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A parallel computatlonal techmque is presented for carrymg “out three-dlmensmnal su'nu!atlons of parachute ; o '
. fluid-structure interactions, and. this technique is applied to snmu!atmns of airdrop performance and control S
phenomena.in terminal descent. The technigue uses a stabilized space-time formaulation of the t:me-dependent,' o
. three-dlmensmnai Navier—Stokes equations of lncompressnbie flows for the fluid dynanncs part Turbulent featires
. of the flow-are accounted for by usmg a zero-equation turbulence model. A finite’ element formulation derived oo
© from the principle of virtual work is-used for the parachute structural dynamlcs The parachute i represented as
i a cable-membrane tension structure. Coupling of the fluid dynarmcs ‘with the stinctural dynamrcs is implemented
over-the fuid-structure interface,” wwhich is thé parachute cinopy surface Large deformations of the structure. e
'requlre that the fluid dynaimics mesh is updated at every time step, ‘and this is accomphshed with an automatic
'mesh-movmg method The parachute used in the appilcatmn presented here isa standard U.S Army personnel _ '_

parachute S

= ntroduct;on

LU[D STRUCTURE interactions - (FS..I). aré mvolved at ail

-stages of alrdrop systems performance;including initial deploy-
imeit, dviring inflation; terminal déscent (or gliding/manenvering for
steerable parachutes) and soft landing (i.e., retraction for round

_ 'parachutes flared’ Tanding * for* ramzair parachutes) The interac-.
‘tion’ between the: parachute” system-and: the “airflow” around; it is.

“dominant in “Tost: parachute operations, “arid thus’ the ablhty io
simulate parachute FSl.is, recognized: within  the parachute Te-
search: community as*a serious challenge. _In-this: paper. a. de-
scription is given of current efforts to develop a:general-purpose

computér model that can: accurately predict thrée-diinensional FST

for various parachute systéms under different performance: stages,

© Here, the focus: is on the FSI performance:-during the “termi-

nal descent stage to include riser control. performance. Isshes in-

clement formulation derived from' the principle of virtual work
is used for the structural dynamics (SD).'“!! The coupling be-
tween the FID-and the SD is enforced over the fluid-stnictare in-
terface; which is. the: canopy surface. Large deformations of the
structure are handled by updating the FD mesh. with an-automatic
mesh-moving. scheme‘and. remeshing - as neéeded. The DSD/SST

-procedure is: well suited for problems involving spatial domains
-changing with"time,. such as: those encountered during parachute
‘FSL!?. This formulation: has been. well tésted: and: applied to a
'1arge variety of fluid dynanncs problems involving moving bound-

aries ‘and: interfaces. In. the space—tune forniulation the finite ele-
ment’ mterpolanon functions vary both spatially and temporally,

~ and this automatlca]ly takes 1nto account changes in the spatlal

volved. iri “performing- simulations: with'. the: current model- will

be presented, including the finite element formulations, couphng
“methods, 'mesh moving ; methods and 1mplementatlon on paraHel
supercomputers :

The. parallel: computanonal technique presented here targets
three-dimensional simulations of parachute. FSL; with application
to airdrop performance and control phenomena in terminal descent.

The techinique i based on the deformmg—spanal-domam/stablhzed"

space-time (DSD/SST) formulation”? of the tirme-dependent, three-
dimmensional Naviei- Stokes equations of ificorpressible flows for
the fluid dynamws (FD) part. Turbulent features of e flow dre ac-
counted for by usmg a Smagormsky mrbulence model oA ﬁrnte
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domzun :
I recent years the DSD/SST procedure has been apphed toa
variety ‘of FSI problems. Preliminary DSD/SST simulations were

“sticcessfitly performed to-simulate FSI behaviors for flow prob-

lems involving moving cylinders-and aerofoils.'>'* Later, the ap-

proach was applied: to siinulate: the FSI response of-a ﬂernble_ _

pipe ‘to- infernal flow'® - and: to’ two phase -FSI flow problems in-
cluding interior ballistics.'® Recently, the' approach has been used
to* predict-the’ FSI responsefor the -inflation of .an axisymmetric

