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Introduction
Plume Surface Interaction 
(PSI)

• Danger to landers (Watkins et al., 2021)

• Destabilizes landing site
• Disrupts sensors and visuals

• Danger to surrounding assets
• Ejected particles can sand blast assets

5

Rightward of 11817, showing the dramatic tilt of the 
spacecraft. (NASA, 2016)



• Returning to the Moon
• Artemis will face challenges with PSI

• PARSEC
• Physically mitigate PSI
• Create safer landing conditions
• Protect lunar assets
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Introduction
Plume Additive for Reducing Surface Ejecta and Cratering
(PARSEC)

Artemis Logo. (NASA, 2023)
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• Design Overview
• Deployment
• Additives



Solution
PARSEC – Trade Study for Mitigation Methods

• Compared seven solutions against technical criteria
• Ultimately determined a plume additive approach
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Solution
PARSEC – System Overview

Plume Additive for Reducing 
Surface Ejecta and Cratering 

• Additive injected into plume, like 
thermal spraying

• Melted additive conglomerates 
regolith particles

• Particles come together to form 
solid landing pad



Solution
Deployment – System Concept
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Pressurized Gas (GN2)
Additive

GN2 Tank

Additive 
Storage/Bed

Plume Injection

• Combines both Fluidization and 
Thermal Spraying
• Made for minimal modification of 

lander
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Solution
Deployment – Fluidization

• Move solids like fluids (Shabanian et al., 2012)

• Increase in heat transfer (Cocco et al., 2014)

• Evenly distribute additive

Different types of fluidization (Cocco et al., 2014)



Solution
Deployment – Thermal Spraying

• Fine ceramic or metal particles are melted and accelerated (Cañas et al., 2023)

• Melted particles form a protective coating on part surfaces
• Scaled-up process could be done over the lunar surface (Astrobotic, 2021)
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Solution
Deployment – Integrated System
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Before After



Solution
Additives – Definition

14

• Technical ceramics and metals that will 
be injected into plume

• Desired properties:
• Strength to survive plume
• Melting point < 3000 K
• High thermal shock resistance
• High fracture toughness
• Low cost & mass

DEPLOYMENT

MELTING

IMPACT

CONGLOMERATION & COOLING



Solution
Additives – Candidates
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• Main additives
• Alumina
• Zirconia-toughened alumina (ZTA)
• Yttria-stabilized Zirconia
• Nickel alloys

• Other additives
• Si3N4 & AlN sintering to form SiAlON
• Thermite reactants

Alumina Powder in Optical Microscope

Nickel Alloy Powder in Optical Microscope



Solution
Additives – Properties
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Additives Tensile Strength v. Density Plot (ANSYS® Inc., n.d.)
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Solution
Additives – Properties (cont.)



Solution
Additives – Summary
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Alumina
• Cheapest
• Least dense
• Moderate melting point (2300 K)
• Lowest tensile strength

ZTA
• Highest fracture toughness
• Moderate melting point (2300 K)
• Similar density to alumina
• Flexural strength > alumina
• Lowest thermal shock resistance

Y-stabilized Zirconia
• Highest thermal shock resistance
• Tensile, flexural strength > alumina
• Moderate density
• Highest melting point (2900 K)
• Lowest thermal conductivity

Nickel
• Highest thermal conductivity
• Lowest melting point (1600 K)
• Highest ductility
• Variable mechanical properties
• Most expensive & dense
• Suspected cancer hazard (Gates, 2023)
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• Experiment
• Numerical Simulation
• V & V
• Risks



Verification and Validation
 Experiment – Conditions
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• Test for conglomeration
• 18 tests in total using

oAlumina particles
oBuildup #22 (nickel alloy)

• Scaled down rocket engine tests with
oSand
oFire Brick
oLSP-2 Lunar Regolith Simulant



