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2. Technical Paper 

2.1.  Executive Summary 

PARSEC, or Plume Additive for Reducing Surface Ejecta and Cratering, aims to develop an onboard 
additive-deployment system to mitigate the adverse effects of plume-surface interactions (PSI) from the 
exhaust plumes of lunar landers. Utilizing concepts of thermal spraying technology, the proposed system 
will create a temporary landing pad below the lander to increase the stability of the landing site. The pad 
will be deployed by using a fluidization process; a granular additive will be injected into the exhaust 
plume of a lander’s engine during descent. Upon injection, the additive will begin to melt and accelerate 
towards the lunar surface, conglomerating the lunar regolith below and solidifying to form a landing pad. 
Applying this coating to the surface below the lander will reduce the amount of cratering and ejecta that 
would otherwise occur. 

2.2. Problem Statement 

During powered descent on the Moon, engine exhaust interacts with lunar soil through heat and 
momentum exchange, blowing dust radially out from the landing site and producing high-speed ejecta. 
These particles, ranging from sub-microns to a few centimeters in diameter, can reduce the visibility of 
sensors and optics, sandblast nearby lunar assets, and erode the surface around the vehicle (Metzger et. 
al., 2011). The Surveyor III rover, for instance, was positioned in a crater approximately 155 meters from 
the Apollo 12 landing site. Analysis of the Surveyor III components brought back by astronauts revealed 
pitting and cracking caused by the spray of dust traveling over 300 m/s from the lander (Immer et. al., 
2010). Additionally, particles can be ejected upwards from the surface and create deep craters beneath the 
lander. This can damage on-board assets and compromise the stability of the landing site (Figure 2). 
Furthermore, it was reported that Change’e-3 spacecraft which has a total mass of 1.3 metric tons, can 
create a blast zone with an area of 2530 𝑚ଶ during its landing (Clegg-Watkins et al., 2016). Given the 
size of the landers to be used in the Artemis missions, their blast zones will be much larger than that of 
Change’e-3, meaning a much more adverse effect will be created from the induced PSI (Watkins et al., 
2021). Therefore, to conduct safe landings and establish sustainable exploration on the Moon, it is crucial 
to understand and mitigate the effects of PSI. 

 

Figure 2 – Cratering on Apollo 12 LM (Korzun & Mehta, 2021) 

2.3. Solution 

PARSEC proposes a solution capable of mitigating the effects of PSI through the reduction of ejecta and 
cratering. This aligns with the category outlined in the 2024 Proposal Guidelines for the Human Lander 
Challenge titled “Reduction / Mitigation of Erosion (Cratering) and Ejecta during Descent, Landing, and 
Ascent” (NIA, 2023). The proposed solution will consist of a minimally invasive system installed near a 
lunar lander’s engine nozzles. This device will be capable of storing, transporting, and injecting a granular 
ceramic or metal additive into each nozzle’s exhaust plume. After being melted by the plume, particulates 
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of the additive would adhere – or conglomerate – the regolith to form a solid, composite coating that will 
serve to shield the lunar surface from the plume and prevent erosion.  

2.4. Changes From Proposal 

The biggest change PARSEC has made is conducting a set of hot-fire tests on a testbed of lunar regolith 
simulant, LSP-2, to determine if 4 – 7-micron and 70-micron diameter alumina particles are viable 
additive options. As the result from a trade study evaluating various additives feasible for testing, 
accounting for factors such as cost-effectiveness, usability, and transportation, alumina was selected as 
the preferred additive. Additionally, a nickel alloy was also tested to be effective (see Section 2.5.1.3). 
This alloy was not originally considered in the proposal, it arrived with the thermal spray torch 
specifically meant to build up layers on surfaces, thus the team decided to implement it in the test 
sequence. 

In terms of risk management, the initial apprehension regarding Risk 1 (Table 12) – the concern of 
potential failure of conglomeration – has been addressed, seeing as the testing process showed multiple 
successful conglomerated pads. In response to feedback from the proposal, additional risks have been 
incorporated into risk management, including concerns over whether the resulting pad will be destroyed 
by the plume (Table 12, Risk 3) and if the mass of the additive is too high (Table 12, Risk 2). Tabulated 
in Table 12, risks were reorganized based on their importance and causal factors, namely additive-
induced, deployment-related, and space environment-associated risks.  

Another change following the proposal was new mass estimates, which have been reflected in a budget 
revision. A new analysis of the additive candidates has been conducted, leading to the addition of a new 
additive which PARSEC tested: a nickel alloy, which was tested alongside Alumina. 

2.5. Innovation 

2.5.1.  Additives Overview 

The resulting in-situ landing pad must possess material properties that will allow it to withstand the harsh 
lunar environment and the landing itself. To survive the intense pressure and shear stresses exerted by the 
plume – which have been simulated to exceed 32 kPa and 7 kPa respectively for a 40-ton lander – the 
landing pad material must have a high shear strength, tensile strength, and fracture toughness (Fontes et. 
al., 2022). The landing pad material must also have a high thermal shock resistance to survive the 
transition from being subjected to the heat of the lander's exhaust to the cold lunar environment. With the 
guidance of these requirements, a trade study (Table 10) was conducted to identify plume additives and 
the decision was made to focus on three forms of additive interactions with the regolith: (1) deploying 
ceramic or metal particulates that will liquify in the plume and fuse with regolith particles to form a 
composite on the lunar surface; (2) deploying two nitride ceramics with the intent of causing a physical 
reaction with the regolith to produce a composite ceramic known as SiAlON; and (3) deploying metal 
reactants with the intent of causing a thermite reaction to melt the regolith into a composite ceramic. 

Using the heat and pressure of the lander’s exhaust plume, a coating of ceramic material could be 
deployed on the lunar surface through a method similar to the industrial process known as thermal 
spraying. Thermal spraying is a technique that forms protective coatings by accelerating molten or semi-
molten particles towards a substrate (Latka et al., 2020). By using the heat and velocity provided by the 
lander’s exhaust plume, it may be possible to replicate this process at a much larger scale to form a 
temporary landing surface on the Moon. 

An ideal additive for this application should have a low density and a high tensile strength to maximize 
effectiveness. Additionally, the additive should have a melting point below the temperature of the plume 
– which has been simulated to exceed 3000 K – to ensure that the additive particles can melt before 
impacting the surface (Fontes et. al., 2022). By comparing several common technical ceramics using 
Ansys® GRANTA Selector™ (Figure 8 – Figure 23), PARSEC has decided to focus on the following five 
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candidates due to their desirable properties: alumina, zirconia-toughened-alumina (ZTA), nickel-based 
alloys, SiAlON, and thermites. 

2.5.1.1. Alumina 

Alumina is an accessible and lightweight technical ceramic commonly used as a feedstock for thermal 
spraying. It has a melting point of 2300 K (Figure 9), which is below the simulated plume temperature of 
a 40-ton lander. It is assumed that larger particle sizes would be beneficial for conglomeration because as 
they contact the surface, they would cover a larger section, conglomerating more regolith at one time and 
creating a larger surface area for the next particle to adhere to. 