-cable-membrane: parachute structure,’” to predict the: steady-state

descent characteristics for a ram-air parachute system,* and to pre-
dict steady-state characteristics for a-fully inflated T-10 parachute

‘system”under “controlled- conditions : {i.e.; pinned- at the payload

and-siibjected to -a uniform’ freestream flowfield).? Finally, a se—'

‘ri¢s of FST simulations'® and concurrent wind-tunnel experiments™®
‘Havé been’ performed: for 'a:set of ‘cross‘parachute models ‘as -
ia-first-step : towa.rd vahdatron of thrs parachute FSI snnulanon
-¢apability;

For the FSI problerns presented specrai attention is glven to the.
transfer of coupling imformation bétween “compatible™ and “incom-
patible” FD and SD interface meshes (i.c.. parachute canopy sur-
face meshes). For compatible meshes the FD and 5D have nodally
equivalent interface meshes; and the transfer of coupling informa-
tion- is straightforward. For incompatible meshes coupling infor-

‘mation must: be transferred through more complicated projection

strategies. " . .
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Governing Equations

Fluid Dynarmcs

Let 2, C Rsi and (0, T) be the spauai and temporal domams
respectively; where s,z is the numbet-of space dlmensmns, and let
I"; -denote- the’ boundary of ;. The subscript t 1mphes the time
dependence of thé - spatial domain, The spat1a1 and tempaoral coordi-
nates are dénoted by x = (x, ¥, z) andt € (0 T) The Nav1er—Stokes
equatlons of mcompresmb}c ﬂows are: ST

p(?a +u- Vu+f) Vo= 0 .'6‘..1: ':.'Qr'V.f"'E(U?T) )

v u_e ' oh.': Qvre (0 T) L@
Here LR u, f and o are the densn;y, veloclty, extemal body force
and sfress tensor, respectively. For the problems under considera-
tion, the fluid is assumed Newtonian, and the dynamic v1scosny is

modified locally using a Simagorinsky turbalence model.? Dirichler
and Neumann—type boundary conditions are prescnbed on {I;), -

and (I'))y, respectively, where (1",) . and (I are complementary.
subsets of the boundary 1"1 The inj 'nchtion o the veloc1ty is
dwergence free i .

Structural Dynamlcs :

composed ‘of: (1"*) and (1"5) e Here “the superscrlpt 5 corresponds
to the cabIe—membrane structure" he equaﬁons of moaon for the

3

where y, p%, f*,:and o° dre the displacement, material density, ex-
terrial body forcés, and Cauchy stress tefisof, respectively. For thie
problems undér consideration, we assurie large displacements and
rotations but small strains. Thus, constitutive reIatlonshlps are based
on Hookean matenals Wlth lmear-elasnc propertles :

lete Element Formulatlens :

Fiuid Dynamics

To handle the t]me-vanant spa‘mal_ domams encountered in

parachute problems, wé; employ ' the DSD/SST: finite element

formulation.”* In this formulation:the finite element interpolation -

_polyniomials are functions of both space and time, and the stabilized
variational formulation of the problem is written over the associated
space-time domain. This stabilized formulation automatically takes
into account deformations in the spatial domain and protects the
corputation against numerical oscillations. This method has been
applied to a large number of problems with moving boundaries
and interfaces. The DSD/SST meéthod used in this paper is hased

on the streamline- upwmd/Petrov—Galerkm (SUF’G)21 and pressure- :

_stablllzmg/Petrov—GaleﬂGn (PSPG)22 stabilization téchniques. The
"'SUPG method is one of the most widely used stabilization' meth-

ods. The PSPG formilation assbres numerical stability while al-
lowing’ the uge of equal-order mterpo]atlon functions for velocity
and pressiire. These stabilization techniques also preveit numerical -
“oscillations and instabilities for flows involving high Reynolds num-