Verification and Validation
 Experiment – Alumina Result

• Minor conglomeration

• Frail pad formations that fractured
• Issues outside of PARSEC's control:

oAdditive clog
oTemperature/thermal properties not high

• Inconclusive
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Verification and Validation
 Experiment – Nickel Result
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• 100% success rate
• Pads 3-6cm diameter
• Pads 0.5-1cm in depth
• Long lasting and strong
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Verification and Validation
 Simulation – Model

• Analysis in ANSYS Mechanical
• Regolith bed:
• 30m diameter; 5m depth
• Isotropic elastic modulus equal to 

deformation modulus of regolith

• Pad assumptions:
• Particle-reinforced composite
• Isotropic elasticity
• No pores or voids
• Obeys rule of mixtures (Li et. al. 2001)
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Landing Pad

Regolith Bed

Landing pad and regolith bed models (ANSYS® Inc., n.d.)



• Simulated various landing pad sizes
• Calculated factors of safety with:
• Estimated pad tensile strength
• Max tensile stress from simulation
• Additive weight percentage

• Optimal Pad Properties:
• 8m Diameter
• 2cm Thickness
• 50 wt% additive
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FOS vs. Additive Wt% for 8m x 2cm pad

Verification and Validation
 Simulation – Result

X-axis normal stress plot for 8m x 2cm pad (ANSYS® Inc., n.d.)
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Verification and Validation
 Verification Process

Conglomeration
Performance

Thermal Spray
Gun Tests

Risks
Development

Risk Analysis, 
Mitigation Plans

Implement
Risk Mitigation
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Testing results 
and analysis

Verification via Testing
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Verification and Validation
 Validation Process

The Right M
ethod

Challenge 
Category

Trade 
studies

Mitigation 
Method

System 
Design

Deployment 
System

Deployment 
CAD Model
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Verification and Validation
Risk Management – Risk Priority Matrix

L
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5

4 7 2,5

3 9 14 6,17 1,3

2 15 11

1 8 16 10,12,13 4

1 2 3 4 5
CONSEQUENCES
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Verification and Validation
Risk Management – Risks and Mitigations

1 Additive conglomeration performance

5 Additive melting properties

11 Deployment efficiency

2 System mass requirements

8 Additive health hazards

Experimentation

Optimization

Procedure
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Budget 
Cost Estimations

• PCEC used to estimate System Cost
• CER formula based on mechanical systems for prior missions
• Assumes deployment system is 200 kg (0.5% lander mass)
• Total Non-Recurring: $23.3M; Recurring: $11.2M
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Budget 
Full Breakdown

• Total Project: $55M

• 10 employees

• 50% manufacturing 
margin

• 30% total cost 
margin
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Timeline

Project Start:
Jan 2025

• NASA SEH 3.0

Phase A Reviews:
Dec 2025 – Feb 2026

• SRR
• SDR

Phase B Reviews:
Mar 2027 – May 2027

• BPP
• PDR

Phase C Reviews:
Aug 2028 – Oct 2028

• CDR
• SIR

Phase D Reviews:
Aug 2029 – Oct 2029

• ORR
• FRR

• 5-year Plan
• 10 months of margin
• Additional testing

• Full scale verification
• Major reviews

• NASA SEH 3.0 (Hirshorn, 2016)
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Conclusion
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• Tests and simulations support PARSEC additive 
solution at-scale

• Further testing and simulations at-scale required
• Confidence in solution
• Effective, scalable solution with great promise

Blue Moon Lander Concept Image (Blue Origin, 2023)

Starship Human Lander System Concept Image (SpaceX, 2024)



Next Steps
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• Future Experimentation is necessary to determine feasibility
• Scaling, environment, shapes and sizes, additive types

• Implementation
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Project Timeline
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3000 K

Additives – Melting Point

40



41

Additives – Thermal Conductivity
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Additives – Thermal Shock Resistance
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Additives – Fracture Toughness
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Additives – Ductility Index
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Additives – Price
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PARSEC on Blue Moon Rendered on Landing Pad Simulation



PARSEC on Blue Moon Render