2.5.1.2. Zirconia-toughened-alumina (ZTA) 

ZTA is a ceramic composite made of alumina and zirconia, with the weight percentage of zirconia 
varying between 5% and 20% for thermal spraying applications (Stanford Advanced Materials, n.d.) 
(Turunen, 2007). The benefits of ZTA include increases in fracture toughness and flexural strength while 
maintaining a similar density and melting point to pure alumina (Figure 13 and Figure 15). These 
properties would be useful for maintaining the structural integrity of the landing pad for a longer period 
than alumina. 

2.5.1.3. Nickel Alloys 

PARSEC began considering nickel alloys as a potential additive candidate after conducting a series of 
conglomeration tests in April 2024 using a powder spray torch. These tests resulted in the successful 
conglomeration of Victor Buildup #22 – a nickel alloy – and LSP-2 – a lunar regolith simulant. Nickel 
alloys are often used as feedstocks for thermal spraying applications because they can form high bond 
strength coatings on ceramic or abradable materials (Sanpo et. al., 2013). This could explain why Buildup 
#22 bonded well with LSP-2, which is effectively a highly abradable ceramic material. A possible 
advantage these metals would have over ceramics is their higher ductility (Figure 20); this could prevent 
the landing pad from shattering abruptly into sharp fragments. However, this also means there is 
possibility of a metal landing pad deforming under the plume’s load, which would make it less effective 
at mitigating cratering. This effect may have been responsible for the parabolic shape of a specimen 
obtained from spraying Buildup #22 onto a bed of desert sand, as seen in Figure 3.  

 

Figure 3 – Parabolic Specimen obtained from Buildup #22 Conglomeration, Test 4 

Two more advantages nickel has over ceramics are (1) its high thermal conductivity and (2) low melting 
point at high purities (Figure 21 and Figure 22). Together, these properties would allow nickel 
particulates to melt faster in the plume, increasing the likelihood that they will be molten before 
impacting the surface. Additionally, the high thermal conductivity would allow the nickel to cool faster 
upon contact with the lunar surface and solidify into a landing pad sooner. However, additional 
drawbacks of nickel include that it is approximately 50% more dense than zirconia and can cost 50% 
more than the most expensive ceramic additives, depending on the alloy used (Figure 23). Nickel powders 
are also suspected of leading to nasal and pulmonary cancer after prolonged exposure, meaning further 
precautions will need to be taken during handling and storage (Gates, 2023). 
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2.5.1.4. SiAlON 

SiAlON is a ceramic compound formed through the sintering of silicon nitride, aluminum nitride, 
alumina, and silica with the addition of rare metals such as magnesia (International Syalons, 2021). The 
material properties of SiAlON were compared with the material properties of various sprayable ceramics 
(Figure 8 – Figure 19). SiAlON has similar properties to several of the sprayable ceramics, except that it 
has higher strength and thermal shock resistance (Figure 8, Figure 14, and Figure 15) which may be 
beneficial for the rapid transition from the loads of the lander to the lunar environment. 

The use of magnesia at 10% weight in sintering SiAlON has been shown to effectively produce SiAlON 
in a variation of the process known as “pressureless sintering”, conducted under 5 Pa between 1300 °C 
(1600 K) and 1500 °C (1800 K) (Mackenzie, 2000). The lunar regolith contains alumina, silica, and 
magnesia already; with the addition of silicon nitride and aluminum nitride as plume additives, it may be 
possible to undergo pressureless sintering and form SiAlON as the magnesia replaces portions of the 
silica in the structure of SiAlON (Yu, 2014). Since silicon nitride and aluminum nitride are common 
thermal spraying materials, they can be deployed in a similar process to sprayable ceramics with 
alterations to the deployment angle to ensure the additives reach the 1800 K required for pressureless 
sintering. 

2.5.1.5. Thermite Reactions 

Thermite reactions rely on a mixture of aluminum or magnesium with an oxide. When the mixture is 
heated, the oxygen is stripped from the oxide and reacts with magnesium or aluminum, releasing energy 
and eventually passing the activation energy needed to sustain the reaction (Delgado, 2013). Because the 
lunar regolith is composed of mostly oxides, it may be possible to produce a thermite reaction on the 
lunar surface using deposited heated aluminum or magnesium powder. Experiments conducted using 
JSC-1A lunar regolith simulant and 10% weight magnesium under an argon atmosphere have 
demonstrated that a sustained thermite reaction is possible utilizing materials commonly found on the 
lunar surface (Delgado, 2013). 

Thermite was chosen as a viable reaction because a prototype has been developed using nano-thermite 
microcapsules to help mitigate PSI. Texas A&M Engineering Experiment Station shows that it may be 
possible to build a regolith solidification system with built-in microcapsule-based welding and iron-based 
anchors (Hall, 2021). The exothermic reaction that occurs upon deployment allows for simplicity in the 
creation of a cement-like surface. 

2.5.2.  Deployment System Overview 

For PARSEC to successfully be implemented, a deployment system must be designed to safely store, 
convey, and inject the additive into the exhaust plume of the lander. The deployer must be lightweight – 
to not hinder the functionality of the lander – and be able to function in a low gravity environment 
without experiencing blockages which are common to industrial material storage. By conducting a trade 
study on possible deployment methods (Table 11), it was decided to develop a design based on two 
promising models: fluidization and thermal spraying.  

The fluidization of powders occurs when a fluid passes through small and uncompacted particles. As the 
fluid moves between particles, it imparts a drag force on each, moving them while also reducing friction 
by creating a fluid barrier between the particles (Kaczmarek et al., 2019). This process is currently used in 
industrial applications such as food processing, chemical engineering, and polymer coating. The current 
deployer design takes inspiration from industrial fluidizing grain silos: special silo bottoms, such as the 
Siperm® Fluidization Bottom, are designed with porous materials to allow pressurized gas to be pumped 
through its walls (Siperm, 2024). This method prevents common problems with the bulk transport of 
materials such as rat-holing. Rat-holing occurs when a stable bed of powdered material forms from a lack 
of agitation, and when the storage is emptied, the center of the stable bed shears, removing only the 
portion of the material directly over the opening (Matchett, 2006). Like the Siperm® Fluidization Bottom, 
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PARSEC’s deployer is systematically lined with openings to pump nitrogen gas into the additive bed. The 
nitrogen gas will fluidize the additive before deployment and carry the material to the injection nozzle, 
where it will enter the lander’s exhaust plume. Additionally, with fluidization, additives can be stored 
safely from the heat of the exhaust plume and rapidly transported to the injector. 

 

Figure 4 – Deployment System Diagram 

Once the additives have entered the exhaust plume, the particles will be heated and accelerated towards 
the lunar surface. In thermal spraying, materials are heated by an oxygen-fuel mixture and ejected to form 
a protective layer on the targeted surface (Fan, 2021). Testing needs to be conducted to determine the 
optimal angle for deployment so that the additives reach the surface at appropriate temperatures. 
Currently, fluidization has not been documented in low gravity environments, and thermal spraying has 
not been conducted on uncompacted regolith; thus, limited by time and resources, there are uncertainties 
in this proposal of our solution. 

2.5.3.  Technological Assumptions 

PARSEC is currently at TRL 3. In April 2024, the team conducted a series of proof-of-concept tests. A 
nickel alloy (Buildup #22) was successfully thermal sprayed on samples of LSP-2 simulant with attempts 
made for alumina. To progress to TRL 4, further testing must be done with thermal spraying at higher 
temperatures to ensure the alumina will melt properly. 

