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Abstract

In orde to more accurately predildads subjected to the EE¥#arth Entry Vehicle)
uponimpact with a variety of materials, finite element simulatiohsoil/EEV impactwvere
createdusingthe progranLS-DYNA. Various modeling techniques were analyzed for accuracy
through conparison with physical test datdnen availal@. Throughvariation of numerical
method, mesh density, and material definition,accurate and numerically efficient
representation of physical data has beeatere The numerical methodsagrangian arbitrary
LagrangiarEulerian(ALE), andsphericalparticle hydrodynamis (SPH)are comparetb
determine theirelativeaccuracy in modeling soil deformatiand EEV acceleration
Experimentally validated soil materijparameterand element formulatiawerethenused in
parametric studies to gain a pgaestive oreffects of EEVimass and geometon its maximum
acceleration across varying soil moisture content. Additionally, the effects of EEV origntation
velocity, and impact materialere eplored.

Multi-material arbitraryagrangiarEulerian(MMALE) f ormulation possess the sto
effective compromise betweds ability to: accuratelydisplay qualiative soil behavior,
accuratelyrecreate empirical test data, be easily utilized in parametric studie®, maghtain
simulation stabilityEEV accelerabn can be minimized throughcrease of EEV mass (with
constant geometryallowing for maximum penetration depth, and longest deceleration Ame.
critical orientatiorwas discovered t 3 0 f, sucmthamaximumaHEV surface area
impacts thesoil sufaceinstantaneous|yresulting in maximum acceleratio@ff-nominal impact
with concrete igpredicted to inease acceleration by up to 83@rom impactwith soil.
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General Audience Abstract

As part of a larger effort to return Martian soil sanspteEarth, the creation of a vehicle
(Earth Entry Vehicle, EEV) to carthosesamples from Mars, to the surface of Easth
underway. Th&EVi s desi gned to enter Earthoés atmosphe
slow itself during descent, and the crushing of theteabsorb impact energypon collision
with Earth Paramount in concern is the containment of the soil samples duhing E EV 6 s
impact. As part of the design process with respect to this concern, computer simulations are built
in this work which are compared to collected physical test data, and used to predict impact forces
on the EEV under various impact conditions. letpanditions considered are the variation of
the mass, orientation relative to vertiggometryof the EEV, the moisture content of the saill,
and the impact material. Through the testing of a variety of different numerical techniques, the
optimal methodor each case is determined based on the ability of each technique to accurately
predict EEV acceleration, its ability to maintain computational stability during simulatiohits
ease of use between various testing scenarios. It was determined thisygbcess that more
massive EEVs show a lower peak acceleration during impact due to their ability to penetrate the
surface of the soil, extending the time of impact, and lowering the force applied by the soil per
unit time. There was found to becati ¢ a | EEV orientation at 30 fr
largest possible surface area of the EEV impacts the soil at one instant, resulting in a large spike
in acceleration upon impact. Additionally, it was predicted that more massive EEVs be made into
smdler, more sharply pointed geometries and less massive EEVs use larger geometries in order
to minimize peak acceleration. Impact with concrete was estimatedéasecacceleration by up
to 650% when compared to soil impact acceleratitims work is intéded to serve as an
exploratory study into the validity of various impact simulation techniques, tedukin future
in higher fidelity impact models.
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Preface
This section serves as a thesis map, outlining the content, intent, and context of each

chapter.
1. Introduction

The introduction serves iotroduce the reader to the concept of sample return and its
history, discussing past successful and unsuccessful missiansSdinpleReturnand the
various aspects involved in that specific mission are introduced as well. An outline of the
launches, spcecraft, and other components involved in the sample return missidisarssed,
alongwith a briefintroduction toEEV concepts. The history oY design prior to the current
sphereconedesign are outlinednd the evolution of EEV goals and conceptsalso
mentioned. This section ends in the discussion@MPE and how this work will contribute to
the overall MSAPE goal
2. Motivation

This chapter begins by declaring the objectives of this work and supports those objectives
with the motivation behih them. An emphasis on the logistical advantage of this project is
taken, explaining how this work, and similar projects are able to drastically improve the EEV
and sample returdesign process for current and future missions.
3. Background

Branching from théntroduction, a focus specifically on EEV design work done for the
purposes of MSR is made, discussing the infancy of EEV impact testing leading to the current
state of the project. The chronological evolution of EEV design and testing is explainegl, givin
the reader a reference to the curistate ofthe MSR EEV design stage. Past impact testing
campaigns are summarized and curtailed. This chapter explains the process leading up to the
current design, impact testing, and finite element modeling beirg atoiPL.
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4. Meshing Schemes

This section briefly explains the concept of mesh density, mesh convergence and mesh
dependency.
5. Element Formulations

Element formulations are outlined in three different subsectliamgange ALE, and SPH.
In each subsectiae concept of each element formulation is explained, followed by a summary
of the theory and mathematics comprised in each formulation. Visual examples are used to
explain the behavior and construction of each technique. The pros and cons of eachidormulat
are given, along an explanation of the uniqueness of each element formulation.
6. Material Models

The four main materials used in this work: fluid, soil, concrete, and EEV material
(aluminum) are assigned their respective material cards and materiatt@®gde purpose of
each material, as well as the application of each material is presented. In the case of the soll
materials, the parameter generation process of axial load testing is briefly outlined and explained
as it relates to each required inparameterThe origins of the soil models used are mentioned,
along with their applicability to the overall mission. The cetemodel parameters are listed,
andthe origin and original purpose of the chosen concrete material. This section ends with the
listing and explanation of all of the deformable materials used to model the EEV. This subsection
is mainly applicable to EEVs used for the-nfiminal angle impact testing as well as the

concrete impact testing. The limitations and behavior of each materiaummarized.
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7. Model Creation
The model creation processeisplained, giving the reader insight iritee approach taken
each model creation and analysis stage of the project. The general process common among most
finite element analysis project®rmulation selection, mesh refinement, and reduction of
artificial energies and other ersxrharacteristic of finite elemengésediscussed. Also in this
section the geometries of the two EEVs selected for testing are shown along with their geometric
parameters and basic material properties.
8. Results and Discussion
This section contains all simulation and test results, accompanied by analysis and discussion.
a. EEV-R Mass Variation
A subsection focused on the effects of the variation of EEV mass on tke pea
acceleration during impact with various soils. All numerical formulations are used for modeling
different soils of varying moisture content, and their results are compregrocess of mesh
refinement, simulation optimization, and the limitations adleformulation are discussed when
appropriate. This section is useedmakeconclusions about the use of the available formulations
for soil modeling and how each is able to successfully and unsuccessfully model the different
types of soil
b. Off-Nominal Impact Testing
The impact angles of the EEV relative to the vertical axis were variedragzedor
their influence on the peak EEV acceleration. Two different scenarios were depicted; one when
the impact velocity vector and EEV orientation were changegides trials, and another when

only the EEV orientation was changed and the velocity remained in the vertical direction at a
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constant initial magnitude. The acceleration effects of each case are discussed, and conclusions
are made and reasoned as to thewg EEV orientation during impact.

c. Testing of CR300

Based upon geometric parameters provided by JPL, tH&OGEEEV is used to validate
the various soil models and element formulatiosed in this work. An empirical data set
provided by JPL is comparéd the acceleration curves of the-B80 impacting soil constructed
of various element formulations.

Additionally the CP300 is testegsimilarly to the EEVR in previous sectionshrough
the variation of the total mass of the EEV. Using two differeii$ ®f varying moisture content,
a loading window for the GBOO is generated for use in predicting the impact acceleration at a
given mass and soil saturation.

d. EEV Curvature Comparison

The loading windows of each EEV tediare compared and discussede Bmilarities
and differences of the peak acceleratiom compared between the two geometries and the
various soils used. This section draws predictions about the effects of changing EEV geometry
based upon the simulation data and suggests the optirWati&tgn for a given EEV mass.

e. Concrete Impact

This subsection explains the process of simulation of EEV impact with a concrete surface.

The behavior of the various EEV deformable materials used is explained, with a heavy emphasis
on the mesh convergencktbe concrete in each case. Using the converged acceleration
estimates of each of the different EEV materials, a prediction window for EEV acceleration

during impact with concrete as it relates to soil impact is made.
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9. Summarizing Remarks

This chapter sumarizes results explained in previous sections and $iglpnake more
relevant the conclusions already madeolesinto further discussion of the various components
of each simulation and compai@nd contrastthe methods used. Recommendations are made
based on the result@bout the optimal EEV design given other experimental parameters, and
conclusions or predicti@previously made are further explained and supported.
10. Conclusions

The final section will briefly state the main conclusions and majoitsesiithe work. Final
recommendations about each design component are offered along with the limitations of the
various studies conducte8uggestions for future or continued work are muadth the addition
of areas of this work which were seen to regjiingrovement The applicabilityand

contributionsof the resultss also noted in this section.
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1.l ntroducti on

Since the end of the $@entury there has been an effort by space agencies to launch
sample return missionwhich allow for a more irdepthlab analysis oplanetarysamples
compared to osite field analysisThe 2001 Genesis Discovery Mission was designed to return
solar wind samples to Earth frapagrangePoint 1. The planned recovery procedure was to
utilize a two stage parachute systaminitial drogue parachuieployed at 3&maltitudeafter
Earth atmosphere entry, and a main paradoubedeployed followinghes pacecr af t 0 s
deceleratiorafter Earth atmosphere entripuring an off normal axis, pitched upentry, the
capsuleautilizedits center of gravity to maintain orientation prior to parachute deployment. A
mid-air retrieval was planned using a modified helicopter equippedawétrieval system to
gain control of the descending probe during the main parachute desga(Bstnettet al,
2003) During theEarth entry procedure, the deployment of the drogue parachute was to be
initiated by an explosive which jettised the back plate of the craft as weltlas parachute
along with it. This procedure faito occur, resulting in the parachutes not being deployed. The
Genesis Sample Return Capsule (SRC),-dégfyee halangle congimpacted the Utafiest and
TrainingRange(UTTR) soil without either parachute assisting in its decelergfamninoet al,
2014) A NASA failure repor concluded that a failure in the-$vitch avionics fded to activate
the pyrotechnics sequencer, resulting in the parachutes not being ddplayjed Review
Board and Sulbeam, 2005)While samples were salvageable and scientists were able to use the
return material for further, more in depth research, a concern for future miasismsalized
based on the fal reentry of the Genesis craft. As a realiirnative entry vehicles and reentry

procedures were explored.



Even before the Genesis mission, work in passive entry vehicles wapbéimgnedn
an effort to simplify the gaple return procedurand to creata more universal devida
preparatiorfor the expected expansion of sample return missi202 NASA Langley
publication arguethatthe elimination of active, deployable descent systentsasth Entry
Vehicles EEVY9) can drastically increase the reliability of the overall reentry system. Devices
such as parachutes or airbags require transportation and stooage any sample return vessel.
This increases totaleight,decreassavailable space onboamhdallows for the possibility of
deployment failure, as in the case of Gendkisllas, 2002)
A passiveEEV which relied on a crushable energy absorberitgateimpact energy
was proposeth favor of activedescentlevices. he absorbecouldbe a component of the EEV
itself, for landing on more rigid surfas, ompart of thempact area, most likely a soft sdih. the
latter case, the EEV geometry would provide some aerodynamic drag during descent, but the
majority of impact energy would be absorbed by the material into which it imp&ztedEEV
desigrs have the potential tprevent mission failure modes similar to thaGafnesisKk e | | as 6 s
2002 publication outlines the design of@nnidirectional EEV designed to withstand impact
velocities of 3942 m/s This design used crushable foam structuoé agproximately.315m
diameter(Billings, 2002) ltismadeo f car bon foam fAcell so0 encl osect
materialto absorb impact energy, protecting the internal, sphedidaiting Sample Q@S
(Kellas, 2002) Empirical impact testingf this design performed by NASA Langley Impact
DynamicsReseac h Faci |l ity in the early 200006s util i z
foamfilled cells with hybrid composite, graphitpoxyKevlar cellwall® s epar at.i ng eac

SeeFig. 1. Four drop tests wereegformed at a range of 3 m/s(Billings, 2002)
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Cell-wall
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Impact Orientation

Figure 1. NASA Langleycellular sphere EEV model (Perino, Bayandor and Siddens, 2012)

A major drawback to this design is the large amount of spiea tgp bythe energy
absorbing structure, and it is designed such that the deceleration of the OS is totally reliant upon
the energy absorbing structure. Alternative designs which used a reduced sized absorbing
structure were pursued, resulting in a newEES design which relied on the impact area to
absorb impact energy rather than only the vehicle materials. This alternate EEVhdeasige
advantage of reducing the space required on the EEV to transport and store equipment necessary
for the reentry precedure, anavill be the desigrdiscussed in later sectioradanalyzed in this
paper.

