion setup.

when forebody wake interactions with the canopy are impor-
tant. In principle, one can identify several elementary phys-
ical processes that often necessitate modeling: first, canopy-
(turbulent) boundary layer interactions; second, interaction of
the payload wake with the canopy; and finally, the inertial and
aerodynamic forces of suspension lines. The relative impor-
tance of the three elementary processes depends on the stage
in the life cycle of a parachute. During inflation, all processes
are important, whereas the effects of suspension line inertia
and aerodynamics are very minor in the fully inflated regime
(except, possibly, in supersonic applications, where conical
shockwaves have been observed emanating from the suspen-
sion lines, see Sengupta et al. (2008, 2009)). In terms of fun-
damental aerodynamic effects relevant to FSI, one can think of
three processes that can be isolated from the complexity of a
full parachute and, in principle, could be studied (more or less)
separately.

4.1 Turbulent boundary layer/fabric interac-
tion

The most elementary fluid-dynamic process is the inter-
action between turbulent boundary layers and the fabric. Fig-
ure 4 depicts such a configuration; NASA Ames has made
some attempts at this problem. This arrangement is driven by
boundary layers that exist independently of the fabric and are
generated upstream of it. The energy driving the fabric mo-
tion is therefore provided by the unsteadiness of the flow. The
physical parameters of this application are substantially differ-
ent from those widely investigated in the past for stiff metallic
panels subject to aerodynamic loads, e.g., in the study of flut-
ter. Here, the fabric is very flexible, and there is flow above
and below it. Furthermore, the pressure of the two streams can
differ substantially, leading to some flow through the fabric
due to its porosity. In a carefully designed experiment or sim-
ulation, one can also incorporate the tensile state of the fabric
to differentiate flow phenomena at the skirt of the parachute
from those at the back disk, where the tension may be larger
because the transmural (difference in) pressure is greater.

The main quantity one would like to understand is the re-
sponse of the wall shear stress, τw, as a function of fabric pa-
rameters and turbulence levels. Large-eddy simulation (LES)
with wall closure is the only currently feasible high-resolution
method in this application (Piomelli & Balaras, 2002; Bose
& Park, 2018). Therefore, providing a reasonable good wall
shear stress closure is the best way to improve modeling. Nev-
ertheless, one should be aware that most canopy-flow interac-
tions during deployment are not in equilibrium, and that strong

Figure 5. Sketch of a setup for the study of dynamic loading
of a canopy.

pressure gradients and non-inertial effects play a large role in
the dynamics of the fabric (and the flow) during canopy infla-
tion. It should also be noted that there is a wide-scale distri-
bution of fabric deformations, with the presence of large-scale
waves (usually arranged along the main direction of flow) and
low-scale wrinkling. This also depends on the relative direc-
tion and strength of the flow on each side of the fabric and the
tensile state of the fabric.

4.2 Canopy aerodynamics coupling to sus-
pension lines

The second elementary truly FSI problem is the dynamic
loading of the canopy and its spring-like bouncing motion due
to the elastic response of the suspension lines (and noniner-
tial effects). A prototypical configuration is shown in figure 5.
Here, the flow from top to bottom provides loading on a hemi-
spherical cap, which generates its own wake and source of un-
steadiness, resulting in unsteady loading and elastic energy be-
ing phased in and out of the spring. This is a surrogate problem
for the study of shock-load dynamics and oscillations, which
is difficult to achieve in a controlled experiment with a full-
model parachute within the confines of a wind tunnel. The
hemispherical cap can include a back vent and other openings
to mimic the geometry of the parachute of interest. A metric
of successful modeling is the ability to accurately predict the
dynamic oscillation of the canopy, amplitude, and frequency,
as a function of the physical parameters. The configuration
should be tested both in standalone mode and also with a fore-
body object generating a wake that is ingested by the hemi-
spherical cap. Many variations are possible depending on the
ultimate application. This setup requires a stationary vertical
wind tunnel. Note that the canopy will also experience lateral
motion, in addition to axial (up-and-down) oscillation. It is
also possible to generate too large oscillations due to the ac-
cumulation of elastic energy in the spring (extracted from the
flow). Therefore, a damping mechanism may be needed at the
spring, which should be connected to a loading cell to extract
force and moments for analysis. Furthermore, it is known that
the wakes behind flexible blunt geometries like this one are
weaker than those behind rigid bodies; the Kármán street is
not as pronounced (Kramer et al., 2013). There are many in-
teresting aerodynamic and FSI interactions worth investigating
in this setup.
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Figure 6. Sketch of bag inflation setup without (left) and with
(right) openings.