2.6. Analysis  

2.6.1.  Methods for Mitigation 

A trade study was used to determine that a plume additive is the most viable mitigation method to pursue 
(Table 9). This and other possible methods were rated based on selection criteria, including modification 
to the lander; current understanding of the method; information available on the method; reusability of the 
method; TRL; size; cost; power requirements; effectiveness in mitigating PSI; complexity of the solution; 
and safety. The plume additive was chosen as the most effective mitigation method mainly due to its 
reusability, low power usage, low complexity, and safety. 

2.6.2.  Conglomeration Tests 

In April 2024, PARSEC performed a total of 18 tests, all but two of which utilized additives to prove the 
validity of the solution proposed to the HuLC team (Table 13). The tested additives were alumina and 
“Buildup #22” – a nickel alloy manufactured by Victor that is specifically engineered to be compatible 
with their powder spray oxy-acetylene torch. This torch was used to simulate a scaled down lander plume. 
The additives – alumina and Buildup #22 – were injected into the torch plume through a built-in feeder 
mechanism and subsequently deployed onto a bed of powder, intended to simulate the dusty lunar 
surface. PARSEC conducted a total of two additive tests on a bed of sand and 12 additive tests on a bed 
of LSP-2, a lunar regolith simulant manufactured by Space Resource Technologies. Out of the 16 additive 
tests conducted, PARSEC successfully generated and analyzed a total of nine solid formations of 
conglomerated surface. 
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Figure 5 –Test 4 with Multiple Camera Angles 

2.6.2.1. Alumina Tests 

Out of the six original additive candidates outlined in PARSEC’s proposal document, alumina was the 
only one that was testable, given budgetary restrictions and safety constraints. A total of seven tests were 
conducted on LSP-2 with alumina. One test occurred with alumina sizes of 4-7 µm, while the rest 
occurred at a size of 70 µm. The only success with alumina occurred during test 9 of the 70 µm size, in 
which a section of LSP-2 was observed to have conglomerated successfully. This piece proved to be 
fragile, however, as it broke while being retrieved from the testing section. As a result, the less sturdy 
parts broke away, where now only a 0.11 cm², non-disc shaped sample remains, which under a 
microscope still shows conglomeration. PARSEC has deemed the alumina tests as inconclusive, due to 
issues getting the ceramic particles to flow properly through the thermal sprayer (see Section 2.6.4). 

2.6.2.2. Buildup #22 Tests 

Buildup #22 was not an additive outlined in the original proposal document, but it was chosen in testing 
to collect more data. Using this additive, PARSEC consistently generated landing-pad-like formations on 
the surface of the LSP-2 simulant, creating five of these formations on LSP-2, two on desert sand, and 
one on a fire brick. 100% of the tests utilizing Buildup #22 generated a conglomerated sample. All the 
samples collected with this additive were much stronger than that of the alumina and formed solid 
conglomerated discs of regolith ranging from 3 cm to 6 cm in diameter, depending on the test parameters. 
PARSEC ran three tests with Buildup #22 set at 14 cm above the LSP-2 surface ranging from 20 to 60 
seconds in duration to observe its effects (Figure 24). The most successful of these tests was the 60 
second version, which yielded a 6 cm-diameter disc of LSP-2 simulant held together by the additive. 
Despite the long duration of the burn, the sample remained intact even during exposure to the extreme 
heat of the torch, giving PARSEC confidence in the proposed solutions’ thermal capabilities. For the sand 
tests utilizing this additive, analysis on the samples showed that the weight composition of the formed pad 
was approximately 48 wt% additive and 52 wt% desert sand.  

This additive is primarily an alloy of nickel and chromium (Victor, 2010). The conglomeration of the test 
surfaces, promising structural integrity of the retrieved samples, and apparent thermal integrity of the pads 
has given PARSEC the confidence to deem the Buildup #22 tests as a success. Further observations of 
these samples underneath a microscope (Figure 6) supported these findings, showing conglomeration of 
the metallic additive. The demonstration of success of these miniaturized tests operates as a proof of 
concept for further development of PARSEC’s solution on a larger scale. 
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Figure 6 – Test 17 Sample (Left: 6 cm Diameter, Right: Microscopic Sample Image) 

2.6.3.  Landing Pad Stress Model 

A model based on the rule of mixtures was developed to obtain estimates of the stresses a landing pad 
would be subjected to upon formation. The model was based on the following assumptions: (1) the 
landing pad is a solid, particle-reinforced composite composed of anorthosite particulates uniformly 
distributed throughout a matrix comprised of the additive; (2) the landing pad structure possesses 
isotropic elasticity; (3) no pores or voids are present within the landing pad structure; and (4) the landing 
pad structure is governed by the following deflection relationship: 

𝛿௣௔ௗ = 𝛿௔ௗௗ௜௧௜௩௘ + 𝛿௥௘௚௢௟௜௧௛  (1)   

The following equations for the composite elastic modulus and tensile strength were then derived: 

𝐸௣௔ௗ =
𝐸௔௡௢௥௧௛௢௦௜௧௘𝐸௔ௗௗ௜௧௜௩௘

𝑣௔௡௢௥௧௛௢௦௜௧௘𝐸௔ௗௗ௜௧௜௩௘ + 𝑣௔ௗௗ௜௧௜௩௘𝐸௔௡௢௥௧௛௢௦௜௧௘
 

(2) 

  
𝜎௎்ௌ,௣௔ௗ = 𝜎௎்ௌ,௔ௗௗ௜௧௜௩௘𝑣௔ௗௗ௜௧௜௩௘ + 𝜎௎்ௌ,௔௡௢௥௧௛௢௦௜௧௘𝑣௔௡௢௥௧௛௢௦௜௧௘ (3) 

where 𝐸 is the elastic modulus, 𝑣 is the volume fraction, and 𝜎௎்ௌ is the ultimate tensile strength. Static 
structural simulations were conducted in ANSYS® Mechanical® to identify landing pad properties and 
dimensions required to survive the expected loading conditions. Further details and the parameters of 
each simulation are provided in the Appendix. Table 1 lists factors of safety obtained for a landing pad of 
diameter 8 m and thickness 2 cm with different additives and weight percentages. This diameter was 
selected to be large enough to shield the lunar surface from most of the simulated load exerted by a 40-ton 
lander on the lunar surface (Fontes et. al., 2022), and this thickness was selected to provide a factor of 
safety greater than one for all configurations in Table 1. The total mass of additive required for the 
landing pad depends on the type of additive and weight percentage as shown in Table 1. 

Table 1 – Landing Pad Factors of Safety and Masses 

Additive 
Tensile Stress Factor of Safety Additive Mass (kg) 

90 wt% 50 wt% 25 wt% 10 wt% 90 wt% 50 wt% 25 wt% 10 wt% 
Alumina 13.6 6.2 3.1 1.6 3280 1410 620 230 
Zirconia 54.6 19.5 8.3 3.4 4630 1620 660 240 

ZTA 11.9 5.5 2.7 1.4 3350 1430 620 230 
SiAlON 22.2 10.7 6.9 3.6 2840 1330 600 230 

Nickel Alloy 20.2 6.3 2.8 1.4 6170 1770 680 240 

These results suggest that a landing pad of this size will survive the loads exerted by the lander plume if it 
were composed of 10 wt% additive or greater. If the landing pad were to be composed of 50 wt% 
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additive, the total mass of additive required would be less than 1800 kg, or 4.5% of the lander mass. This 
weight percentage was assumed to be sufficient because the factors of safety in Table 1 for all additives 
are greater than 5, with the factors for SiAlON and zirconia being greater than 10 and nearly 20, 
respectively. 