Major concernsaised abouthese missions were tipeeservation of samplateqgrity.
The ability toprotectthe samplsfrom contaminatioruring reentryand impacivas
underscored as a main safety objectteessed billings (2002b) the primary requiremeruf
EEV designs to ensure that neither the samples attcatmosphere are contaminated or are
allowed to interactThe concern of such a possible contamination is the transfer of Mars based

pathogens to Earth, resulting in a contaminatioB af r ibsphge, or the altering of the



samples in any way by the atmosphere or impact surface of Earth, thusngtitemission
results possiblpbsolete Also, contamination of the Martian samples by Earth organisms could
possible cause false conclusions of digeg\wf Martian life(Mattingly and May, 2011)These
concerns are the motivation for a simpler, more duraiple robust EEV design.
A major proposedNASA mission is the Mars Sample Return (MSWRith the objective
of returning Martian soidnd atmosphen® Earth.The mission is lanned to involve three
separate launches over the course of six years, taking advantage of the launch window every two

years.The entire three launch mission layout can be seen ir2Fig.
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Figure 2. Mars Sample Return anticipated mission outlook

(Perino, Bayandor and Sidlens, 2012)



Using the previously successthtry, Descent and LandingDL) Sky Crane system,
used in the Curiosity missioasample collection rover will be landed on the Martian surface
and begn collecting soil samples whighen will becached antransferred to the Mars Ascent
Vehicle (MAV). This devicas sent via the third launch Marsand will transport the samples
from the Martian surface to tlwebiting samplecontainerata 500 kmorbit above MarsThis

process can be seenhig. 3.
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Figure 3. Orbiting Sample rendezvous with OS and Eartlreentry (Perino, Bayandor and
Siddens, 2012)

TheMars Orbiter launcledtwo Earth years prior to the launch of the MAérforms
what is known aghe breakthe-chain procedure otne OS This procesgnsurs all componets
which were in contact with the Martian atmosphere are safely conta@ngednsportThe area
where the OS will be containésisterilizedand sealed prior to mission staas vell asall
mission components iroatact with the Martian sampleBhis exsures the OS and its samples
are not contaminate@ombined with arEEV, theMSR Orbiteris thendirectedon a noAmpact

trajectory with Earth. Once the EEV/OS is ensured to be successfully transported and has

remained contained, it detaches from theROr bi t er and enters SRart hos



Orbiter isthendiscardedaway from Earth orbifMattingly and May, 2011)Usi ng a -ipar ac|

lessselr i ght i ng systemo t highvdoEity, habdhpastibndinginme r f or m

predetermined arg&quyre<et al, 2011) Upon landing, a recovery teamill transfer the EEV
to a secure quarantine area at §anple Receiving Facility (SRF)he returned sample will
containapproximately 50@ of material consisting ainywhere between 19 and 37 rock core
samplesat least one regolith sampéd apressured atmosphere sami&ttingly and May,
2011)

The standard EEV design for MSR carresl surroundthe OSwith an energy
absorbing impact sphere of a cellular stuwe. This is encased by a heat shield, an outer mold
line (OML) and concave back shell, all surrounded by thermal protection systems (TPS). TPS on
the front of the EEV is a fully dense carbon phenaitd & acusil and silicone impregnated
reusable ceraim ablator (SIRCA) is used for TPS on the back shell. The heat shield and OML
form a rounded, conical shape with a slop&0°from the vertical, meant to maintain correct
reentry orientation during hypersonic velocities in atmosphere. Duringpafinal EEV
orientations due to foreign object impact or system failure during the entry procedure, the
geometry of the EEV is designed to maintain vehicle orientatiogribyeduring a tumbling, or
180° orientation offset. The internal structure of the EEV isigiged to survive launch and entry
loads and to serve as an aerodynamic decelerator, whereas the OS is meant to protect against
sample contamination during impact load{g@mareh, Maddock and Winski, 2012)

The nominal landing sitfor the EEVis theUTTR, a19,000m# regionknown to have
large areas of soft, moist soil. The advantage of such a landing zone is that the need for energy
absorbing material on the EEV itself is reduasimuch of the impact energy is predicted to be

absorbed by the soilather than the structure of the EENis redwes the need for an EEV

a



designwith large, energy absorbing foam cells, allowihtp beof a much simpler esign,as

seen irFig. 4.

Primary Heat Shield

Impact Sphere

Carbon foam energy absorber

for off- | impact

SRS Orbiting Sample (0S)
Mars soil sampie

Figure 4. Proposed MSR EEV Desigr(Samareh, Maddock and Winski, 2012)

The UTTR area is not without faults however as there is still a possibility of thedEV

impact with various obstacles such as the rodekrandother hard objects or surfaga®esent

in the region(Billings, 2002) This pssibility demands that any effominal impact casef the

EEV be explored and designed for, sinceuch an everthe integrity of the samplgand the

containment assuranbe maintained.

A larger effort, which is based on the design of the MSR E&the MultiMission

System Analysis for Planetary En{iM-SAPE) program. This work provides a framework for

the rapid design of EEVs for the purpose of performing multiple sample return missions across

numerous mission scenarioslizing a Multi-Mission Earth Entry Vehicl @ MMEEV). It allows

for the variatio of design geometry and mass and has laid forth a method for impact analysis,

structural analysis, flight mechanics and acceleraéind load prediction method&s with the
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MSR EEV design, MSAPE focuses on the minimization of risk of sample contananati
through the use of passive descent methods and utilizes a common design concept for any
sample returvehicle The methods which it provides waloid costly design and test work
which would be required when creatiagique vehicles for each of the &ipated sample return
missions in the futuréAllowing for the rapid creation ofrainitial low fidelity design and
gradually increasing model intricacy aapplication ofmission specific necessities, the SAPE
method utilizes widely available softwaseich and Python and Jaamd open source programs
whenever availablen order to increase accessibility for all research progemseamslt is
designed such that engineers are able to quickly gain valuable information on a proposed design
early in he design process in order to improve mission efficiemz/cost effectiveness
(Samaretet al., 2014) SeeFig. 5 for visual of mission design progression withSAPE.
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Figure 5. M-SAPE Framework Design Progressior{fSamarehet al, 2014)



The work discussed in this thesis will aid in the overalSEMPE objective of the creation
of a sample return mission dgsiprocess by providing a method and pathway for Earth impact
analysis. Through the testid low resolution modelghe effects of multiplénpact materials
EEV orientation scenaripand the gradual process of increasing theciaty of those models,

an additional component of APE will beoffered

2.Moti vati on

The objective of this project is to create reali&teV impact models using a variety of
element formulations, meshing schemes, and impact material mogeédict the maximum
acceleratiorof EEVs during impact with soilTheoutcome othese simulationsanbe used in
the design and optimization of both thE\Eand the OS for their application in the Earth impact
stage of the MSR missioiihe ability to quickly and inexpensively predict éisaon the EEV
during impact with different ground materials greatly broadens the capabilities BISR
project. Empirical impact tests require significant preparation time and cost eonpexhd all
possible mission impact scenarios cannot be performinils mannerTherefore, using a
validated modeling approach can significantly facilitate the testing of relevant case studies.
Finite element models are validated against empirical data to allow for a full parametric study of
EEV landing events throughverified and reliable methodologlesting efficiency can also
drastically benefit fronfinite element models instancesvhereoff-nominal impactonditions
are prevalent; for example whére EEV impacts anextrene orientationrelative to the
grouwnd, or strikeshardobjectssuch as rock or concret8imulations allow the user the control to
designate specific initial or other experimental conditions with as precision that empirical testing
does not allowlf such scenarios were performed empirigadivailable pitch contrgirovided by

the test apparatusr lack thereof, of the EEV would increase the difficultly of accurately
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varying the impact angles across stesAdditionally, the possibility of extreme damage to

the testarticleduring impats with hard surfaces has the potential to greatly increase the cost and
man hours involved ipreparing and performingsting.Building on existing impact test data
andexistingfinite element models of the current MSR EEV, this work creates a datatdse
methodologyof modelingand model creatiofftom which a large variety of impact scenarios can

quickly and reliablybe predicted.

3.Background

The process of collecting impact data of different EEV designs has been underway since
as early as 1998 dudra series of drop tests of 280nhemispherical penetrometers in the
UTTR by engineers from NASA Langley Research Center (LaRC). Their goal was create an
eventual EEV design which relied totally on a passeney and deceleration methsior Earth
reenty, doing away witlthe use oprevious activelescentechniques. These hollow
penetrometers, seenking. 6, were made of Bakelite reinforced spun aluminum shells and were

dropped froma predetermineteight ugng a hotair balloon and helicopter.

Figure 6. Hemispherical penetrometer used during the 1998 and 2000 drop test campaigns
(Kellas, 2016)
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Due to the rudimentary test conditions, and unreliable drop method, limited data was

obtained from this series of testing. However tesults proved the relatian, © —,

such that the peak acceleration is proportional to the EEV nose diameter times the square of the
impact velocity divded by the EEV mass. This relation is used as the basis for subsequent test
campaigns. While the goal of these tests was to geriefatmation to be transitioned into a
finite element software, limited success was had, and effective progress on this project slowed in
the years to comgellas, 2016)

Significant work has begmerformedregarding the base design for the EEV/OS which
has included an automat&EV geometry generating toolult by Perinoet al.(2014) this
program waslesigned to rapidly construct and determine optimal EEV geonagtdymesh the
subsequently created geomefor use in finte element simulatiorConsidered designs are

shown in Fig7.

Figure 7. Possible EEV geometries generated [Berino et al., (2014)

The work done byerinoet al, (2014)has allowed for clearer picture as the loading and
vibration effects of changing EEV geometry, TPS density, material elastic modulus and various

other design variableRarametric studies were performed to determine the relamoess, the
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stress induced by static loading, and vibration response on EEV geometric and material
variables. Random acoustic loading was applied to a-ffoee constrained EEV model such
that the induced stresses could be analyzaddition to the arious static loading cases
associated withalunch and reentryresults from this work produced a methodology for dynamic
structural analysis and the capability for rapid automated EEV geometry and material parametric
study. This work shows a major contrtion to the MSAPE framework by creating an efficient
methodology for EEV design and construction, and contributed to the eventual finalized EEV
geometry, which will be used in later workslimitation of this work howeveis that there was
no ability tosuccessfully validate its results against mission scenario impacts, and the loading
results generated were a result of a static applied pressure distribution. Such loading behavior is
not necessarily the same as would be experienced during soil impaetlidhded soil models
existed at the time which were able to successfully corroborate with the conclusions given in this
project Therefore, ivasvital to the MSR missioat the timeo determine the actual loading
characteristics of the chosen EEV dgsiand how, if at all, the loading behawawould change
under soil impact conditions.

EEV drop testing was revitalized in 2016, again by LaRC, testing the more recognizable
conical EEV desigyseeFig. 8, in UTTR with the objective of demonstrating the feasibility of
such a design in sample containment, peak acceleration measuy@miéstability to interface

with finite element simulation.
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Figure 8. EEV design used by LaRC durig 2016 drop test campaigriKellas, 2016)

During this test campaign two namnushable 1.2ndiameter EEVs were designtd
i mpact soft soil, using the soil ds deformatio
at LaRC a peak load limit was assigned to the EEV design ofG58@alue dictated by the
ability of soil sampleto maintain their scientific value uadloading. The EEVs were dropped
from a height of 400n from a helicopter, reaching near their terminal velgatydpredicted to
land within a 60m predetermined impact area. Reliable results were limited to a single data set
due to strong winds in trerea and unintentional release of the EEV from height during testing
(Kellas, 2016)While conclusions regarding thegalictability of EEV peak acceleration were
made based on the results of this test, it relied on a single data set for this conclusion, and further
investigation into the predictability of peak EEV acceleration must be made.

Continuing the EEV impact tesampaignsNASA Jet Propulsion Laborato(yPL)has
recentlyperformednumerousmpact test®f passive, conica&EV designswith soils of various
water content The aim of these tests is to gain the ability to accuragglisesena range of soil
conditionsatthe UTTR through the validation of finite element models using the generated
impact dataCurrently, impact test data has been usecteate a serief finite element
simulations which have been proven to replicate the results of physical exgatioreto an

acceptable degree of accuracy. The motivation for further model creation is to optimize these
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simulations, to moreloselycapture the physics of the impacts, and to increaseréiigibility
through thecontinuedesting of various numeritenethods such as Arbitratyagrangian
Eulerian(ALE), and Smoothed Particle Hydrodynam{&PH)techniques. Additionally,
alternate material parameters generated from test data gathered under vartypg soitivater
content, as well as different megbometrieswere tested to determine timéluencethey have
on EEV peak acceleration, soil deformation and bienaf the element formulatiod hese
simulations were then analyzealassess their sensitivitiesitopact conditionshence
determining theisuitability to predictparticular physical teswith realistic material
deformation The rangeof simulations were steadily increasedeawel of detail andype of
impact surface materiat®onsidered, in order to build a larger archive of EEV landaegarios.
Empirical test dataollectionduring this campaign utilized an approximately 7 story
metalframe tower and compressed air cable pultey system to accelerate a sample EEV to

terminal velocitywithin an extremely short time, seen in Fg.

Figure 9. JPL EEV testing impact tower
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Once accelerated, the EEV was released and impacted into a sample of soil taken from
theRosamond dry lake bed in Rosamond, ChAis more contro#td test environment allowed
for significantly larger numbers of data sets to be collected and utilizig attached
accelerometerand high speed video of the impact, the results of these tests were then used to
validate the constructed finite elemembdels and their ability to predict peak impact
acceleration of the EEV. Once validated, the impact models will then be converted to model the
UTTR soil, and progressively higher fidelity EEV models wa#linput andbe tested. This
process will ensure théhe many errors associated with previous impact testing can be avoided,
and a lower cost, higher efficiency methodology will be used in load prediétioiitionally,
the use of validated finite element simulation in place of impact testing allowsfprahise
control of initial conditions such as impact velocity, EEV orientation and soil conditions. The
work in this paper is stemmed from the methodologies used at JPL, and eisétherimpact

tower data sets to validate the soil models and numeeiciahiques used.

4. Meshing Schemes

As part of eachlilevelopechumerical methodneshingdensities were varied to determine
the effects of such variation on theedicted acceleration curve of the EEAS a characteristic
of finite elements, coarse meséngrally results in an overly stiff matenahich in turnresults
in less realistic deformation of that materesh refinemenstudies wer¢herefore conducted
on each new mesh geometry and for each new element formation to construct a spectrum of
resuts correlated to mesh densities and arrive at a result to which the refined meshes converged.
This spectrunof resultsgives information on the relationship of mesfinement level and the
accuracies of the results of the simulatigsing this informatn, a pattern of convergence is

observeds the mesh refinement process progresses and the mesh density is increased. This
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procedure is meant to determine a mesh density such that the results of the simulation
asymptotically approach what is the most aateibehavigras the changing mesh density

approaches the a critical value.

5El ement For mul ati ons

5.1LagrangeFormation

The Lagrangiarformulation as exg@linedby Kim et al, (2011) is a finite element
method ypically used for solid mechanics simulation. Scenarios where relatively low material
deformation, particularly minimal compressive strain, are expected are instances where
Lagrangiarelements are most effectivEhe Lagrangiarformulation involves a sing|
translatable andeformable mesh for each matemalich moves in conjunction with the
deformation of the materiabr part to which it is assignedeachLagrangiarmeshconsistsonly
of its initial material forthe duration of the simulation, meanitihgit any mesh in the simulation

can only contain its original material and p&#eFig. 10.

