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Chapterl:l nt roducti on

1.1 Motivation

Previous and planned missions to Europa anattiner icy moons are
indicative of thescientific valuewe sean exploiing planetary bodies whe water
canbe found. This is at least in part due to the potential for life and is especially
relevant for moons such as Europa where liquid water is suspieagist. Europa
orbiters and flybys are an excellent means of gathering information absudadkian
moon, but landers, rovers, and subsurface probes represent further nmaldsibne
would enable direct measurements and samitiagare not possibfeom space
This dissertation proposes an anchoring systeraifwoters and rovers that would
interact directly with the surface of Europa.

Landersamayrequireadditionalstability once they have reached the surface,
but roversare mobileandrequire a moreomplex interaction with the surface ice.
The success of Mars rovers suggestsrbeiterbogie systerawith large wheels
might be suitableTracked systems like those used for terrestrial snowmobiles are
similarly appealing. However, both approachesrastricted in the surface topology
that can be accommodated, with steep inclines and largactdssbeing especially
problematic.To explore the cracks, crevasses, cliffs, penitentes, cryovolcanoes, and
other features that may be found on Europa, a mithran ability to handle extreme
terrains is required.

To hande these daunting Europan temaj this work proposes the use of an

anchoring end effector that would attach to an actuated rover. By anchoring into the

1



surface ice of Europa, an actuated raxarldleverage a series of holds in sequence
to traverse a wide range ioly surfaces at angrgle.

An ice anchowon a rovemust be insertehto the surface ice by mechanical
or thermal meansupportappliedloads without failure of the ice or the anchor itself,
andmust be extractefilom the ice so that tanbe anchored into a new locatidgh.
robust design that has potential for real world application beisapable of
performingthese functionsvith minimal energy expenditure, mass, complexity, and
likelihood of failure.Thedevelopment and demonstrationtio novelthermal pick
systemin this work achieves those goals and thereby contribiatéise state of the

art.

1.2 Summary of Contributions

1.2.1Thermal Pick

The anchoring systethat is proposedchievedow complexity and low mass
by usinga single mechanism to act as bathermal drill andanchor. This dual
function device is referred to as a thermal pick and is the primary focus of this work.
A thermal pick achieves its dual function by having an embedded heater that provides
heat for the thermal drilling process andwrdy metal body thtacan withstand the

loads appliedduringanchoring.

1.2.2Thermal Drilling

The thermal drilling procedbat permitdnserion of the thermal pick beneath
the ice necessitates energy expenditure. The energy tosprsmary concerrior

the practicalityof thermal drilling systemsperating in cryogenic environmenihis
2



work proposes a novel intermittent insertion scheme that dramatically reduces
conductive heat losthe primary heat loss mechanism for cryogenic thermal drills.
This intermttent insertion skeme targets melting phase transition on the surface of
Europa despite its lack of atmosphdt@rovides efficient thermal drilling (>30%)

and effectively decouples heater power output from efficiency.

1.2.3Reliable Anchoring

To provide aranchoring system gegn withhigh reliability, the anchors
proposedn thiswork avoid the use afhoving partdy relying on thermal processes
By contrast, rechanical drilling systenthat usanoving parts and cutting edges
experience weand tearleading to concerns faheir reliability on autonomous
systemsHowever, hermal drilling systembave different downsides. Theyeate
thermal gradierstand phase change behaviors that introcevethermally induced
ice failure modes

Thermalgradiens withina block of solidce cause a relative expansion or
contraction that indusamechanical stres#f the mechanical stresses exceed the ice
strength and result in ice fracture, it is referred to as thermal shioiskmechanical
strescanexceedthe strengthand fracture th&ce and is called thermal shodkiquid
water freezingand expandingvithin a closed volume can alslevelop stress that
fracturesthe surrounding ice. These phenomenalmnbserveth common
household freezers, but thare especially problematic the cryogenic temperature
range These ice failure mechanisms were obsearetistudiedhrough experimental
testing, culminating irstablishing a set @perationatonditionsfor thermal drilling

thatmitigateice failure



1.2.4Experimental Testing at Planetay Conditions

To testanddemonstrate the thermal anchoring system, experiments were
conducted under simulated Europa surface conditions. This effort required the design
and construction of test rige development of téprocedures, and the design and
manufacturing of prototypthermal picks and end effectoihree test rigs @h
corresponding proceduras well as a multitude of prototype components were
constructed and tested under both vacuum cryogenic watawnogions and
cryogenic dry ice condins. A vacuum chamber and a liquid nitrogen cooling
processwere used tgsimulae Europ® s s gonditians. e

Dry ice was used in place of water ice to perform initial testing without
requiring a vacuum chamber. Howevancedry ice isa partial constuent ofthe
polar ice capsmMars and can be mechanically or thermally drilled in a similar
means to watethe dry ice experimeat resultsarepertinentto that application
Sublimationbasedhermal anchoring systertisat operatén dry ice aranherently

different fromwater icesystems due primarily tine lack ofobservede-freezing

1.2.5End Effector

Anchoringwasdemonstratedsingtwo end effectorghatwere designed and
prototyped.The long thermal pick end effectaas designetbr deepanchoring ad
the short thermal pick end effectwas designeébr shallowanchoring End effectos
aremade of a thermadick and a complementasgt of componenthatpermit the
loading of the anchor in the intended manf@ranchoring loads to be transferred to

the rover bodyandfor thethermal insulabn of the thermal pickTheend effectors



weresuccessfullytestedn cryogenic water ice at atmospheric pressure in the

laboratory demonstrang the feasibility of the anchoring systemits entirety
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Chapter2:.Backgr ound

21Eur opadés Surface

Our understanding of the nature of Euro
as new datareacquired and old datxefurther analyzed. While direct observations
are limited, the information that existan becombined with terrestrial analogues and
simulaionsto provideestimationf what the surface conditions may be. The
relevant surface characteristics for an anchoring system that provides stability and
mobility are the surface topology, ice strength, ice composition, and surface friction.
Thermal driling systems specifically are also impacted by the temperature, thermal
conductivity, specific heat, and latent heat of phase change.