‘bers and boundary layers, Without mtroducmg excesswe numencal
d.lSSIpathH . : :

Structural Dynamlcs W : :

A semidiscrete finite element formulatlon for the SD equatlons
of motion is obtained from the principle of virtual work. Finite dis-
placements of the structure are taken into account by using a total
Lagrangian description of the problem. In addition to membrane and

cable elements, a variety of parachute-specific features have been in-
corporated into the SD solver to inchide truss and concentrated-mass -

elements-(representing the payload), drag force approximations for

- this field to focus on iterative coupling approaches.

. cables and concentrated masses, and time-variant cable Iengths (for

control line pulls, reefing; ete.). The mterested reacler is dlrected o
Benney et al 2 for further detaﬁs PR .

Mesh-Movmg Strategy R : :
~To handle changes in: ‘the, spat1a1 domam caused by parachute
canopy. deformations; a suitable mesh-moving scheme is hecessary.
Efficient special purpose mésh .movmg algorithms can be designed .
for problems where parachute motion'is somewhat predlctabie For
example, Kalro and Tezduyar® utthzed an algebralc schieme to han-
dte the FSI-induced motions of a ram-air parachiite systém. A more
general purpose mesh-moving scheme is needed.for probiems with
arbltrary and complex deformations. We usé an autornatic miesh:
moving scheme for the problems addressed. In this scheéme the fluid
meésh is treated ds a linearly elastic pseudosolzd that deforms as dlc—
tated by the miotion of the surface boundaries 'of the fluid domain.

" This scheme infroduces an additional computational cost associated

with the mesh-moving eqiations, but is well snited for handhng the
complex’ geometries” and: arbitrary- motions. for. this ‘class ‘of prob-
lems. The solution for the-pseudosolid has no physical significarice
in itself. Tts sole purpose is to deform the FD mesh to handle, with
minimal mesh distortion, mct]ons and deformancns in mesh bound—- :

. gries a.nd mterfaces

Fluld—Structure Couplmg

. The finid-stricture couplinig oceors at the FSI mterface Wthh is-
in this-case the parachute canopy surface. We'ise an iterative coui-

-pling approach; -with individual systems-of equations being solved
-for the-fluid and the stiucture Coupling is ‘achieved throu'gh'th'e -
‘transfer of FSTinformation between the fluid and structure withina

nonlinear iferation loop, with multiple monlinear iterations improv-
ing the: convergence of the coupled ‘system. Displacements’ from
the SDsolution are treated:as Dirichlet boundary conditiens in the
mesh-moving scheme: Displacement rates frofm the S solition dre
treated as Dirichlet boundary conditions in the FD solver, In'return,
parachute surfice tractions from the fluid- are used: as- distributed

forces in the SDrsolver. For the applications p’resentEd inthispapér, -
we transfer only the pressure contribittion from the FD solutionto . -
“the SDsolver. Implementation” of this iterative’ couphng igvmuch:

moré straightforward than direct couphng approaches The'separite.

‘treatment of the fluid and stmctural solvers allows ustouse: the two:.

as subtoufines in an FSI code. These réasons, along with the draw- .

backs of direct coupling approaches, have led most tesearchers in
34,2527,

FST information can be passed between the FD and SD solvers-

. using compatible o incompatible meshes. Compatlb!e meshes refer
to the cases where the fluid“structure interface is represented bya
‘nodally equivalent FD surface mesh and ST ¢anopy mesh. Transfer
“of FSI information in' this case is strajghtforward as a ‘result’of

the one-to-one mapping between the interfacé nodes. Incompatible

_meshes refer to cases where the interface is represented by a FD

sirface mesh'and a SD canopy mesh that are different. This approach
has the benefit of allowirg for individual FD and SD ‘meshes to be
de51gned to take’ advantage of the strengths of each solver: However,
mcompatlble meshes requ]re amore complicated projection schéeme

