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Abstract Orion spacecraft main and drogue parachutes are
used in multiple stages, starting with a “reefed” stage where
acable along the parachute skirt constrains the diameter to be
less than the diameter in the subsequent stage. After a period
of time during the descent, the cable is cut and the parachute
“disreefs” (i.e. expands) to the next stage. Fluid—structure
interaction (FSI) modeling of the reefed stages and disreefing
involve computational challenges beyond those in FSI mod-
eling of fully-open spacecraft parachutes. These additional
challenges are created by the increased geometric complex-
ities and by the rapid changes in the parachute geometry
during disreefing. The computational challenges are further
increased because of the added geometric porosity of the
latest design of the Orion spacecraft main parachutes. The
“windows” created by the removal of panels compound the
geometric and flow complexity. That is because the Homog-
enized Modeling of Geometric Porosity, introduced to deal
with the flow through the hundreds of gaps and slits involved
in the construction of spacecraft parachutes, cannot accu-
rately model the flow through the windows, which needs to
be actually resolved during the FSI computation. In para-
chute FSI computations, the resolved geometric porosity is
significantly more challenging than the modeled geometric
porosity, especially in computing the reefed stages and dis-
reefing. Orion spacecraft main and drogue parachutes will
both have three stages, with computation of the Stage 1 shape
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and disreefing from Stage 1 to Stage 2 for the main parachute
being the most challenging because of the lowest “reefing
ratio” (the ratio of the reefed skirt diameter to the nomi-
nal diameter). We present the special modeling techniques
and strategies we devised to address the computational chal-
lenges encountered in FSI modeling of the reefed stages and
disreefing of the main and drogue parachutes. We report, for a
single parachute, FSI computation of both reefed stages and
both disreefing events for both the main and drogue para-
chutes. In the case of the main parachute, we also report, for
a 2-parachute cluster, FSI computation of the disreefing from
Stage 2 to Stage 3. With results from these computations, we
demonstrate that we have to a great extent overcome one of
the most formidable challenges in FSI modeling of spacecraft
parachutes.

Keywords Fluid—structure interaction -

Orion spacecraft parachutes - Orion main parachutes -
Orion drogue parachutes - Modeled geometric porosity -
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1 Introduction

The Team for Advanced Flow Simulation and Modeling
(TxAFSM) has addressed a number of computational chal-
lenges encountered in fluid—structure interaction (FSI) mod-
eling of the Orion spacecraft parachutes (see [1,2] and ref-
erences therein, and [3—6]). These computational challenges
include the lightness of the parachute canopy compared to
the air masses involved in the parachute dynamics, the geo-
metric porosity created by the hundreds of gaps and slits
that the parachute canopy construction includes, and the
contact between the parachutes of a cluster, which is how
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the Orion spacecraft parachutes will be used. Until recently,
these challenges were addressed for the main parachutes
and in the incompressible-flow regime, which is where the
main parachutes operate. Very recently, the T*AFSM has
addressed these challenges for the drogue parachutes (see
[7]), in the incompressible-flow regime to a large extent and
in the compressible-flow regime to a lesser extent.

The TxAFSM has been addressing the computational
challenges with the Stabilized Space-Time FSI (SSTFSI)
method [8], which serves as the core numerical technol-
ogy and is evolving, and special techniques targeting para-
chute FSI, which were developed in conjunction with the
SSTFSI method (see [1,2] and references therein, and [3-6]).
The SSTFSI method originated from the Deforming-Spatial-
Domain/Stabilized ST (DSD/SST) method [9-12] and its
new versions [8,13,14]. Its stabilization components are
the Streamline-Upwind/Petrov-Galerkin (SUPG) [15] and
Pressure-Stabilizing/Petrov-Galerkin (PSPG) [9,16] meth-
ods. As a general-purpose moving-mesh (interface-tracking)
method for flows with moving interfaces, the DSD/SST
method is comparable to the Arbitrary Lagrangian—Eulerian
(ALE) finite element formulation [17], which is of course far
more commonly used (see, for example, [2,18-55]).

Special FSI techniques targeting the Orion spacecraft
parachutes started in [56,57] and continued in [1,3-6,58—
61]. These special FSI techniques, together with the core
FSI method, made the T*AFSM the first to bring accurate
solution and analysis to ringsail spacecraft parachutes at full
scale and to clusters of those parachutes.

Orion spacecraft main and drogue parachutes are used
in multiple stages. A “reefed” stage is where a cable along
the parachute skirt constrains the diameter to be less than
the diameter in the subsequent stage. After a period of time
during the descent at the reefed stage, the cable is cut and
the parachute “disreefs” (i.e. expands) to the next stage. The
reefed stages and disreefing make FSI modeling substan-
tially more challenging than the FSI modeling of fully-open
spacecraft parachutes. The additional challenges are created
mainly by the increased geometric complexities of the reefed
stages and to some extent by the rapid changes in the para-
chute geometry during disreefing. Orion spacecraft main and
drogue parachutes will both have three stages, with compu-
tation of the Stage 1 shape and disreefing from Stage 1 to
Stage 2 for the main parachute being the most challenging
because of the lowest “reefing ratio” (the ratio of the reefed
skirt diameter to the nominal diameter).

