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Abstract

The geometric complication caused by the "rings” and "sails" used to make the parachutist's canopy
provides a considerable computationally problem, which is the focus of this paper's fluid—structure
interaction (FSI) modeling of ringsail parachutes. Based on the sustained space-time FSI (SSTFSI)
method, we have developed an FSI simulation of ringsail jumping devices. The FSI Geometric
Smoothing Technique and the Homogenized Modeling of Geometric Porosity represent a pair of the
above interface projection methods. We outline our use of one of these supplemental methods to ringsail
parachutes in FSI simulations. We consider a single primary parachute in the simulations we give here,
which carries one-third of the overall vehicle's entire burden. Researchers show the findings from FSI
simulation of unloading, that involve drifting under cross wind influence and, as a specific instance,
losing warmth shielding.
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INTRODUCTION

Fluid-structure interaction (FSI) modeling has been one of the most popular areas of research in
computational mechanics, with many notable ideas and methods and results. (see, for example,
[1-30]).

Parachute modeling is a class of applications that the Team for Advanced Flow Simulation and
Modeling (TAFSM) started focusing on as early as 1997 (see [31,33]), addressing over the years many
of the computational challenges involved.

The stabilization in the DSD/SST method is based on the Streamline-Upwind/Petrov-Galerkin
(SUPG) [36,37] and Pressure-Stabilizing/Petrov-Galerkin (PSPG) [32,38] formulations.

For Stokes flows, the first version of the pressure stabilization was presented in [39].

The initial idea behind the DSD/SST formulation's correspond updated technique was to move the

mesh for as many time steps as possible while
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techniques built by the TAFSM. Two- and three-
dimensional flow computations constituted among
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parachute analysis [31]. Applications to parachute modeling with full 3D computations were reported
in [6-8,49-52], as early as 1999. The block-iterative coupling methodology (see [15,16,47] for language
and context) was used to compute some early parachute systems.

Stronger iterations of these initial block-iterative methods were presented and utilized on several test
issues in [10,15,16,53-56].

For FSI calculations where the structure is light and hence more receptive to the fluctuations in the
dynamics of the fluid forces, the quasi-direct [10,15,16] and direct linking techniques [10,15,16] give
safer procedures. It is based on the new- generation DSD/SST formulations, which were also introduced
in [47], increasing the scope and performance of the space—time FSI techniques developed earlier by
the TAFSM. A variety of 3D example have been put to the SSTFSI procedure [47,57-60]. Interface
projection techniques (see [61]) are among the recent supplementary methods developed by the TAFSM
to be used in conjunction with the SSTFSI technique.

The Homogenized Modeling of Geometric Porosity (HMGP) and the FSI The geometric Smoothing
techniques Technique (FSI-GST) are two of these boundary projection methods.

Employing moving-mesh approaches, these techniques solve the math difficulties caused to the
geometry of the fluid-structure interface in FSI models. In the FSI-GST and its special version for
parachutes, direction-specific smoothing is used when projecting the structural mesh and displacement
rates at the interface to the fluid mechanics part.

This technique addresses the geometric complexities associated with the “peaks” and “valleys” of the
parachute gores, which are formed by the inflation of a canopy with embedded reinforcement cables
positioned longitudinally in the canopy structure.

With this approach, the “unresolvable” modes of the structural deformation are not passed to the fluid
mechanics part of the FSI problem.

The HMPG was developed in the context of modeling the geometric porosity of the raingsail
parachutes to be used with NASA’s Orion space vehicle.

The use of numerous "rings" and "sails" in the parachute canopy's design results in geometric porosity.

By equating the geometric pore with a “similar,” locally-varying fabric porosity, and pure HMGP
allows us to avoid the irreconcilable complexity of the physical porosity.

See [61] for additional details on the FSI-GST and HMGP.

During the final moments of the Orion spacecraft's terminal fall, NASA is anticipated to deploy a trio
of ring sail jJumping devices. These parachutes, referred to as the “mains”, are being designed to support
a weight of approximately 15,000 Ibs at a steady descent speed of 25 ft/s.

We are currently simulating a single main parachute, which carries thirty percent of the interior of
the vehicle's entire weight, in order to more fully comprehend the behavior of the main system.