While the simulations have provided necessary and promising data for this analysis, its inaccuracies must 
be noted. The rule of mixtures formulas for elastic modulus and tensile strength do not consider other 
complex factors that may affect these properties, such as the degree of adhesion between the matrix 
(additive) and particulates (regolith) and the change in matrix properties due to the presence of these 
particulates (Li et. al., 2001). Additionally, a landing pad formed through this process would be 
nonuniform in composition and contain many voids and pores. This would result in different tensile 
strengths than what was estimated and stresses that are higher than those observed in the simulation. 
Other assumed parameters used in the simulation may also be inaccurate such as: the deformation 
modulus of the regolith bed, which is shown to heavily influence the maximum stresses of the landing 
pad in Table 15; and the mechanical and physical properties of anorthosite and the additives, which are 
shown in Table 14. This simulation also assumes the properties of the landing pad and load are static, 
which is inaccurate. Physical tests and further analyses are necessary to determine whether the landing 
pad will remain intact during landing to higher confidence. 

2.6.4.  Deployment System 

A trade study was used to select the design of the deployment system based on trades including the 
modifications that must be made to a lander (Table 11). Fluidization and COPVs ranked the highest; 
therefore, they were chosen to proceed with. 

The volume of each additive was calculated (Table 2) by dividing the mass taken from 50 wt% Landing 
Pad Stress Model (Section 2.6.3) by their respective densities (Table 14). While the volume and mass of 
the deployment system in full could not be calculated, the volume of additive required for the desired pad 
strength does aid in the approximation. 

Table 2 – Volume Requirement for Each Additive 

Additive Volume (m3) 

Alumina 0.36 

Zirconia 0.27 

ZTA 0.36 

SiAlON 0.40 

Nickel Alloy 0.20 
 

As fluidization is a large part of the deployment system, the minimum velocity required to fluidize 
alumina particles at various particle diameters was calculated (Table 3). To do so, the following equations 
were used where Ar is the Archimedes number, 𝜌௚ is fluid/gas density, 𝑑௣ is particle diameter, 𝜌௣ is 
particle/solid diameter, 𝜇 is the viscosity of the fluid, and umf is the minimum fluidization velocity. These 
equations are based on the Wen and Yu minimum fluidization correlation (Cocco et al., 2014). A density 
of 1.2506 kg/m3 was used for GN2 with 𝜇 as 0.018 cP. 

𝐴𝑟 =
𝜌௚𝑑௣

ଷ൫𝜌௣ − 𝜌௚൯𝑔

𝜇ଶ
 (4) 

𝐴𝑟 = (1650)𝑅𝑒 +(24.5)(𝑅𝑒)ଶ (5) 
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𝑅𝑒 =
൫𝜌௚൯൫𝑢௠௙൯(𝑑௉)

𝜇
 (6) 

As the calculated Archimedes number depends upon gravitational acceleration, an assumption was made 
that the system would experience lunar gravity, as while landing, the lander would ideally hover or 
descend at a near constant rate making the largest acceleration experienced be that of the Moon itself. 
Furthermore, these equations assume that the additive particles are completely spherical in shape – which 
is not feasible. However, the rougher a particle, the less velocity required to fluidize it due to its drag 
(Cocco et al., 2014). 

Despite the popularity and usefulness of Wen and Yu’s correlation, it may not be entirely accurate in 
calculating umf (Gibson et al., 2018). 

Table 3 – Minimum Fluidization Velocities for Alumina 

Minimum Fluidization Velocity for Alumina Particles with GN2 Fluid 
(g = 1.625 m/s2) 

Particle Size dp (m) Ar Re umf (m/s) 
1 micron 1.0E-06 2.4E-05 1.5E-08 2.1E-07 
5 microns 5.0E-06 3.1E-03 1.9E-06 5.3E-06 

10 microns 1.0E-05 2.4E-02 1.5E-05 2.1E-05 
50 microns 5.0E-05 3.1E+00 1.9E-03 5.3E-04 

100 microns 1.0E-04 2.4E+01 1.5E-02 2.1E-03 
500 microns 5.0E-04 3.1E+03 1.8E+00 5.2E-02 
1 millimeter 1.0E-03 2.4E+04 1.2E+01 1.8E-01 
5 millimeters 5.0E-03 3.1E+06 3.2E+02 9.2E-01 
1 centimeter 1.0E-02 2.4E+07 9.7E+02 1.4E+00 
5 centimeters 5.0E-02 3.1E+09 1.1E+04 3.2E+00 

10 centimeters 1.0E-01 2.4E+10 3.2E+04 4.5E+00 
 

While an attempt was made at calculating an estimated mass of the deployment system, it was discovered 
that sufficient information was not available, and too many incorrect assumptions would have to be made. 
To continue, either simulations or tests of fluidized beds with selected additives would need to be done to 
find accurate volume flow rates to determine how much GN2 to use. 

While conducting tests with Alumina powder, it was found that the roughness of the particles caused the 
powder to clog. This issue is commonly solved by fluidizing such powders (Siperm, 2024). If such 
fluidization were to have been practiced, the alumina particles would not have experienced rat-holing. 
However, as the Buildup #22 powder was spherical in shape and went through the hopper without any 
complications, further analysis will need to be done to determine whether spherical powders pose less risk 
despite their higher minimum fluidization velocity, or whether an optimal ratio of sphericity to minimum 
fluidization velocity can be found to minimize the risk of not deploying. 

2.6.5.  Additive Candidates 

The leading additive candidates were selected based on a trade study, presented in Table 8. Ceramics, 
specifically alumina and zirconia, were ranked highest in this study, scoring highest in every category. 
SiAlON as a standalone was ranked second, with a reduced score in deployment, TRL, and functionality; 
these reductions were due to its lack of testability in forming within a lunar-adjacent environment. 

When mixing with thermites, it was found that aluminum and magnesium are both excellent candidates. 
As such, a comparison was made between Al and Mg. Prior research shows that a geo-thermite reaction 
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will occur between JSC-1AF lunar regolith simulant and aluminum powder. (Faierson, 2010) Mg usually 
ignites at lower temperatures due to lower protection properties of the oxide surface film, and it is 
thermodynamically advantageous when mixed with lunar regolith. However, in experiments with 
mixtures at a low pressure of 3300 Pa, due to a high vapor pressure of Mg, gases evolved during the 
combustion process and the resulting product had significant porosity. When the pressure level was 
further decreased, the pellet disintegrated. However, this phenomenon was mitigated with a lower vapor 
pressure of Al (Delgado, 2013). 

The ceramics have been shown to have adequate melting temperatures, but it is equally important to have 
high thermal conductivity, tensile strength, and compressive strength to survive the transition from the 
heat of the lander’s exhaust to the cold lunar environment. Table 4 contains these properties for alumina, 
ZTA, zirconia, and SiAlON. 

Table 4 

Table 4 – Ceramic Properties (ANSYS®, Inc.) 