In the latest design of the Orion spacecraft main para-
chutes, Sail 11 is removed for every 5th gore to create “win-
dows,” and approximately the top 25 % of Sail 6 is removed
for all the gores to create wider gaps (see [1,2,56,57] for the
parachute terminology, including “sail,” “gore” and “gap”).
The objective is to enhance the stability aspect of the aero-
dynamic performance of the parachute. We use the acronym

@ Springer

“MP” to identify the parachute with such “modified geo-
metric porosity,” and the acronym “PA” for the parachute
with all its sails in place. In FSI modeling of the MP para-
chute, the flow through the windows creates an additional
challenge even for the fully-open parachutes. That is because
the Homogenized Modeling of Geometric Porosity (HMGP),
first introduced in [56,57] (and then improved in [4,59]) to
deal with the flow through the hundreds of gaps and slits
of spacecraft parachutes, cannot accurately model the flow
through the windows. That flow needs to be actually resolved.
This challenge was addressed recently for fully-open space-
craft parachutes—for a single MP parachute in [4] and for a
cluster of MP parachutes in [6].

In [4], FSI modeling of the disreefing of a single PA para-
chute from Stage 2 to Stage 3 was reported, together with a
preliminary FSI modeling of a single MP parachute at Stage
2. In this paper, we present the special modeling techniques
and strategies we devised to more comprehensively address
the computational challenges encountered in FSI modeling
of the reefed stages and disreefing of the MP and drogue para-
chutes. In the case of the MP parachute, the challenges asso-
ciated with the reefed stages and disreefing are compounded
by the challenges associated with the need to resolve the flow
through the windows. We report, for a single parachute, FSI
computation of both reefed stages and both disreefing events
for both the MP and drogue parachutes. In the case of the
MP parachute, we also report, for a 2-parachute cluster, FSI
computation of the disreefing from Stage 2 to Stage 3.

In the fluid mechanics part, we use the Navier—Stokes
equations of incompressible flows. In the structural mechan-
ics part, we use membrane and cable models, under the
assumption of large displacements and small strains.

The modeling techniques and computations are presented
for a single MP parachute in Sect. 2, for a 2-parachute MP
cluster in Sect. 3, and for a single drogue parachute in Sect. 4.
The concluding remarks are presented in Sect. 5.

2 Single MP parachute
2.1 Problem setup

The parachute has three stages: fully reefed (Stage 1), par-
tially reefed (Stage 2), and fully open (Stage 3). The two
reefed configurations (Stages 1 and 2) are characterized by a
reefing ratio tRggr = DREER/ Do, Where DREggr is the reefed
skirt diameter, and D, is the nominal diameter. Stage 1 has
TREEF = 10 % and Stage 2 has trggr = 16 %.

All computations are carried out using air properties at
standard sea-level conditions. The density is 2.38 x 1073
slug/ft® and the kinematic viscosity is 1.57 x 107*ft?/s.
The material properties of all cables and fabrics on the main
parachute were obtained from NASA.
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Fig. 1 MP parachute

Fig. 2 Fluid interface for the MP parachute

2.2 Description of the parachute

The parachute model is the same as the MP parachute model
in [4]. Itis a 120 ft ringsail parachute with 4 rings and 9 sails.
It is missing panels on every Sth gore on Sail 11 as well as
the top 25 % of Sail 6. It has a suspension-line to nominal
diameter ratio of Ly/D, = 1.44. The payload mass is about
6,900 1bs. Figure 1 shows the MP parachute.

2.3 Fluid interface

The fluid-interface model for the MP parachute, shown in
Fig. 2, contains gaps where the top vent and missing pan-
els are located. Fluid nodes are placed across these gaps
so that flow can be resolved through them. Elsewhere, flow
through the canopy due to geometric and fabric porosity is
modeled using the HMGP-FGR technique (described in [4]).
The fluid-interface model used in [4] differs from the current
model in that it has a gap also where the top 25 % of Sail 6
is missing. We model the flow through this gap with HMGP
because it results in a more robust interface model for the
highly dynamic conditions of disreefing.

Fig. 3 Structural mechanics mesh (fop) and fluid-interface mesh (bot-
tom) for the MP parachute. For the number of nodes and elements in
these meshes, see Table 1

Remark 1 A Stage 2 MP parachute shape was found in [4].
However, we are not able to use that shape and fluid-interface
mesh here because of the lack of robustness in the computa-
tions in trying to resolve the flow through the gap between
Sails 5 and 6. Therefore, we use the fluid-interface mesh
described in Sect. 2.3.

2.4 Computational methods and parameters
2.4.1 Meshes

The structure and fluid-interface meshes are shown in Fig. 3.
The number of nodes and elements for those meshes are
given Table 1. The fluid mechanics volume mesh consists of
four-node tetrahedral elements, and the membrane elements
used in the parachute structure are quadrilateral. The com-
putational domain is box-shaped, with dimensions 1,740 ft
x 1,740 ft x 1,566 ft. In order to deal with contact more
effectively, two layers of equal-thickness elements are gen-
erated in both directions from the fluid interface. The addi-
tion of these elements, from our computational experience,
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Table 1 Number of nodes (nn) and elements (ne) in the structural
mechanics and fluid-interface meshes for the single MP parachute. The
payload is modeled as a single point-mass element. The cable elements
include 1 riser element and 20 elements per suspension line

Structure
nn 29,714
Membrane ne 24,880
Cable ne 12,161
Interface nn 28,192
Fluid
Interface nn 2,220
ne 4,276

Table 2 Number of nodes (nn) and elements (ne) in the fluid-volume
meshes used in Stages 1 and 2

Mesh 1 Mesh 2
Stage 1
nn 183,974 181,492
ne 1,070,764 1,055,401
Stage 2
nn 178,442 177,153
ne 1,037,214 1,029,197

makes dealing with contact more robust. The data for the
fluid mechanics volume meshes is in Table 2.

