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ABSTRACT

Simulation of airdrop systems using multiple
parachutes or parachute clusters may involve the
aerodynamic interactions between parachute
canopies. These interactions can occur between two
separate parachutes when one of them comes close to
the other. They also occur between the canopies of a
cluster of parachutes. We present results for the in-
teractions involving two separate round parachutes
in close proximity to one another, and study the ef-
fect of the separation distance on the aerodynamic
interaction. We also present results for the aerody-
namic interactions between the canopies in a cluster
of parachutes, where we study the effect of varying
the number and arrangement of the canopies.
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INTRODUCTION

For some airdrop systems, and under special sce-
narios, the behavior of a parachute is influenced by
its interaction with another parachute {or multiple
parachutes). In this paper we describe a model-
ing approach and present results for simulations in-
volving the aerodynamic interaction between multi-
ple parachutes. Here, the interaction is assumed to
be purely aerodynamic, with fluid-structure inter-
actions playing no role. We focus on two different
types of interactions. First, we focus on the inter-
action between two separate parachutes that inter-
act when coming within close proximity of one an-
other. Results from simulations for different sepa-
rations between the two parachutes are presented.
Secondly, we focus on the aerodynamic interaction
between multiple parachute canopies in a cluster of
parachutes. Interactions for three, four, five, and
six parachutes in a cluster are studied. These sim-
ulations provide initial results on the aerodynamic
interactions for multiple parachutes, but they also
serve to demonstrate the utility of these modeling
tools for application in airdrop applications.

Follow-on studies will take into account the cou-
pled fluid and structural behavior that occur in these




interactions. Fluid-structure interactions (FSI) are
involved af all stages of airdrop systems performance,
from initial deployment until landing. The inter-
action between the parachute system and the sur-
rounding flow field is dominant in most parachute
operations, and thus the ability to predict parachute
FSI is recognized as an important chalienge within
the parachute research community.*™

MODELING APPROACH

For the problems presented in this paper, we
assume that the parachutes are operating at suffi-
ciently low speeds, and, therefore, the aerodynam-
ics are governed by the Navier-Stokes equations of
incompressible flows. Also, we limit our focus to
the aerodynamic interaction between the parachute
canopies and payloads. For these cases, the canopies
experience no shape changes or relative motions and,
therefore, the numerical solutions for the fluid dy-
namics are obtained using a stabilized semi-discrete
finite element formulation.® These methods have
been implemented for parallel computing using the
MPI programming environment. The results pre-
sented here are for simulations carried out on a
CRAY T3E-1200 supercomputer.

Equations for Incompressible Flows

Let &; C R™+ be the spatial fluid mechanics
domain with boundary I'; at time ¢ € (0,T), where
the subscript ¢ indicates the time-dependence of the
spatial domain and its boundary. The Navier-Stokes

equations of incompressible lows can be written on
Q; and V£ € (0,T) as

p(%’--{-u-Vn-—f)-—V-c =0, (1)
V.-u =0, (2)

where p, u and f are the density, velocity and the
external force, respectively. The stress tensor & is
defined as

o(p, u} = —pl + 2ue(u). 3

Here p, I and u are the pressure, identity tensor and
the viscosity, respectively. The strain rate tensor
£(u) is defined as

e(u) = Z((Vu) + (Vu)"). )
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Both Dirichlet- and Neumann-type boundary condi-
tions are accounted for:

u
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gon (I"g)s,
hon {T'ih. {5}

n-oe =

Here (I't), and (F¢)s are complementary subsets of
the boundary T, n is the unit normal vector at
the boundary, and g and h are given functions. A
divergence-free velocity field is specified as the initial
condition.

Finite Element Formulation

Let us consider 2 fixed spatial domain {2 and its
boundary T, where subscript ¢ is dropped from both
O, and T;. The domain £ is discretized into sub-
domains Q%, e = 1,2, ---,n,, where ng is the num-
ber of elements. For this discretization, the finite ele-
ment trial function spaces 87 for velocity and 8% for
pressure, and the corresponding test function spaces
V4 and V:,‘ are defined as follows:

Sy = {u"l® e [ Q) u" =g on Ty}, (6)
VR = (whiw® e [P Q)" w" =00on Ty},  (7)
Sh=V} ={¢"ld" e HM @)} (8)

Here H'*(Q) is the finite-dimensional function space
over (2. The stabilized finite element formulation is
written as follows: find u* € S% and p* € &} such
that Yw” € V2 and ¢* € V}:
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In this formulation, Tsups, Tesps a0d Tisic are the
stabilization parameters.®?




NUMERICAL EXAMPLES

For all simulations we use tetrahedral meshes.
The parachute canopy surface is representative of a
(C-9 parachute. For the first example, the parachute
in the numerical model consists of the canopy and
a paratrooper. In the second example, the cluster
of parachutes consist of multiple C-9 canopies. Fig-
ure I shows, for one of the cases, the interior sur-
faces and a cutting plane through the mesh {left),
the parachute canopy surface mesh (center), and the
paratrooper {right). The simulations are carried out
at a Reynolds number (based on the canopy diame-
ter) of approximately 5 million.