We provide in this study the specifics of our FSI modeling of ringsail drops using the FSI-GST and
HMGP. We model the removal process, which involves, in a specific instance, lowering the heat protect,
as well as the motion of drift caused by side breezes.

Parachute Components, Geometry and Material
When the safety device is not strained, its profile resembles a quarter of a spherical.

© STM Journals 2024. All Rights Reserved 2

*2}ISq3a/W\ |e1D1JO Sjeuanof 3dadx]

(waopield auluQ 4o) arsqam 124yiQ Auy uo uonedljgnd 1o ‘Suipeojdn ‘uonnguiisiqg 10} 10N



Galley Proof for Author's Review and Approval Only.

Journal of Experimental & Applied Mechanics
Volume 15, Issue 1
ISSN: 2230-9845 (Online), ISSN: 2321-516X (Print)

The ringsail parachute's crown section, or the area close to the vent, is composed of ringed with
spaces between each subsequent ring (see Figure 1).

Sails make up the main and skirt sections of the parachute.

The wooden sails have two free edges and each of the two that are stitched to the radial lines.

The top edge of the evacuation is the one facing exit evacuation skirt, while the side that follows is
the one approaching the vent. Even in the unstressed state, the preceding and trailing margins may have
fullness that makes them appear protruded.

A sail's front and trailing edges end at the same place about relation to one another.

Many bands, lines of text, and tapes used in the canopy construction give the canopy's a firmness.

The vent's rubber band gives the vent the power it needs to prevent the canopy from tearing at the
exhaust where there is an abundance of force.

The radial directions lead the parachute's gores to develop and give flexibility in a vertical axis. The
waist band, which joins the leading edges of the final sail in each gore, is frequently employed to
regulate the parachute's opening.

At times against ripping apart, tapes are used for reinforcement of isolated sails or rings on both the
leading and trailing edges.

The payload is connected to each radius line's apron end through the axle suspension lines.

From the steering and suspension lines, the drag force produced in the canopies is transferred to the
cargo. The payload receives the required descent from this force.

The retractable parachute has a nominal diameter of approximately 120 feet and 80 gores.
In combination, its nine sails with four rings make up a quarter of a spherical surface.
The entire length of the suspension lines is roughly 130 feet.

The skirt-end of the radial cables is where one end of the suspension lines is connected, while the
other end is attached to the top and a single riser that is roughly 25 feet long.

A single mass point representing the payload, which weighs roughly 5,000 pounds, is located at the
foot beneath the riser. The ringsail's canopy is composed of various elements.

Radial lines, suspended lines, risers, a vent band, a skirt band, and leading- as well as trailing-edge
films are all included in this model of a ringsail parachute.

Smoothing
The structure mesh is very refined and models each individual ring, sail and gore of the parachute.

To accurately identify the locations of stress concentration, a mesh like this is required.The fluid
mechanics mesh at the interface is coarser.

We use the FSI-GST described in [61] to generate and update the fluid mechanics mesh at the
interface.
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Because the size of the parachute vent is so tiny, maintaining one element for gore in that area would
have required excessive mesh improvement which should have been beyond the means of flow
calculations.

As a result, we choose every other mountain node to represent the rings and each plateau point for
the sails in a concentric manner. We select every other valley node for the first ring in order to maintain
the element aspect ratios within a suitable range in the direction of longitude.

Figures 2 and 3 depict the structure of the and fluid meshes at the interface for four gores.

Furthermore, we observe that as we approach the parachute’s skirt, the surfaces begin to curve to
match the paper; as a result, the aspect ratios for the meshes close to the skirt are actually better than
what Figures 2 and 3 show. Figures 4 depict the architecture and fluid contacts complete for this initial
band.

ORRRANRRR
RRRRRRRRRRRA

Figure 1. Four-gore structure mesh at the | Figure 2. Four-gore fluid mesh at the interface.
interface

Figure 3. Structure mesh for the first ring. Figure 4. Fluid mesh for the first ring.

Homogenization
We use two homogenized models for geometric porosity.

In the first model, in the fluid mechanics computations, the geometric porosity is represented by a
single, uniform porosity for the entire canopy.