The reference frame is moved with a vertical velocity of
Urer, and the mesh translates horizontally and vertically with
the average displacement rate of the structure beyond the
reference velocity Uyer. Here Uyt is set to a value suitable
for the stage computed. We use the velocity form of the free-
stream conditions at the lateral boundaries as well since the
mesh translates horizontally.

2.4.2 Structural mechanics computations

In the stand-alone structural mechanics computations we
have a time-step size of 0.0232 s, 4 nonlinear iterations per
time step, and 120 GMRES iterations per nonlinear itera-
tion. In the temporal discretization, we use the generalized-o
method [62]. The parameters we use with the method, in the
notation of [2],are oy = 1,f = 1,y = 0.9, and g = 0.49.

2.4.3 Fluid mechanics computations

The fluid mechanics computations with fixed shapes and
positions are done in two parts. The first part is to develop
the flow field, and the second part is to have a transition to
the FSI computation. In the first part we use the semi-discrete
formulation given in [12]. We compute 1,000 time steps with
atime-step size of 0.232 s and 6 nonlinear iterations. We note
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Fig. 4 Single MP parachute during Stage 1 to 2 disreef at 0.5 s intervals

that we determine the time-step size for the fluid mechanics
computations typically based on Courant number consider-
ations. The number of GMRES iterations per nonlinear iter-
ation is 90. There is no porosity model in this part.

In the second part we use the DSD/SST-TIP1 tech-
nique [8], with the SUPG test function option WTSA (see
Remark 2 in [8]). The stabilization parameters used are those
given in [8] by Egs. (9)—(12), (14)—(15) and (17), with the
tsugN2 term dropped from Eq. (14). We compute 300 time
steps with a time-step size of 0.01 s, 6 nonlinear iterations per
time step, and 90 GMRES iterations per nonlinear iteration.
The porosity model is HMGP-FGR.

2.4.4 FSI computations

The fully-discretized, coupled fluid and structural mechanics
and mesh-moving equations are solved with the quasi-direct
coupling technique (see Sect. 5.2 in [8]). We use the SSTFSI-
TIP1 technique (see Remarks 5 and 10 in [8]), with the same
SUPG test function option and stabilization parameters as
those described in Sect. 2.4.3. The structual mechanics time
integration method is the same as it is in Sect. 2.4.2.

The Surface-Edge-Node Contact Tracking (SENCT-FC)
model and the edge-based contact algorithm described in [59]
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Fig. 5 Single MP parachute maximum principal fabric stress (Ib/in%)
during Stage 1 to 2 disreef at 0.5 s intervals

are used during the disreefing computations. The time-step
size is 0.01 s, with 6 nonlinear iterations per time step. The
number of GMRES iterations per nonlinear iteration is 120
for the fluid+structure block, and 30 for the mesh-moving
block. We use selective scaling (see [8]), with the scale for
the structure part set to 10° in Stage 1 to 2 disreef and 10* in
Stage 2 to 3 disreef, for the momentum conservation block
of the fluid part set to 10, and for the other parts set to 1.

2.5 Disreef computations
2.5.1 Stage 1 to 2

The Stage 1 reefed shape is obtained in an FSI computation
by starting with a PA parachute shape at Stage 2, described
in [4]. This parachute is then reefed to trggr = 10 % in
a symmetric FSI computation over 300 time steps, where
the reefing-line elements, in the reference configuration, are
changed from their unstressed lengths to lengths that corre-
spond to TrRggr = 10 %. We note that all reefing and disreef-
ing operations on the reefing-line lengths are performed in the
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Fig. 6 Payload descent speed for the single MP parachute during Stage
1 to 2 disreef

reference configuration. The displacements of the PA are then
projected to an MP parachute model using a least-squares
projection. With this MP shape, we generate a fluid-volume
mesh (Mesh 1) that we describe in Table 2 and use that in
computing the flow field, as we describe in Sect. 2.4.3. This
solution is then used as our starting condition for a symmet-
ric FSI computation, which is computed for 60 s to obtain a
settled Stage 1 shape and flow field. Here, as part of the inter-
face projection technique, we use the standard, vector stress
projection method instead of the separated stress projection
(SSP) [56]. The homogenization model is HMGP-FGR. The
descent velocity settles at 137 ft/s and the corresponding stag-
nation pressure is 22.3 1b/ft>.

The Stage 1 to 2 disreef is simulated, in symmetric FSI,
by changing the reefing line from trggr = 10—16 % over 35
time steps. After that the reefing line is kept at Trggr = 16 %.
The interface projection method is switched to SSP after 150
time steps of disreefing and stays that way for the remaining
computations. At this same instant we remesh, and the fluid-
volume mesh becomes Mesh 2.