Figure 10. Lagrangian formulation consists of a material/part tied, deformable mesh wiuh

carries position information (Siddenset al, 2012)
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During large deformationg,agrangiarelementhave the tendendp lose accuracy as
thar aspect ratio isncreasingly distorted, resulting in a decreasing time step approaching zero
(Do and Day, 2005Kim et al, (2011)adds thatagrangiarelements caandergo large element
distortion, and as a res@kperienceelement entanglement which then often leads to negative
volume and termination errors during simulatidhese characteristican cause severtability
issues when modeling easily deformable materials such as soft soil-eisnouns fluidsdue to
their high strain response to loading. Using these matevithlsften causefailure of the
simulationwhen thecomputedime step becomes too low ¢ontinue calculationor elements
deform to a negative volume

During the modeling of theagrangiarsoil, one point integration elements were used i
order to decrease computatiotiade, as well as to avoid the overly large distortion of the
element dring deformation. This is something that can commonly occur when using a fully
integrated solid element. In order to further reduce the artificial energy creation in the elements,
known as hourglassing, an energy control card was used, *Control_EHetgglassing refers
to a zero energy mogderthagonal to the strain the elementhich can develop in elements
during large deformatiarit can result in the failure, or inaccuracy of a simulation through the

creation of artificial energy. Hourglass modes seen in Fig.1.
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Figure 11. Examples of hourglassing in an eight node, single integration point element
(Hallquist, 2006)

The *Control_Energy card in l-Byna instructs the simulation toropute and include
the hourglassing energy into the energy balance of the system, allowing for the monitoring of the
extent to which elementseating artificial energyAdditionally, this card monitors the energy
dissipationandincluding it in the energdlistribution. This card allows for the energy of the
system to include the hourglass energy, and helps the simulation to consider the effects of

hourglassing in its calculatiorfsS-Dyna,2007)

5.2 Arbitrary Lagrangian-Eulerian

Arbitrary LagrangiarEulerian(ALE) is a combination oEulerianandLagrangian
formulations and isypically reserved for modeling fluidend their interactions with solid
materialsor fluid like behaviorof nonviscous materialModels have the pential to involve
interaction between multiple fluids and nfdaid parts. Unlike in puré.agrangiarformulations
wherematerial mesh is the same as the positional mesh, ALE uses two separate meshes. A
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translatablenondeformable backgrounmesh, referré to as arALE mesh, is initially ceated

to contain the differennaterials in the simulatioWithin this ALE mesh, there is a virtual mesh
attached to the material or materials as they propagate through the fixed ALE mesh. These
meshegan consist of aeries ol.agrangiarmesteswhich deform along with the deformation

of each materialsurrounded by a glob&lulerianmesh While theEulerianmesh is able to move

through space, it remains-aleformed agagrangiarmeshes flow through iSeeFig. 12 for a

visualizationof the ALE construction.

Figure 12. ALE formulation consists of a translatable, nondeformable control volume
containing position information and material mesh showig deformation

(Siddenset al, 2012)

During distortionof the Lagrangiarmaterials, deformation is calculatedthe same
manner ag pureLagrangiarformulations. Theelement state variables are subsequently
remapped to relate their defornaat to the background ALE mesis each material contorts
This second ste@dvection stegs where element state variables are calculated using the
Afconservations of mass, momentum and energy t

(Do and Day, 2005}t is important to note thd&ulerianmeshes areery similar to ALEin that
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they were designed for use modeling large deformation and fluid flow and consist of a non
deformable global volumetric mesh. The central difference is that ALE global mesh, while non
deformable as iEulerian is translatable ispaceEulerianmesh allows for material to flow
through it, easing the possibility of mesh distortion but as a rele@s not retain displacement
data for each element, just the volume fraction of material in EEalghianelement, as explained
by Kim et al, (2011) This trait requires a large, refined mesh which as a result demands a
significant computational expense and | ends i
this downsideFor the purposes diiis work, the background ALE mesh is not required to
translate through space and thus behaves up to the same capabilitiesii@sianbackground
meshwould, but ALE was chosen because of its extensive reputation as a more reliable
formulation as compad toEulerian Generally, ALE formulations show less element distortion
with larger material deformation than in puw&grangianmaking ALE more effectivat
modeling less stiff, more fluidic materigl®o and Day, 2005When modeling fluidic materials
usingthe Lagrangiarformulation there is a tendencyemending of the element size and
geometry and material viscosity, for elements to over deform into their adjacent elements,
resulting in a negative volume element and inaccurate deformation mechanics.

The process of generating a single material ALE maddla multimaterial ALE
(MMALE) model are significantly different. Whegenerating single material ALE modégo
separate parts are created, troen the desired impact material, and the oikeset as voidfor
the material to deform intd@.he choiceof using a void area above the impact material as
opposed to air was made to avoid numerical errors which often occur when assigning the entire
ALE mesh a materiahs suggested dgim et al, (2011) Generating a MALE model, a single

meshed part is created and then partitioned into the initial volumes of the various materials used.
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This process ensures that while each of the different materials deforms, the background reference
mesh is a single construct such taay of the MMALE materials are able to flow into any part
of thebackgrounctulerialALE mesh.

In order to model the interaction of a solid or sheljrangiarpart with ALE or
MMALE, a coupling constraint must be created which is a different formul#teom generic
surface to surface contact used.agrangiaronly interactions.During the interaction of
Lagrangiarand ALE materials, L®ynauses the intersections between the two materials to
determine whegontacthas occurred. Using the volume fractiof ALE which has penetrated
theLagrangiarpart during a single time step, the resulting penetration distance of ALE into the
Lagrangiarpart is foundat each elemenand coupling forces between the two materials are
determinedUsing the magnitude ohése coupling forces, the resultant forces on each of the
materials is determinetlS-Dynathen redistributes the ALE antagrangiarelementsand
applies the determined coupling forsegh that realistic contact occu(®o and Day, 2005)
This process continues over all time steps that the ALH.agthngeparts are influencing each
other, adjusting accordingly for penetration after each iteration.

Depending of the conditions of the simulatisach a mesh size and geometry, impact
velocities, etc. different variations ¢ime*ConstrainedLagrangein_Solidformulation are
utilized on a case by case basis to prevent the over penetration of the ALE lragridegian
part. This process provides a much more conservative approximation for interaction between the
Lagrangiarand ALE parts by calculating the petydforces between the two element
formulations and adding an extra force referred to as the leakage control force. While this setting

will result in an over prediction of the material deformation, it will aid in the prevention of
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element over penetrationhich can potentially result in far more inaccurate acceleration curves
for the EEV.

When using MMALE and varying density within the initial background MMALE mesh,
LS-Dynaapproximates the boundary between MMAIraterialswith different density by
creatirg a density gradient through the boundary area. This is a byproduct of creating a single
MMALE part and partitioning it to form varying materials and varying densities. A visualization

of this approximation can be seerHg. 13.
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Figure 13. MMALE approximates changes in density(kg/m®) between materials

Despite having a surface soil density of 18@81° and subsurface soil density of 1578
kg/m?, LS-Dynacannot transition the matatiboundaries without a density gradient. This
numerical concept is important to consider when evaluating the changes in density and
compression of soil as the EEV penetraldss density gradient is unique to MMALE, and an
immediate density change thrduthe soil is made when using both tlegrangiarand SPH

formulations. For this reason MMALE is slightly more realistic as such immediate density
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changes are not how the soil is@ality. The soil density change with depth is already being
approxmatedby only using two diffeent soil density values, and having the ability to produce a
small soil density gradient by default when using MMALE, increasesd#ism of the model
slightly. The scale in Fig3reals as fluid density because this is the syntax used i@

when describing the density of ALE parts, and is therefore not limited to fluidic materials only,

although MMALE is commonly used model such materials.

5.3 Smoothed Particle Hydrodynamics

According toHortonet al, (2017) smootredparticle hydrodynamicéSPH)is a mesh
free Lagrangiancontinuum method which usgslumelesspherical particles rather than
polygonal, interconnected elemeniyiginally created for the modeling tife physics ofjalaxy
evolution, it has gainedse and reputability in the field of fluid mechanidsexcels at impact or
penetration simulations as well as showing the behavior of fluid flows coatbressiblend
incompressibledue to its stabilityvhile exhibitinglargematerialdeformation Thearbitrariness
of the particle distribution and lack of connectivity between partallesvs for a more realistic
deformation of granular and fluid materials as it allows for adjacent particles to separate
diverge from one anothehdditionally, Kim et al, (2011)points out that this characteristic also
eliminates element hourglassing effects which can alter results in mesh based formulaisons.
negates many dhe element instabilities thabieventionalLagrangiarmeshesand occasionally
ALE, show in larger distortion due to element connectivB®H is known to be
computationally efficient and capable of showing higher accuracy than other element
formulationswhen applied correctlyfVesenjak and Ren, 200Guo, 2010)Vesenjak and Ren

(2009)explain thatt has the potential to reduce or eliminate mesh biasing in material behavior,
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mainly as it affectsleformation, due to its meghee constructionHortonet al, (2017)
elaboratesthani SPH, the continuum, Y, is,eschscretized
containing nodal informationyhere each” particle is related to adjacent particlgof varying

distance such that the conservation equations for density and momentire ysrd
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The spherand intensityof influence of each particle based on its calculated smoothing

length h, and kernel function, visualized inFig. 14

Figure 14. Visualization of SPH smething length, h, and kernel function, W, where red
indicates a larger influence effectivenesgHorton et al, 2017)

Using this weighted sphere of influence, adjacent particles interact with one another based upon

their proximity and relative strength of their kernel functidhas seem Fig. 15.
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Figure 15. Depiction of smoothing length interaction between SPH particle&retsch et al,
2012)

As providedby the LSDynatheorymanual, the kerel function is defined as

W(x,h)=

) &(x)

whered is the number of spatial dimensions aliés expected to be centrally peak&lding the

cubic Bsplinekerne function, d(x) is defined as

1—§M2+§u3 for/u/<1
2 4

O(u) =Cx i(2—u)3 for1</u/<2

0 for2</u/

whereC is a constant of normalization dependent on the number of spatial dimensianis and

normalized distance from the particés shown irfFig. 16.
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Figure 16. Normalization of distance from particle for use in Bspline kernel function

(Hallquist, 2006)

Using these formulatiores particle approximation function is created such that
N
n'f(x,)= ijf(x;.)W(xr. —X;,h)
J=1

and the Aweighto of the paitysuchdhate i s defined

Due to this arduous calculatioprocess of neighbor searching, particularly in dense SPH
fields, computational time can drastically increase as each particle must search its own influence
sphere and then determine interaction wahreofthe found SPH particles within that sphere.

Particles interact with one another based on their proximity to all adjacent particles within their
sphere of influence i where the magnitude of that influence is based on the kernel function

such that the cker two particles are, the larger the influence those two particles have on each
other. I n order to determine particles which
formulation performs a neighbor search during each iteration, for eacHepartits process can

become computationally expensive when using large numbers of SPH particles as the time step
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also is a function of the smoothing length of each particle, increasing with increased smoothing
length. Therefore during simulations with gfgrant particle interaction and density, there is a
laborious calculation process for each time stepreduce this computational time, the bucket

sort method is used, where sp&broken into squares or cubes, depending of the number of
dimensions usk and only the cube containing the particle in question and all adjacent cubes are

analyzed for particle influences. Seg. 17.
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Figure 17. LS-Dyna Bucket Sort Method and Particle $here of Influence, 2.

(Vesenjak and Ren 2009)

In LS-Dyna, it is possible to vary themoothing lengtliuring simulation to account for the
changing of particle density, particularly when particles are becoming less slecis@s in
tensile loading. As a result, the numerical inaccuraciesezhby particles moving from adjacent
particle®spheres of influence is reduced such that less dense patrticle fields have larger
smoothing lengths for each particlownsides of using SPH are thatf@cing essential

boundary conditions is more diffiduh applicationsof structural deformatiqrthere is an
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increasedlifficulty in estimating diffusion in materiddistory, andthe analysisof materialsn
tensile stress statessmade more difficultdue tothe computational effects of increased
smoothingength(Vesenak and Ren, 2009; Wu and Hu, 2014)

In order to increase computational efficiency of SPH formulatmusmaintain a
material interface across most of the material possibleto create a SPHagrangiarhybrid
model where only areas which are knowrekperience large deformation, or specific areas of
interest within the model are modeled use SPH. The remainder of the model canfdraretde
with Lagrangiarelements, using a special hybrid element formulation for elements along the
Lagrangia'SPH boder within the samenaterial or partThe border hybrid elements contain
SPH nodal locations which then provide a penalty force againkatirangiarsection of the
element such that nodal iteration between the SPH.aghngiarparts of the material are
transferred to one another across the hybrid border. This method of using hybrid SPH greatly
increases computational efficiency and simplifies the model creation p(@ess2010)For
this study however it was found that thegess of correctly assigning the contact and interaction
between the SPH andgrangiarparts was not well documented, and the computational
efficiency of the simulation was improved in other aspects of the mottelut the use of hybrid
LagrangeSPH costructions

The process of creating SRidrts differs from traditiondlagrangiarparts. Generally
when creating an SPH partl.agrangiarvolume is first created in the area where the SPH part
is desired. Théagrangiarelements are then filled withPHsuch that the density and

orientation of particles is dependent upon the pdragtangianmesh as seen kg. 18.
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Figure 18. SPH particles are created from a parentagrangian mesh(Gretschet al, 2012)

When constructing the SPH particle distribution, it is important to maintain a uniform
initial particle distribution within each part such that each particle has an equal initial smoothing
length. This is cruciao the accuracy of the model as SPH rely of their sphere of influence to
model nodal interactions and if a uniform body is not medlehiformly with SPH, then its
physical characteristics are inaccurate. For instance, when modeling cylindrical gag&wit
with a parent.agrangegeometry, the discrepancy must be made during creation to form the SPH

from theLagrangepart such that SPH are approximately equidistantFiged9.
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Figure 19. Mesh 1 shows a well distributed SPH particle field. Mesh 2 shows a poorly
formulated SPH part. (Hallquist, 2006)
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FromFig. 19 a clear discrepancy between a well distributed SPH particle(freddh 1)and

poorly distributed SPH fieldmesh 2an be seen. Wenusing an SPH mesh such as in mesh 2,
there is a large discrepancy between initial particle distances and can lead to inaccuracies
Therefore, when generating SPH models, the SPH configuration seeshirlmas used to

ensure equal particle initial separation.