The surface of Europa is yoginand the observable characteristics indicate
what is referred to as chaos terrdihls[2] with active tectonics and resurfacing
mechanism§3] [4]. Whether or not the formation of penitentes (fields of ice spikes
formedbydi f f er enti al sublimation) is | ikely on
current debat¢s] [6], but ridgeq7], crevassef8], and everieatures created by
cryovolcanisn9] are observed and have been modeled. The temperature of the
surface has been extensively studied aediikran surface temperature isk00
(-183°C) [10]. The pessure on the surface has also been studied and is at vacuum,
with sublimation, sputtering, and cryovolcanism sustaining a tenuous atmosphere
[11].

While the largescale features of Europa have been studied because they are

discernable with the image resolutions that are available, the-soatersurface



characteristicare not currently known buatre ofprimeimportance to a Europa rover.
Thesurfa@ composition, density, and strength are also unknown, but terrestrial
analogues can be used to estimate their potential range. The brittle failure of ice has
been studied extensivel¥2] and its strength as it approashteyaenic temperatures
has also been explorgt3] [14]. These works have shown that the strength of ice is
inversely correlated with temperature, reachiadnigheststrength at cryogenic
tempeatures It has also been shown that the strength of ice decreases dramatically
with increasing porositj13], but the tensile and compressive strength of ice

generally increases with decreasing purity.

These ice strength trendsakethe measured cryogenic temperature and
presence of sulfat¢$5] potentially positive factors for anchdisat rely on load
bearing icesCurrent porosity estimates show a raagenigh a®5% porosityat the
optical scat [16], between 50% and 75% at the mesteaile[17], andas low asl0%

[18] at thekilometer scaleThe higher porosity range has an especially mnegat
implication forice strength but requisedditional research to confirrdlowever, an
opposing process callethgering maybe occuring for porous surface ices, increasing
their strength and forming an ice cr{ks®].

The surface friction okuropa ismportant forwheeled and tracked Europa
rovers. While water ice is associated with low friction on Earth, this is due to a thin
meltwater layer that can form and reduce the coefficient of fricti@mice surface
This phenomenon is not obsedvin cryogenic ices vene the cold temperature
inhibits the formation of a liquid layewhich in turn causethe surface friction

coefficientto be relatively high’ T v [20].



For thermal drilling systemshe conductivity and specific heat of ice at
cryogenic temperaturedfect thebehavior of the thermal drilling process. These
properties have been measured with terrestrialtitat were cooled to cryogenic
temperaturef21]. The specific heat redust 800J/kgK at 90K from 2100J/kgK
at 273K while thermal conductivityncreaseso 6 W/m-K at 90K from 2.2V/m-K at

273K.

2.2 Mechanical Drilling and Anchoring

Mechanicalanchoringsystems use a cutting process that removes the
necessary ice® permit the insertion aheanchor All mechanical cutting schemes
for anchoring require moving parts like motors, gears, and bearings and a cutting
edge, allof which will wear over time. fiis leads to reliability concerns for
autonomous use.

Cutting into cryogenic ice was studied arefjuires dow specificcutting
energy cost of 6MJ/n? for cryogenic water ice at 14Q. The axial force required
was betweed5N and 25N for a 25mm outerdiameter coring bif22]. However,
mechanical cutting mechanisms are relatively complex and ragoie controland
sensors to prevent daneapthe ice during the cutting process.

Ice screw bsed mechanical anchoring systems have deemonstrateth
terrestrial icesnd their capabilitiesan be extrapolated to planetary applications. The
Ice Screw End EffectolQEE) is equipped with an alpinist screw for anchoring and is
proposedor use ora planetary RovdR3]. The anchoring loadapacity

demonstrated by the ISE&In excess of 350! in terrestrial ices found in fumarolic



caves This anchoring load corresportasthefull weight of a >25&g rover on
Europa.

A downside of mechanicahchoringsystensis the force required to initiate
the insertion of the ice screw, whitir ISEEis recorded as being between $60
and 180N. If these forces argimilar towhat would be regiredon Europa, the
E u r o lpvagdasity could proveto be problematickorarover to perform its first
mechanical anchansertion, itwould have to use its own weight to applg torce.
To use this approach, a rover would need a minimassof 45kg or 136kg for a
60N and 180N inserton force, respectivelyThisis potentially restrictive for a
Europa missionCertain terrains may permit the rover to apply this force by bracing
against surrounding is@nd using actuation to develop tecessary forcedut this
is reliant upon findig appropriate surface featungsor to anchoring

NASAO6s |l ceWorm is another ice screw bas
that has been tested in terrestrial i&. The IceWom is based on the same
inchworm morphology foundh ISEE and this workThe IceWorm is equipped with
sensors and precision motthatareneededo avoiddamaging the icdeading to a
relatively complex system.

Mechanical cutting has also been proposedioing-rangesubsurface drilling
[25]. A rotating cutting head is proposed to break up the ice in the path of the
subsurface probe, while the cut ice matagahelted angbasgdout of the back of
the probeso thatforward progress to be made. This approach invatvasymoving
parts and coplex mechanisms, leading to conceregardingts reliability. The

process of clearing cut ice from the drill patlniserentlysolvedfor the ISEE and



IceWorm systems sinadpinist screwgassively push cut ice otitrough the hollow
core of the screw.

Regardless of the mechanism used to drill into the ice, anchors require
mechanical strength to provide a useful hold in the ice. Despitertited knowledge
of Europ@® &e surface characteristics, the holding strendterrestrialicescan be
examined Terrestrial ices subjected to loading through an ice anchor fail in tension
[26] and their strength isorrelated withithe depthof insertion The high strength of
ice anchors at relatively shallow depthggests that a Europa rover with low weight
will require only a shallow anchor. However, if Europaigsignificantly weaker
than terrestrial analogues due to the potentially high porosityher characteristics

thenlong anchorswith deep insertionmay be necessary.

2.3Water IceThermal Drilling

To avoid the complexity and reliability concerns with mechanical drilling
systems, thermal drills are an appealing alternative. Thermal drills are used to bore
holes or extract ice cores in terrestrial ices aedoaoposed for similar use in
planetary coniions. Thermal drills are based on the core concept of using heat to
change the phase @k into eithergasor liquid. Since liquid andasare mobile
forms of water, they will accelerate towards regiohlower pressure. Tik pressure
differential careither be an inherent consequence of a vaeprgssure atmosphere
alongside the increased volumegalseousvateror else be causduy physically
pushing thegas andiquid out of the way usinthethermal drill Pushing forcegan
come from either gravitgr actuation. Both means of removigas andiquid from

the path of the thermal drill will allow it to progressther into the ice, although only
10



the latter is seen with terrestrial versions of thermalsdgiven the presence of a
substantiahtmosplere.