“for transfer-of information across the fluid-struchire interface; sich

as a least-squares projection.** The least-squates projection, for
transfer of FSI mformatlon between mcompat1b1e meshes can be
wntten as :

R T
JTmer.

wh.ere:I‘r.m; is: the ﬁuid-sh_’ucture interface; 7 and & correspo_nd _.

to the shared variables between the fluid and the structure (iei,
displacements, displacement rates, and tractions), and 3d.is a test
functior associated with 4/ or 4% (depending on which direction
information is being transferred). For a parachute application, these
two approaches are depicted in Fig. 1 with the fluid mesh (center)

~ and compatible {left) and incompatible (right) SD meshes. .
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Fig 1 'Parachlrte rﬁe's'ljes:' compa'tible (left)';fs ineompatiﬁle '(riglit).._'

Implementatlen

’Fhe FD and SD solvers are 1mp1emented usmg anressage-pa351ug
‘paradigm and has.been ported to a'variety of architectures. Com-

_putations: for. the examiples presented are-carried out on a: CRAY -
T3E-1200. The interested reader is directed to Kalro and Tezduyar '

-for fuﬂher deta]Is of the parallel 1mplementatlon

Numerleal Examples. Three-Drmensmnal FSI
for a T-19 Parachute System -

The Army’s T-10 persormel parachute System is a “Hat extended

- skirt canopy” composed of a 354t (10.67 m) diam D; cariopy and 30 "
"suspension lines €ach 29.4 {t (8.96 m) lonig: The canopy.iscalleda = -
flat extended skirt canopy becausein its constructed (of nonstressed)
-configuration it is. composed of & main circular section with a cir-

cular vent at the apex and an inverted flat ring section; which lies
~under the main section and is connected to the main section. at the

" outer radius. The lines.connect fo.two confluence points (which ap-’

- proximate the connection paints for a personnel hamess assembly),

The suspension lines. continue. as 30, gore-to-gore reinforcements;

-through the parachute canopy-and meet at the apex. For the T-10 the
vert diameter is 0:1D;, and the wideh of the skift is also 0.1D,:.
In the following sections we describe the three-dimensional FSI
strategy for mimerical examples involving the T-10 parachute sys-
. .-tem. First, we will ¢ compare the nomerical results corresponding to
: :companble and mcompauble ‘mishes. Sccond, we will demonstrate
the. simulation techniqiré for 2 “T-10 parachute!payload system-dur-

.Ing tetminal descent, ‘Finally, we wﬂl demonstrate the’ capabrhty o

. perform “hne pulis durmg an FSI srmula’[ron

'-Compatible v§ Incompatlble Meshes .
: SD Problem Setup R

“The s;mulatrons nrvolve two SD models for the T 10 The ﬁrst SD--

mesh (compatrble case) con51sts of 9,183 nodes; 17,490 three-noded

: ‘membrane’ elements for the canopy surface; and 1,920 two-noded ~
. cable elements for the suspension Tines and canopy remforcernents

'Thls SD mesh tesults in 27,543 equations.. ..

| The second SD mesh consists of 3,573 nodes; 780 nine= noded
(ie., biguadratic) membrane elements for the canopy surface and
1, 17(] two-noded cable elements forthe s suspensmn lines and | canopy
reinforcements; This SD mesh results in 10,713 eguations. The

parachute system is represented by linearly elastic materials, with -

thickness and material properties representative of a T- 10. Frgure 2

“shows “blown- out” views for ‘thie comipatible and mcompatlbie SD

meshes for. the main catiapy reinforcements (cables),. the miain

canopy (membranes), the extended skirt (membranes), and the
extended skirt reinforcements and suspension lines {cables).

- 'The unstructured mesh is allowed to inflate when the canopy is

- subjected to a prescribed differéntial pressure of 0.5 Ib/ft* (23.94 Pa).