6.Materi al Model s

6.1 Fluid

Fluidic material models, for the purposes of this study, were largely meant only for the
validation of various ALEand SPHmethods due to their ease of use and easiljigable
material deformation respondeagrangeelement formulations were not used when modeling
fluids due to the relative low viscosity of the materials chogeggtableoil and water) and the
Lagrangdormulatiord Bmitations when modeling larger defoation. In preliminary testing, it
was determined that fluid resposseodeled usindg.agrangiarelement formulation resulted in
numerous element instabilities including element penetration and element zero volume errors. As
such, ALE and SPH element fortations, which are commonly used to show fluid behavior
were the only formulations extensively pugd for use in fluid modeling’he LSDyna material
*Mat_9 Null was usedlue to its simple requirement of input parameters, its ability to show
material stran-rate effectsand bydirection of the LSDyna material manual. The naero
material inputs for water and oil are listedTiable 1.

Table 1. *Mat_9 Null Non-zero material inputs

Mass Dasity | Viscosity
RO (kg/n?) | Coefficient
Water 1000 .001
o]] 700 .001
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The viscous stress of the material is calculated using the equation
f— !
0, = HE;
where- e is the deviatoric strain rate and [ is the input viscosity coefficient.
*Mat_9 Null also requies an equation of statéhich was defined as a linear polynomial

function with nonzero inputs seeim Table2

Table 2. *EOS_Linear Polynomial Non-zero inputs

Cl 2.2e9
VO 1

By definitionof the EOS_Linear_Polynomial card, when all other coefficients are zero other
than C1jt is defined as the elastic bulk modulus andréseiltantequation of state (EO$annot
be used for modeling any material behavior beyond the elastic rdgithés instance, this
limitation is irrelevant when modeling fluidic response as the two fluids are assumed to only

show elastic behaviolhe pressure equation is of the form
2 3 2
p=Co+Ct+Cyt* +Cypt’ +(C, + Cout+ Cy* | E

whereE is defined as the internal energy per initial volum@,and p is define@s

1
=——1
4=y

Such thaV is defined as the relae volume(LS-Dyna 2007)

A simple model consistingf@ rigid shell aluminum ball with an initial velocity ofri/s
dropping into the oil and water MMALE was created to validateMNRALE formulation. It
was compared qualitatively against a similar model proposéddxanderet al, (2012)for

general material defmation patterns and behavior. $ég 20.
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(a) (b) (c)

Figure 20. Current MMALE oil and water, bottom, comparison with ball into water, top
(Alexander et al, 2012)

The material deformation in the MMALE simulation was determined to be comparable to
previous simple fluidnodeling in LSDyna.As also suggested ®lexanderet al. (2012) such
an experimet could be validated qualitatively against a simple physical experiment. Base on the
success of this simple MMALE model, it was determined that a sinulastruction

methodology be used while creating the soil MMALE formulations.

6.2 Soll
Anticipated tobe the nominal impact material for EEV missions, soil was extensively

modeled using.agrangian MMALE and SPH methods to ensure that the most accurate method
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was used for each different soil variation. A wideted and curtailed material card used fdr so
modeling, *Mat_5_Soil_and_Foam, wased as the soil material due to its ability to model

pressure dependent materials and because its input parameters are generally easy to determine.
The material card requires elastic shear modulus, G, bulk unloadidglus, BULK, three
coefficients for a fitoapahdalténealussddr @pressare \ersuss t r e
volumetric strain curve, mass density RO and various other material paraanelisted in

Table3 andTable4.

Table 3. *Mat_5_Soil_and_FoamCarson Sink Soil Parameters

Material Parameter (m, kg, § LS-Dyna Syntax Dry Soil Wet Soill
Density RO 1378.6kg/n? 1442.75g/m?
Shear Modulus G 1.096e7Pa 3.447e6Pa
Bulk Unloading Modulus K 1.338e8Pa 8.687e7Pa
A0 1.336e7P& 9.355e7P&’
Yield Surface Coefficients Al 6625.8618a 1.281e4dPa
A2 .822 439
Pressure Cutoff PC 0 -1
Pressuré Volume Point 1 EPS1, P1 0, OPa 0,0Pa
Pressuré Volume Point 2 EPS2, P2 -.001, 1.655e4a | -.007,3.103edPa
Pressuré Volume Point 3 EPS3, P3 -.002, 2.455e#a | -.0102,3.696e4Pa
Pressuré Volume Point 4 EPS4, P4 -.004, 3.309e#a | -.013,4.137e4Pa
Pressuré Volume Point 5 EPS5, P5 -.005, 3.944efa | -.019,4.826e4dPa
Pressuré Volume Point 6 EPS6, P6 -.01, 5.081e4a | -.063,8.274edPa
Pressuré Volume Point 7 EPS7, P7 -.07,1.379e%a | -.125,1.351e5Pa
Pressuré Volume Point 8 EPSS, P8 -.111, 2.068e®a | -.185,2.206e5Pa
Presswei Volume Point 9 EPS9, P9 -.15, 3.447e%a -.22,3.241e5Pa
Pressuré Volume Point 10 EPS10, P10 -.18, 4.895e%a | -.259,4.619e5Pa

Table 4. Notional *Mat_5_ Soil_and_FoamRosamond LakeSoil Parameters

(Courtesy of JPL)
Material Parameter (m, kg, § LS-Dyna | Moisture 10% | Moisture 25% | Moisture 45%
Syntax
Density RO 1200 kg/n3 1200 kg/mi 1200 kg/ni
Shear Modulus G 4.16e6 Pa 3.441e5 Pa 1.227e5 Pa
Bulk Unloading Modulus K 5.108e9 Pa 8.888e9 Pa 5.001e9 Pa
Yield Surface Coeffients A0 3.398e10Pa 3.565e9 Pa 2.189e8 Pa
Al 1.181e5 Pa 1011.7 Pa 18.8139 Pa
A2 .1027 7.177e5 4.042e7
Pressure Cutoff PC -100 -100 -100
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Pressuré Volume Point 1 | EPS1, PJ 0,0 0,0 0,0

Pressuré Volume Point 2 | EPS2, P2 -.066, 6.24%a | -.01,2.7385 -.0024, 2.236e5
Pa Pa

Pressuré Volume Point 3 | EPS3, P3 -.1368, 1.386ef -.0769, 7.028e5 -.005, 4.819e5
Pa Pa Pa

Pressuré Volume Point4 | EPS4, P4 -.2031, 2.419¢e€q -.1254, 1.073e6 -.0076, 2.246€6
Pa Pa Pa

Pressuré Volume Point5 | EPS5, P -.2724, 4107e6| -.1565, 1.313e6 -.0102, 9.275€e6
Pa Pa Pa

Pressuré Volume Point6 | EPS6, PG -.3426, 6.911eq -.1764, 1.809e6 -.0127, 1.587e7
Pa Pa Pa

Pressuré Volume Point 7 | EPS7, P7 -.4144, 1.126e7 -.1908, 3.045e6 -.0153, 2.551e7
Pa Pa Pa

Pressuré Volume Poirt 8 EPSS8, P§ -.484,1.83e7 | -.2006, 8.035e§ -.0179, 3.432e7
Pa Pa Pa

Pressuré Volume Point9 | EPS9, P9 -.5521, 2.975e7 -.2074, 2.962¢e7 -.0204, 4.128e7
Pa Pa Pa

Pressuré Volume Point 10 | EPS10, | -.6223, 4.89e7| -.212,4.976e7| -.023, 5.017e7
P10 Pa Pa Pa

Theelastic shear modulus, the slope of the shear stress versus shear strain curve,

determines the shear deformation upon loading of the soil and is obtained through a uniaxial

strain test. The same test can be used to determine the pressure versusivciuane curve

values. A hydrostatic compression test is used to determine the unloading bulk modulus by

fitting the mean stress versus strain curve during the unloading stage of the test. Finally, a triaxial

compression test is used to determine treffiment valuedor the shear failure envelope

(Thomaset al, 2008) The deviatoric behavior of the materiapiessure dependent such that

through the constants,a and ait is described as

1
2
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where g is the measured triaxial stress. The single histariable used by *Mat_5 is the
maximum volumetric strain in compression, which is progressively updated when a new value is

measured at each time step. Using the equation

JA
a,+a,p+a,p’
i = 1 Sij

— S

zzjszj

n+l  __

U

an updated value for the triaxial stress can be found upon yield conditionovialdtere §; is
the updated trial stregblallquist, 2006)

The triaxial compression test is performed through the hydrostatic loading of a specimen
to a confining pressure, at which time a compressive axial strain is applied. Typically a range of
confiningp essures are used over multiple tests to
and to determine the relationship between normal stress levels and shear dfi@agial strain
testing involves the application of compressive axial strain witliramsn the radibdirection.

A dynamically changing confining pressuseappliedto prevent radial strain from occurring.
Therefore in a uniaxial strain test the total volumetric strain of the soil sample is equal to the
axial strain, and is easily meaed compared to other testing scenarios. Output from the uniaxial
test allows for the estimation of tR®issorratio using the relationship between axial stress and
the applied confining pressure which is then used to determine the shear and bulk moduli
(Thomaset al, 2008)

Used in astudy byThomaset al, (2008) soil parameters for *Mat_5_Soil_and_Foam
based on soil samples froGarson Sink, NMWvere used to justify the validity of soil impact
models.The objective oifThomas et al. was to predict loading on the Orion Crew Exploration

Vehicle (CEV), an airbag assisted, crewed impact vehtdeson Sinks similar to the UTTR in
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that it is aplaya, adry lake bed, extending ev a large area of varying soil, saat ro&
conditions.Generally, the area is a dry, relatively hard clay with increasing moisture content at
depth. The area is prone to seasonal flooding which can drastically alter the moisture content of
the soil to the point where the soil is completely sulgmein waterThe behavior of the soll
significantly changes according to moisture content where it is at its hardest when at its lowest
moisture percentage and is progressively softer and more fluidic at higher water cOihtenas.
are areasf large sad dunes which interrupthat is otherwise flat clay. Unlike in some other
dried lake bedghere is nshoreline thahccumuatesrocks and sedimenRegardless, off
nominal impact materials were considered in this study as there is still the posdibditi or
concrete impact at the proposed landing locations.

As explained byrhomaset al, (2008) there were two samples taken from Carson Sink,
a wet and dry soil, each representing either end of the soil satusgectrum. Carson Sink,
unlike other locations consideredch as Cuddeback Lake, CA, does cantitain a diverse soll
variety, ratherit shows a wide range of soil moisture conteritde same soil typ&his
behavior is similar to the soil used biyLfor its EEV impact testing taken froRosamond
Lake, as they also focus on the variation of soil moisture rather than type dhsoilaset al.
collected two samples from Carson Sink, a dry and wet saturation suchethabtbamples
represent the two extremes of the areierms of moisture conterSimulations were performed
using both soils to show a potential loading envelope for the EEV impactingoteand least
saturatedCarson Sink soils

Additionally, Rosamod Lake soil parametersourtesy of JPLwere used and compared
with the results from the Carson Sink simulatioftse Rosamond Lake soil parameters have

been used by JPL in validation of an impact testing campaign of sample EEV geometries. Their
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objectiveis to successfully model the acceleration curve measured by an accelerometer placed in
the nose of the test EEV penetrometer. Once the acceleration curves of these test are able to be
recreated using numerical simulation, the soil parameters for the ST Rill be input into the
simulations, along with a higher fidelity EEV geometry with realistic materials. The resultant
simulations will be used to predict mission scenario loading of the EEV and OS without the need
for continued empirical testinghis methodologycan be applied to the analysis of the UTTR

site using the relative behavior of loading during soft and hard soil impdtdhe proposed

methodology used for loading predictions ifmpact inRosamond Lake and Carson Sink

6.3 Concrete

In the event that the EEV does not impact with the UTTR soil, there is a high likelihood
that it would impact a rock or concrete like surface. The significantly harder, and more brittle
impact surface would produce a much lar@doad on the EEV than in a namal impact case.

In order to account for such a scenario and predict possible loading on the EEV, impact
simulations using a conceetaterial model were performed.

The material card *Mat_159 CSCM_Concrete was chosémeasoncrete materiéd be
used dee to its simple desigfew required material inputand well documented uséhe
Continuous Surface Cap Model (CSCM) implements isotropic constitutive equations, a three
stress invariant yieldusface, damage based softening, uslegnent erosion andiffbhess
modulus reduction. Additionally, in the case of larger strain rate applicatoolsas in EEV
impact scenarios when strain will occur very quickly as a function of the impact tipeedte
effects of concrete deformation are implementéd stength of concrete is strain rate
dependent such that the strength increases as strain rate increases. This means that under a large

impulse impact where a large strain rate can be expected, the strength of concrete is much larger
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than in a lower impulseripact. The behavior of these rate dependent parameters were
determined through laboratory uniaxial testinguyrray, AbuOdeh and Bligh (2007 his LS
Dynamodel provides aet of defaultnput parameterand only requirethe material density,

brittle damage modulus, aggregate size and the unconfined compressive stisimgiimaterial

data from a study on concrete road barrier impactMioyray, AbuOdeh and Bligh (2007a

series of simulations were created to model the survivability of an EEV impact with a concrete or
hard aggregate surface. Nearo LS-DYNA inputs are shown iffableb.