4.3 Bag Inflation dynamics
Finally, the ultimate setup relevant to parachute inflation

as a canonical FSI problem is the inflation of a bag. This is de-
picted in figure 6. The process is transient and triggered by the
startup of a jet from the bottom of the figure (this arrangement
avoids the lateral gravitational bias when inflating a parachute
in a horizontal wind tunnel). The setup resembles the much-
studied problem of airbag inflation, except that the inflation
is now controlled by interaction with an unsteady jet (that is
larger than the bag diameter), rather than by the release of gas
in an enclosed airbag triggered by a pyrotechnic device. The
aspect ratio of the bag, as well as the selection of fabric, should
be chosen to approximate the parachute of interest. Flow ve-
locity can be varied to investigate different deployment veloc-
ities, and a non-uniform jet can be used to elucidate inflation
failures as a function of flow interactions with the bag. Keep
in mind that some parachutes inflate in the wake of an aircraft,
and the flow need not be simple ahead of a parachute during
deployment.

The studies should be approached statistically because
there are substantial deterministic reproducibility issues with
this problem. There is little hope of manufacturing a perfectly
defined crumbled bag; instead, random arrangements should
be tested and compared with simulations to determine average
inflation times, fabric tensioning, and loading of the attach-
ment ring. This problem, due to its complexity, has received
no attention as far as we are aware.

5 Example of Parachute Cluster Simulation
We used FSI to simulate the inflation phase and dis-

reefing of the CPAS drogue parachute cluster (Taylor et al.,
2007) from a partially inflated state. These parachutes are used
during the atmospheric entry of the Orion spacecraft as an in-
termediate decelerator before deploying the main parachutes,
see Sengupta et al. (2012) for experimental results. The drogue
parachute has a diameter Do = 4.48 m in its constructed geom-
etry, Young’s modulus between 0.8310 GPa and 1.1805 GPa,
thickness between 6.858× 10−5 m and 1.8288× 10−4 m for
the four rings, respectively. We simulate the inflation process
at the standard atmospheric condition at 4000 m (i.e., ρ∞ =
0.8194 kg/m3, p∞ = 61660 Pa, µ = 1.661× 10−5 kg/(m s),

Figure 7. Grid refinement example for capsule-parachute
simulation. Darker regions denote finer grids.

Figure 8. Parachute cluster at one instant in time just before
dis-reefing. Flow runs from left to right in an inertial frame of
reference (no desceleration). The inset depicts the transmural
pressure on the canopies (in Pa) when viewed from the capsule
attachment point.

Prandtl number is fixed to 0.7) and the Mach number is 0.3,
which are within the flight envelope of the CPAS drogue
parachute.

Each drogue parachute is discretized with 12,864 trian-
gles with the subdivision thin-shell finite-element method, and
structured adaptive mesh refinement (AMR) is used in the
fluid, with the grid width at the coarsest level ∆x = 15.625 cm
and three additional refined grid levels with refinement ratio 2,
making the smallest grid spacing equal to 1.95 cm. The AMR
strategy is driven by local velocity gradients and proximity to
the canopy. As illustrated in Fig. (7), the computational grid is
significantly refined in regions surrounding the parachute and
capsule, while remaining coarser elsewhere. This targeted re-
finement yields substantial computational savings relative to a
uniformly fine grid and supports the efficiency of the method-
ology. The wake downstream of the capsule has not been fur-
ther refined for simplicity in the present simulation. Complete
descriptions of the computational formulation and algorithms
can be found in Yu et al. (2019) and Yu & Pantano (2022,
2024).