Additive 
Thermal Shock 
Resistance (K) 

Tensile Strength 
(MPa) 

Compressive 
Strength (MPa) 

SiAlON 620 - 710 400 - 700 3500 – 4500 
Alumina (99.95% purity) 342 - 351 247 - 273 2470 – 2730 

ZTA (82.5% alumina) 346 - 355 219 - 242 2190 – 2420 
Zirconia (yttria-stabilized) 804 - 869 1070 - 1180 10700 – 11800 

2.7. Validation and Verification 

2.7.1.  Validation 

The additive-deployment system was not the first solution the team investigated. Preliminary analysis 
included a trade study, conducted to determine the best approach to the problem, and a plume additive 
was found to be the most effective solution. Validation of the proposed system has been completed via an 
integrated system test: alumina as an additive was deployed onto a lunar regolith simulant test bed with 
the dual objectives of a) promoting the conglomerated formation of regolith particles and b) reducing PSI. 

During the testing phase, it became apparent that analyzing PSI would pose challenges due to the absence 
of a vacuum environment; this rendered it impractical to reliably capture reduction on a camera. 
However, conglomeration occurred during multiple tests and samples were collected, thereby affirming 
the system’s efficacy in accomplishing its intended requirements (Table 13). Given the limitations in 
detecting PSI, the next steps would involve implementing specialized testing tailored to measure PSI, 
using the same additive. The team created this testing process with repeatability in mind, meaning that our 
steps can be reproduced. 

2.7.2.  Verification 

Through analysis and testing, the team determined the efficacy of PARSEC’s solution in promoting the 
conglomeration of regolith and mitigation of PSI. Initial analysis comprised two trade studies, one 
determining the chemical additive (Table 10), and the other determining the design of the deployer (Table 
11). After further researching and developing the concepts of ceramics and fluidization, the team moved 
to working with analytical software such as ANSYS® Fluent® and SolidWorks® to model and simulate 
the additive injection into the lander’s plume. For testing, PARSEC developed SOPs to experiment with 
mixing and thermal spraying four-seven micron and 70-micron alumina onto a test bed of lunar regolith 
simulant.  

Testing verified the team’s design and additive choices as conglomeration samples were collected, and 
analysis with simulations support the solution. Although a clear measurement of PSI reduction was not 
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taken, as per video observation of the tests, PSI may have been marginally reduced. Due to the difficulty 
in spotting small particles on video, PARSEC cannot definitively conclude as to whether PSI had been 
sufficiently impacted. Yet still, half of the team’s hypothesis was proven right as the conglomeration 
aspect was a total success, underscoring the viability of further testing to provide more comprehensive 
and conclusive results. 

2.7.3.  Risks 

To analyze the risks posed by PARSEC’s design, a risks management and matrix sheet was created 
(Table 12) compiling a total of seventeen relevant risks to determine each risk’s concern level and 
mitigation plans. The results of this analysis posed four high priority risks.  

In accordance with testing and feedback from the HuLC competition readers, new risks have been 
considered (Table 12, Risks 2, 3, and 17). To account for an inconvenient additive mass being brought to 
the Moon, calculations were conducted for multiple additives based on 50% wt, 25% wt, and 10% wt (See 
Table 1). For Risk 3, landing pad stress calculations were conducted (See Section 2.6.3). Risk 17 can be 
mitigated with more testing. 

Table 5 – Risk Priority Matrix 

L
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E
L
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O

O
D

 

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 

The highest priority risk (Table 10, Risk 1) addresses the possibility that the chemical or bonding 
reactions may never happen, which results in no landing pad being formed. Testing results proved the 
formation of a solid pad is probable with a thermal spray gun, with a sample of a pad formed in the figure 
below. However, upscaled testing and more accurate atmospheric conditions will be needed to completely 
mitigate this risk. 

 

Figure 7 – Buildup #22 60-Second Test 2.25-inch Sample 

The thermal dynamics of the plume’s interaction with the additive also poses two critical risks (risks 4 
and 5). Due to the thermal extremes created by the lander’s plume and the lunar environment, the additive 
may not melt as intended, or may be heated beyond usability. There is little research done on an additive’s 
thermal behavior in a rocket plume in space, so to overcome the severity of this risk, the additive’s 
properties must be evaluated in a thermal simulation software, such as ANSYS® Fluent®. 
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Another high concern risk is the mass of the system. If the true mass of the system exceeds 5% of the 
lander’s mass, then the system will become more inconvenient than useful (as set in Section 0). 
Considering this mass criteria, the deployment system has been set to a mass of 200 kg, but the additive 
mass and tank mass are variable. While there is an estimated required additive mass of 1410 kg (Section 
2.6.3, Table 1 for Alumina at 50wt%), many assumptions were made to obtain that ratio, so it is possible 
the true mass of additive will be higher than expected.   

The last high priority risk concerns the strength of the temporary landing pad relative to the force created 
by the lander’s thrust. If the pad yields, larger conglomerated regolith chunks could be ejected, possibly 
becoming more dangerous. To overcome this risk, the team analyzed the specimens created during testing 
to reach the hypothesis that the pad will survive the plume by approximating the specimens’ elastic 
modulus and ultimate tensile strength (see Section 2.6.3). 

While not as high in priority, the additives and regolith pose respiratory and skin health hazards (Table 
10, Risk 8) (Space Resource Technologies, 2021) (GNPGraystar, 2020), which became prevalent when 
preparing for testing. During the team’s testing, engineering controls were put in place to prevent the 
creation of dust, such as a mobile glove box and appropriate PPE. Additionally, a mobile eyewash station 
and mobile shower were ready for use if needed. On an industrial scale, similar but industrial-scale safety 
equipment will be required. 

2.8. Budget 

Utilizing NASA’s Project Cost Estimating Capability (PCEC) software, estimates for both non-recurring 
and unit costs of the deployment system were derived for a 40-ton lander using a First Pound Cost (FPC) 
Cost Estimating Relationship (CER). This CER accepts the estimated weight of a system in pounds and 
inputs it into a formula based on the cost trends of mechanical systems on previous lander-type missions 
to predict costs for future missions in development (NASA, 2021). A mass of 200 kg (440 lbm) was used 
as an input for this estimate, assuming the maximum total mass of the deployment system on a 40-ton 
lander is 200 kg, excluding the mass of the additive. This assumption is based on a design requirement 
that the total mass of the system shall not exceed 5% of the total lander mass, where 4.5% (1800 kg) and 
the remaining 0.5% (200 kg) is allocated to the additive and deployment system, respectively. Section 
2.6.3 provides more information on why this additive mass constraint was used. Table 6 contains the cost 
outputs of the CER and their inflation-adjusted amounts. 

Table 6 – PCEC Cost Outputs (Millions of Dollars) 

Cost Phase 
FY2015 $M 

(Direct Output) 
FY2024 $M 

(Inflation-Adjusted) 
Non-Recurring 19.6 23.3 
    Design & Development 7.4 8.7 
    System Test Hardware 12.3 14.6 
Flight Unit 9.4 11.2 

The non-recurring costs were inflation-adjusted and converted to an annuity distributed across the project 
life, assuming a 2.6% yearly interest rate. These costs were included along with a 50% manufacturing 
margin in the total direct costs of the project. Personnel salaries are also included in the overall cost 
estimate. Travel costs are neglected assuming all personnel will be living in Huntsville, Alabama, and all 
tests can be conducted at either NASA’s Marshall Space Flight Center or Blue Origin’s Blue Engine 
facility.  