For this stand-alone structural simulation every node in'the SD

-miesh- is’ unconstrained, with the  exception of the: two confluence -

point niodes, which are’ pinned. The.fully inflated static configu-
ration for the T-10 'madel obtained: under’ the prescribed préssure
loading is shown in Fig.-3. Maximum principal stresses’ for the
parachute cantopy- (membrane) are superimposed on the surface,

with low stiesses alorig the canopy radial remforeements and hlgh '

stresses in the canopy midgore regions.

Fng _.Comp.atible and“ineon:ipaﬁble Tl(}SD meshes. o

an 3 Inﬁatec! T-10 SD geometry and stresses. '

FD Problen SetItp

A three—dlmensmnal mesh with tetrahedral elements was gener—

“ated for the FI solution using a8 the surface mesh the three-noded -

membrane mesh for the T-10 canopy in its inflated conﬁguranon

‘Canopy surface nodés were multiply deﬁned with one node for botlt
“thé upper and’ lower surfaces. The mesh cansists of 133, 097 nodes
and 783,910 tétrahedral clemients. The flow simulations were car-
Tied out at'a Reynold’s number of 5 % 10° [which approximates the

terminal descent velocity of 22.0'ft/s (6.7 m/s)]. Hére, the Reynold’s
number i§ defined based on the Constructed diameter of the canopy

“D... For this case the boundary conditions are defined as follows:

1y The parachute canopy surface is treated as a zero=porosity
material and is assigned no-slip conditions.

2) The inflow boundary below the parachite 1s assrgned a
prescribed velocity condition of 22.0 ft/s (6.7 m/s).

3) The side boundaries are 3551gned free-slip condmons

- 4y The outflow boundary above the pa} achure is assrgned tractron-

‘free conditions:

Tnitial unsteady flow solutrons were obtamed for the ﬁxed Canopy

"conﬁgurat[on using’ a- stabilized seniidiSerete formulation.? The
“semidigereté: formulation,  which is less ‘cost ‘intensive than the
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‘DSD/SST formulation, is adequate for the stand-alone simulations .

because there is no time dependence in the spatial domain (i.e., no
deformations of the canopy). Figure 4 shows a “snapshot” in time
of the computed velocities and pressures for the flow about the T-10
canopy. After this flow is developed, several {ime steps were com-
puted, still with the fized canopy but by using the DSD/SST proce-
dure, to obtain the starting FD conditions for the FSI simulation. For
the DSD/SST procedure the FD system results in 958,686 equations.
The computed drag coefficient for the stand-alone FD simulation,
based on the total constructed area of the canopy, was approximatety
0.72. This is without accounting for the suspension line or payload
drag effects. The stand-alone simulation neglects FSI effects and
thus is for a different canopy geometry than the expected FSI geom-
etry, With the stated approximations in the stand-alone simulation,
the computed drag compares quite acceptibly with the experimental
values for the T-10 parachute system which range from 0.78 to 0.87

(Ref. 28Y and include the payload drag, suspension line drag, and
FSI effects: - S e T

FSI Simudation R BN

" FSI simulations were conducted for both the compatible and in-
compatible SD meshes. The FSI simulations were initiated using
the fully inflated static configuration for the compatible mesh as the
initial condition for the SD model and the fully developed flowfield
about the fixed configuration as the initial condition for the flow-
field. All SD nodes were prescribed to have no initial velocities or
accelerations. The two payload nodes in the SD model were fully
consirained. To begin the two FSI simulations with the same initial
conditions, static equilibriven displacements from the compatible
SD mesh were projected onto the incompatible SD mesh with a
least-squares method. - '