Thermal drills for planetary use are frequently gradtiven devices that
target long duratiosteadystateoperating modes. All that is required for their
operation is a steady supply of heat distribitebsshe edges in contact with the
ice, which makes them relatively simple when compared to their mechanical
counterparts.

Given the low weight of landersid rovers on Europa due to its low gravity,
applying the relatively high insertion forces reqditey mechanical drilling systems
can be difficult. This is one of the benefits of thermal drilling systems, which are
usable withsmallapplied insertion force However,even with thermal drillshigh
insertion forces are generally desirasilecethey ae associated with increased
thermal drilling velocities and efficienci¢27].

The thermodynamic theory efeadystatethermal dills is dependent upon
which phase transitiothat is dominant. Thermal drills at the surfac&afopa are
exposed to the surrounding vacuum and generally result in sublimation while thermal
drills that operate below the surface are expected to seaboffthe surrounding

vacuum and result in melting.
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Figurel: Water icephase diagranmA description of the test conditions can be found
in Sectio4.2

Thewater ice phase diagramkigurel shows the pressure and temperature
at which phasehanges will occurThe triple point marks theressure and
temperaturat whichall three phases of water can exist simultaneo@styy the
solid and gaseous states are observed biblewriple point pressure (65657Pa)

Sublimationis the phase trasitionwhere solid vaterice bypasses the liquid
phase andhangeslirectly intoa gas, which is what occurs with watetlsg vacuum
pressuren the surface of Europ&ublimationoccurs naturally to the highest energy
water ice molecules on tiseirfaceg[11] butthe processan be accelerated by

warming the ice to its sublimation temperatiNatural and accelerated sublimation

12



can bethought ofas solidto-gas variant®f the more familiaevaporation and boiling
processegespectivelyAccelerated sublimatiois the basienechanism by which
sublimationbased thermal drilling operatesherea directed transfer of heat converts
ice intogas boring a holeSublimation hermal drilling requiresupplyingthe
energetic cost diothwarmingtheiceto its sublimation temperateiandthen
changing its phasieom solid to gas

The energy costsf sublimationare dependent upon temperature and pressure
at the ice surfacand are made of the two distinct processes of warming and phas
change. Vdrmingfrom the ambient temperaturequires approximately 18Q)/kgto
250kJ/kgand thdatent heat of sublimation is approximately 2&38g to change
the phase of the ice in/as

Melting is the phase transition of solid into liquid anthis familiar process
that occurs when ice is warmed to its melting temperature at pressuregrabove
triple point While this process is ubiquitous on Earth, it does not naturally occur on
the suface of Europa. The tenuous atmosphere means that naitithg surface can
only be found when a region of increased local pressure is created. The melting
temperature for water is approximately@ (exceptunderextremepressure) and is
hotter than théighestsublimation temperature. Warming from @m@bient
cryogenic temperatutte the melting point takes approximately 2&0kg, while the
latent heat of fusion is approximately 38#kg to change the phase of ice into liquid.
The large discrepancy dierequired phase changeergybetween melting
(334kJ/kg) and sublimating2835kJ/kg) makes meltingbased thermalrilling

theoretically morenergyefficient.
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Both thermal drillingapproaches requitbe surface ice tmcreasen
temperature befori¢ can change phase and be removed from the path of timeathe
drill. The pocket ofice that has warmed prior to changing phagénecessarilyform
a thermal gradient within the ice relative to the cryogenic surroundiimgs thermal
gradientcauss heat to be conductively lost. Models for these conductivsekwere
developed for thermal drills in terrestrial id@8] and have been expanded upon
account for subsurface probe geom¢23j] [29]. These conductive losse®ar
proportional to the temperature differential of the warmed ices relative to the
surroundngs.

Conductive loss is the primary drivertbe total energy and instantaneous
power requiredor gravity-driven thermal drillswhich are the primary issues
idertified with their use. While the total energy required for thermal drilling in
cryogenic water ice is substantial, even a small power generator can produce a large
amountof energy if given enough time. Howevgravity-driventhermal drils
operate irsteady-stateandrequire a relatively consistent application of power to their
heaters. This is problematic because power generation is limitaddelow the
surface ofEuropa Evenif a multrmission radioisotopthermalgenerato{MMRTG)
by itselfwere sed as a thermal drill, wwould not produceenoughpower toovercome
conduction loss anheltthroughcryogenic water icg30].

Photovoltaic power generation has limitgaplicabilityon Europadue to the
low light intensity n the Jovian region of the solar system and is not suitable for
subsurface missions unless a tether is used to transfer power. Radioisotope power

generators qovide consistent power but are costly afidn massivelevices. This
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has led to theonclusionthat longrangesteadystatesubsurface thermal drilling
probes are not feasible with current technolfgfy.

Sediment buileup & the drilkice interface is another issue that can prevent
the use of thermal drill82] [33]. However sincesediment builelip occurs
proportionally with distance travelled,ig a major concern for loagange drilling
systemdsutis notpertinentto the shorrange thermal drilling and anating

described in this work.

2.4 Sublimation-BasedWater IceThermal Drilling

Sublimationbasedsystems have been studied using variousates

simulated Europa surface conditidB4]. They have demonstrated that the
introductian of heat to the thermal drill head will slowly remove the surface ices. The
velocity and efficiency are relatively low for these systemtsch is problematic for
long-rangeoperation. The low efficiency and velocity of operation is primarily driven
by the conductive heat loss into the surrounding cryogenic ice. The efficiency of
sublimationbasedhermal drills is a topic of continued work and different drill heads
are studied to determine which leading edge shapes provide the optimal distribution
of heatfor efficient operatior35].

An issue with the use ¢dng-range sublimation systems is the concentration
of sediment at the melting head, which can halt progress if the sediment layer reaches
a thickness thaufficienly impedesheat transfer into the ices below. Given that salts
are present on Europid], this is potentially problematid@.o overcome the
deposition of sediment at the leading edge, a combined mecht@oalal system

was proposa and testef33] [36]. It was determined by Weiss that the introduction
15



of a mechanical drilling system reduced the reliability of their device due to the
moving parts that were necessarily introeld. However, theesting of thdceMole
showedhat a combined thermahechanical approach can work in glacial terrestrial
ices with successful dirt layer penetrat[86].

Sublimationbasednsertion has also been proposegrovide sampling
probes with access to subsagé icd37] where a melting regime would be
selectively targeted to retrieve liquid water samples. For stes#¢rangesystems,
the buildup of sediment will be limited.

