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Background
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Dust obscuration during Apollo 16 Lunar landing (Metzger, 2010)

Plume-Surface Interaction (PSl) causing high-
velocity ejecta that might damage surrounding

surface infrastructure. WY C e nil e ' PSI CFD-DEM

5 ; \ Simulation
Berm design: landing pad radius, berm geometry, S ' L AT AN CFD Mesh
and material. {id : BB BLAE oy AR

Lunar Landing Pad Design Tool (LLPDT) uses % o
Discrete Element Method (DEM) to simulate iiilne ] Bott ,
complex regolith physics and berm structural ik Gk A e DEMY
stability. A tool for hardware designers, site R ' -
planners, lander companies.
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Methodology: Discrete Element Method (DEM)

Landing pad with symmetry
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| Regolith bed with bulk
density 1400-2100 kg/m3
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Methodology: Regolith Berm Design

e A trapezoidal cross-section with a flat top, formed by
incremental deposition of regolith while traversing
over the berm

* More mass-efficient for taller requirements, for a 2.5
m height, walls require less mass than ramp berms
for lengths exceeding 9 m.

e A triangular cross section, formed by repeating parallel
deposition operations,

* Facilitate rover access for maintenance,
* Mass-efficient for shorter structures, requires less

mass than wall berms for heights under 1.5 m and
lengths beyond 33 m.

Rover moving along the berm
Wall berm in the in-plane direction
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Methodology: Computational Optimization and Scaliljg

u(h, D) [m s

10000 f
Ejecta concentration: 108 to 101>

particles/m*® based on Apollo mission
video photogrammetry (Immer et al.,
2021).

Ejection angle: <3° from initial
photogrammetric studies of Apollo
missions.

Velocity Field Derivation: A function of
particle radius and elevation from
Apollo Lunar Module CFD simulations
(Lane et al., 2010).
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The Challenge: Simulating trillions of individual particles is computationally prohibitive.
Mass Scaling Solution: Conserved the ejecta volume fraction.

(Immer et al., 2021)
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Brittle Targets
* Primary Damage Metrics: penetration depth and spall diameter.
* Geometric Representation: conical volume of the spallation zone.
* Key Estimation Factors:
* Target Properties: Fracture toughness, elastic properties, and
material density.
* Impact Dynamics: Ejecta size, ejecta density, impact velocity,
and incident angle.

Ductile Materials
* Primary Damage Metrics: plastic deformation and impact radius
* Geometric Representation: penetration depth or deformed volume
* Key Estimation Factors:
* Target Properties: Ultimate tensile strength, hardness indices,
elastic properties, and material density.
* Impact Dynamics: Ejecta size, ejecta density, impact velocity
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t 15 the plate thickmass to prevent rupture from ballistic penetration.

(Fich & Summers, 1964;
Hayashida & Robinson, 1951)
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Results: Damage Estimation

Heatmap of Pitting_BFSG (Roberts_1999) (XZ Plane) - Log Scale -

* Geometry specific damage: site specific and lander specific

* Heat maps: Generic tools evaluating damage within any distance from landing .
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Results: Apollo-scale Landers

Heatmap of Pitting BFSG (Yang et al 2010) (XZ Plane) - Log Scale
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Results: Berm Performance — Ramp Berm

* Ejecta velocity was scaled by a factor of 10.

* A 10% reduction in the berm height due to ejecta impact

* Ejectais spread over 300 meter from the berm
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Results: Berm Performance — Wall Berm

* Wall berm maintained its height after impact
e Active face angle reduced from 50° to 40.

* Ejectais spread over 300 meter from the berm
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Results: Damage Estimation

 Scaling ejecta velocity by a factor of 10 increased the radius of influence by a A o penben See £ geen S D P o
factor of 30.
* Damage intensity various across different estimation techniques Te
£
. 5 E
(McDonnell_Sullivan_1999) (XZ Plane) - Log 1§cale H e
g a
35 10! o
[
[}
30 e g 20 40 60 80 100 120 140 107
=) = x Coordinate (meter)
2z £
5] 100
g LY BT BN e B s g p of PenDepth_Steel_AL (Hayashida_Robinson _1991) (XZ Plane) - Logo;}cale
[} )
= a)
c e
FEURE 0 H e —— 2 0
8 10—1§ é
O Q = =
N 15 QC_) & 100 =
o E =
10 o R = 2 0 &
] : ‘ 5 : 102 ~ 2
5 10’ZE
20 40 60 80 100 120 140 160 107 P, 3y 010 o

m UTWA R D ’ H x Coordinate (meter)
<’ x Coordinate (meter)

TECHNOLOGIES



 Wall Berms: Provide superior immediate shielding and feature smaller physical footprint.
 Ramp Berms: facilitate maintenance and access but require broader exclusion zones due to
wider potential damage domains.

* Phase Il plans for LLPDT development:

* Enhancing LLPDT fidelity: Full CFDEM PSI simulations calibrated against lab experiments
at Colorado School of Mines and available lunar landing data (DERT and SCALPSS)

* Digital twin of rover/excavator: path planning, construction strategies, geotechnical
sampling strategies

* Parametric studies: off-nominal landing trajectories, compaction of berms, range of
ejecta velocities -> leading to a surrogate model

* Open source LLPDT Software

* Real-time modeling tool for berm design and estimation of ejecta-induced structural
damage

(OUTWARD

TECHNOLOGIES



A big thank you to our
collaborators!

* Beverly Kemmerer, PhD — NASA Technical Monitor

* Nima Goudarzi, PhD — Project PI
ngoudarzi@outward.tech

* Ryan Garvey, PhD — Project Manager
rgarvey@outward.tech

e Chris Dryer, PhD — Research Institution Lead

COLORADO SCHOOL OF

M l N ES e Patrick Cooney — Research Assistant


mailto:zkhademian@outward.tech
mailto:rgarvey@outward.tech

Backup slides

(OUTWARD s

TECHNOLOGIES



Task 4 CUl//SBIZ
Cdlibrai'e CFD'DEM MOdeI-- Final Calibration Validation
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Params (.txt)

Value
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0.314494

0.394637

0.561351

0.791183

Calibration of CFDEM
simulation parameters
against the PFGT1 PSI
experiment under near-
lunar condition and
nozzle mass flow rate of
0.32 grys.

16/35

Plots (.zip)



