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Motivation: Why HPC Simulations?

Current State-Of-The-Art Potential For Simulations

- Empirical and low-fidelity models are used to - Provide insight into parameters not easily
predict peak loads and stresses in the canopy measurable in flight or wind tunnel test

- Wind tunnel and flight tests are used to certify - Overcome limitations of wind tunnel & flight
parachute systems for flight tests (atmosphere composition and transport

properties, stiffness to size ratio)

- Dynamic finite element analysis is used
occasionally, and FSI even more sparingly - Conduct more detailed parametric trade-
studies

- Parachutes remain one of the top risk factors
for both human and robotic missions - Mitigate risks by covering more scenarios than
can be tested within typical time and budgetary
constraints
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Objectives: Simulation Tool Development

- Create Fluid-Structure Interaction (FSI) tool adapted for simulating supersonic parachute inflation using the Launch, Ascent

and Vehicle Aerodynamics (LAVA) Cartesian Adaptive Mesh Refinement (AMR) module

Computational Fluid
Pyramis (OFD) _

- Validate FSI predictions with available flight test, wind tunnel, and prior mission data

Iterative process
of validation:

Reduce turnaround time of FSI simulations so they can be used to answer engineering questions during mission design
process
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Toward Validation: ASPIRE Flight Tests

Simulating supersonic parachute inflation
is extremely challenging:

- Parachutes are extremely thin (~80
microns) and made of porous, woven
fibers

- Each inflation is unique, full of self-
contact and inherently unsteady

So we simulate the ASPIRE flight test

and compare our results !ZO . This high-definition video was taken on Sept. 7, 2018, during the third and final

measurements taken durmg ﬂlght to test flight of the Advanced Supersonic Parachute Inflation Research Experiments

ground our model predictions (ASPIRE) campaign to certify the Mars 2020 parachute. It was the fastest inflation
of this size parachute in history and created a peak load of almost 70,000 pounds

of force. Credits: NASA/JPL-Caltech

https://www.nasa.gov/feature/jpl/third-aspire-test-confirms-mars-2020-parachute-a-go
Supersonic Parachute Inflation Simulations 6
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Previous Work

- LAVA team performed simulations of the ASPIRE
SRO01 flight with material properties derived from
scarce published data on F-111 Nylon (and a lot of
guess work)

- Demonstrated CFD can predict peak pull-force
within 10% of measured in flight

- Investigated CFD & structural grid sensitivity and .

showed less than 1% change in predicted pull-force — LAVATFSI- Coarse » ROV
LAVA FSI - Medium

LAVA FSI - E

. ASPIRE
For more details, please refer to:

Boustani, Jonathan, et al. "Fluid-structure interaction
simulations of the ASPIRE SR01 supersonic parachute
flight test." Aerospace Science and Technology 126 (2022):
107596

Total pul force (klbf)
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https://doi.org/10.1016/j.ast.2022.107596

ASPIRE SR03 Problem Setup

Freestream conditions
at line stretch event:
= 1.88,
qo = 1028.44 Pa,
|Ve| = 584.67m/s,
a=0.9°

Triple bridle

\ e~ Riser

80 suspension lines

v Slender payload

kx
V4

80 gap lines

80 radial stiffeners

Material models and properties made (mostly) consistent with those
released by JPL/Stanford team: Rabinovitch, Jason, et al. "Update:
Modeling Supersonic Parachute Inflations for Mars Spacecraft." 26th
AIAA Aerodynamic Decelerator Systems Technology Conference.

2022.
https://doi.org/10.2514/6.2022-2746
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https://doi.org/10.2514/6.2022-2746

Methodology: FSI Overview

O\ )

ntegrate CFD forward in time:
«Explicit 3" order Strong-Stability
Preserving Runge-Kutta time integrator
«5% or 6! order shock-capturing
convective scheme used as implicit
Large-Eddy Simulation (iLES) model

For more details on the methods, please refer to: Boustani, Jonathan, et al. "Fluid-structure interaction simulations of the ASPIRE SRO1

supersonic parachute flight test." Aerospace Science and Technology 126 (2022): 107596 https://doi.org/10.1016/j.ast.2022.107596
Supersonic Parachute Inflation Simulations )



https://doi.org/10.1016/j.ast.2022.107596

Methodology: CFD Mesh

Time = 0.399167 s ‘ ‘ : ‘ 4 : PNt T
: : ? _ ‘ = Metric-based adaptive mesh refinement (AMR)

Pseudocolor
Var: ErorMetric
0.04000

0.03000

= wM{Ax—OOBSB’m ‘

,/‘« ‘:’I‘»

> wPayload;"wke parachute and bow shock alll

0.02000

001000 ified in finest mesh
— 0000

' Each box contains 168 cells
’Total humbers of cell‘s: ~400 Million

s Time simulated ~ 0.8 seconds

o Rocourcesiadd: ,m%&ntewkwakquzk
’ CPUh on NASA S Electra Supercomputer

Data generated: ~50 TB per simulation output to

hybrid SSD + HDD system
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Focus: Effect of Deceleration

In previous work, we artificially kept the
system at a fixed velocity

In reality, the whole system starts
decelerating the moment the parachute
produces drag

Does that deceleration have a
significant impact on peak load?