Even wih sublimationbasedhermal drills, it has beesbserved that melting
will occur selectively and intermittently across the heated surface in contact with the
ice [34]. This was observed indirectly as periods of increased taestfér between
the thermal drill and the icehich is due to the thermal contact provided by liquid
water. This suggests that the local pressure due to sublimation can briefly rise above
the triple point even fosteadystateoperation of a sublimatioredice. The
intermittent thermal drilling approaches discussed in this work draw on and leverage

this type of local pressure buildup.

2.5Melting-BasedWater IceThermal Drilling

Despite their many similarities, thermal drills ofgarg in the melting regime
are fundamentally different from those which operate in the sublimation regime.
Many advanced miting probes have been designed to operaegrastrial
pressureand temperaturg86] [38]. Under hese operating conditions, the melting
probe becomes immersed in liquid water shortly after thermal drilling begins. Probes

designed for usen water ice orMarswould also naturally trigger the melting regime
16



[39] due to theambient pressure being slightly above the triple point of wakerse
systemgan potentially be adaptéo use orthe icy moons with vacuwpressure
surfaceconditiors, buttheywill not observe purmeltng without alteration

Melting probes operatingnivacuum require some mechanism to ensure that
the local pressure rises to and stays above the triple point so that tignkme
sustained. The moftequently proposed means of achieving sustained pressures is
through sealing of the borehole usingfmeezing wate[27] [40] [41]. Any liquid
meltwater that is proded as a result of thermal drilling when exposed to a vacuum is
unstable and can freeze when in contath Wie surrounding cryogenic ice or due to
pressureénduced refreezing. It has also been suggested that melting can be achieved
through a tipsealingmechanism with an internal flowpathllowing for meltwater
sample collectiofi37] [42].

Melting requires significantly less energy for its phase transition than
sublimation and meltwater is capabbf rapidly transferring heat between the drill
and icepoth ofwhich increase the maximum achievabétoeity for a given drill
geometry and power supply. However, the excellent heat trarsigerties oa
meltwater layer can also be a disadvantage. Probes that opestatiedystateand are
completely immersed in meltwater experience conductive cooéinged by the
surrounding cryogenic ice. If the meltwater is allowed to freeze then it can bind the
thermal drill within the ice and halt thermal drillifg1]. This binding can be solved
by distributedheatng of the walls ofthe probepreventingmeltwater layer

surrounding the probieom freezing
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The minimum power tonaintan the wall temperature of a subsurféeermal
drill against the surrounding cryogenic ambient temperaturased on the size and
shape of the drill ot is substantiahndconstantHowever progress made from
thermal drilling into the ice is variable @ function of heater power output.
Progress can only be made with heater powers above what is necessary to keep the
walls of the probe warm, but addital power output above this threshold primarily
acceleratethe thermal drilling process. This inhetlgrcouples the efficiency of
operation to the power output of the melting probe. The thermodynamics of
subsurface melting probes has been mod@lédandtested However, evem
melting probe witha power output o600W designed for use in cryogenic ides
predicted to have efficiencies on the order ofl&%ed on extrapolation of
experimental testinf1].

A tethered thermal drill is one whose power supply is extefneable
connecting the subsurface thermal drill to a power supply on the surface permits the
transfer of energy. Smalithermal drillprofilesrequire less power to drill throbhg
the ice and ofboarding the power supply represents a significant sizetieduThe
cabling also permits communicatiotwspass fronthe subsurface probe, which would
not otherwise be possible when underneath a thick sheet of ice. However, this
appro&h requires a cabling system that either releases cable from the suiface or
stored andeleasedrom within the probe itself. Cabling that is released from the
surface must be heated to prevent binding biyaezing meltwater, which represents
yet anoher large energy expenditure that scales with length. Cabling that is released

from the thermal drill itself increases the size and complexity of the thermal drill, but
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the cabling no longer needs to be heated. A cabling system that is released from
within the thermal drill itself was designed in a combined themmathanical system
calledthe Search for Life Using Submersible Heated (SLUSH) [d3].

A tethered thermalrill with a 600W heater pweredby an external source
throughcabling released from the surface was prototyped and {d€fed his
system demonstrated that binding due to freez®uld beprevented withdistributed
heatingbut that sealing of the borehole was not sustainedt $biods of binding by
re-freezing water were observed and the thermal driliiaigirallycycles between

melting and sublimation.

2.6 Dry Ice Sublimation

Carbon dioxidace was used in this work because it presented an avenue for
atmospheric pressuseiblimaion testingdue toits high triple pointpressure
(517kPa) This propertyof sublimating rather than melting at atmospheric pressure
|l eads to its nickname fAdry iceo.

The phenomena demonstrated with dryaoe of vital importance to any
thermal dill operating where the ambient pressure is below the triple point of the ice
being drilled The increase in specific volume of carbon dioxide during its phase
transition creates gasbarrier that reduces the effective friction between a warmed
object andhe dy ice andcaneven lead to levitation. This is known as the
Leidenfrost effecf44] or the inverse Leidenfrost effdet5] depending on the
orientation of the warmed object and boiling (or sublimgitiobject. Thidas led to
the development of a sublimatisased engine for use with dry ig5]. These

phenomena have major implications for sulaliion-based thermal drills
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Since water ice is the primary focus of thisdstuthe thermal differences
between sublimatindry ice andwaterice are quantified. The characteristics pertinent
to the sublimation process are the density, temperature, antl h&at of sublimation.
The dry ice useth testinghad a measured averagensity of approximately
1350kg/m?, while the latent heat of sublimation is 5&llkg. On the other hand, the
density of water ice is 91K/, while the latent heat sublimation is 283%J/kg.

The resulting volumetric sublimation energy required fyride is 30% relative to
water ice. There are also mechanical differemetseen dry ice and water ice, but
they have not been quantified. However, the cutting of dryhas been studied and
its specific cutting energy Isalf that ofcryogenic water ie[22].

While water icds below its sublimation temperature on the icy moons, dry ice
created on Earth is often at its sublimation tempegadnd actively sublimating due
theambienttemperature being relatively wari®ubcoadhg of the dry ice below its
sublimation temperature was achieved in this study in limited cases using liquid

nitrogen.