In the actual application, the drogue parachutes are
mortar-deployed, with a reefing line at the skirt of the
parachute to control their inflation (Olmstead et al., 2009;
Morris et al., 2011). The length of the reefing line increases
at some point to a second-stage reefing before fully dis-reefed.
In the simulations, it is not computationally practical to start
the FSI simulations from the mortar deployment state; instead,
we start from a configuration of the parachute that is semi-
collapsed and resembles the parachute package after the mor-
tar shooting and before full inflation (see Wang et al. (2022)
case 1-band R1-C1). The parachute is initially frozen in this
shape while the flow is initialized for approximately 1s. This
initial flow simulation with the frozen parachutes is conducted
until the flow is fully developed and the turbulence has approx-
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Figure 9. Cluster dynamics of parachutes in reefed configu-
ration at times 1.25s, 1.5s, 1.75s and 2s, from top left to right
to bottom left to right.

Figure 10. Canopy changes during dis-reefing, at peak load,
(left) and relaxed after transient die out (right).

imately reached stationary conditions. The parachute is then
allowed to deform, and a full FSI simulation is conducted. In
the present simulation, the reefing line length is initially set to
about 69% of the reference diameter of the parachute skirt, and
fully cut 1s later. A more detailed study of the FSI of a single
drogue parachute can be found in Yu et al. (2022). Fig. (9)
shows the axial rotation dynamics of the parachute cluster
while in reefed configuration. Contour plots of transmural
pressure are overlaid on the canopy with the range shown in the
colorbar. Note that the parachutes are stable and never interact
too closely (no contact was detected between the canopies, in
agreement with experimental observation), but their wakes do
interact. Fig. (10) shows the canopies and transmural pres-
sures, soon after dis-reefing, at the time of peak load, and
soon thereafter when the canopy has re-stabilized, where the
increase in canopy size is evident.

We finally report the transient dynamics of the suspension
loads (which are directly related to the drag) between different
reefing stages. Removing the reefing line allows the canopy to
further inflate and change shape rapidly. Fig. (11) shows the
transient tension of the two parachutes, before and after dis-
reefing. As can be seen, a more or less stationary suspension
line tension exists between 1s and 2s. This is followed by a
substantial shock load. On average (white curves), the tension
rises from about 2500 N to a peak of 6500 N before relax-

Figure 11. Parachute cluster suspension lines tension as a
function of time. Thick white curves denote the average load
of all the suspension lines (multicolor).

ing back to about 4000 N in the unreefed state. Individually,
the situation during the shock load is even larger, as several
suspension lines reach about 8000 N. This is an example of a
shock load that is still present even when using reefing and that
impacts the design of parachutes in general.

6 Conclusions
Despite the challenges, the outlook for high-fidelity

parachute simulation is far from pessimistic. Significant
progress over the past two decades has been driven in part by
the underlying physics of the problem: in the fully deployed
state, the dominant contribution to drag arises primarily from
conversion of flow momentum into pressure, rather than from
viscous shear. As a result, even simulation approaches with
limited near-wall resolution can provide reasonably accurate
predictions of global performance metrics such as drag and
descent rate once the canopy has reached a quasi-steady con-
figuration. However, this relative success does not extend to
the deployment and inflation phases. During these highly tran-
sient stages, the flow is strongly unsteady, with complex fluid-
structure coupling, evolving topology, contact mechanics, and
sensitivity to fabric properties, permeability, and initial con-
ditions. Accurately capturing these processes remains a ma-
jor challenge, and continued advances in modeling, numerical
methods, and experimental validation are required to achieve
reliable predictive capability in this critical regime. We dis-
cussed three key fluid-structure interaction problems that could
help improve the state of the art in modeling currently lacking
in this application. An example of a simulation of a cluster of
two parachutes, corresponding to the drogue parachutes of the
Orion capsule desceleration system, was presented to highlight
current capabilities.
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