Table 7 contains a breakdown of the current cost estimate for the project, excluding any changes that may 
occur to the cost of launching the mission. 
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Table 7 – Cost Estimate (Thousands of Dollars) 

Mission Phase Phase A Phase B Phase B Phase C Phase D   

Year 
FY 1 

(2025) 
FY 2 

(2026) 
FY 3 

(2027) 
FY 4 

(2028) 
FY 5 

(2029) 
Cumulative 

Total 
PERSONNEL 

Science Personnel (1) 80 82 82 86 88 419 
Engineering Personnel (4)  320 328 328 345 353 1,675 
Technicians (1) 60 62 62 65 66 314 
Administration Personnel (2)  120 123 123 129 132 628 
Project Management (2) 240 246 246 259 265 1,256 
Total Salaries  820 841 841 884 905 4,292 
Total ERE  229 235 235 247 253 1,198 

 DIRECT COSTS  
 System Cost (from CER)  4,660 4,781 4,902 5,023 5,145 24,512 
 Manufacturing Margin (50%)  2,330 2,391 2,451 2,512 2,572 12,256 
 Total Direct Costs  6,990 7,172 7,353 7,535 7,717 36,767 

 FINAL COST CALCULATIONS  
 Total Projected Cost  8,039 8,248 8,430 8,666 8,880 42,263 
 Total Cost Margin (30%)  2,412 2,474 2,529 2,600 2,664 12,679 
 Total Project Cost  10,451 10,722 10,958 11,266 11,545 54,941 
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2.9. Project Timeline 
 

 
 

Figure 7 – Five Year Plan Based on NASA’s Project Life Cycle (SHE 3.0) 



20 
 

2.10. Conclusion 

Over the course of a year, PARSEC conducted multiple trade studies to iterate the system design to 
its current version. In April of 2024, the team’s research culminated in an experiment testing the 
candidate additives, utilizing both alumina and Buildup #22 to determine the feasibility of regolith 
conglomeration.  

From the 18 testing iterations, it was concluded that the Buildup #22 testing campaign yielded a 
perfect record of conglomeration and created a “landing pad” for all eight tests. Alumina, on the other 
hand, did not produce any solid landing pads, but did show evidence of conglomeration under a 
microscope. It is important to note that these experiments had limitations, such as being conducted in 
a pressured environment and with Earth’s gravity field instead of the Moon’s. Another significant 
limitation was the challenge of directly measuring and quantifying PSI reduction. High fidelity 
simulations and analysis could yield similar results supporting the hypothesis of a lander-scale 
replication of these tests. Ideally, tests would be conducted under more realistic conditions and 
employ better equipment for PSI measurements. 

PARSEC’s original proposal, when reviewed by the HuLC forum judges, returned some concerns. 
The team has since reassessed and is addressing these concerns. To address the concern that has to do 
with sufficient heat flux at the nozzle exit, recent testing has shown promising results indicating that 
with the right additive, conglomeration is achievable, although further at-scale testing is still required. 
Additional concerns centered on the additive’s ability to provide adequate bonding and hardness to 
the surface. Tests using Buildup #22 on the LSP-2 lunar regolith simulant demonstrated strong 
bonding capability. Another concern is whether the resulting landing pad will be strong enough to 
support the lander plume loads. Static structural simulations conducted using a simplified landing pad 
model predict that a pad consisting of approximately a 50 wt% additive, like what was observed with 
the conglomeration tests, will survive the loads exerted by the landing. 

Despite the success of the small-scale tests, further experimentation is necessary to overcome their 
limitations and determine its feasibility for the Artemis missions. This entails conducting numerical 
and experimental tests on larger scales, under accurate environmental conditions, and using different 
shapes and sizes of additives, such as spherical or larger particles. Furthermore, testing should involve 
more additive candidates, like SiAlON, Alumina, Zirconia, ZTA, and nickel alloys. If implemented 
by the Artemis Program, the results of these tests will aid in ultimately achieving the goal of 
effectively managing the risks posed by PSI in a cost-efficient and sensible manner. 

Project PARSEC is confident in the proposed solution’s ability to mitigate PSI via the use of a 
minimally invasive additive-deployment system near the lander’s rocket nozzles to inject a granular 
ceramic or metal additive into the exhaust plume, which will form a solid coating on the lunar 
surface, protecting the landing site from erosion and ensuring success to future lunar exploration. 
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3. Appendix 

Table 8 – Candidate Additive Selection Criteria 

Criteria Weight Description 

Safety 5% An ideal additive should be non-toxic to humans and should not 
compromise the safety of any astronauts on the lander or the lunar 
surface. 

Plume Survivability 20% An ideal additive should be able to perform optimally within the 
high temperatures of the lander plume. 

Lunar Environment 
Survivability 

20% An ideal additive should be able to perform optimally when 
deposited on the lunar surface and when exposed to the near-
vacuum environment of the Moon. 

Portability 10% An ideal additive should be easy to store and transport on the lunar 
lander for the purpose of transit and deployment. 

Technology Readiness 
Level (TRL) 

10% An ideal additive should have been used for a similar application in 
the past with demonstrated success. 

Testability 15% It should be possible for researchers to design and test an ideal 
additive’s functionality within the constraints of their budget and 
timeline. 

Accessibility 10% An ideal additive should be easy for researchers to obtain within 
the constraints of their budget and timeline. 

 

Table 9 – Mitigation Methods Trade Study 

 
 

Table 10 – Candidate Additives Trade Study 
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Table 11 – Deployment Systems Trade Study (Powder) 

 

Table 12 – Risk Summary 

Risk 
Number 

Severity Description Mitigation Plan 

1 RED 

Additive does not adhere the lunar 
regolith to form a solid coating 

(Chemical, Technical Performance, 
Operational) 

Perform tests to gather empirical data to prove that the 
expected reactions will occur. 

2 RED 
System mass is too high to be practical 
(Technical Performance, Operational) 

Reduce system mass by using an additive with less mass, 
choosing a deployer design with less mass, or find other ways 

to reduce the system mass. 

3 RED 
Landing pad is destroyed by the force of 

the lander’s plume (Technical 
Performance, Operational) 

Ensure analytically that the landing pad will have a high 
enough strength to withstand the maximum pressure of the 
plume for as long as necessary (Section 2.6.3). This can be 

accomplished by selecting an additive that can meld with the 
regolith to form a high-strength composite ceramic or cermet 
and ensuring that the additive is evenly distributed across the 

surface beneath the lander. 

4 YELLOW 

Additive does not melt in the plume, due 
to either additive properties or variable 

plume thermal dynamics (Thermal, 
Technical Performance) 

Simulate the injection of the additive into plumes of increasing 
heat and analyze the pads created to determine how well the 

additive melted at those temperatures. 

5 RED 
Additive melts too much/gets vaporized 

in the heat of the plume (Thermal, 
Operational) 

Like risk 4, but ensure the heats increase enough to create a 
factor of safety to make sure the plume is not too hot for the 

additive. 

6 YELLOW 
Additive does not fluidize in the deployer 

(Operational) 

Test different sized additive particles with different 
fluidization methods to find which method and which sizes 
work best together. Once the optimal system is found, test it 

for reliability in a vacuum, low gravity environment. 