2.7 Triple Point Thermodynamic Modeling

The physics oé liquid flow reaching the triple point is the focuscofrent
study. Grbon dioxidehas ahightriple point pressure of 5lkPa but isoftenstored
above this pressure in its liquid state. When liquid carbon dioxide is ventedhifjom
to low pressuréhen it undergoes a transient thermodynamic process that includes
passing through theiple point. It is at the triple point that solid carbon dioxide is

created and that process has been modeldaxperimentally testdd7] [48].
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However, these studies are specific to their apibn and @yeneraimodel for triple

point thermodynamic simulation has not yet been developed.
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Chapter3:Su bl i nBaatsiBdide r ma | Drilling

3.1 Experimental Setup

Two sparate test rigs were developed to assess the sublimation characteristics
of a range bprototypethermal picks. The first test rig ubknear motion and weights
to produce a forceontrolled insertion. The second test rigdiaéicorks c r e w 0
motion(coupled linear and rotatiaf) with alead screw and a stepper matwat

producel a tappirg positionrcontrolled insertion.

3.1.1Linear Test Rig

The linear test rigis seen ifrigure2 usal two linear sleeve bearings
supported by a frame, a driving rathda weighted platéhatappied the insertion
force. The thermal piclwas connected to the driving redth a G-10 couplingand
wasinsertedinearly into the ice. This linear rig allogdfor a weighted force
controlled insertion into the ice bubuld also be manually controlleManual control
of thetestrig provided usefu tactile, visual, and autbry feedback during the
sublimation processyhich allowedfor amorethorough investigation of the
sublimation phenomena. The linear test rig was used to test all cylindrical profile

thermalpicks (g through €), but not thegew-typethermalpick (f).
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Tablel: Thermal picks used in dry ice experimental testhklgthermal pickswere
built to a length of 63.5mm to accommodate an insertion distance of 50.8mm

Diam. Tip Shape Material Misc.
Tellurium Copper
a| 6.35mm Flat (Cu 145)
b| 6.35mm | 45° Conical Cu 145
c| 6.35mm | 45 Inverse Cu 145
Conical
dl 12.7mm Flat Cu 145
el 12.7mm Elat Cu 145 and 3.18 mm thick
' Titanium (Ti-6Al-V4) titanium walls
Aluminum Threac_i; have
f| 12mm Flat (EN-AWB060) 3 mm pitchand
2 mm depth

Figure2: Linear test rig and thermal pick)( Shown left is theihear test rig with a)
thermal pick, b)5-10thermally insulating coupling, c) driving rod, and d) sleeve
bearingsShown center is theonical pick with pressureelieving groovesShown
right is the onical pick model crossutrevealing theembedded heatptacementn
red

3.1.1.1Sleeve Bearings

The two linear sleeve bearingsdiiaternal ball bearings that all@al for
linear motion and rotaon of the driving rodvith minimal friction The two sleeve
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bearingswere separated by a small gapreduce driving rod playVith only one

sleeve bearinghedriving rod would bindwhen subjected to cfixial forces on the

driving rod. This issuavasresolvedby the addition of thesecond sleeve bearing
3.1.1.2Driving Rod

The driving rodmade of 6.3%nm diameter stock aluminum 60@/&s chosen
so that the 6.35vm diameter thermal pislcould be attached to the driving rosing
a simple coupling tube (th€&-10 coupling). The length of this rod sticking out
beneath the linear sleeve bearing proved to be probleBatiause of its lengthhé
lateral forces that were incurred during insertion of the thermal pick would cause the
driving rod to bend significantlyThis causethe thermal pick path to deviate from
the desired path. Thphenomenoted lateral forcego resultin thermal pick path
deviationandis described irSection3.2.2

To allowinsertiondepthsof over 50mm andbecause athe positionof the
dry ice bloclks beneath the test rig, the length of the exposed driving rod could not be
substantially reduced.o minimize the bending of the driving raéstrunswere
started with the minimum possible exposkinving rod length, buthedriving rod
was still proned bending. This drove future tes designtowards theuseof
components with increased structural rigidity.

3.1.1.3G-10 Coupling

The G-10 couplingwas used to thermally insulate the thermal pick from the
driving rod.G-10 has a low thermal conductivity of 0 28V/m-k andits modulus of
elasticity of 7GPa to20 GPamakes it relatively stiffwhich allowedit to

simultaneoushgerveas a structural mereb and thermal insulatiofarly testing
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used an alumiumcoupling,butthe driving rod would heat up nearly the same
temperaturas the thermal pick. After tH8-10 coupling was implementethe
temperature of the driving rod wasaffected by testingndicating that conductien
based losses had bemrbsantially diminished.To makethe system adaptable to
switching betweemultiple thermal pick styles, th8-10 coupling was outfitted with
two set screwso securdt to the driving rodandthermal pick.

3.1.1.4Aluminum Frame
The frame of the linear test ngas made ofaluminum 8620, which allowed
for rapid construction of the test rig atiek use of/arious dryice blocksizes.

3.1.1.5Thermal Picks (@), (b), and(c)

The thermal picks (a), (b), and (egre the first to be designed and testad
areshown inFigure3. Theywere madeof tellurium coppefor its machinabilityand
high thermal conductivity355W/m-K). Machinabilitywas a critical feature because
of thetight tolerance®f the holefor the embedded cartridge heater.

These thermapickswere 63.5mm long and hd three different tip designs.
The flat tipped thermal pick (a) was designed as the baseline system against which
others cold be compared. Thé5° conical tip (b) was designed to encourage flow of
escaping gas out and arouhe thermal pick. Thd5°inverse conical tip (c) was
designed to examirt@e effect ofdiscouraging the flow of escaping gasing

sublimation
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Figure3: lllustrations of thermal picks Jahrough {). Colors represent coppéight
brown), titanium (gray), aluminum (dark gray), cartridge heater (red), and
thermocouple (red/yellow/gray).

3.1.1.6Thermal Pick (d)

Thermal pick (d) was designed to be compared to thermal pick yegs the
same desighut with alarger diameter. The seddility of the thermal pickis a
primary concerrsincea Europa rover has not yet been designed and 1seaér
Europan surface &characteristics aret yetknown While thermal picks with
larger profiles require additional energy to insert into tleegiienay be necessary to
use large thermal picks when working witieak ices.

The same 30V cartridge heater was useshardless fathermal pick size
With a larger thermal pick, the radé warmingwhen exposed to 30/ wasrelatively
reduced, while theate of cooling duringhermal drillingremairedrelatively
unchanged dut the proportional increase of tip surface area.