A

Figure 1. CFD mesh: Cutting plane and interior
boundaries {top): Parachute canopy (bottom left);
Paratrooper (bottom right).

Interaction Between Two Parachutes

A series of simulations are carried out for the
interaction between two separate parachutes (i.e.,
round canopy and “paratrooper”) with horizontal
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spacings along the x-axis ranging from zero (i.e.,
axiaily aligned) to five inflated parachute radii. Ver-
tical spacings are held at a constant value of approx-
imately one meter between the apex of the lower
canopy and the feet of the paratrooper. The para-
chute model is representative of a 28-foot diameter
and 28-gore C-9 personnel parachute. Representa-
tion of the geometry for the canopy comes from a
separate structural dynamics simulation with a pre-
scribed pressure distribution. Surface representa-
tions for the paratrooper and for other boundaries
in the CFD model are obtained using a variety of
in-house modeling tools, and separate unstructured
volume meshes are generated for each case studied.
For each of the examples, the two paratrooper and
canopy systems are identical, with 8,288 triangular
faces describing both the upper and lower canopy
surfaces, and 11,714 triangular faces representing
the paratrooper. The size of the volume meshes
vary from case to case, with approximately 1.8 mil-
lion tetrahedral elements and 300,000 nodes and re-
sulting in approximately 1.2 million coupled equa-
tions for the case with a horizontal spacing of 0.5
radii. In each of the meshes, the mesh refinement is
controlled surrounding the paratroopers, canmopies,
and the wake and interaction regions in order to
have a greater concentation of elements in these re-
gions. Descent velocities of 22 ft/s are represented
by imposing the following boundary conditions: a
uniform upstream boundary condition on the lower
boundary, no-slip conditions on the paratrooper and
canopy surfaces, zero normal velocity and zero shear
stress conditions at the side boundaries, and a
traction-free condition at the outflow boundary.
The simulations predict a strong interaction be-
tween the upper and lower parachute wakes for spac-
ings of 1 radius and less. In these cases, the up-
per canopy “loses its wind” and experiences negative
drag, upon which the canopy would risk collapsing.
The flow fields for horizontal spacings of 0.5, 2.0,
and 5.0 radii are shown in Figure 4, with the veloc-
ity vectors on the left and the vorticity on the right.
This figure indicates a strong interaction between
the upper canopy and the lower wake for a hori-
zontal spacing of 0.5 radii, with the upper canopy
clearly caught in the wake of the lower canopy. In
contrast, very little interaction is seen between the
two parachute flow fields for a spacing of 5.0 radii.
The intermediate case shows clear interaction be-
tween the two parachutes, but without the upper
canopy being trapped in the wake of the iower one.
The interaction between two parachutes for var-
ious borizontal spacings is further clarified when we




look at the aerodynamic forces acting on the individ-
ual canopies. Figure 2 shows the time-averaged drag
(D) for the lower and upper canopies for spacings
ranging from 0.0 to 5.0. The forces shown in these
figures are scaled from the computed values accord-
ing to the C-9 physical dimensions, the prescribed
descent velocity, and the density of air. These scal-
ings differ from the scaling that was initially pre-
sented.® The values for the upper canopy drag are
fit to a curve using cubic spline and assuming that
the curve &) is symmetric at zero horizontal spacing
and b) approaches a constant value as the horizon-
tal spacing is large. The drag for the lower canopy
at large horizontal spacings is expected to approach
the same value of drag as for the upper parachute.
This figure shows that the average drag on the upper
parachute can become negative for severe interac-
tions between the parachutes, such as for a spacing of
0.5. In these cases, the parachute would risk collaps-
ing. For the intermediate case (i.e., 2.0 radii), the
drag on the upper canopy remains positive. How-
ever, in this case there is a clear interaction between
the two parachutes which could possibly lead to se-
vere structural responses in the flnid-structure inter-
actions of the upper parachute. For 5.0 radii, mini-
mal interaction is seen in the drag history plots.

Figure 3 shows the time-averaged values for the
horizontal force component, Fy. For cases in which
there is no interaction between the two canopies, the
average value of F; is expected to be zero. For small
horizontal spacing (i.e., less than 3.0 radii), the hor-
izontal forces acting on the two canopies are attrac-
tive. For the spacings greater than 3.0 radii, the
interaction becomes less evident and the difference
between F, for the upper and lower canopies be-
gins to decay. For these larger spacings, carrying
the computations further is expected to bring the
averaged values of F; to approximately zero.