2.5.2 Stage 2 to 3

A structural mechanics computation is first performed for the
MP parachute to obtain a starting shape, using the parame-
ters described in Sect. 2.4.2. A uniform stagnation pressure
of 0.74 1b/ft?, which corresponds to a descent velocity of
25 ft/s, is applied to the unstressed structure and the com-
putation is carried out for 1,000 time steps, reaching a set-
tled shape. Next, a fluid-volume mesh is generated to com-
pute a developed flow field, using the procedures outlined
in Sect. 2.4.3. Then, a symmetric FSI computation is per-
formed, over 900 time steps, where the reefing line is short-
ened to TrRegr = 16 % to obtain the Stage 2 shape. During
the reefing, we remesh after each 300 time steps. The final
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Payload Deceleration (ft/s?)
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Fig. 7 Payload deceleration for the single MP parachute during Stage
1 to 2 disreef
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Fig. 8 Canopy skirt diameter for the single MP parachute during Stage

1 to 2 disreef. The diameter is calculated from the area enveloped by
the reefing line
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Fig. 9 Riser tension for the single MP parachute during Stage 1 to 2
disreef
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Fig. 10 Single MP parachute during Stage 2 to 3 disreef at 0.5 s inter-
vals

mesh is Mesh 1 in Table 2. We compute 45 s to reach a settled
solution, at which time the descent speed is 65 ft/s and the
corresponding stagnation pressure is 5.0 Ib/ft>.

In disreefing from Stage 2 to 3, the reefing line is instantly
set to full length to simulate reefing-line cutting. We remesh
80 time steps after disreefing and use that mesh (Mesh 2) for
the remaining 1,820 time steps. The homogenization model
is HMGP for 1,000 time steps after disreefing, and HMGP-
FGR for the remaining computation.

2.6 Results
2.6.1 Stage 1 to 2

Figure 4 shows the parachute at 6 instants during the Stage 1
to 2 disreef. The fabric stress is shown in Fig. 5. The payload
descent speed, shown in Fig. 6, is a good qualitative match to
experimental NASA drop test data. In Fig. 6 and in the three
subsequent plots (Figs. 7, 8 and 9), ¢ = 0 corresponds to 100
time steps prior to disreefing. Disreefing starts at t = 1.0 s,
ends at t = 1.35 s, and remeshing takes place at t = 2.5 s.
The disreefing period is highlighted in blue. The payload
deceleration, canopy skirt diameter and riser tension can be
seen in Figs. 7, 8 and 9. The descent speed rapidly decreases,
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Fig. 11 Single MP parachute maximum principal fabric stress (Ib/in?)
during Stage 2 to 3 disreef at 0.5 s intervals
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Fig. 12 Payload descent speed for the single MP parachute during
Stage 2 to 3 disreef

and then begins to steady out before it reaches its settled Stage
2 value. This is important for the disreef because it means
the parachute does not over-inflate and smoothly transitions
to its next stage of flight.

30
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Fig. 13 Payload deceleration for the single MP parachute during Stage
2 to 3 disreef
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Fig. 14 Canopy skirt diameter for the single MP parachute during
Stage 2 to 3 disreef

2.6.2 Stage 2 to 3

Figures 10 and 11 show the parachute and the fabric stress
during the Stage 2 to 3 disreef. Figure 12 shows the payload
descent speed. In that figure, and in the three subsequent
plots (Figs. 13, 14 and 15), t = 0 corresponds to 100 time
steps prior to disreefing. Disreefing happens at# = 1.0 s, and
remeshing takes place atf = 1.8 s. The blue vertical line marks
the disreefing instant. The payload deceleration, canopy skirt
diameter and riser tension can be seen in Figs. 13, 14 and 15.
The Stage 2 to 3 disreef follows a similar qualitative trend
as the Stage 1 to 2 disreef. The Stage 2 to 3 disreef exhibits
greater peak loading on the riser, however the fabric stress is
smaller on the canopy. After the parachute is fully inflated to
Stage 3, it begins a breathing motion.
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Fig. 15 Riser tension for the single MP parachute during Stage 2 to 3
disreef

3 2-Parachute MP cluster
3.1 Problem setup

Here, a 2-parachute (2P) cluster disreefing from Stage 2 to 3
is presented. Each parachute has trggr = 16 % at Stage 2,
and the reefing line is cut instantly. The payload mass is about
20,000 1bs. The air properties are the same as those given in
Sect. 2.1. The cluster of Stage 2 parachutes is assumed to be
settled in a steady-state shape.

3.2 Computational methods and parameters

The structure and fluid-interface models are the same as those
used for the single MP parachute. The Stage 2 shape for each
of the two parachutes is acquired by using the settled Stage
2 shape of the single MP parachute from Sect. 2.

3.2.1 Meshes

The structural mechanics and fluid-interface meshes for the
2P cluster are generated by combining two single-MP meshes
with an angle of 5° between the two parachute axes. See
Table 3 for the number of nodes and elements for the structure
and fluid-interface meshes.