Table 5. Non-zero/default, Material Input Parameters for *Mat_159 CSCM_Concrete

Material Parameter (m, kg, s) | LS-DYNA Syntax Value
Mass Density RO 2320
Element Erosion Criteria ERODE 1
Compression Modulus Recover RECOV 10
Unconfined Compressive Streng FPC 3.044e7
Maximum Aggregate Size DAGG .025
Unit Conversion for Calculation UNITS 4

6.4 EEV Materials

In order to create a more realistic impsaceénario, a deformable EERY model was used
when impacting concrete or at @fbminal angles in order to more accurately capture predicted
deformation. LSDyna offers numerous material models for modeling elastic plastic behavior.
Three such models werbasen: *Mat_Elastic, *Mat_Piecewise_Linear_Plasticity,

*Mat_Plastic_Kinematic. Se€able6, Table7, andTable8 for Aluminum EEVmaterial input

parameters.
Table 6. *Mat_Elastic material inputs
Material Parameter LS-Dyna Syntax Value
Mass DensityKg/n?) RO 2700
Elastic Modulus Pa) E 68.9e9
Poisson Ratio PR .33

38



Table 7. *Mat_Plastic_Kinematic material inputs

Material Parameter LS-Dyna Syntax Value
Mass DensityKg/n?) RO 2700
Elastic Modulus Pa) E 68.9e9

Poisson Ratio PR .33
Yield Stress Pa) SIGY 276e6
Tangent ModulusHa) ETAN 447.4e6

Table 8. *M at_Piecewise_Linear_Plasticity

Material Parameter LS-Dyna Syntax Value
Mass DensityKg/n?) RO 2700
Elastic Modulus Pa) E 68.9e9

Poisson Ratio PR .33
Yield StressPa) SIGY 276€6
Tangent ModulusRa) ETAN 447.4e6
Strain at Ultimate Failure FAIL .08

As the name suggests, *Mat_Elastic only offers the ability to model the elastic region of
the material deformation. While this card is useful when only small elastic deformation is
expected, it cannot show plastic deformation or failure, meaning iskaollv an unrealistically
strong material when large deformation occurs. It is therefore predicted that this material will
show a much larger peak acceleration than the other two material cards used, as an elastic only
EEV cannot absorb the impact energyvadl as one that will deform more. A
*Mat_Plastic_Kinematic material card allows for the plastic deformation of the material by
requiring the input of both a yield strength above which plastic deformation will occur, as well as
a tangent modulus. The tamg modulus, a parameter also used in
*Mat_Piecewise_Linear_Plasticity, is a linear approximation of the plastic-stireés curve,
calculated using thienow plasticand ultimate yield strengths of the material, the elastic modulus

and strain at ultimatiilure. This approximation allows for the greater simplification of the
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model by not requiring the input of an actual, more accurate sireés curve. This greatly

simplifies to the calculation process during simulation and reduces the number md éopits

on the material card. It allows for the plastic modeling of the material with only limited known
parameters, and increases accessibility of the simulations with respect to what materials can be
used. These values were obtained from public matefatabases. The approximated stress

strain curve, used by both *Mat_Plastic_Kinematic and *Mat_Piecewise_Linear_Plasticity is

shown in Figl.

Approximation of Aluminum Stress-Strain Curve

~ —elasticH
—plastic

stress (Pa)

straiﬁ im/m)
Figure 21. StressStrain approximation for Aluminum EEV
The main difference between the *Mat_Plastic_Kinematic and
*Mat_Piecewise_Linear_Plasticity cards is that *Mat_Piecewise_Linear_Plasticity allows for the

input of an ultimate failure. Upon ultimate failure, the elements are deletedHeom

visualization, yet the mass of each element remains for the sake of preserving momentum
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conservation. A large advantage of this method is that it allows for both plastic and ultimate
failure where the other two material models do not. When largerdafions are expéed, as is

the case when impactingry brittle, or rigid surfaces$aving the capability to show ultimate

failure of the EEV becomes more valuable. While the other materials will most likely prove
adequate for showing smaller EEV deforioat such as during efiominal soil impact

scenarios, they will show an overly strong material during the application of loads larger than the

yield strength.

7.Mo d el Creati on

Final model geometries were based upon past and current EEV experimeptalsetl
by NASA JPL for empirical EEV impact testing. In order to progressively validate the accuracy
and efficiency of each experimental parameter such as aeesities element formulation or
LS-Dyna material mods] the complexity and resolution of éascenario were progressively
increased, gradually increasing model fidelity. Generally in the case of impact problems this
involved first the validation of the materials being used, then finalization of the element
formulation, increase of the model fidg] and finally optimization of the meshing scheme. A
simple ball/box model was created where a solid, rigid ball of a previously validated material
such as steel or aluminum impacted the test material using a course, simple mesh, at a low
velocity, withn o accel eration. Using an estimate of
would occur, the appropriate element formulation was chosen for initial testing. Generally, very
rigid, brittle materials, or more viscous soils were first modelddgrangianand less viscous
materials werehosen to benodekdin ALE. Based on the behavior and elemental stability of
the resulting simulation, it was determined what changes could be made to improve the stability

and realism of the impact material, or if altermatinaterials would be better suited for the
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current objective of the model. Upon stability validation, or in some cases when alternative
element formulations were estimated to show possible improvements, a finalization of the
element formulation was mad@ased on the initial behavior of the model, it was determined if
another element formation would be more appropriate and was subsequently tested. Upon
finalization of the materi al parameters and
increaed over progressive models through the application of gravity and external forces,
replacement of the generic rigid ball with rigid EEV folles\by a deformable EEV, and more
accurate impact velocities. Once the final model intricacy was successfidly, testshing

schemes were explored and thedel dependence on the mesh densdg analyzed in an effort

to determine the resaltitconvergence of the model.

Depending on the element formulation and desired impact material mesh geometries, the
modification of the EEV mesh was required. In many cases when using ALE or SPH element
formulations, a general elemenzairatio must exist between tAeE or SPH and the
LagrangiarEEV such that over penetration does not occur, and the contact parameters are able
to accurately map material interactiomgis ratio is typically a 1:1 ratio for ALE, and a 1:4 ratio
for SPH such that there are 4 SPH particles for each Lagrange elBmenb. the geometry of
the EEV, specifically its rounded nose, the meshing schadhelament size were limited when
meshing with relatively coarse mesh due to the number of elements in that area of the EEV
required to capture the surfacebds curvature.
generic EEV was used to be limited i ttlement size chosen for the impact material.
Maintaining the desired element size ratio between the two impacting surfaces was required in

order to prevent over penetration by ALE or SPH elements and also show realistic deformation
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in element formulatiom with conrected noded,agrangeand ALE, where the smoothness of

material deformation is largely governed by the size of the elements.

There were

two different

EEVO6s used

both made fromAluminum 6061T6 with material parameters listed Trable9.

Table 9. Aluminum 6061-T6 EEV Basic Material Parameters

f

Parameter LS-Dyna Syntax Value
Density RO 2700kg/n?
Elastic Modulus E 7el0Pa
Poisends Rat PR .3

The snaller of the two EEVs, the EER has dimensionssted inTable10

Table 10. Dimensions for EEM-R

Diameter 5m

Height 15m

Sphere Con®adius 42 mm
SlopeAngle from Normal 60.3

and is shown meshed kig. 22.

Figure 22. Meshed EEV\R

Theother EEV, the CP300 has dimensions provided by JPL listédhle11.
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Table 11. Notional CP-300 Dimensions(Courtesy of JPL)

Diameter 1.35m
Height .39m
Sphere Cone Radius 300mm
SlopeAngle fromNormal 60.8
Nominal Mass 120.9kg

The meshed representation of the- 8P can be seen Hg. 23.

Figure 23. Meshed CR300

The use of a fully integrated, and highly detailed EEV model is unneeded for much of
this work since the main focus is on the soil model and the general behavior of the parameters of
the EEV as they relate the peak acceleratio®uring simulation, the mass of each EEV is able
to be increased from its nominal mass to simulate an increased payload or increase in internal
componentnass Therefore, since the mass is changed independent of the geometry, and the
geometry of the leadg face of the EEV is most crucial of impact behavior, these
approximations of the EEV are used. Additionally, this technique reduces the complexity of the
model and as a resplhe computational cost and meshing difficulty. When meshing the curved

surfa@ s of t he EEV, the el ement size is |imited
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changes. This limitation is the cause for the lmdsnser mesh around the vertical center of the
EEVs since in order to capture the geometry, the element sizéoendstreased. Also, when
meshing a circular object using radially emanating elements, the size of the more central
elements is typically much smaller than that of the outer most elements. As a result, a
compromise must be made to make elements toward®ther which are small enough to
capture the curved geometry and to ensure that the elements around the outer edge of the EEV
are not overly large, but also large enough to maintain a computationally effective apect ra
and lower simulation time.

Thesoil geometry was universally constant across all simulationsi AZn x1.5m
cubic geometry was generated as the soil. The soil consists of two separate parts, a surface and
subsurface part such that the subsurface part begins am08epth and ishe denser of the
two soils.The boundary conditions of the soil were set to be fixed along the bottom horizontal

plane and each vertical side plane along the outside of the geometry. This simulated a fixed
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container in which the soil is housed. A consgavity load is applied across the model for the

duration of the simulatiorA representation of this construction is showikiig. 24.
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Figure 24. Impact model representation

8 Resswmlnd Di scussi on

Data results were generated through theDya output ASCIII and were filtered when
necessary usingButterworthfilter via Matlab. When used, the filt@applied was a second order
filter with normalized cubff frequencyo f . 1~ r a d/ sveamgelected bedabse iswas i | t e
able to smooth the data and decrease any excessively large vibrations in the results without
detracting from the overall trend of each dataBetplayed data is filtered using this technique

unless otherwise specified.
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8.1 EEV-R Mass Variation

In order to gain a perspective of the influence of changes in EEV mass on the peak EEV
acceleration upon soil impact, a study was performed wsigtgangianMMALE and SPH
element formulations. The goal thiis section is to establish a relationship between EEV mass,
peak acceleration and penetration depth, all other parameters held constant so that effects due to
changes in payload mass could easy be prediatethree numerical formulations were used in
an effort to validate the legitimacy of each one through the comparison of its results to the others.
Due the somewhat large percent error associated with the SPH and Lagrange formulations during
material validation (see 8.3.1), these formulations wergpeoed with the results of the
MMALE simulations in this sectionver numerous trials. This was ddoeshow that they have
the capability to produce results consistent with MMALE, a model validated in sectioneh@.1
that errors in reproducing the sectest scenario provided were unique to that scen@fttere
large errors were found between the numerical formulations in this section, various element
parameters, most frequently the element size, were varied on a case by case basis to optimize
each mdel to the scenario being modeled. Using this process, the results of each modified
simulation were compared across numerical formulations to ensure that each formulation
produced consistent results.

The findings from this section can be used to prediahges in peak acceleration due to
different sample sizes, the addition of internal components or any increase in the payload of the
EEV without changing its overall size. A constant EEV impact velocity ah&Qvas chosen
across all trials and the EEV wahosen to be rigid to eliminate vibratgoand noruniform

accelerations through its geometry.
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8.1.2 Lagrangian

A traditionally easy formulation to work with and to create models from, the simplest
formulation availablel.agrangianwas initially used to natel the deformation of soil due to
EEV impact. Rosamond 25% saturated soil was used during the first series of tests due to its
comparatively high viscosity, and thus predicted lowest deformation of all available soil models.

A sample acceleration curverggated using a 3y EEV-R, can be seen iAg. 25.

EEVR Acceleration Curve Rosamond 25% Lagrangian

600 T T T T T

‘*Lagrangian 50kg

500 [~

100 -

o 0002 0.004 0.006 o008 0.01 0012 0.014 0018 0018 0.02

time (s)
Figure 25. 50 kg EEV-R z-acceleration duringimpact with Rosamond 25%Lagrangian soil

FromFig.25there can be seen two distinct behaviors occurring in the acceleration curve.
Region A shows peak acceleration, occurring after the initial loading of the soil, and region B
shows the prolonged acceleration due to the large hour glasseetseff the simulation. As the
EEV impacts, the.agrangiarelements become increasingly distorted with more soil
deformation, leading to simulation instability, characteristicagrangiarelements under larger
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deformation. A progression of this elemerdtdrtion can be seen in the tifegpse shown iffrig.

26.

t s O t = s001 t = s0044:

Figure 26. EEV-R time-lapse of Rosamond 25% agrangian penetration

The large distortion in theagrangiarelements is expected during large deformation, but this
distortion results in large amounts of simulaterergy being diverted to hourglass energy. A

plot of the simulation energies can be seefgn27.
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EEVR Energy Distribution Rosamond 25% Lagrangian

T T
4 =
— Total System Energy
35 —Kinetic Energy .
Internal Energy
ar —Hourglass Energy |+
SZS r N
>
=)
G 1
c
LLI
15 *
e N
05 1
0 | | | |
0 0.005 0.01 0015 0.02
time (s)

Figure 27. EEV-R impact with Rosamond 25%Lagrangian soil energy distribution

Thehourglass energy incressto a significant percentage of the total energy after the
peak acceleration occyi® approximately .004, due to the increase in the element distortion.
This also is a cause of extremely prolonged-nero EEV acceleration dag region B of
Fig.25. The excessive energy unrealistically maintains EEV acceleration as distortion increases.

The same pattern can be seen in all other cases,irFig. 28
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EEVR Acceleration Curves Rosamond 25% Lagrangian Formulation
—50 kg
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125 kgl
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Figure 28. Unfiltered EEV-R z-acceleration vs. time for Rosamond 25% soil,agrangian
formulation

The measured peak acceleration of each case is shown in

EEV- R Mass kg) Peak Acceleration®)
50 549.99
100 35903
125 303.17
141 276.76
190 218.18

Despite having drastically different peak accelerations, each mass case maintains an
approximately equal residual acceleration during later time steps. Due to this characteristic of the
simulations, it can be estated that the deformation present in these impact scenarios is too
large forLagrangiarelements to accommodate accurately. To provide further evidence of the
inaccuracy ot.agrangiarelementsa CR300impact test was simulated usibggrangian

elementsand is discussed further in subsequent sectns.to the found limitations of
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Lagrangiarelements for modeling the high deformation of soil, further simulations using soil
impact surfaces were performed using MMAQESPHelements.

TheLagrangiammeshwas refine in order to determine if any reduction of hourglassing
would occur. The results of the mesh refinement are showallel and Fig29.