3.1.1.7Thermal Pick (e)

Thermal pick (e) was designed to be compared to thermal pickgthe
sublimated gasscapd betweerthe thermapick andboreholewalls, heatwas
transferredThis heat transfavas undesirable and sbermalpick (e) was designed

with a thermally insulating material ais outer surfaceexceptearthe tip.This
26



insulatel the outer surfacef thethermalpick fromthe copper cordimiting the
amount of heat lost through the walighout inhibitingthe centralheatflow path
between the heater and.tip

Titanium 6Al-V4 waschoserasthe outewall material due to its combination
of high strengtlof 828 MPaand reldively low thermal conductivityf 6.6 W/m-K.
After insertion, thermal pickneed to be used as load bearing arschbpotentially
cryogenic temperatures, which preclddiee use ofnsulatingmaterialshathave low
yield strength or thatbecome brittlevhen cooled. The titaniumdinot extend to the
leading edge of the thermpikck because the leading edgas an active surface for
thermal drilling and requickuninhibited heat flow

3.1.1.8Embedded Cartridge Heater

Cartridge heatsiwere selectetbr their high power densitgandbecause they
had been used in previous worl&2] [39] [49]. Cartridge heaters have a coiled
resistive wire surrounded by densely packed magnesiitie powder. Magnesium
oxide powdethat has beepressurizeds thermaly conductive and electrically
resistive, whichs anuncommorpairing of materiatharacteristics. This alloydthe
resistive wireof the cartridge heatéo be coiled denselfpr high power density and
simultaneoushavoided overheating.

The other competitive option for heating the thermal gie&sthin film
heates, whichhad also been useid previous work$34] [37]. Thinfilm heaters have
a relatively lowarealpower density butvere otherwise sudble Subsurface thermal
drills often have a large radius and are not subjected to significant mechanical

stressegpermittingrelativelythin conductive layerandthin film heders. However,
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thermal picksvere mechanicly stressd during anchoringndwere ideally smallin
profile to minimize energy costhis malethin film heaters impractical for thermal
picks.

While cartridge heatee known to have an unequal distributadrheat
across their surfacesur modelingassumedhey were isothermall his assumption is
reasonablelue to the surrounding copper, which rapidly distridabe heaproduced
by the cartridge heater.

The cartridge heatepperaté at a maximum of 30V at 24\-DC andhad a
radius of3.2mmand a length o25.4mm. They werealsoused at voltages below
their rated maximum toeducethe heater power outputhey were procured from
Heaters Controls & Sensors.

3.1.1.9Thermal Paste

Thermal pastevas used t@reatea conduction path between the embedded
cartridge heater arttie coppethermal pickbody. The hole drilled into the thermal
pick was made large enough to allow insertion of the aig&heaterput ths creaed
gaps between the twihatprevenedconductie heat transfeexcept at the points of
contact Off-the-shelfthermal paste is @onductivefiller thatwas used tamprove
heaterto-pick conductioni Ar ct i ¢ Si | v wasuseddntthaesraheamal past e
conductivity of 8.9V/m-K and a maximum operatjy temperature of 13T. While
this thermal conductivity is very lovelative tocopper,t did not significantly inhibit
thermal conductiomwhenonly thin layersvere used The maximum operating
temperature was the limiting facttbrat sethe upper bouh of the thermal pick

temperatures used.
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3.1.1.10Thermocouple

Temperature measurememtere takenusng a K-type thermocouplelhe
thermocouplavireswere attachean the surface opposite from the leading edge as
seen inFigure3. Thiswas becausplacement of the thermocouple on surfaces closer
to the leading edgeould haveexpo®dit eitherto ice orto sublimated gaand
would have registered as erroneously coldaarsed it to be physically damagé&tis
placementreaed a small thermal lag in the system where heating by the cartridge
heater and coolindue to thermal drillingook a short time before Wwas registered by
the thermocouple.

3.1.1.11Arduino and Electronics

The Arduino boardvas used to control the heater and krttte temperature of
the thermal pick. The thermocouple temperatuas read in as an analog voltage
coming from the thermocouple thags amplifiedwith a MAX31850K breakout
board.

The Arduinowas also manually commanded to taine heater on and aff
whichwas achieved by opening and closing tireuit between the power supply and
cartridge heatewith a 10A DC relay.

3.1.1.12Power Supply

TheDC power supply for the cartridge heatess rated tol0 A and hal a
variable voltage settinVhen he power supplyvas set to 24V, approximatehy30 W
of thermal powewas outputby the cartridge heater. The power supply was also run
at 20.8V, and 17V, changingthe heater power output to 22\ (75% capacity) rad

15W (50% capacity), respectively.
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3.1.2Rotary Test Rig

The rdary test rig inFigure4 was a partiallyautomated system that conteal
the temperature and position of the thermal pickadta stepper motothatrotatel a
lead screvthatfolloweda prescribed path set byetlead screw nut, resulting &
coupled linearotational motionThe thermal pickvas attached to the lead screw
through theG-10 coupling.The discrete steps taken by the stepper motor eeSnla

rapidstepiselinear progression of the thermal pick

e I £ 3
— e T
— o = aLT'C e Vi O i RN

Figure4: Rotary test rigvith a) thermal pick, b) €0 thermal insulation, c) lead
screw nut, d) slip ring, and e) motor.
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Figure5: Rotary test rig schematch owi ng t he systemdéds maj or
components.

When the rotary test riggas used with a scretype thermal pick that tika
pitch (distance between eachthreada t c hi ng t hat of the test
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thermal pickwould onlycontact the dry iceusface at the leading edgetbe thermh

pick, notalongitsthreadng. The | ack of <contact between t he
and the ice meanhat the ice boreholeauld have an internal threading pattern as

seen inFigure6. The pitch of thdeadscrewand nutdetermine the coupling of the

linearrotationalil ¢ o r kosnotiore w

Figure6: Cross cut of threaded ice borehole and thermal picRlfflead quality
degrades towards the surface of the ice due to thermal erosion.

Thermal pickga) through €) hal a cylindrical profileand when used with the
rotary test rigvould rotate as theprogresedlinearly into the ice. The rotation of
these cylindrically symmetrical picksddnot causany observedifferences relative
to thelinear test rigesults The atire set of thermal pick&) through (f\weretested
on the rotantestrig.