The fluid-domain size is the same as in Sect. 2.4.1. In
generating the fluid-volume mesh, again, two layers of equal-
thickness elements are created in both directions from the
interface. The data for the fluid mechanics volume mesh is
in Table 4.

3.2.2 Fluid mechanics and FSI computation

The fluid mechanics and FSI computations are based on the
same formulations, test functions, and stabilization parame-
ters as those described in Sects. 2.4.3 and 2.4.4. For the 2P
cluster we use SSP as the interface projection technique.

@ Springer

Table 3 Number of nodes (nn) and elements (ne) in the structural
mechanics and fluid-interface meshes for the 2P cluster. The payload is
modeled as a single point-mass element. There are two risers consisting
of one cable element each, and each suspension line has 20 elements

Structure
nn 59, 427
Membrane ne 74, 083
Cable ne 24,322
Interface nn 56, 383
Fluid
Interface nn 4,440

Table 4 Number of nodes (nn) and elements (ne) in the fluid-volume
meshes used in the 2P cluster computations

Mesh 1 Mesh 2
nn 324,827 327,953
ne 1,900, 291 1,918, 842

The fluid mechanics computation is carried out with the
mesh shown in Table 4 (Mesh 1), with the same procedure
as described in Sect. 2.4.3. A time-step size of 0.01 s is used,
with 6 nonlinear iterations per time step, and 120 GMRES
iterations for the fluid+structure block and 30 for the mesh-
moving block. The SENCT-FC and edge-based contact mod-
els are used. We use selective scaling, with the scale for the
structure part set to 104, for the momentum conservation
block of the fluid part set to 10, and for the other parts set to
1.

3.3 Disreef computations

After computing a developed flow field, which corresponds
to a descent speed of 65 ft/s, a full FSI computation is per-
formed. The full FSI computation continues for approxi-
mately 45 s to reach a settled descent velocity. The spin
removal technique, described in [6], is utilized about every
300 time steps. The HMGP technique is used. The descent
velocity settles at 75 ft/s, and the corresponding stagnation
pressure is 6.7 Ib/ft>.

Similar to Sect. 2.5.2, the reefing line is instantly set to full
length to simulate reefing-line cutting. We remesh 70 time
steps after disreefing, and use that mesh (Mesh 2) for the
remaining duration. The homogenization model is HMGP
for 1,250 time steps after disreefing, and HMGP-FGR for
the remaining computation.

3.4 Results

Figures 16, 17, 18 and 19 show the parachutes during the
disreef. The payload descent speed, as shown in Fig. 20, is a
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Fig. 16 2P clusteratz =0sandt=0.5s

Fig. 17 2Pclusteratr =1.0sandt=1.5s

Fig. 18 2Pclusteratr =2.0sandt=2.5s

Fig. 19 2Pclusteratr =3.0sandt=3.5s
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Fig. 20 Payload descent speed for the 2P cluster

good qualitative match to experimental NASA drop test data.
In that figure, and in the three subsequent plots (Figs. 21, 22
and 23), t = 0 corresponds to 100 time steps prior to disreef-
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22 Average canopy skirt diameter for the 2P cluster
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23 Average riser tension for the 2P cluster
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ing. Disreefing happens instantly at # = 1.0 s, and remeshing
takes place at t = 1.7 s. The blue vertical line marks the dis-
reefing instant.
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Table 5 Standard-day air properties for each FC

FC Altitude (ft) Density (slug/ft3) Viscosity (slug/ft s)

1 10,000 0.001756 3.534x1077
20,000 0.001267 3.325x 1077
35,000 0.000738 2.995x 1077

The payload deceleration, canopy skirt diameter, and riser
tension can be seen in Figs. 21, 22 and 23. The riser tension
and diameter are averaged between the two canopies since
the data is very similar for each canopy.

4 Drogue parachute
4.1 Problem setup

The drogue parachutes have two reefed configurations, just
as the main parachutes. Stage 1 has trggr = 38 % and Stage
2 has TrRger = 49 %. The material properties of all cables
and fabrics on the drogue were obtained from NASA.

As the drogues are designed to deploy at a wide range
of altitudes and speeds, we chose three altitudes to model
a single drogue: 10,000, 20,000, and 35,000 ft. These will
be referred to as Flight Conditions (FC) 1-3, respectively.
Standard-day air properties are assumed at each FC and these
properties are in Table 5. The free-stream Mach number is
0.3, allowing the incompressible-flow equations to be used.
This descent speed corresponds to a free-stream dynamic
pressure of 91.695, 61.310, and 31.454 lb/ft2 for FC 1-3,
respectively.

4.2 Description of the parachute

The drogue being modeled is a 23-ft nominal diameter Vari-
able Porosity Conical Ribbon parachute. It has 24 gores, each
of which is made up of 52 2-inch horizontal ribbons that
are spaced and retained at close intervals by seven vertical
tapes. The geometric porosity of the drogue comes from the
vent, the gaps between ribbons, and the three larger gaps or
“missing ribbons” where ribbons are removed from the oth-
erwise geometrically invariant configuration. These missing
ribbons, just like the larger gaps and window in the MP para-
chute, allow a localized increase in flow that helps prevent
the boundary layer from reattaching to the canopy, thereby
increasing the stability of the parachute. The suspension-line
to nominal diameter ratio, Ls/D,, for the drogue is 2. The
payload mass is about 10,300 Ibs. See Fig. 24 for a model of
the drogue parachute.
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Fig. 24 Drogue parachute structure

Fig. 25 Fluid interface for drogue parachute

4.3 Fluid interface

The slits between the ribbons are handled with HMGP.
Just as the flow is not resolved through the larger gap in
the MP parachute, the drogue fluid interface does not have
the larger gaps created by the missing ribbons. Therefore,
flow is only resolved through the vent of the drogue and
HMGTP is used elsewhere. Figure 25 shows the drogue fluid
interface.