A porosity coefficient of 262.6 CFM gives us the expected nominal drag.
A good portion of the results reported in the paper were obtained with this uniform porosity.

We note that these results meet out expectations, and therefore we believe that the model has
acceptable accuracy and is attractive because of its simplicity.

We use a locally-varying fabric porosity in the third model to describe its geometric opacity. We
divide the canopy into 12 concentric patches and calculate an equivalent fabric- porosity coefficient for
each in Figure 5.

Each of the patching has a slit with a portion of a sail or ring on either side.

The first ring is fully included in Patch 1, and the last sail is fully included in Patch 12.
Patch 4 containing four-gore slices depicting the fluid and structural interfaces is seen in Figure 6.

Every patch has a porosity coefficient, which is computed for it. The average of the two porosity
coefficients is applied at the border separating the two patches.
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We perform a one-time flow calculations at a low Reynolds number, holding the canopy solid, and
utilizing a four-gore canopy slice comprising all the sounds and sails, and slits to determine the porosity
coefficient for each piece. The problem size is kept manageable by using only a four-gore slice and
appropriate restrictions (symmetric conditions in this case) at the boundary of the fluid volume

corresponding to the slice.

The structure mesh provides the fluid surface mesh for the four-gore slice, which consists of 2,408
three-node triangle members and 1,464 nodes. The fluid volume mesh for the four-gore slice has 85,101

nodes and 476,410 four-node tetrahedral elements.

The free-stream velocity is 25 feet per second, and the four-gore fluid surface is maintained rigid.

The flow computation is carried out until a fully-developed flow is reached.

Figure 7 shows the flow field, including the flow passing through the slits.

\

\ Patch 4

Figure 5. Patch 4 of the four-gore slices of the

slice with slits.
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Figure 7. Drag force for the homogenized,

smoothened parachute.

Figure 8. Smoothened, homogenized fluid
interface colored by the porosity coefficient.

Next, the porosity parameter for a patch J can be determined using the subsequent formula:

VJ = _(kPORO)J i
(A), (A,

In this case, the volumetric flow rate across patch J is represented by VJ.
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Because of the fabric's porosity, and it includes both the flow through the slits and the flow through
the cloth itself.

The area of patch J determined by the smoothened fluid interface is represented by (Al)J, whereas
the area determined by the structure interface is represented by (A2)J.

To get the force difference represented by FJ, the temperature discrepancy seen when traversing the
patch J is integrated over its area. We find it necessary to calibrate this porosity coefficient by scaling it
up or down (using the same calibration factor for all the patches) so that the parachute with the
homogenized geometric porosity generates the expected hominal drag of approximately 5,000 Ibs.

Figure 8 shows the drag generated by the smoothened and homogenized parachute model with
different calibration factors.

We note that scaling up the porosity coefficient by a factor of 2 yields the expected drag.
We therefore use this calibration factor in computations with locally-varying fabric porosity.

Computational Parameters
Leveraging Desktop clusters, the calculations presented here were completed in a fast computational
platform. The meshes are generated on a single node of the cluster used.

All computations were completed without any remeshing.

The quasi-direct coupling technique was utilized in each case for solving the fully-discretized,
coupled fluid and mechanics of structure equations as well as the mesh-moving coefficients (see to Sect.
5.2in [47]).

A diagonal preconditioner was applied in conjunction with the GMRES search algorithm [62] to
solve the linear equation systems involved at each nonlinear iteration.

To improve the analyses' parallel performance, the meshes are divided.
The METIS [63] algorithm is an underpinning for mesh segmentation.

Using the SUPG test function option WTSA (see Remark 2 in [47]), the mathematical calculations
are performed using the SSTFSI-TIP1 approach (see Remarks 5 and 10 in [47]). Equations (9)—(12),
(14)—(15), and (17) provide the stabilizing parameters used in [47], with the TSUGN2 term removed
from Equation (14).

The properties of air at typical oceanographic conditions are used in all computations.

Section 2 describes the geometry and material characteristics of the structure. The system's mesh is
made up of 12,761 two-node cable elements, 28,642 nodes, 48,160 three-node triangle membrane parts,
and one payload demonstrate mass.