7 YELLOW 
Additive cost is expensive in large 
quantities (Cost, Supportability) 

According to ANSYS®, Inc. in Figure 23, Aluminum Nitride 
will have the highest budgetary impact at around 135 $/kg, 
making Sialon formation the most expensive option. Most 

other additives cost around 25 $/kg. For budgetary purposes, 
selecting a lesser performing additive may bring the use cost 

down. 

8 GREEN 
Additive poses health hazard to workers 

before launch (Safety, Regulations, 
Programmatic) 

Implement administrative and engineering controls, such as 
fume hoods and proper PPE, to ensure that all workers are safe 

from possible health hazards posed in the additive’s Safety 
Data Sheet (Space Resource Technologies, 2021) 

(GNPGraystar, 2020). 
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9 GREEN 
Leftover additive can pose as a health 
hazard to astronauts (Safety, Liability) 

The additive will be composed of some of the same materials 
contained in the lunar regolith, such as Alumina (Space 

Resource Technologies, 2023), therefore would not pose any 
additional hazard to the astronauts. However, 

decommissioning plans could include removal and disposal of 
any landing pad remnants as to protect the astronauts from 

further contact. 

10 GREEN 
Deployers structures and materials could 
fail under the conditions of spaceflight 

and the space environment (Operational) 

Run multiple simulations, testing thermal conditions, 
performing finite element analysis, then conduct tests with a 

prototype structure to ensure its integrity. 

11 YELLOW 
Deployer mechanical mechanisms fail to 

actuate (Technical Performance, 
Operational) 

Ensure that each fluid control and fluidization component can 
safely function in the lunar environment, then simulate the 

system functioning reliably in conditions like that of the lunar 
environment. 

12 GREEN 
Metal components of the deployer cold-

weld together (Operational) 

Research must be done on structural designs’ vulnerabilities to 
cold welding to determine if the current design is at risk of 

cold-welding, and how to reiterate if it is at risk. 

13 GREEN 
Pressure within the deployment system is 
not strong enough to fluidize and eject the 

additive (Operational) 

Conduct testing of the deployment system with pressures 
below and above optimal to determine the safety range of 

pressures, and ensure the system is designed to stay within that 
range. 

14 YELLOW 
Deployment system does not eject all the 
additive, has low efficiency (Operational) 

Simulations and testing must be done to determine if deployer 
will eject all the additive. 

15 YELLOW 
Within fluid tanks, slosh dynamics 
behave differently than expected 

(Operational) 

Research must be done to determine if slosh dynamics poses a 
threat to the mission. 

16 GREEN 
Not all the injected additive makes it into 

the plume (Operational, Liability) 

Simulations and testing must be done to determine if the 
angling and distance of the deployer ejects all the additive into 

the plume. 

17 YELLOW 
Conglomerated chunks kicked up by 

plume cause more damage to lander or 
surrounding assets than PSI (Operational) 

Conduct tests to determine what shapes and sizes of 
conglomerated chunks may form during the deployment 

process. Reduce the likelihood of these chunks being kicked 
up at high speeds by experimenting with different additives 
and changing how the additive is distributed into the plume. 
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Table 13 – PARSEC Testing Campaign 

Test Number Surface 
Composition 

Additive Height (from 
attachment 

start) 

Duration 
(approx.) (s) 

Notes 

Test 1 (Day 1) Nothing None 9 pegs 44s Box Integrity Lessened 

Test 2 Sand None 16 pegs 25s Torch too high 

Test 3 Sand Buildup #22 unknown 35s Conglomeration Success 

Test 4 Sand Buildup #22 10 pegs 37s Conglomeration Success 

Test 5 Regolith Alumina 13 pegs 34s No Conglomeration 

Test 6 Regolith Alumina 13 pegs 36s No Conglomeration 

Test 7 (Day 2) Regolith Alumina 13 pegs 36s No Conglomeration 

Test 8 Regolith Alumina 11 pegs (5.5 
in. to surface) 

39s No Conglomeration 

Test 9 Regolith Alumina 9 pegs (4 in. 
to surface) 

40s Minor conglomeration 

Test 10 Regolith Alumina 10 pegs 37s Additive Clog, No 
conglomeration 

Test 11 Fire Brick Alumina 10 pegs 71s Additive Clog, No 
conglomeration 

Test 12 Fire Brick Buildup #22 10 pegs 23s Conglomeration Success 

Test 13 Regolith Buildup #22 unknown 44s Conglomeration Success 

Test 14 Regolith Buildup #22 unknown ~30s Conglomeration Success 

Test 15 Regolith Buildup #22 unknown ~30s Conglomeration Success 

Test 16 Regolith Buildup #22 unknown ~30s Conglomeration Success 

Test 17 Regolith Buildup #22 12 pegs 60s Conglomeration Success 

Test 18 Regolith Alumina 11 pegs 60s No Conglomeration 
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Figure 8 – Thermal Shock Resistance of Relevant Technical Ceramics (ANSYS®, Inc.) 

 

 

Figure 9 – Melting Point of Relevant Technical Ceramics (ANSYS®, Inc.) 
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Figure 10 – Specific Heat Capacity of Relevant Technical Ceramics (ANSYS®, Inc.) 

 

 

Figure 11 – Thermal Conductivity of Relevant Technical Ceramics (ANSYS®, Inc.) 
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Figure 12 – Latent Heat of Fusion of Relevant Technical Ceramics (ANSYS®, Inc.) 

 

Figure 13 – Fracture Toughness of Relevant Technical Ceramics (ANSYS®, Inc.) 
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Figure 14 – Tensile Strength of Relevant Technical Ceramics (ANSYS®, Inc.) 

 

 

 

Figure 15 – Flexural Strength of Relevant Technical Ceramics (ANSYS®, Inc.) 
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Figure 16 – Compressive Strength of Relevant Technical Ceramics (ANSYS®, Inc.) 

 

Figure 17 – Young‘s Modulus of Relevant Technical Ceramics (ANSYS®, Inc.) 
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Figure 18 – Shear Modulus of Relevant Technical Ceramics (ANSYS®, Inc.) 

 

 

Figure 19 – Prices of Relevant Technical Ceramics (ANSYS®, Inc.) 
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Figure 20 – Ductility Indexes of Candidate Additives (ANSYS®, Inc.) 

 

 

Figure 21 – Thermal Conductivity of Candidate Additives (ANSYS®, Inc.) 
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Figure 22 – Melting Point of Candidate Additives (ANSYS®, Inc.) 

 

 

Figure 23 – Prices of Candidate Additives (ANSYS®, Inc.) 
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Figure 24 – Pad Weight and Size over Test Length 

 

 

Figure 25 – Pad Weight and Size over Test Height 
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Figure 26 – Landing Pad Simulation Geometry (ANSYS, Inc.) 

 

 

 

Figure 27 – 8m 2cm Landing Pad Underside Maximum Principal Stress Plot (ANSYS, Inc.) 