In the drogue FSI computations also we use nonmatching
meshes at the fluid—structure interface. The fluid-interface
mesh is less refined than the structure mesh, as seen in
Fig. 26. This allows the fluid mesh to be more affordable
and more manageable for mesh moving. In the radial direc-
tion, two ribbons and two slits are covered by one element
height in fluid-interface mesh. The larger gaps are covered by
one fluid element. In the circumferential direction, the fluid-
interface refinement varies along the length of the gore. At
the vent, the fluid-interface mesh contains one element per
gore. After each missing ribbon, this number increases by
one so that the number of elements across a gore at the skirt
is four.

Each node on the fluid-interface mesh exactly matches a
node on the structure-interface mesh. For Stage 2 and Stage
3 computations, the fluid node location is simply equal to the
location of the corresponding structure node for all nodes on
the fluid-interface mesh. However, this becomes problematic
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Fig. 26 Drogue structure interface (fop), fluid interface (middle), and
overlay (bottom) for a single gore

Fig. 27 Views of the structure (red) and fluid-interface (blue) meshes
near the skirt for Stage 3, Stage 2, and Stage 1

for Stage 1 computations where the membrane elements near
the skirt of the structure-interface mesh have a tendency to
fold. In order to prevent the fluid elements from tangling at
these folding areas, a special version of the FSI-DGST (intro-
duced in [8]) is used. In this technique, the location of fluid
nodes along the radials of the drogue are equal to the loca-
tion of the corresponding structure nodes and the location
of all other fluid nodes are linearly interpolated between the
two nearest radial nodes that lie on the same circumferen-
tial line. Consequently, the shape of the fluid-interface mesh
in Stage 1 computations is dependent on only the radials.
Figure 27 illustrates the differences in interface projection
methods between the various reefed stages.

Fig. 28 Structural mechanics mesh (fop) and fluid-interface mesh (bot-
tom) for the drogue parachute. For the number of nodes and elements
in these meshes, see Table 6

Table 6 Number of nodes (nn) and elements (ne) in the structural
mechanics and fluid-interface meshes for the drogue. The cable ele-
ments include 1 riser element and 25 elements per suspension line.
Also, the payload is modeled as a single point-mass element

Structure
nn 13, 586
Membrane ne 6,576
Cable ne 13,610
Interface nn 13,008
Fluid
Interface nn 1,680
ne 3,240

4.4 Computational methods and parameters
4.4.1 Meshes

The structure and fluid-interface meshes used during the
drogue disreef computations are shown in Fig. 28.

Table 6 shows the number of nodes and elements for those
meshes. The fluid mechanics volume mesh consists of four-
node tetrahedral elements, and the membrane elements used
in the parachute structure are quadrilateral. The computa-
tional domain is cylindrical with a radius of 174.4 ft and a
height of 310.5 ft. The number of nodes and elements for the

@ Springer
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Table 7 Number of nodes (nn) and elements (ne) in the fluid-volume
meshes

FC 1 FC2 FC3

Stage 3 (Mesh 1)

nn 107, 031 107,031 107,031

ne 618, 490 618,490 618,490
Stage 3 to 1 (Mesh 2)

nn 149, 928 146,000 146,599

ne 873,938 849,941 853,781
Stage 1 to 2 (Mesh 3)

nn 156, 721 153,047 153,446

ne 914,213 892,347 894,630
Stage 2 (Mesh 4)

nn 147,787 Same as Same as

ne 860, 722 Mesh 2 Mesh 2
Stage 2 to 3 (Mesh 5)

nn 147, 674 147,537 147,112

ne 860, 049 859,373 856,898

fluid-volume meshes used in the computations are given in
Table 7.

The reference frame is moved with a vertical velocity of
Uret, and the mesh translates horizontally and vertically with
the average displacement rate of the structure beyond Upet.
Here, Uyt is set to the velocity corresponding to Mach 0.3
for all FCs and stages: 323.2, 311.1, and 291.9 ft/s for FC
1-3, respectively. We use the velocity form of the free-stream
conditions at the lateral boundaries.

4.4.2 Structural mechanics computations

In the stand-alone structural mechanics computations for the
drogue, a time-step size of 3.56x 103 s, 4 nonlinear iter-
ations per time step, 100 GMRES iterations per nonlinear
iteration, and a mass-proportional damping coefficient of
1.41x10° s~ ! are used. The generalized-o method is used for
temporal discretization. The parameters used in this method
areoy =2, 0r =1,y =15,and g = 1.