121,370 nodes and 745,937 four-node hexagonal elements make up the fluid size mesh. With 48,160
elements and 27,120 nodes, the membrane-type portion of this framework creates the interaction with
the rest of its components. The homogenized and smoothened fluid interface has 2,320 nodes and 4,520
elements.

The time-step size is 0.0116 s. Six nonlinear repetitions occur during time step, and thirty GMRES
repetitions occur per quadratic iterate (Figure 9).
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Figure 9. Payload descent speed obtained with the uniform porosity model.

Discharging

It's expected that right before landing, the Orion spacecraft would have to slow down to lose speed.
It might not be able to land at its predicted descent speed of 25 feet per second. This would be
particularly true if NASA chooses to retrieve the spacecraft on land rather than in the ocean, as they did
during the Apollo program. Reducing the truck's weight, also referred to as "offloading," is one method
of achieving slower fall speeds during landing. We examine the impact of overloading using current
generalized FSI approaches as stated in [47] and more specialized techniques as disclosed in this study.
For the homogenized and smoothed fluid interface, uniform and locally-varying porosity modelling are
used to simulate the outcomes of overloading. With each of the homogenized porosity models, we study
the effect of offloading 25, 50, 75 and 99% of the payload weight.
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Figure 12. Horizontal velocity for the drifting

ringsail parachute.

Figure 13. Horizontal force acting on the
drifting ringsail parachute.
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Figures 10 and 11 show the descent speed and drag obtained with the uniform porosity model. Figures
12 and 13 show the descent speed and drag obtained with the locally-varying porosity model. As
expected, the descent speed of the payload decreases with increasing amount of offloaded weight.

We also note that the drag force decreases approximately to the level of the remaining payload weight.

Drifting
Under the assumption that the Orion space vehicle would be recovered on land and not in the ocean,
it would be important for the space vehicle to land close to the targeted landing spot.

Excessive drifting of the parachute under the influence of side winds could carry the vehicle away
from the targeted landing spot and land it on terrain that is not suitable.

We therefore, using our FSI techniques, study the drifting of the ringsail parachute due to side winds.
In the computation reported in this paper, we assume a side wind of 12.5 ft/s.
We use the uniform porosity model for the homogenized and smoothened fluid interface.

Usually one minute is spent running the mathematical function. Figure 18 shows the payload
trajectory.

We note that the payload drifts about 200 ft in a 1,200 ft descent.
Figure 19 shows the horizontal velocity for the payload and the canopy.

We note that the velocities are increasing gradually, and we expect them to, after a sufficiently long
duration, reach the side-wind speed of 12.5 ft/s.

Figure 20 shows the horizontal force acting on the canopy.

We observe that it is decreasing gradually, and we expect it to become zero when the parachute
horizontal velocity matches the side-wind velocity.

CONCLUSION
We presented our ringsail parachutes FSI simulation.

The design of the paratrooper canopy presents considerable mathematical hurdles due to the
geometric complications caused by the "rings" and "sails™ utilized in its production.

We went into great detail on the way we handle those numerical difficulties.

The stabilizing space-time FSI (SSTFSI) approach and junction projected strategies, which handle
the computation difficulties brought on by the intricate geometric features of the fluid-
structure interface is are the foundations of FSI model. The SSTFSI technique is the new-generation
space-time FSI method developed recently by the TAFSM to increase the scope and performance of
the earlier versions.

The interface projection techniques include the FSI-GST and the HMGP, also developed recently by
the TAFSM. The fluid economics mesh is protected from the effects of the geometric complexity of the
structure by the FSI-GST and its particular version for parachutes to fall.

By mimicking the geometric porosity of the chute canopy with a locally-varying, "equivalent"” fabric
porosity, the HMGP allows us to avoid the insoluble complications of that porosity.
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During the course of the Orion spacecraft's terminal fall, NASA is anticipated to deploy a trio of
ringsail parachutes.

Here, we simulated a single main parachute that would support one-third of the spacecraft's overall
weight.

We replicated the process of loading, which involves the removal of the shield of heat in a certain
scenario, as well as drifting while being affected by outside headwinds. The aforementioned simulations
demonstrate how the mathematical difficulties of the ringsail parachutes' computational issues may be
effectively addressed by the SSTFSI technology in conjunction with interface projector technologies.
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