Coupled simulations were carried out with a nondimensional
time-step size of 0.005, which eéquates to a dimensiorial time step
of 0.0032 5. The aerodynamic drag force acting on the canopy was
calculated at each time step. Figure 5 shows the time histories for
the nondimensional drag force. Good comparison is seen between
the compatible and incompatible mesh simulations; with the incom-
patible mesh capturing higher-order modes of oscillation because
of the higher-order biquadratic elements in the SD model. These
oscillations are caused part by the snap through of individual gores
as the parachute settles during the inifial stages of the FSI simu-
lation. Here, snap through refers to-a local change in concavity of
the canopy surface, which is resisted by compressive forces. For
the problem presented there is.no. membrane wrinkling model im-
plemented, and the triangular'elements are unable to snap through
for the given mesh resolution; whereas the higher-order membranes
can experience the snap through: Realistic wrinkling models are be-
ing developed,”® which effectively eliminate structural compressive
stresses. o ' ' '

Freefalling T-10 Parschute System
SD Problem Setup R B

For this example, we modify the T-10-SD model to include a
payload and a set of four risers connecting the payload to the sus-
pension lines. We use the incompatible:mesh from the preceding
example as the base mesh for the parachute system. Each riser is
represented by: five two-noded cable clements. The front two ris-
ers each attach to s¢ven suspension lines, and the back risers each

T 1 T T

ST T

T N TN IS S

520

o
[=]
o

Drag (pounds)
3 T

Lo 440

420

Compatible Meshes
--------- _Incompatible Meshes |

200 FERE IR :
4] 05 1 15 2

25° 3 a5 4 a5 5
Time (seconds) :

Fig. 5 Drag histories for both the compatible and incompatible simulations. -
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Table 1a - T-10 parachute system: material properties

] ) *. Cables e
S 7 Suspension - Radial . - Trusses
Material group | - tines: | -’ reinforcements & Risers - Payload
Flements - - 300- B . "8.70' - a0 6
Area, f12 00001 00008 0.0001. . - ~0.0001
Density; stigs/it> - -~ 6.0+ O X FR R X | AR X

Young’s modulus; 432 x 108177 4323 108 216 107 465 x 107

’I_‘é_ble 1 T10 parécl.lu'te“s.ysten.l': ma{gr_ial ﬁréperﬁés

. Membrares - Concentrated miasses

_ :Mar_,er'i'a'l:.g'rbup Canopy’ - . Payload masses
Elements - ' 780 4
- Thickness; ff .~/ e 0000L e e
" Density (mass) . - o0 600 ! (194)

L Stugs/fS (slugs) o ol .
" Young’s modulus, Ib/f? . 2.0.x 10% . . — .
Po;ssnnratio R . ; 0_3_:.-: . .. Ll

S
2T

" Fig: 6 SD mesh for T-10 with risers and payload:

" attach to eight suspension lines: Additionally, each front and back

riser attaches to the paylead.. The paylead is represented by a stiff

tetrahedral truss system and four concenirated mass elements. The -

six two-noded truss elements give the payload structure rigidity, and
the four concentrated masses approximate the mass of a typical para-
trooper. This payload modeling techniqiie has been demonstrated
for three-dimensional stand-alone SD simulations.” The blown-out
- depiction of the SD mesh for the T-10 parachute system with risers
and payload is shown in Fig. 6. L _
The SD model is broken into six distinct material groups: one
membrane group, three cablé groups, a truss. group, and a con-

centrated mass group. The mentbrane group defines the parachute .
canopy. We have distinct cable groups for the suspension lines, the -

canopy radial reinforcements, and the risers. The truss and con-
centrated mass groups define the payload. The definitions for the
different material groups are given in Tables 1a and Ib. .