Demonstration of 6 DOF free-flight parachute-
payload coupling




Results: Effect of Deceleration

Without Deceleration With Deceleration {L\

0.2 ‘ :
/ —— ASPIRE SRO03 Flight Test
/ —— LAVA SRO3 Viscous Canopy

LAVA SRO03 Viscous Canopy Free-Flight

0.2 0.4 0.6 0.8 1.0
Time from line stretch (s)

i

Modeling deceleration decreases peak load by
~12% and changes slope of pull-force in post-
inflation “steady” deceleration phase. More details

Pseudocolor m on next slide.
Var: Mach
O H 3.200
2400 x * Each box contains 163 cells
1.600 g * Total numbers of cells: ~400 Million
[ : ~__ N * Cost: 4 days on 50 Skylake ~ 192k CPUh
— 0.8000 W i
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Effect of deceleration (finite mass inflation):
12% drop in peak load consistent with
expected range of opening force factor for
,‘ ‘ “ |l ' Ry = 1/Mg ~0.017 [1]

WV AR 4 R

| 1
Match downward slope of flight test during
stable deceleration phase instead of constant
PRPNFN | load with restrained payload

I

I 1
AWAVS N
T v
RN

— ASPIRE SRO3 Flight Test Predicts natural post-inflation “breathing”

—— LAVA SR03 Viscous Canopy ~ ~
LAVA SRO3 Viscous Canopy Free-Flight frequency of parachute of ~27 Hz (~0.038 s)

0.6 0.8
Time from line stretch (s)

*Time offset to go from CFD time to “time from line stretch” is +0.316 s.

Post-inflation trough better predicted with
free-flight, but no rebound peak in tension at
load pins

Mtotal
- 3

p(SoCp)Z
expressed in terms of the system mass over the mass of air

ingested by the parachute at full |nflat|on.: . - [1] Knacke, Theo W. Parachute recovery systems: design
* Mg — 0: payload decelerates to terminal velocity within manual. Para Pub., 1992. Fig 5-2 and 5-50

parachute inflation time
* Mg — oo: payload does not decelerate during inflation

Mass ratio Mg = is the ratio of inertial to drag forces

erooomemmarachute Inflation Simulations 13



Free-Flight Results: Effect of Stiffer Radials #a

%8

With Deceleration With Deceleration and stiffer radials /\ --— ASPIRE SRO3 Fenute/(qeS0)

LAVA SRO3 Stiff Radials Viscous Faero/(g=So)
—— LAVA SR0O3 Asym Viscous Faero/(q=So)

0.2 0.4 0.6 0.8 1.0

ﬁ Time from line stretch (s)
il
Modeling the stiffness of parachute’s radials more
accurately reduces peak parachute drag by
L . restricting maximum canopy cross-sectional area.
N Pseudocolor 4 |
. Var: Moggoo ]
w2 | ]
2400 * Each box contains 163 cells
g L 1.600 s | * Total numbers of cells: ~400 Million
N & ‘ N *  Cost: 4 days on 50 Skylake ~ 192k CPUh
— 0.8000

te Inflation Simulations




* Parachute aero loads do not show mid-to-high
ASPIRE SRO3 Fcnute/(q=So) Mati
LAVA SRO3 Stiff Radials Viscous Faeo/(quSo) frequency oscillations, only low frequency
LAVA SRO3 Asym Viscous Faero/(qeSo) oscillation (most likely linked to cross-
sectional area changes) = higher frequency
content in pull-force is caused by tension and
transverse waves in suspension lines

* Modeling the parachute’s radials more
accurately reduces max F, ., by restricting
maximum effective cross-sectional area open
to flow

* Peak F,.;o with stiff radials now within 10% of
ASPIRE SRO3 F_pyte

0.6 0.8
Time from line stretch (s)

Fehute = MsystemApayload, N€Glecting small payload drag, where apqyi10a4
is measured by onboard accelerometers
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Summary

Leveraging 50 Intel Skylake nodes on
NASA'’s Electra Supercomputer for 4 days,
we demonstrated the capability to model
the ASPIRE SROS flight test including both
fluid-structure interaction and free-flight
deceleration (6 degrees-of-freedom) with
the Launch, Ascent, and Vehicle
Aerodynamics (LAVA) software

+ Including deceleration caused a 12% drop
in the prediction of the force the parachute
exerts on the payload (pull-force) and
improved agreement with flight
measurements

Modeling the stiffness of parachute’s
radials more accurately reduced peak
parachute drag by 20% and also improved
agreement with flight measurements

Supersonic Parachute Inflation Simulations 16




Time = 0.298717 s

Pseudocolor
Var: Mach
— 2.200

1.650

1.100

— 0.5500

BN  0.000

Impact of HPC & Next Steps

Isosurfaces of Q-criterion colored by Mach number
and clipped at the z=0 plane

ahe V%
HPC is:a key enébrer for these large (400 M CFD cells +
365k FEA DQF) coupled multi-physics simulations aiming
] bapture he compl@< interactions between supersonic

owand parachutes

v r
‘ v,/
-

\ Oncef\'/‘alidated, the LAVA FSI tool will be used to predict
- the parachute inflation process for upcoming robotic

~ “interplanetary missions to complement other data sources
* and models in the design process and help reduce

mission risk

We plan to continue to develop the LAVA FSI tool by
adding the most relevant physics-based models to
enhance its predictive capabilities and by optimizing its
runtime efficiency on HPC
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Time = 0.172457 s

Pseudocolor
Var: Density

0.02000
B

— 0.01510
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— 0.005300

-— 0.0004000
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