The test iy was controlled by an Arduino MEGA ant$ associated electronic
componentsTherelay, motor micrecontroller, thermocouple ampkr, heater power
supply, and motopower supplywere all controlled by the Arduino board.

The screwtype thermal pickvas distinct from the other thermal picks in that

it was an anchor thatould notbe pulled linearly out of the icter insertionSince
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the dry ice studiewere focused on the thermal behavior of the thermal picks and not
their load bearing capabilitiethisdifference was not pertinent to the reported results

The embedded cartridge heaters, thermocou@d$) coupling, thermocouple
amplifier, power supply, relay, and Arduino were unchanged fitweir descriptions
in Section3.1.1

3.1.2.1Stepper Motor

The stepper motor providehe mechanical means of insertion for the rotary
test rig, replacing #afunction of theweights used in the linear test rig. While the
linear test rig enabtkdirect controloverthe insertion force, the stepper motould
not provide this capabilityThe stepper motor provideliscrete short rotary motions
of high torquewhich resuledin brief high-force movements of the thermal pithat
appeagedas a rapidit a p ptype igsertionThe pace of insertiooould be
controlled but not the force applied between the thermal pick and the ice.

Limited control over thguality of thethermal contact between the thermal
pick and icevasachievedoy adjusting thgpace of insertionThecommanded
velocity was controlledby seting the number of steps per unit tisedcause the
leading edge of thihermal pick to tap agast the lttom of the ice borehole with
frequencycorresponding to the velocitidigher commanded velocitié@sprovel the
thermal contact between the leading edge of the thermal pick and bottom of the ice
borehole This behavior is modeled in Secti@¥.

The stepper motor was an Adafruit Industries XY42STH384A NEMA-17

bipolar stepper motor capable of output torques as high &@.Zhe current
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required at the maximum torques 350mA per phase. This motor was ays used
in a 1.8°/step mode and nat a micrestepping mode.
3.1.2.2Stepper Motor Driver

The stepper motadriver was the only component of the electrical systeat
was not used ithe linear test rig. The stepper motor driwes a chip thatdok a set
of commandnputs from the Arduino, @éw power from themotorpower supply, and
providel a precise current profile to the stepper motdiis was necessary because
the stepper motor requde series ofrapidly changing curreato take stepsand the
steppemotor driverwas designed to produdkattailoredcurrent profile.

The stepper motor used was an iTead Studio EasyDriver v4.4, whsch
rated at up to 8381A maximum current.

3.1.2.3Brace Plate

The brace plate bloekithe stepper motor from freely rotatinghich caused
it to pass the produced torques into the lead sdtemas rigidly attachedo the
motor ando two linear sleeve bearings running aldhgtwo rods & thetestrig
frame. This setup alloadfrictionlesslinear motionof the brace plate in thdirection
of insertion, but preveatthe motor fromspinning.

3.1.2.4Driving Lead Screw, Nut, andMotor Coupling

The driving lead screw and nutdha pitch of 3mm anevere used to coupl
the linear and rotational mohf the thermal pick. The driving lead sere/as
rotated by the stepper motor and this rotation ahlisear displacemerthrough
screwnut contactThis actuation system permeitlthe properuse of the screwype

thermal pick, which would otherwise prack an unthreaded ice borehole. Tior
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couplingwas used to rigidly connect the output shaft of the stepper motor to the
driving lead screvgothattorque ould be transferred

Since the pitch of the lead screw and was small,internalfriction madethe
systemnot backdrivable. This mearthatany axial force applied to the systerowd
be blocked andot result h motion, sany position changes made by the stepper
motorwere held unless aexternal torquevas applied.As a result, pessure
developed duringublimationdid notreverse progresmade by the thermal pickhe
3 mm pitch of the lead screw meant that the maximunN@n2vould translate into a
linearblockingforceof 418N, althoughit was uncertain how mudhternal
resistance in the lead screw and nut interface reldh¢eforce.

3.1.2.5Slip Ring

Since the pitch of the driving lead screxas 3mm and the insertion distance
of the thermal pickvas 50.8mm, the thermal gk rotatel approximately 17 times per
insertion and extractioWVithout a slip ring, his wouldhaveresuledin thetwisting
of wires The slip ringwas a model MTO0S08 (Z2097) and was purchased from
Moflon Technology Co., Limited. It providesix 2A connections and two #ype
thermocouple connections. Two of thé& Zonnectionsvere used for passing current
to the canmidge heatersSince thermocouples use dissimlar metal junctions to develop
voltages, he K-type thermocouple connectiongre made of nickechromium and
nickelalumel and would not otherwise be usdbletemperature readings

3.1.2.6Thermal Pick (f)

Thermal pck (f) was designed to become locked within the ice after insertion

by the threaded borehole thatut according to itscrev shape. livas aluminum
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with a trapezoidal thread profile and a pitch ghf. It hal an outer diameter of

12 mm (outer edge ohe threads) and an inner diameter ofil® (diameter of the

solid unthreaded core$ince copper lead screwmsrenot available ofthe-shelf,

aluminum was selected for itelativelyhigh thermal conductivitpf 200W/m-K.
3.1.2.7Stabilizing Sheet

In early tesng, a small cyclic lateral deviation of thermal Bekas caused by
thematingof the driving lead screw and nut. As the lead screwrn@tel and
driven linearly by the nut, the contact points between the lead screw and nut would
shift due to slight malignments. This was corrected through the use o&tthé
stabilizing sheet.

The G-10sheetwas cut with holes specifically sized for the diameters of the
various thermal picks. The thermal picksiito their appropriately sized holéghtly
enough thatheG-10 sheet physically restricted lateral motion leé thermal pick.

The use of this sheet resulted in some limited additional friction and conductive heat
transfer between the sheet and the thermal pick.

3.1.2.8Aluminum Frame

The frame usga combination bstock and custom machined pieces of
aluminum 6061. Theguare tubes that rda up the body of the frame provile
structural rigidityandtight machining tolerancesnsumg alignment of the test rig.
Two 6.35mmrods prescribéthe motion of the linealeeve bearingsfahe brace
plate. Using relatively thinods allovedfor some limited bending, which eakihe

constraints on the alignment between the aluminum rods and the driving lead screw.
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3.1.3Dry Ice Mounts

Given the substantial forces tlivelogdthrough the sublimation process as
gas pressureould build between théhermal pick and ice, moung wasrequired to
hold the dry ice test specimen in plathe custom moustheld the dry icethrough a
distributed loathg schemeshatavoidedcrackingtheice.