4.4.3 Fluid mechanics computations

The fluid mechanics computations with fixed shapes and
positions are done in two parts. In the first part, we use the
semi-discrete formulation given in [12]. With this formu-
lation, 1,000 time steps are computed with time-step sizes
of 7.12x1073, 7.39x 1072, and 7.88x 1072 s for FC 1-3,
respectively, and 6 nonlinear iterations per time step. The
number of GMRES iterations per nonlinear iteration is 90.
There is no porosity model in this part.
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In the second part, we use the DSD/SST-TIP1 tech-
nique [8], with the SUPG test function option WTSA (see
Remark 2 in [8]). The stabilization parameters used are those
given in [8] by Egs. (9)—(12), (14)—(15) and (17), with the
sugN2 term dropped from Eq. (14). We compute 1,200 time
steps with time-step sizes of 3.59% 1074, 3.70x 1074, and
3.94x10~* s for FC 1-3, respectively; 6 nonlinear iterations
per time step; and 90 GMRES iterations per nonlinear itera-
tion. The porosity model is HMGP.

4.4.4 FSI computations

The fully-discretized, coupled fluid and structural mechanics
and mesh-moving equations are solved with the quasi-direct
coupling technique (see Sect. 5.2 in [8]). We use the SSTFSI-
TIP1 technique (see Remarks 5 and 10 in [8]), with the same
SUPG test function option and stabilization parameters as
those described in Sect. 4.4.3. For the structural mechanics
time integration we again use the generalized-o method, with
the parameters oy = 1, = 1, y = 0.9, and g = 0.49.

The SSP technique is used in projecting fluid stresses to the
structure. The porosity model is HMGP. No contact models
are used for any of the drogue disreefings.

The time-step sizes are 3.59x 1074, 3.70x10~%, and
3.94x10™* s for FC 1-3, respectively, with 6 nonlinear iter-
ations per time step. The number of GMRES iterations per
nonlinear iteration is 90 for the fluid+structure block, and 30
for the mesh-moving block. We use selective scaling, with
the scale for the structure part set to 10% and for the other
parts set to 1.

4.5 Disreef computations
4.5.1 Initialization

First, a stand-alone structural mechanics computation is per-
formed to obtain an initial inflated shape. A uniform pressure
equal to the stagnation pressure at a descent Mach number
of 0.3 for 10,000 ft (91.697 Ib/ft?) is applied to the drogue
canopy with the payload fixed. The initial inflated shape is
settled after approximately 15,000 time steps.

Next, a fluid mechanics volume mesh (Mesh 1) is gener-
ated. Three fluid mechanics computations are performed—
one for each flight condition—using the procedures described
in Sect. 4.4.3. These results are used as the starting conditions
for Stage 3 symmetric FSI computations. The mesh relax-
ation technique introduced in Sect. 2.2 of [6] is employed
when needed during the symmetric FSI computations,
thereby allowing Mesh 1 to be used throughout. After carry-
ing out 800 time steps of Stage 3 symmetric FSI computation,
the drogue is incrementally reefed in symmetric FSI using a
similar approach as in [58]. The length of the reefing-line ele-
ments in the drogue structure mesh are gradually (linearly)
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Fig. 29 Drogue parachute. Structure shape during Stage 1 to 2 disreef
(FC 1) at 0.02 s intervals

reduced in three phases. In the first phase, the drogue is reefed
to TrRegr = 60 % over 300 time steps. In the second phase,
it is reefed further to Tregr = 49 % (Stage 2) over 300 time
steps. In the third phase, it is reefed to trggr = 38 % (Stage
1) over 300 time steps. For each of the three flight condi-
tions, the fluid volume is remeshed (to Mesh 2) at one instant
during the reefing computation.

The fluid volume resulting from the third phase is
remeshed (to Mesh 3) and the interface projection method
is switched, as described in Sect. 4.3. A fully-coupled FSI
computation is then carried out with this Stage 1 mesh for
9,000 time steps until the shape settles. Similarly, the fluid-
volume meshes resulting from the second phase are used
as the starting meshes in fully-coupled FSI computations of
Stage 2. Before carrying out this computation, the fluid vol-
ume is remeshed for FC 1 (to Mesh 4), but not for FC 2 or
3. The interface projection method is not changed for any of
the Stage 2 computations. A fully-coupled FSI computation
is carried out with these Stage 2 meshes for 9,000 time steps
until the shape settles. Afterward, the fluid volume for each
of the three flight conditions is remeshed (to Mesh 5) in order
to remove the mesh distortion due to the parachute rotating
around its riser axis.

The fluid-volume mesh used for the Stage 1 to 2 disreef is
Mesh 3, and the one used for the Stage 2 to 3 disreef is Mesh

0 750 1,500 2,250 3,000 3,750 4,500

Fig. 30 Drogue parachute. Maximum principal fabric stress (Ib/in?)
during Stage 1 to 2 disreef (FC 1) at 0 s and 0.02 s

0 750

1,500 2,250 3,000 3,750 4,500

Fig. 31 Drogue parachute. Maximum principal fabric stress (Ib/in?)
during Stage 1 to 2 disreef (FC 1) at 0.04 s and 0.06 s

0 750

1,500 2,250 3,000 3,750 4,500

Fig. 32 Drogue parachute. Maximum principal fabric stress (Ib/in?)
during Stage 1 to 2 disreef (FC 1) at 0.08 s and 0.1 s

5. The number of nodes and elements for these fluid-volume
meshes is shown in Table 7. Prior to disreefing, the spinning
component of the drogue is removed using the technique
described in Sect. 2.1 of [6]. The vertical component of the
average velocity (beyond Urr) is also removed to ensure
that the disreef is being modeled at a starting descent Mach
number of exactly 0.3.