Table 12. Results ofLagrangian mesh refinement

Number of Elements Peak Accel (G) Percent Convergence
299,820 549.99 -
1,199,280 527.79 4.04 %

EEVR Acceleration Curve Rosamond 25% Lagrangian Mesh Refinement
—Lagrangian
500 |- —Lagrangian refined x4 |-

accel (G)

100 —

o 0.002 0.004 0.006 0.008 0.m 0.012 0.014 0.016 0.018 0.02

time (s)
Figure 29. Unfiltered z-acceleration curve of refinedLagrangian mesh
It was cetermined based on the resultant acceleration curve of the refined mesh that the
hourglassing is still occurring, and that the deformation oL #grangeslements is too large to
maintain simulation accuracyhe further refinement of the mesh resultethim negative
volume of elements due to over compression, and for this reason, further refinement was
suspendedlherefore, alternative element formulations are preferred, and were explored more
thoroughly.
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8.1.2MMALE

Due to the clear limitations seé the analysis of thieagrangiarelement simulations,
the MMALE formulation was explored significantly further for its use asilarsadeling tool.
Both Rosamondnd Carson Sink soils were analyzed using MMALE for this reason. The peak
EEV-R acceleratia valuesand penetration delecan be sen in Table13 for Carson Sinkand
Table14 for Rosamond

Table 13. Compares EEV-R mass with peak accelerton and maximum penetration depth
Carson Sink soill

EEV Mass Dry Saoll Wet Soll Dry Soil Max. Wet Soil Max
(kg) Peak Accel G) | Peak AccelG) | Penetration Deptmf) | Penetration Depthn)
50 605.39 564.13 426 .361
100 457.33 395.78 534 461
125 401.49 344.97 577 511
141 373.51 314.97 .602 552
190 299.29 264.97 .665 .615

Table 14. Compares EEVAR mass with peak acceleration and maximum penetration depth
Rosamond Soll

EEV 25% Sat. Soil| 45% Sat. Soil 25% Sat. Soll 45% SatSoil Max
Mass kg) | Peak Accel G) | Peak Accel G) | Max. Penetration Depthm) | Penetration Depthr)
50 545.35 565.63 .550 .582
100 353.12 425.09 .679 741
125 283.62 327.22 747 .795
141 247.88 277.78 775 .811
190 277.02 273.54 710 .809

A general patterin the EEV acceleration can be seen throughout each mass case. The

behavior of a 10@g EEV-R impacting Carson Sink dry saibn be seen iRig. 30.
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EEV-R Acceleration Curve - Carson Sink Dry
I

700 T T T

500 — —

200 — —

100 [— —

o \ I \ \ I \

0 \_/ﬁoa 0.01 0015 0.02 0025 0.03 0035
time (s)

Figure 30. Unfiltred 100kg EEV-R unfiltered z-acceleration duringimpact.
Carson SinkDry

There ardour distinct regions in each EEV acceleoaticurveJabeled A, B,.C and Din

Fig. 30. Region A is a result of the conservative penetnagieitings made for the MMALE to

ensure that the soil material does not over penetrate the EEV. While this setting ensures more

realistic deformation during later time steps, it resuls iarger nonphysicalinitial

acceleration spike in the data dodlie preemptive contact between the EEV and theTdwl.

maximum acceleration shown by region B representsdd@mumimpactacceleratiorof the

EEV as it impacts theurface soil. It is at this point where the maximum acceleration of the EEV

for that @se is measured. After reaching maximum acceleration, the EEV descends through the

surface soil, progressively feeling an increased effect of the denssudabe soil on its

accelerationRegion C shows the time period where the more denssistdcce sil significantly
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influences the EEVO6s acceleration, resdlting
surface soil extends the acceleration time of the EEV and in some cases which will be seen in

Fig. 33, can result in a small increase in late impact acceleration. This prolonged, and less rapid
deceleration is denoted by region D. The D region acceleration occurs when the EEV moves
completely through the surface soil comes in direct contact witkuitisurface soil. Since the
subsurface soil is denser than the surface soill, it is more resistive to deformation than the surface
soil, resulting its resistance to EEV penetrati@rsnapshot the simulation at each region can be

seen inFig. 31

Figure 31. EEV-R time-lapse of acceleration curve regions

UsingFig. 31 as reference, region A is clearly a result of the conservative contact settings for the
MMALE. The peak acceleration at region B does not show a definagcteristic other than
most of the EEV is submerged at the time, and there is limited interaction with teerfarde.

Region C shows a significantly larger EEV effect on thesuwiace soil which translates to
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region B where the EEV is in physical caat with the denser soil, leading to thelpnyed
acceleration magnitude.
The deformation of the soil was found to be significantly larger whem#ss of the

EEV was increased. S&&. 32

EEV Penetration
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Figure 32. Total soil penetration depth as a function of changing EEAR massi
Carson Sink
As aresult of the more massive EER6 penetrating deeper into the soil, their
acceleration curves show a larger secondary acceleratioppgadtionalto increasing EEMWR
mass. Also, total acceleration time of the EEWvas largest at largest mashe peak

acceleration was found to increase as a function of decreasing makgy.38e

56



EEV-R Acceleration (G) Curves through Changing Mass - Carson Sink Dry
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Figure 33. EEV-R z-acceleration curve as a function of changing EEV mass
Carson SinkDry (filtered at 1000Hz)

EEVR Acceleration Curves through Changing Mass (filtered .05 = rad/s)
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Figure 34. EEV-R z-acceleration curve as a function of changing EEV mass
Carson Sink Dry (filtered at 500 Hz)
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In addition to the 10001z filter, a 500Hz filter was also applied in Fi®4 to mask any
high frequency vibrations and to gain a perspective on the general acceleration behavior during
impact. While it is obvious in these trials that the larger magseriences a lowgreak
acceleration, another clear variation is present between masses. Since the more massive EEV
penetrate more into the surface soil, they subsequently interact more with the dérserfase
soil. This interaction can be seerFig. 33 at approximately .08, where there is a sudden
increase in EEV acceleratiohhis behavior occurs because once the EEV initially impacts the
surface soilind experiences peak accelera(ten0075s) and begins to move through the
surface soil (~.0075- ~.029), it then must begin to displace and compress the more dense sub

surface soil which up until this time has not undergone significant deform&gehig. 35.

Figure 35. EEV begins interaction with the significantly less deformed sulsurface
soil, resulting in acceleration increase in later time stepsCarson Sink Dry
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The belavior of the acceleration curve is better understood when examining the behavior

of the stress inside the soil, seen in Big.

Von Mises in-plane stress
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Figure 36. Von Mises stressHa) through crosssectionof Carson Sinksoil during impact

Based on the stress distribution in the soil, there can be seen to be two main loading stages
during the impact; one at the initial impact of the EEV, corresponding to the first three frames of
Fig. 36, and a secondary loading, in tHéfsame, mainly along the outer rim of the EEV which
occurs after a slight drop in maximum stress in the soil, between loading stages. These two main
large compressions of the soil coincide vtk initial peak acceleration, and the secondary,

more prolonged acceleration, of the EEV. Using this information, and the behavior of the EEV
acceleration curve, the reaction of the soil can be more extensively understood and used in the
design of EEV ath OS constructionAlso, it should be noted that the stress in the soil propagates
radially and vertically fronthe point of EEVimpactdue to the compression of the soil as the

EEV penetrates, meaning that while the surface soil feels large stressedysheace soil feels
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no stress. It is not until the soil around the EEV has compressed significantly, and the EEV has
traveled into the deeper areas of the soil that the stress at the bottom of the soil is nonzero. The
progressive density changéth conpressiorthrough the soil can best be seen in the SPH
density distributions of Figt5and Fig.47in section 8.1.3.

As a consequence of using a less refined Aldsifor the sake of increasing
computationally efficiency, as well asaintain compatibility with the mesif the EEV, there is
minor ALE penetration of theagrangiarpart during later time steps. Due to the shape of the
EEV geometry, there must be smalkments in the center to ensure that the elements extending
radially outward are not overly large towards the edge of the EEV. Therefore, there is a
compromise between the element ratios of the central EEV elements and ALE elements and the
outer EEV elemets and ALE elements. This compromiséijleit enables a more realistic
contact in early time steps when on the nose of the EE\cisntactwith the soil, begins to
become less accurate as the outer edges of the EEV penetrate the ALE materialtdn order
compensate for this penetration in the results, the ILEgXKiulation inthe
*ConstrainedLagrangein_Solidcard is use@s an effort to account for this penetration. This
card will consider the penetrated MMALE material in its fateeationcalculatons helping the
numerical data to be more accurate. This technique does not however change the visual error
associated with this numerical phenomena.

A clearer picture of the relationship between peak acceleration and mass can be seen in

Fig. 37
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Figure 37. EEV peakz-acceleration as a function of EEV mass. The fit, shhn asdashed
lines, is a second order polynomiai Carson Sink
This trend obeys the laws of conservation of momentutinat a larger mass with the
same velocity will require a larger impulse to decelerate it. Since larger masses penetrated deeper
into the soil, taking a larger time to come to a stop, the impulse applied to them is larger than that
applied to smaller nsses which penetrate the soil significantly |8$ fitting equations are
derived through the linear fit of the peak acceleration plotted as a function of

Ow

5
such that the peak EER acceleration ifCarsion Sink can be predicted using the

eguation and constants listed Trable 15.

Table 15. Carson Sink soil equation for peak acceleration

Carson Sink Soil 5 IRl
0
| C
Carson Sink Dry 143.2 233.6
Carsib Sink Wet 146 179.3
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The implication and limitations of fitting the peak acceleration data using this method are
discussed further in 8.4.B.should be noted that this relation is only valid for the range of mass,
diameter and velocity in this studyd does not shorealisticacceleration estimations as these
values approach zedue to theC value

The effects of mesh refinement on the acceleration behavior was studied. Due to the
larger computational expense required to run all mass cases usfirged mesh, a single mass
case was used to examine mesh density effects. The original mesh was refined such that each
element is divided into four elemerits one simulation, then again for a second refined
simulation The effects of that refinementeaseen imable16 andFig. 38.

Table 16. Meshconvergence of MMALE Carson SinkDry Soil

Refinement Level Number of Peak Accel (G) Pel_ce_nt
Elements Deviation
Original 2,000 665.73 -
Refined x4 8,000 640.49 3.79 %
Refined x8 16,000 626.13 2.24 %
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Figure 38. 50kg EEV unfiltered z-acceleration curve for coarse (black) and refinec?2 (red)
and refined x4 (blue)mesh(Carson Sink Dry)

Based on the relationship betweenttiveecurves seen ikig. 38the refinement of the
MMALE mesh shows a smoother acceleration curve without much of the noise that is present in
the coarsemeshed MMALE. Most crucially, the peak acceleration and overedll@@tion trend
between the thremeshes is similaand a relatively low convergence percentage is calculated,
meaning that the mesh used shows a result very near the converged result

A majorbehavioral difference is during later stegisen the rate of change of EEV
acceleration is less for more refined meshes, showing a smaller secondary acceleration peak.
This is most |ikely due to t he «ficeds$paceratheer i al 0
than rely on fewr, larger elements to model deformatidme most effective visualization of this

change is evident at the interface between surface and subsurface soils as the EEV moves
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through it. A comparison of mesh refinementth&g moment can be seenHig. 39.

Figure 39. Comparison of soil deformation across mesh refinement
(right frame has eight times more elements than the left)

The region of intereshighlighted in red, is shown to exhibit much higher fidelity and
realism in the more refined mesh case (right) than seen in the less refined case (left). This occurs
because the Eulerian mesh is more refined, and there are therefore eight times amegny n
within the same area unto which the material deformation can be mapped. This means that the
simulation is able to show a much higher fidelity interface within the smaller area around the
EEV nose and subsurface soil interfake.a result of this immved soil fidelity, the stress
distribution is not only a larger magnitude at its maximum value, but also more accurately

distributed through the soil. See Hif.
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Figure 40. Von Mises stressKa) distribution through refined mesh Carson Sink soil during
EEV-R impact

Based on the stress distribution shown in E@(note the change in scale from F3,
required to show a realistic distribution with larger peak stress value) there appears a loading of
the EEV edges upon impact with the soil, as well as a more even stress distribution across the
soil density change interfacghich was not @dent inthe more coarsmesh density. The larger
peak stress in the soil with refined mesh is a result of the improved contact between the EEV and
soil due to improved element size ratio. Addiabiy, as previously shown in Fig9, there is an
improved soil deformation fidelity at the EEV and soil interface, which results in a more even
loading of the EEV by the soil. As a result of this, as the EEV nose passes the soil density change
interface, the more exmecontact does not result in the same loading of the EEV outer edge as
was present in the coarse mesh case. A direct result of this is the more accurate depiction of

stress in the soil, extending across both soils and across the entire front surfaéeeM.the
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In addition to this improvement caused by mesh refinement, the artificial initial contact between
the EEV and soil was drastically lovegithrough mesh refinemegiThis can be seen in Fig3

by the ble (most refined) curve at the instant that the acceleration becomesnaotit is clear

that the refinement of the MMALE mesh greatly increases the realism of the physical behavior
of the soil, and also decreases the numerical errors associated with ecase mesh.

Despite this difference, since the most crucial aspect of this study is to predict the
maximum EEV acceleration, the late time acceleration differences between different meshes is
negligible.Subsequent refinemerdggynificantly increasehie computational time without
drastically chanigg the peak acceleratiom most caseBased on these findings, it can be
concluded that the acceleration curveFio 33 are an accurate representation ofabeverged
behavior otthe simulation,meaning that for as long as the results are consistent with other
numerical formulations, the currently used mesh density is a suitable compromise between a
minimization of computational time and numerical errors tardaccuracy of the peak
acceleration and soil deformation. On an individual basis however, a more refined mesh would
be desirable, when computation time is not a determining factor in mesh selection. It should be
noted that part of the reason the morénexf mesh is more accurate, is because the conservative
contact parameters previously applied to prevent element penetration are no longer required in
such magnitude due to a closer element size ratio between the MMALE and Lagrange elements

of the two pasd.

A similar mass variatioprocess was performed for impact of the EEVhto the
provided Rosamond soil data. The acceleration as a function of EEV mass is shown for both

saturations of soil in Figll
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Figure 41. EEV-R peak impactz-acceleration in Rosamond saoil

The peak EEMWR acceleration as a function of mass during impact into both Rosamond

soils is fitted witha seconarderpolynomial Using this data, the peak acceleyatof an EEV

of similar geometry and impact velocity impacting in the Rosamond area can be easily predicted

to bewithin the limits of the two curvesn the case of the 18§, a more refined mesh was

required in order to show similar resultstothe othéermu | at i ons

explored.

results are shown in black in F#l. This estimate is further strengthened in its validity through

the comparison of thieagrangeformulation results with the MMALEN Tablel7.
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Table 17. Comparison of MMALE and Lagrange acceleration results- Rosamond 25%

Peak Peak Percent
EEV-R Mass kg) Acceleration, Acceleration, Difference
MMALE (G) LagrangqG)
50 545.35 549.99 -.85%
100 353.12 359.03 -1.67 %
125 283.62 303.17 -6.89%
141 247.88 276.76 -11.34%
190 277.02 218.18 +21.24 %

Table 18. Comparison of Refined x8 MMALE and Lagrange acceleration results
Rosamond 25%

Peak

EEV-R Mass(kg) Acceleration, ACC(I:Ii?;(tion Percent
9| refinedMMALE \ Difference
(G) Lagrange (G)
50 524.58 549.99 -4.84 %
100 336.44 359.03 -6.64 %
125 286.03 303.17 -5.99 %
190 199.71 218.18 -9.25 %

Based on the information Table17, the MMALE results are consistentithin a
reasonable amount of deviatiomith theLagrangeresults yet show the largest deviation in the
190kg case This disparity shows the possible error associated with testing a relatinally
EEV geometry with large mass impacting soft MMALE shrilan effort to reduce this large
error, the MMALE mesh was progressively refifedfour different massed EERs and the
resulting converged resalare shown ifable18. Thepercent difference between the two
numerical formulations is shown to drastically decrease to less than 10% error. This large change
in peak acceleration when using MMALE over mesh refinements shows the importance of mesh
densiy when modeling large deformation of soil under rapid loading. The larger error during the
nominal mesh density is due to the inability of the relatively large elements to accurately model

the large, rapid deformation, resulting in large amplitude actelerspikes in the EEV
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acceleration curvéddditionally, the elimination of the artificial initial contact was achieved. See
in Fig. 42, for the comparison of the converged case to the original mesh densitgration

curve.