A stand-alone damped’ dynamic- simulation was conducted for

‘the T-10 parachute model to inflate the canopy under-a prescribed

differential pressure of 0.5 Ib/fi* (23.94 Pa): For the stand-alone.
simulation the four payload node points were-fixed in space. This-
equilibrium solution is used as the initial condition forthe SD solver -

in the subsequent FSI simulation. -~ =

FD Problem Setup- NSRRI :

The canopy surface unstructured mesh with triangular elements
was generated by firét generating a mesh for the flat canopy and theh
projecting the displacements from the SD equilibrium solution onto
the flat mesh. This mesh is used to represent the T-10 canopy asan in-

- terior surface in the FD'mesh: A three-dimensional mesh with tetra-

hedral slements was generated, with 149,253 nodes and 888,344
elements. The unsteady fiow solutions to be used &s starting condi-
tions for the FSI simulation were obtained for the fixed canopy con-
figuration at Reynolds number of 5°x 10° using a sémidiscrete for-
mulation. This soluticn was uséd as the initial condition for the FSI
simulation, which were carried out using the DSD/SST procedure:

FS_ISfmuIatim.a._.'_ et o e
For the preceding example we simulated the FSI behavior for
the flow about a T-10 parachute,; where the payload was fixed in

t=189s" . [ Cltsnbes.

" Fig. 7 FD mesh during FSI simulation.

z=—1181.
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Frg 10 Net vertical riser force.

space. For this case, where the parachute is allowed to freefall, the
parachute strocture will fall (or rise} globally at some velocity rela-
tive to the inflow velocity. Thus, the predicted terminal descent for
the parachute system will be the terminal SD velocity plus the in-
flow velocity: This combined Lagrangian—-Eulerian description for
the problem was selected to s1mphfy the setup for the mmal condi-
tions of the FSI problem.

To.handle the freefallmg parachute we mlplement our autornatlc
mesh-moving scheme as follows:

- 1y The parachute canopy surface is assxgned a prescnbed dls—
placement condition; with the prescnbed displanements coming
from the SD solution.

- 2) The outer mesh boundaries are asmgned prescribed dlsplace-
ment conditions, with displacements equal to the average SD canopy

dlspIacements (i.e., the FD» mesh moves globally with the parachute
canopy).

3} Intérior mesh points are updated based on the pseudosohd
automatic mesh-moving strategy.

. The FSI simulation is initiated using the ethbnum solutlon for
the SD solver and the initial condition generated for the FD solver. -
:At the onset of the simulation, the payload nodes in the 3D model
are no longer fixed in space, and the parachute SD model is fully
unconstrained. Motion of the structure is driven by the external
forces (i.e., gravity, line drag, payload drag), the internal forces, and
the FD-induced pressures on the canopy. Likewise, the FD solu-
tion is driven by the prescribed inflow condition and the struetural
displacements and displacement rates on the canopy surface. The
initiai condition for the FST simulation is not in a coupled fluid and
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‘strirctural equilibrium state, Therefore, the: parachute structure ex-
periences a large amount of settling during the initial stages of the
FSI simulation: Figures 7 and 8 show the behavior of the FD and
SD'meshes at four instants during the FSI simulation, with (.63's
of real time between each:instant. In Fig.7 we show, for the FD
- mesh; the deforming canopy surface and a section in a fixed cutting
plane. The combined Lagrangian—Eulerian reference frame for the
FSI simulation is evident by the fact that the canopy rises refative
to-the fixed-cutting plane in this séquence of pictures: In'Fig. 8 we
show the deforming T- 10 structural model for the same four instants.
Severe deformations in the parachute canopy and suspension lines
are clearly seen. Also evident are motions of the payload in lateral

du‘ectlons by addltlon the ﬁgures show the vertlcal posmon of the
payload..:

Figure 9 shows the time. history of the aerodynam:c drag force
acting onthe parachute canopy. The dashed line. corresponds to the
total gravitational force acting on the pardchutesystem (i.c., canopy,
suspension lines; risers, and payload weights). As expected, the drag
force oscillates about the weight of the: ‘parachute systern, F;gure 10
showsthe time mstory of the net vertical tension forces that the risers
exert on the payload.: The force contributions caused by the payload
drag approximations are very small'(i.e.; less thaiy one pound), and,
therefore, the net vertical riser force effectively balances the 250-1b
(1112 N) payload, as seen imFig: 10 i
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