Landing Pad 

Regolith Bed 
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Table 14 – Material Properties for Composite Property Calculations 

Material 
Density 

(g/cm^3) 
Elastic Modulus 

(GPa) 
Tensile Strength 

(MPa) 
Anorthosite 2.2 70 10 

Alumina 3.9 370 250 
Zirconia 6.0 200 1100 

ZTA 4.0 370 220 
SiAlON 3.3 300 400 
Nickel 
Alloy 8.9 150 450 

 
Volume Fractions: 

𝑤𝑡%௔ௗௗ௜௧௜௩௘ =
𝑚௔ௗௗ௜௧௜௩௘

𝑚௣௔ௗ
=
𝜌௔ௗௗ௜௧௜௩௘𝑉௔ௗௗ௜௧௜௩௘
𝜌௣௔ௗ,௔௩௚𝑉௣௔ௗ

=
𝜌௔ௗௗ௜௧௜௩௘
𝜌௣௔ௗ,௔௩௚

𝑣௔ௗௗ௜௧௜௩௘ 

 

⇒ 𝒗𝒂𝒅𝒅𝒊𝒕𝒗𝒆 =
𝝆𝒑𝒂𝒅,𝒂𝒗𝒈

𝝆𝒂𝒅𝒅𝒊𝒕𝒊𝒗𝒆
𝒘𝒕%𝒂𝒅𝒅𝒊𝒕𝒊𝒗𝒆 

 

⇒ 𝒗𝒂𝒏𝒐𝒓𝒕𝒉𝒐𝒔𝒊𝒕𝒆 =
𝝆𝒑𝒂𝒅,𝒂𝒗𝒈

𝝆𝒂𝒏𝒐𝒓𝒕𝒉𝒐𝒔𝒊𝒕𝒆
𝒘𝒕%𝒂𝒏𝒐𝒓𝒕𝒉𝒐𝒔𝒊𝒕𝒆 (7) 

  

Average Landing Pad Density: 
𝑣௔ௗௗ௜௧௜௩௘ + 𝑣௔௡௢௥௧௛௢௦௜௧ = 1 

 

⇒
𝜌௣௔ௗ,௔௩௚

𝜌௔ௗௗ௜௧௜௩௘
𝑤𝑡%௔ௗௗ௜௧௜௩௘ +

𝜌௣௔ௗ,௔௩௚

𝜌௔௡௢௥௧௛௢௦௜௧௘
𝑤𝑡%௔௡௢௥௧௛௢௦௜௧௘ = 1 

 
 

⇒ 𝝆𝒑𝒂𝒅,𝒂𝒗𝒈 =
𝝆𝒂𝒅𝒅𝒊𝒕𝒊𝒗𝒆𝝆𝒂𝒏𝒐𝒓𝒕𝒉𝒐𝒔𝒊𝒕𝒆

𝝆𝒂𝒏𝒐𝒓𝒕𝒉𝒐𝒔𝒊𝒕𝒆𝒘𝒕%𝒂𝒅𝒅𝒊𝒕𝒊𝒗𝒆 + 𝝆𝒂𝒅𝒅𝒊𝒕𝒊𝒗𝒆𝒘𝒕%𝒂𝒏𝒐𝒓𝒕𝒉𝒐𝒔𝒊𝒕𝒆
 (8) 

  
  

Landing Pad Mass: 
𝑚௣௔ௗ = 𝜌௣௔ௗ,௔௩௚𝑉௣௔ௗ 

 
 

⇒ 𝒎𝒑𝒂𝒅 =
𝝆𝒂𝒅𝒅𝒊𝒕𝒊𝒗𝒆𝝆𝒂𝒏𝒐𝒓𝒕𝒉𝒐𝒔𝒊𝒕𝒆𝑽𝒑𝒂𝒅

𝝆𝒂𝒅𝒅𝒊𝒕𝒊𝒗𝒆𝒘𝒕%𝒂𝒏𝒐𝒓𝒕𝒉𝒐𝒔𝒊𝒕𝒆 + 𝝆𝒂𝒏𝒐𝒓𝒕𝒉𝒐𝒔𝒊𝒕𝒆𝒘𝒕%𝒂𝒅𝒅𝒊𝒕𝒊𝒗𝒆
 (9) 

  
  

Additive Mass: 
𝒎𝒂𝒅𝒅𝒊𝒕𝒊𝒗𝒆 = 𝒎𝒑𝒂𝒅𝒘𝒕%𝒂𝒅𝒅𝒊𝒕𝒊𝒗𝒆 (10) 
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Table 15 – Landing Pad Simulation Parameters 

Sim 
No. 

Description/ 
Purpose 

Bed 
Diameter 

(m) 

Bed 
Depth 

(m) 

Bed 
Element 
Size (m) 

Bed 
Deformation 

Modulus (kPa) 

Pad 
Diameter 

(m) 

Pad 
Thickness 

(cm) 

Pad 
Elemen
t Size 
(m) 

Pad 
Elastic 

Modulus 
(GPa) 

Applie
d Load 

(kN) 
Load Type 

Max 
Principal 

Stress 
(MPa) 

Max 
Shear 
Stress 
(MPa) 

1 
Initial 

Simulation 
30 5 0.5 100 15 5 0.25 100 65 

Distributed, 
5m Diameter 

10.6 5.3 

2 
Large Bed 
Modulus 

30 5 0.5 250 15 5 0.25 100 65 
Distributed, 
5m Diameter 

7.2 3.6 

3 
Small Bed 
Modulus 

30 5 0.5 10 15 5 0.25 100 65 
Distributed, 
5m Diameter 

18.4 9.2 

4 
Large Pad 
Modulus 

30 5 0.5 100 15 5 0.25 400 65 
Distributed, 
5m Diameter 

16 8 

5 
Small Pad 
Modulus 

30 5 0.5 100 15 5 0.25 10 65 
Distributed, 
5m Diameter 

3.4 1.7 

6 
10cm Pad 
Thickness 

30 5 0.5 100 15 10 0.25 100 65 
Distributed, 
5m Diameter 

4.5 2.3 

7 
2.5cm Pad 
Thickness 

30 5 0.5 100 15 2.5 0.25 100 65 
Distributed, 
5m Diameter 

15.1 7.6 

8 
1cm Pad 

Thickness Fine 
30 5 0.5 100 15 1 0.1 100 65 

Distributed, 
5m Diameter 

11.4 6.2 

9 
1cm Pad 

Thickness Finer 
30 5 0.5 100 15 1 0.05 100 65 

Distributed, 
5m Diameter 

12.1 6.9 

10 
10m Pad 
Diameter 

30 5 0.5 100 10 5 0.25 100 65 
Distributed, 
5m Diameter 

10.7 5.4 

11 
10m Pad Dia, 

2.5cm 
30 5 0.5 100 10 2.5 0.25 100 65 

Distributed, 
5m Diameter 

15.5 8 

12 
10m Pad Dia, 

1cm 
30 5 0.5 100 10 1 0.25 100 65 

Distributed, 
5m Diameter 

8.8 6.4 

13 
10m Pad Dia, 

1cm, Fine 
30 5 0.5 100 10 1 0.1 100 65 

Distributed, 
5m Diameter 

11.3 6.3 

14 
10m Pad Dia, 

1cm, Finer 
30 5 0.5 100 10 1 0.05 100 65 

Distributed, 
5m Diameter 

12.1 6.9 

15 Point Load 30 5 0.5 100 15 4 0.25 100 65 Point Load 41.7 21.8 

16 
8m Pad Dia, 

2cm 
30 5 0.5 100 8 2 0.25 100 65 

Distributed, 
5m Diameter 

15.5 7.9 
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