190kg EEVR Mesh refinement Rosamond 25%

—refined x8
refined x1

time:(s)

Figure 42. Mesh refinement of 198g EEV-R filtered acceleration, Rosamond 25%

Comparing the two curves in Fig2, the large oscillations which are present in the
nominal mesh density case are totally eliminated through the refinement of the MMALE mesh.
The smaller elements allofer the more realistic, and higher fidelity deformation of the soil,
resulting in a smoother curve, with no large spikes in acceleratiendifference in the results
as they relate to the refinement of the mesh across all MMALE trials shows the importance of
mesh study, and use of refined meshes, especially when large deformation is expected in the
material. Note that the nexero acceleratn at .03s is a result of ending the simulation early for

efficiency sake, all MMALE curves return to zero in all trials, as seen ir8Big.
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Despite thisoccasional heavy reliance on mesh densitgre weranot the same
hourglass effects and element distortions present in the MMALE that were characteristic of the
Lagrangesimulations. For this reason, MMALE formulation was continued to be used through

other studies not concerned with determining element fiation dependence.

8.1.3 SPH

In order to gain a perspective on the feasibility and process involved in modeling the soil
with SPH, a similar mass variation study was conducted using SPH elements. A unique benefit
which makes SPH formulation intriguingjits ability to model the granular behavior of the soil.
The unconnected particle elements of SPH allow it to deform significantly while maintaining
element stability, without hourglassing effects. Difficulties associated with using of SPH over
other fomulations is enforcing boundary conditions and maintaining an acceptable
computational cosAdditionally, SPH particles perform optimally at a 4SRH toLagrange
element ratio. Ratios less than this can result in SPH penetraliagraingeelements. Tis

issue was diminished by creating the optimally sizagrangeelements when possible while
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still maintaining the geometry of the EEV. This problem was most prevalent at the nose of the
EEV, where the elements must be the smallest in order to captunartiadure of the geometry.

A time-lapse of the SPH impaetith Rosamond 25%s shown in Figl3.

Figure 43. EEV-R impact with Rosamond 25% SPH soil

The ability of SPH to show thgeeted soil particles is evident in F&.in the later
frames, as the EEV penetrates deeper into the soil. The splashing of the particles extending
vertically, and radially outwards after the outer edge oEB¥ penetrates the surface of the
soil. This is better seen in Fig6 A buildup of particle densitglong the outer edge of the EEV
is seerduring later time steps as the soil compresses and moves alotaptu: fsont of the
EEV. See in region A of Fig4. This buildup of soil will be first to be ejected from the impact

area.
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Figure 44. EEV-R impact with Rosamond 25% SPH soil regionsf interest #1.

Region B in Figd4 shows the penetrated SPH particles. This penetration occurs as result
of the SPH td_agrangiarelement ratio required to maintain relatively low computational
efficiency by Imited the density of the SPH and the small element size required to capture the
EEV geometry. Both the increase in density along the outer EEV edge, and the penetrated SPH

particles can more easily be seen in45g.
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Figure 45. Soil density kg/m?) distribution EEV -R impact with Rosamond 25% SPH soil
#1
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There is clearly a larger density of SPH along select regions of the front of the EEV

which include region A of Figd4 as well as region D of Fig6.
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Figure 46. EEV-R impact with Rosamond 25% SPH soil regions of interest #2
The density of SPH from Fig6 can better be observedFig. 47.
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The information in the preous figures shows that there is a compression of the soll
which occurs mainly directly below the EEV, and begins to extend radially outward beneath the
surface of the sqilas seen in region.Ohat is to say that there is very limited compression of
thesoil along the surface, rather, most of the compression occurs directly along the bottom
surface of the EEMt should be noted that this compression is radially uniform through the SPH,
and occurs in all areas of the soil under the EEV. Region E igamwdnich, from the angle of
the image, appears to not show particle compression, however this is a product of the image
angle, and EEV geometry. Since above region E the EEV geometry has normals which are close
to vertical, the SPH patrticles will only comgss in the vertical direction, unlike those particles in
region B, which are compressed both in the horizontal and vertical directions. Analyzidg, Fig.
this artifact of the SPH visualization is still presdrowever using the color of the particles in
regions D and E, it can be seen that the density of particles across the boundaries of these two
regions is continuous, proving that the seemingly uncompressed region E patrticles is only a
result of the visuaation of the SPH, and the direction in which they are being compressed.

Additionally, region C of Figl6 and again in Fig.7 show the power of SPH in modeling
the ejected soil particles as they are displaced by the EEV. Compariad dnd. Fig46, the
SPH do not begin to be ejected from the impact area until the ogeioéthe EEV passes the
plane of the surface of the soil. As the SPH build up along the front of the EEV, they are
progressively compressed, and pushed radially outward, until there is no longer a surface for
them to be compressed by. The forcing of themarticles radially outward results in the
ejection of the soil. It is immediately evident that if any effort is made to better understand the
behavior of the ejected particles as a result of EEV impact, or the effects of soil density change,

SPH formuation would be the preferable meth&P Hdesar limitations restrict its capability
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however as it has the potential to be extremely computationally expeAsiparticle density is
increased, it requires a specifiagrangiarelement size in order foffective interactionand it
also poses challenges in applying boundary conditions to the SPHDarewy this study, the
SPH particle to Lagrange element ratio was detenitimée approximately four SPH to every
one Lagrange element, however this waslenaore difficult due to the varying Lagrange
element size with varying EEV geometry, especially around the nose of the EEV. In an effort to
improve the element ratio around this region, the SPH density was increased, yet this this results
is significantlylarger computational times. Since a uniform SPH particle density was used,
increasing the number of particles for the sake of maintaining a perfect element ratio at the
impact area resulted in a largperease in total SPH particleT his increagd compugtion time to
an inefficient size for use in a significant number of consecutive.timathe simulations shown,
along the EEV/soll interfacerhere there was less than a 1:1 SPH to Lagrange element ratio,
element penetration appears to occur much megaiéntly than at larger SPH densities. It is
therefore advisable that under ideal conditions, the SPH field be made as dense as
computationally possible in order to limit penetratitmough the maximizing of the element
ratios. Achieving this is not alwa practical however due to the significant computation cost that
accompanies such SPH densities.

Theacceleration curves for the EEB¥impacting with Carson Sink dry soil can be seen

in Fig. 48.
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EEVR Mass Variation - Carson Sink Dry SPH
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—141 kg
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Figure 48. EEV-R z-acceleration over time impacting Carson Sink dry soil, SPH

The peak acceleration values acnparable to those measured using the MMALE

formulation, in most instances. SEable19.

Table 19. Comparison of SPH and MMALE acceleration results Carson Sink Dry

EEV-R Mass(kg) PeaksﬁcHC(zg)r ation, Pe&iﬂicfé Iza(;r;ltlon, Percent Difference
50 728.19 605.39 16.86%
100 410.67 457.33 11.36%
125 336.56 401.49 19.29%
141 302.29 373.51 23.56%
190 229.95 299.29 30.15%

The SPH formulation was also used to model Rosamond 25% soil, and the acceleration

curves over time for each EEV mass are shown il&ig.
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EEVR Mass Variation - Rosamond 25% SPH
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Figure 49. Unfiltered EEV-R z-acceleration over time impacting Rosamond 25% soil, SPH

The measured peak accelerations of the FEUring impact with Rosaomd 25% SPH
soil are summarized and compared with MMALE resinl Table20, with a refined MMALE

mesh inTable21, and compared withagrangeresults inTable22.

Table 20. Comparison of SPH and MMALE acceleration results Rosamond 25%

Peak Peak Percent
EEV-R Mass kg) Acceleration,| Acceleration, Difference
SPH (G) MMALE (G)
50 549.43 545.35 +.74%
100 337.41 353.12 -4.66%
125 284.40 283.62 +.27%
141 258.92 247.88 +4.26%
190 200.82 277.02 -37.9%%
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Table 21. Comparison of SPH and refined x8 MMALE acceleration results

Peak
Peak Acceleration Percent
EEV-R Mass kg) Acceleration, finedx8 ' Difference
SPH (G) refinedx
MMALE (G)
50 549.43 524.58 -4.74 %
100 337.41 336.44 +.227%
125 284.40 286.03 -571%
190 200.82 199.71 +.5560%

Table 22. Comparison of SPH andLagrangeacceleration results- Rosamond 25%

Peak Peak Percent
EEV-R Mass kg) Acceleration, Acceleration, Difference
SPH (G) Lagrange(G)
50 549.43 549.99 -.1%
100 337.41 359.03 -6.41%
125 284.40 303.17 -6.60%
141 258.92 276.76 -6.8P0
190 200.82 218.18 -7.96%

Based on the summary of results above, there is clearly a strong correlation between the
results ofeach element formulation, particularly in the case of Rosamond 25% soil. Most
Rosamond 25% results are within less than 7% difference from each other, a similar trend to the
comparison of MMALE andlagranggormulations previouslyNote that with further
refinement of thdVIMALE mesh a more acceptable percent difference between the different
numerical formulations was achievedtis is discussed in more detail in section 8 A.@lot
comparing the peak acceleration as a function of lEBYlass across eachmerical

formulation, and MMALE mesh refinement is shown in Q.
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EEV-R Peak Acceleration Across Numerical Formulations
T T

—Lagrange
SPH

—MMALE x1
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Peak Accel (G)
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Figure 50. EEV-R peak acceleration as a function of mass for all numerical formulations
and MMALE mesh refinement (blue dotted)

While the effects of each formulationdés ne
consistent results, MMALE requires the most efficient model creation process, and ease of rapid
simulation generation. Seemingly equally as accurate both quantitativeM#£d_K| the SPH
formulation demands a long computational time, and must be generated specific to each scenario
desired, further increasing total study time and compleXhgrefore, despite the similarities in
results between elemeformulations MMALE wasused whenever able in place of other

formulations.
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8.2 Off-Nominal Impact Testing

Due to the reliance of the EEV on passive descent, the orientation of the EEV during
Earth impact can only be controlled using the final commands to the MSR Mxdfibee
separation with the EEV, amwdth the geometry of the EEV. As stated previously, the geometry
of the EEV is designed to maintain vehicle orientation during descent, but for the sake of
maintaining sample isolation, effominal impact scenarios netdbe considered in testing. In
order to determine the dependenceedik EEV acceleration on velocity vecamgleupon
impact a parametric study was conducted keeping the masg)(abd effective velocity (40
m/9 of the EEV constant. The impact angfehe EEV relative to the normal vector of the soil
surface was increasegross several different cas&his scenario is referred to as velocity
vector at impact variatiol.he occurrence of this mode of wfbminal impact would most likely
occur as aesult of wind around the drop area. If there is not wind during the descent, the
geometry of the EEV would orient it for a perfectly nominal landing (assuming no gyration of
the EEV), however this is unlikely. Wind around the drop area would result tmartioal
components of EEV velocity. The orientation of the EEV while moving through windy
conditions would affect the magnitude of the applied wind force based on the effective area of
the EEV normal to the wind vector. This means that at large indmatigles, the EEV would
be more drastically effected by the force of the wind. Téssilts in anonlinear wind effect on
the EEV such that as the wind reorients the EEV, and changes its effedtivity, thewi nd 6 s
influencegrows in magnitude as tieffective EEVarea increases with orientation angler this
study, the effective EEV velocity was assumed to coincide with the local vertical axis of the

EEV, such that the EEV nose and velocity vector were oriented along the same axis. This
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scenario isa sample of possible velocity and orientation combinations as the local EEV axis and
velocity vector wouldnot necessarily alwayse parallel.

Anotherscenario of offnominal impactvhich was investigated when the vertical
velocity component is the onhonzero velocitycomponentsuch thathe velocity vectors
perpendicular to the surface of the soil. During such an impact it is likely that the EEV will land
slightly angled to one side from nominal. Thi
orientation as a result of aerodynamic forces during descent. In order to model this behavior, a
deformable EEV was chos@émorderto model the damage caused by impacting at extreme
angles relative t o T{HhsescemafioVsodeserdtomsimpadngler ti cal a

orientation variationGraphics depicting each scenario are shown in

Figure 51. Velocity vector at impact variation (1) and impact angle orientation variation (2)

8.2.1Velocity Vector at Impact Variati on

The acceleration as a function of the impact angle oflg®EV can be seen iAg. 52
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EEVR Acceleration at Off-Nominal Impact Angles
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Figure 52. EEV-R resultant acceleration curve over time with the variation of the off
nominal impact anglei Carson Sink Dry

Based on the information ifig. 52 the peak acceleration of the EEV is largest in the
nominal impact angle case. This is most likely because during large angle imm&EM
doesndét come into direct interactioaofmasst h t he
variation, the deeper penetratiorio the soil results inherently in the interaction of the EEV with
denser soil, ancesults inlarger accelerationsn | at er ti me steps. At | ar
impact energy is absorbed almost entirely by the less dense surface soll, resulting in a lower peak
acceleratiorand longer period of applied forc& visualization of the peak acceleration as a

function of mpact angle can be seerFig. 53.
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EEVR Peak Acceleration vs. Off-Nominal Impact Angles

700 7 T T T T T

* Simulation

600 ~ e - - fit 4

(G)

.
=1
(=]
T
]
1
1

w
=3
(=]
T
)
I
1

Peak Accel

5%

f=1

(=]
T
|

100 .

| | | | | | | | | |
o 5 10 15 20 25 30 35 40 45 50

Impact Angle (degrees)

Figure 53. Peak EEVresultant acceleration as a function of impact anglé Carson Sink
Dry

A quadratic fit was given to the datakig. 53where peak EEV acceleration can be predicted.
0 Gty o p @ @ 8T
Fig. 54 shows EEV penetration depdls a function of impact angle, corroboratihg theory that
the reduced EEV acceleration at higher impact angles is a result of the reduced interaction with
the denser soil. The red line represents the depth at which the soil density changes, showing that

the lower impact angles penetrate past 2@Bm mark.