4.5.2 Stage 1 to 2

The Stage 1 to 2 disreef is simulated by changing the reefing
line from trRegr = 38 % to TrRegr = 49 % instantly. This
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Fig. 33 Drogue parachute. Payload descent Mach number during
Stage 1 to 2 disreef
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Fig. 34 Drogue parachute. Payload deceleration during Stage 1 to 2
disreef

fully-coupled FSI computation is carried out for 1,200 time
steps for all flight conditions, using the same parameters as
those reported in Sect. 4.4.4.

4.5.3 Stage 2 to 3

To disreef the drogue from Stage 2 to 3, the reefing line is
instantly changed from trggr = 49 % to full open. The
computation is carried out for 668, 733, and 1,200 time steps
for FC 1-3, respectively. The parameters used for these fully-
coupled FSI computations are the same as those reported in
Sect. 4.4.4.

4.6 Results
4.6.1 Stage 1 to 2

Figure 29 shows the drogue structure at six instants during
the Stage 1 to 2 disreef at FC 1. The fabric stress at these
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Fig. 35 Drogue parachute. Canopy skirt diameter during Stage 1 to 2
disreef
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Fig. 36 Drogue parachute. Riser tension during Stage 1 to 2 disreef

instants is shown in Figs. 30, 31 and 32. The payload descent
Mach number, payload deceleration, canopy skirt diameter,
and riser tension, all as a function of time, during the Stage 1
to 2 disreef can be seen in Figs. 33, 34, 35 and 36, respectively.

4.6.2 Stage 2 to 3

Figure 37 shows the drogue structure at six instants during
the Stage 2 to 3 disreef at FC 1. The fabric stress at these
instants is shown in Figs. 38, 39 and 40. The payload descent
Mach number, payload deceleration, canopy skirt diameter,
and riser tension, all as a function of time, during the Stage 2
to3 disreef canbe seenin Figs. 41,42, 43 and 44, respectively.

5 Concluding remarks
We have presented the special modeling techniques and

strategies we devised to address the computational challenges
encountered in FSI modeling of the reefed stages and dis-
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Fig. 37 Drogue parachute. Structure shape during Stage 2 to 3 disreef
(FC 1) at 0.02 s intervals

0 1,000 2,000 3,000 4,000

Fig. 38 Drogue parachute. Maximum principal fabric stress (Ib/in?)
during Stage 2 to 3 disreef (FC 1) at 0 s and 0.02 s

0 1,000

2,000 3,000 4,000

Fig. 39 Drogue parachute. Maximum principal fabric stress (Ib/in?)
during Stage 2 to 3 disreef (FC 1) at 0.04 s and 0.06 s

reefing of the Orion spacecraft main and drogue parachutes.
The reefed stages and disreefing make FSI modeling sub-
stantially more challenging than the FSI modeling of fully-
open spacecraft parachutes. The additional challenges are
created mainly by the increased geometric complexities of
the reefed stages and to some extent by the rapid changes in
the parachute geometry during disreefing. Orion spacecraft

1,000 2,000 3,000 4,000

Fig. 40 Drogue parachute. Maximum principal fabric stress (Ib/in?)
during Stage 2 to 3 disreef (FC 1) at 0.08 s and 0.1 s
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Fig. 41 Drogue parachute. Payload descent Mach number during
Stage 2 to 3 disreef
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Fig. 42 Drogue parachute. Payload deceleration during Stage 2 to 3
disreef

main and drogue parachutes will both have three stages, with
computation of the Stage 1 shape and disreefing from Stage
1 to Stage 2 for the main parachute being the most challeng-
ing because of the lowest reefing ratio. The computational
challenges are further increased because of the added geo-
metric porosity of the latest design of the Orion spacecraft
main parachutes. This parachute with modified geometric
porosity, which we call “MP” parachute in the paper, has
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Fig. 43 Drogue parachute. Canopy skirt diameter during Stage 2 to 3
disreef
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Fig. 44 Drogue parachute. Riser tension during Stage 2 to 3 disreef

windows created by removing Sail 11 for every 5th gore.
In FSI modeling of the MP parachute, the flow through the
windows creates an additional challenge even for the fully-
open parachutes, because the HMGP, introduced to deal with
the flow through the hundreds of gaps and slits of space-
craft parachutes, cannot accurately model the flow through
the windows. Therefore, in the case of the MP parachute,
the challenges associated with the reefed stages and disreef-
ing are compounded by the challenges associated with the
need to resolve the flow through the windows. In this paper
we have to a great extent overcome these formidable chal-
lenges in FSI modeling of spacecraft parachutes. We have
successfully carried out, for a single parachute, FSI compu-
tation of both reefed stages and both disreefing events for
both the MP and drogue parachutes. In the case of the MP
parachute, we have also successfully carried out, for a 2-
parachute cluster, FSI computation of the disreefing from
Stage 2 to Stage 3.
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