As indicated, results from these simulations are
useful in understanding when aerodynamic interac-
tion between multiple parachutes is significant. How-
ever, sophisticated models are required to better un-
derstand the full interaction between parachutes in
these cases. Follow-on simulations are being carried
out to study the structural response in these cases
of significant interaction. Simulations involving rel-
ative motions between the two parachutes or struc-
tural displacements in the canopy require a special
finite element formulation which can handle prob-
lems in which the spatial domain occupied by the
air is changing in time. For these cases, we use the
Deforming-Spatial-Domain/Stabilized Space-Time
(DSD/SST) formulation.**® The DSD/SST formu-
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lation, along with an appropriate mesh-update strat-
egy, allows us to study these interaction problems
along with either rigid-body motions (for example,
from a 6-dof model} or FS51 deformations for the
parachute structure. These follow-on studies will ad-
dress some the of more challenging interaction issues,
such as parachute canopy collapse.

—® Upper Parachute
O = ~ 0 Lower Prrachute

435

&

L I AN
Hortzantal Spacing (iniated parachiits M)

Figure 3. Influence of horizontal spacing on Fy.

Interactions in Parachute Clusters

A series of simulations are carried out for the in-
teraction between the canopies in a cluster of
parachutes for three to six canopies. For the cluster
simulations, the parachute model is represented by a
set of identical C—9 canopies that are positioned and
oriented relative to a prescribed confluence point.
Two types of configurations are prescribed. First,
3-, &, and 6-cancpy clusters are defined with the
canopies uniformly distributed at a prescribed amn-
gle about the azimuthal axis. Secondly, 4-, 5-, and




5-canopy clusters are defined with a single canopy
in the center, and the remaining canopies are dis-
tributed uniformly at a prescribed angle about the
azimuthal axis. The size of the volume mesh varies
from case to case, with approximately 2.5 million
tetrahedral elements and 450,000 nodes, and result-
ing in approximately 1.9 million coupled equations
for the b-canopy cluster with a parachute in the cen-
ter. Mesh refinement is controlled surrounding the
canopies and the wake and interaction regions. As
with the previous example, descent velocities of 22.0
{t/s are represented by imposing a uniform upstream
boundary condition on the lower boundary and no-
slip conditions on each of the canopy surfaces.

The computed flow field from these preliminary
simulations are shown in Figure 5, depicting the
magnitude of the vorticity in two cutting planes for
each configuration. The figure shows the vortic-
ity in the # = 0 plane (left) and the y = 0 plane
(right). The center figure shows the arrangement of
the canopies in the cluster, as viewed from z = —co.
These initial simulations demonstrate the interac-
tions between canopies in different cluster arrange-
ments.

Further analysis is needed to better understand
the other effects influencing the interactions in clus-
ters, such as the preferred arrangements for the
canopies, blockage effects due to the finite computa-
tional domain, and ultimately fiuid-structure inter-
action effects. For the examples presented, blockage
effects are evident and increase with the number of
canopies in the cluster. Experimental studies have
been conducted to provide empirical correction fac-
tors for blockage effects.’’ However, these data are
dependent on the type of parachute, fluid-structure
interactions, and other factors. Additional simula-
tions are being carried out to numerically obtain cor-
rection factors for the cases studied.

Additionally, the examples presented neglect the
structural response between the canopies in the clus-
ters. The DSD/SST methed is being used to study
the dynamical interactions between the canopies in
the cluster, treating the individual canopies as rigid
bodies. Numerical simulations'? have been condue-
taed previously to predict the equilibrium configu-
ration for clusters of three half-scale C-9 parachutes
in comparison with experimental data.!® In these
simulations, equilibrium configurations were deter-
mined using a quasi-static approach and imposing a
symmetry configuration for the three canopies. The
DSD/SST formulation, along with an appropriate
mesh-update strategy, allows us to study the inter-
action of canopies in a cluster in a dynamic fashion.
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Follow-on simulations will be cartied out to predict
equilibrium configurations for the 3-canopy cluster
with and without an imposed symmetry. Additional
simulations will be carried out to study the interac-
tions for the 4~, 5-, and 6-canopy clusters. Initially,
these studies wiil treat the canopies as rigid bodies,
with later simulations including FSI effects.

CONCLUDING REMARKS

Numerical sirnulations have been carried out for
the aerodynamic interactions between multiple
parachute canopies. Interactions between two sepa-
rate parachutes show significant interactions for hor-
izontal spacings of less than two canopy radii, which
could possibly lead to canopy collapse. Preliminary
simulations for the interactions between the canopies
in a clustered parachute system have also been car-
ried out for 3-6 canopies and for a variety of cluster
arrangements.

These simulations provide initial results on the
aerodynamic interactions between  multiple
parachutes and demonstrate the utility of the maod-
eling tools for studies in airdrop applications. These
simulations alsc provide a better understanding of
the interactions between muitiple parachute canopies
and help identify the scenarios under which the in-
teractions are most severe. In the cases of severe in-
teractions, sophisticated fluid-structure interaction
models are required to accurately represent the re-
sponse of the parachute structure.
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Vorticity (right).

city vectors (left);

Figure 4. Flow fields for the interaction between two parachutes: Velo
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Figure 5. Interaction between canopies in a cluster of parachutes: Vorticity.
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