83



EEVR Max. Depth vs. Off-Nominal Impact Angles
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Figure 54. EEV penetration depth as a function of impact anglé Carson Sink Dry

While at first glance of these results it could be assumed that a large impact angle would provide
more suitable EEV loading, morergequences of such an occurrence must be considered.

During large angle impacts, the rotational velocity of the EEV is increased upon intpach

moment is applied to the EE¥xpanding the possibility of multiple secondary ground impacts

after the inital impact has occurredhe EEV is more likely continue moving from its initial

i mpact area, travel i ngArdpardussionsofidcreasiagthe suglaceaar t h 6
area required fOEEV deceleratioincreases the possibility of a collision wibther materials in

the areadther than soft saillhis expands the risk of containment failure as a result of off

nominal material impac# visualization of this effect can be seerfig. 55
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t=.0036s t=.0108 s t=.0218 s

Figure 55. Timelapse progression o#5 off-nominal EEV impact with Carson Snk dry soll

The EEV orientation and largetéaial velocity can justify the estimati that there is a
large possithy of EEV tumlbing to occur as a result. In the third freaf Fig. 55the leading
rim of the EEV begins to make contact with the soil. During real life conditions and a possible
nortuniform soil composition this EEV behavior could result in the flipping of the EEV after
interaction with such an inconsistsy. Therefore, maintaining an envelope wipact angles
between 0 degrees and some impact angle where the benefits of low angle impact no longer

outweigh the risk of secondary impacts as a result of tumbling.

8.2.2Impact Angle Variation
In the likelyevent that the EEV lands slightly off axis from nominal, the loading on the
outer wing will increase, and the overall loading and inducedenoniuring landing will change
based on the impact angle order to model this possibility, a deformable ERVhodel was
used.The possibility of EEV failure is much larger during this mode of impact due to the
excessive loading of the EEV wingy.restriction ofusinga deformable material for the EEV is
that the EEVOs mass cannot almassoithe EERj185kg and t
isusedRot ating the EEV through each case from th

40 , the velocity i s/simieidownveiddiediondtilly, shedamn st ant
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was filtered using the samidtdr criteria as in previous trials. The filtered results are plotted in

Fig.56.

EEVR Filtered Acceleration Curve - Off-Nominal 40 m/s Normal - Carson Sink

1200 T

0 0005 0.01 0015 0.02 0025

Figure 56. EEV-R off-nominal filtered resultant acceleration curves’ Carson Sink dry

Through furthe examination of the simulations, it was predicted that there should be a
large acceleration spike occurring at the critical inclination of the EEV such that a maximum
surface area is impacting the soil surface at one instantogtusrencevas not evidet in the
filtered data, therefore the filter was removed, resulting in a drastically differentitefav
sample of threéltered curvesand the same curves, unfilteredn be seen iRig.57 and Figh8

respectively.
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Figure 57. Three sample EEV/R filtered resultant acceleration curves

EEVR Unfiltered Off-Nominal Accel Curves - Carson Sink
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Figure 58. Three sample EEVYR unfiltered
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The drastic spike in acceleration in the 88se is a characteristic of the EEV geometry,
and should niobe ignored through the filieig of the dataSince the inclination angle of the
EEV wing is approximately 60the largest acceleration of the EEV xperienced at an
inclination angle of 30from the vertical axis. This occsibecause it is at this inclination that the
EEV sloping wing impacts flat with the surface of the soil, and the largest possible surface area

of the EEV impact with the soil suda at one timeSee an example in Figo.

Figure 59. EEV-R off-nominal impact at 30. MMALE Carson Sink dry soil

This results it a dramatic spike in the @lecation versus angle fation. The uniqueness
of angles approaching 36an be clearly seen thecomparison of the filtered and unfiltered

peak acceleration iRig.60.
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EEVR Peak Acceleration - Off-Nominal 40 m/s Normal - Carson Sink
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Figure 60. Off-nominal EEV-R peakresultant acceleration as a function of EEVR
orientation angle at impact

corroborated by the results of EEV penetration depth, shown BiFig.
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The reasoning behind the inclusion of the unfiltered peak acceleration values is further

EEVR Penetration Depth - Off-Nominal 40 m/s Normal - Carson Sink
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Figure 61. EEV-R penetration depth as a function of orientation angle at impact
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It should be noted that there is significantly lower penetration than in previousREEV
Carson Sink trials due to the lower mass of the EHEV
A summary of the depth and a&beration resu#t is displayed ifable23.

Table 23. Summary of EEV-R impact orientation variation

EEV orientation Penetration Filtered Peak Accel (G] Unfiltered Reak Accel (G)
angle (degrees) Depth (m)

0 1225 909.39 1029.6

10 133 878.42 943.9

20 127 808.32 895.0

25 122 751.06 823.6

30 119 696.80 1121.3

35 119 653.99 889.9

40 12 570.95 641.2

There is minimum penetration at an impact orientation afB&sed on previous
conclusions regarding the inverse relation between penetd®pih and peak acceleratjdnts
that a maximum peak acceleration should occur ats3recadedin the unfiltered data column.

In order to gain a perspective on #féects of the effective surface area of the EEV (the
crosssection of the EEV in the same plane as the soil surface), pilotsd against peak

acceleratia in Fig.62.
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EEVR Off-Nominal Acceleration vs. Effective Area - Carson Sink
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Figure 62. EEV-R effective acceleration as a function of effective area during effominal
impact

Based on the data shown in F&g, the large disparity between filtered and unfiltered
data can be segim addition tothe behavior of the two regions in the unfiltered data. These two
regions, consisting of region 1, showing the behavior at smaller effective areas, and region 2,
encompassing the nominal cagethe critical case. These two regions obey significantly
different linear fitsvhich can be modified to be dependent on the EEV total radius, r, and
inclination angle;~-can beseen in the equatisielow.
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where the effetive area, &, is,



This relationship shows how the behavior of the peak acceleration drastically changes after
passing the critical case. This is largely due to the ability of the EEV to roll after impact at the
large inclination anglesRolling allows for the distribution of impact energy over a larger area
of the EEV, over a longer amount of time, resulting in lower peak accelerations. This rapid
decrease in peak acceleration with larger angle can be seen inZeBigfiore the critical angle,
there is a much less rapid decrease in peak acceleration with changing effective area because
during this time the initial impact of the EEV with the soil occurs around the curved nose of the
EEV, only allowing for this smakrea tocontribute the rolling behavior. During this time, the
EEV can roll a maximum of 6Mefore crossing the verticakis It is after the critical
inclination that almost the entire front surface of the EE&llowed to come into contact with
the sd during rolling, greatlyincreasing the rolling time, and maximum rolling angle before
crossing the vertical axiso 90 8rhere is a limit to this relationship however which is dictated by
the geometry of the EEV. As the inclination angle of the EEXWdseased, there is more peak
initial load applied to the outer edge of the EEV, which is applying a force for which this section
of the EEV is not designed to absorb. Additionally, there exists yet another critical angle, most
likely around 90 at which he EEV will no longer rolacrossonly its front area after initial
impact, but would possibly roll onto its baaksulting in unintended loading of the EEV rear.
This is therefore important to recognize that these equations are only valid for oriesmates
less than 9B

In all cases except for nominal impact aadlies around 80 impact, the peak
acceleration is lower because the EEV is allowed to roll as it impacts, distributing and slowing
the rate of loadingThere exists some orientation angle between nominaB@ndat

approximately 29 such that the EEV will experience the lowest amount of accelerasdhe
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maximum amount of rolling can occur, and a minimal amount of EEV surface area will initially
impact the soilWhile the passive descent design of tl&/Eloes not allow for the active

control of the EEV orientation during freefall through Earth atmosphere, the design can be
optimized such that impact will occur within some orientation window with confidence. Based
on the data collected, it would be acbte to design the vatte to maintain a window of 15

from nomnal for impact in order to to maintain a factor of safety of 2.

8.3 Testing of EEV-CP300

8.3.1JPL Penetrometer Test Validation

The main objective of this section is to not only show the behavior of a lemgen EEV
than that of the EEAR, but also to recreate EEV accelerometer data recorded during impact
testing performed at JPL. An accurate estimate of this test further validates the methodology
used for previous simulations. The data recorded at JPL was taken during the impactkg a 141
EEV with approximate dimensions of the-GB0. The EEV impact velocity was estimated to be
44.6m/s Surface soil and suturface soil density was measured to be 13R4//% and 1662
kg/n? respectively where the soil saturation was 31 % saturateddén tr create the most
accurate approximate soil parameter estimate, the Rosamond 25% soil parameters were used as
these parameters are the closest set of inputs available for a 31 % saturated soil. Theadensities
both surface and stdurface soilvere dtered to math the exact experimental setup.

Lagrangian

Initially a Lagrangiarelement formulation was used for the soil elements, but as with the
simulations ran for previous scenarios udiagrangiarelements, the hourglassing of the

elements was find to cause an unrealistic acceleration curve, seéig.i63.
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Figure 63. Lagrangian simulation CP-300 zacceleration(dotted red) compared to JPL test
data (solid black)

There isa 14.5 % error between the two peak accelerations. The simulation measures a
maximum value of 466.2@ whereas the physical test measured 5&4.Bhis underestimation

of experimental data, if found to be a pattern across all physical test cases, wietidnbental

to the design process of the EEV by providing a lower peak load prediction than is physically
present, opening an opportunity for EEV failure. Additionally, the initial loading curve of the
Lagrangiarsimulation is clearly not steep enoughmatch the test data, and the over estimation
of late impact loadlig due to element hourglassiisggstill present. Due to these defects in the
simulation results, and the previously seen stability of MMALE elements, further simulations

were preformed usingIMALE.
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MMALE

In order to compare the qualitative success of MMALEame by frame of the high

speed impact video of the test can be sedigin64 and Fig65.

Figure 64. Time-lapse of CR300impact test into Rosamond soil, aurtesy of JPL, compared with
MMALE simulation. Part 1
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Figure 65. Time-lapse of CR300impact test into Rosamond soil, aurtesy of JPL, compared with
MMALE simulation. Part 2

The timelapses of the actual impact test and the MMALE simulatmow similar soil
deformation despite the limitations of MMALE in modeling particulates due to its connected
elements. Soil deformation in the simulation, while not as granuthedasue test, shows the
general path of deformed soil, radially outward from the impact zone. The connected elements of
MMALE prevent the ejection of particles seen in the high speed images, yet the MMALE
encompasses an approximate area of the ejedt@yapitopagate outwards.

The acceleration over time from the MMALE simulation overlaid with JPL provided data can be

seen irFig. 66.
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Figure 66. LS-Dyna MMALE simulation z-acceleratian (dotted blue) compared to JPL test
data (solid black)

The peak CEB00 acceleration during JPL testing is approximately 5&4 Ehe
measured peak load during the MMALE simulation of this event was 58&) r&3ulting in a 6.5
% error.Similar to other MMALE cases, there appears to be a large secondary acceleration spike
at approximately .00 which represents a critical penetration depth at which point there is
significant acceleration influence by the ssurface soil. This large and sudden increas®in
density is norphysical, since during the imperial test, the soil density had a continuous gradient.
Due to the limitations of the measuring devices and time allocation for performutgspre
measurements, only two values of the density are recéodedch test. This results in the

inability to accurately model the soil density gradient. Regardless of this limitation and the
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disparities that it causes, the post peak acceleration behavior is not as crucial as the peak
acceleration, and duration oégk acceleration approximation. It was confirmed that such
estimates made though the finite element simulation are reasonably adgasatéon the low
percent error of the two peak accelerations, qualitative similarities between the test and
simulation,and general behavior of the €B0 acceleration curvethe MMALE methodology
is partially validated.

SPH

SPH shows a strong modeling potential in terms of showing the behavior of the ejected
soil particles, however less so in terms of its accuracyagtie JPL proved data. The difficulty
in prescribing accurate boundary conditions to the SPH particles and the computational cost
required to increase particle dengitpved to be largeegatives of using SPH. The fit of the

SPH simulation to the JPL@vided test data can be seen in &7g.
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EEV-CP300 SPH Simulation
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Figure 67. LS-Dyna SPH simulationz-acceleration(dotted green) compared to JPL test
data (solid black)

The only large discrepancy between 8fH fit and the JPL test data is the maximum
acceleration values. The loading and unloading of the soil appear to match with relative
accuracy. Regardless, the peak acceleration is the most important component of the impact to

match with reliable accuracgnd based on these results, SPH would not fit that requirement.
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The unique ability of SPH to model ejeciaarticles can be visualized in Fog.

Figure 68. LS-Dyna SPH simulation ofJPL test scenario using EEV CP300

In Fig.68the soil can be seen to eject from the impact area as the EEV penetrates the soil.
The ability to model this behavior is significant because it allows for a Ipeédiction of the
soil response to impact than with alternative methods. Additionally, a qualitatively more
realistic, granular response is observed, whiohnld be useful in later development stages when
more complex geometries are used as the EEV. Wsieig more complex geometries, a
granular element formulation would achieve a more lifelike interaction between the impact and
soil, allowing particulates to enter otherwise unaffected areas when using connected element
formulations.It should also be notethat the peak acceleration could be measuring lower than
the empirical test due to the lack of soil parameter information. Simulations are limited to
modeling 25% and 45% saturated soil, meaning that if parameters for the exact test case of 31%

saturatedvere available, the accuracy of the measured peak acceleration could be improved.
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Data Summary
A summary of the JPL data fitting can be seehable24.

Table 24. Summary ofsimulation results comparison with JPL testdata

JPL Measured GB00 Data| Lagrangian MMALE SPH
Peak Acceleration (g 544.9 466.27 580.72 442.0
Percent Error n/a -14.5 % +6.5 % -18.89 %

Figure 69. LS-Dyna simulation zacceleratiors using varying element formulation (dotted)
compared to JPL test data (solid black)

Based on the accuracy of each element formulation in its prediction of peak acceleration
of the JPL empirical test, and the general ability of each to match the acoelefahe EEV

over time, the most effective element formulation was shown to be MMAgsgpite the
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