For the linear test rig ith vertical insertion andhereforeprimaiily vertical
forces, taut ropes strung ouée ice blockadequatelygecured it to the laboratory
testing table angrovide stability In the rotary test righe thermal pickvith
horizontal insertion and primidy horizontal forcesneant thaa more substantial
approactwas neded Two 12.7mmthick plywood planks were used to sandwilch
dry ice block and aratchet strapvas used t@rovidethe compressive forceecessary
to secuethe dry ice withinDry ice blocks would occasionally break under the
compressive load of the clampingechanismbutthis was mitigatetby shaping the

ice surfaceprior to useso that it conformed to the flat mourdgisurfaces

3.1.4Test Procedure

In desigring the test procedure, two distinct approaches were considered. The
first was to determine the energy and time required for the insertion of a thermal pick
into the ice based on a set of initial conditions apeérating conditions. The second
was to detanine the energy and time required for the insertion of a thermal pick into
the ice & well as the energy and timer&iurn to the initial temperature condition.

In practice a thermal pick woulthave no reasoto returnto its initial
temperature conditio This male the first approactiebest at simulating the

intended use of the systefyutthermal drillscould notreadily be compare this
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method vereused Thermal drillingby the first approactvould costanamount of
energy specific to the mass amdterial characteristics of the therrpatk sincethe
temperature of the thermal pick chadgleiring use. By using the second approach
and ending each teat atemperature matching its initiabndition enegy balance
could be used to directly solverfthe energygostof the sublimatiorbased thermal
drilling process.

Completing a full thermal cycle involdestarting the sublimation process at a
target temperature, performing the sublimation action, and then returning to the target
temperature. This fucycle (2-3-4-2) negate the impact othethermalcapacity of
the thermal pickThethreethermodynamic mrcesses of the test procedoceured
as follows

Pre-Cycle
State 1:The thermal picks kelow the target temperature
Procesgq1-2): Heatingup 1 the target temperature

Thermodynamic Cycle

State 2:The thermal pick is ahe targetemperature
Procesq2-3): Thermal drillinginto theice with a constant target temperature.
State 3:The thermal pick is&low the target temperature within the bmie
Procesy3-4): Remoal from ice and settling of the thermal gradient
State 4:The thermal pick is belothe target temperatumitside the borehole.
Process:(4-2): Heating back up to the target temperature

The target temperature was chosen poagdch test run andasusedfor the

entire duration of any one te¥thile this temperature was the tarfmtthe heater to
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maintain the actual temperature measured by the thermocouple was often
significantly lower Thiswas due to theapidcooling tha occurswhen in contact
with cryogenic ice

3.1.4.1Linear TestRig Procedure

While using the linear test rig, the target temperattaerepresentative only
of the initial and final temperatures for a tesice the heater w&ept constantly on
until the end othe test For target temperatures below room temperatbesthermal
pick was cooled using spare dry ice to below the target temperature, then the heater
would be turned on to raise the thermal pick to the target temperature. The thermal
drilling processvould then be started by initiating contact between the thermal pick
and the ice as soon as the thermocouple registered that the target temperature had
been reached (state 2). Timal drilling continued until the target depth of 5@8n
was reached (stat8) after which the thermal pick was removed from the(gtate 4)
Once the thermal pick returned totiésget temperaturgstate 2) the heater was turned
off and the timing of events were recorded

Thestart and end of thietal process timed was marked by the thermal
pick reaching its target temperatistate 2)andthe timingwas recorded by the
Arduino microcontroller. The heater timé was equivalent to the total process
time only in the Inear test rig because the heates alwayson during the tesfThe
insertion time 0 of procesg2-3) was recorded in the same manner

3.1.4.2Rotary Test Rig Procedure

Theswitch from the linear test rig the rotary test rig came witiutomated

control over the thermal pick. Heating up to thegyéh temperature ¢2) was followed
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by an automated initiation of the insertion process and the timing of evasts
automaticallyrecorded. The stepper motor was commanded to progress at a specified
rateof speed until a manual command was issued indigdliiat the target depth had
been reache(btate 3. After this command was received, the Arduino microcontroller
would automaticallyquickly extractthe thermal pick fronthe ice (34). The heater
would thenwarm the thermal pick back up to the targetpgenaturg(4-2) at which
point the test was concluded

Throughout the entirety of each tegth the rotary test righermostat control
logic was appliedwhich cycled the heataroundthe target temperature. If the
embedded thermocouple registered a m@jpire of C above or below the target
temperature, the heater was turned off or on, respectively. The temperature
measurements and thermostat contrete performed automatically by the Arduino
microcontroller.Given the temperature swings due to therlag a maximum
operating temperature of 9C wasconservativelysed to ensurihe thermal pastes
maximum operating temperature of 1qwas not volated

The cycling of the heater meant that the total process time and the heater time

0 were o longer equivalent. The Arduino microcontroller would automatically log

theduration thathe heater was turned arithin thetestcycle (2-3-4-2).

3.1.5Theoretical Analysis

The efficiency of the process is calculated as the ratio between the calculated
idealenergy required for the sublimation of a perfect boret©leand the measured

energy output by the heatéD |.
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Calculation of the ideal energy requires the minimum borehole volune (
the density of the icé’ ( ), and the latent heat oftsimation 'Q ).

o o YQ )

Assuming araverage measured dry ice density of JR%m, the ideal energy
costs for sublimation are approximately 5K3¥5for themal picks (d and(e), 1.13kJ
to 1.26kJ for themal picks (@), (b), and(c), and 3.15%J for themal pick (f).

Due to itsvariability, the density of each dry ice block was calculated prior to
testing. A cylinerof ice was cut and its diameter, length, and weight were measured.
The dryice densities were consistent throughout a given block, but between blocks
the densitiesanged between 1gccm and 1.4§/ccm.

Theheaterenergy outpuis calculated fronthe heater timed() as recorded
by the Arduino, the voltage applied to the cartridge heater by the power supply (
and the measured resistance of the cartridge h@ate

a 00
@ v ©)

The thermal losseD are defined as the difference between the output
energy and the ideal energy.
O O © (4
While thermal losses are often a positive value, which indicates that heat is
being lost by the thermal pick tbe ambient environment by some means, it can also
be a negative value. A negative value of thermal loss indicates that the thermal pick is
below the ambient temperature and is therefore drawing heat froamthent
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environment. Positive valuesiuse thealculatedhermalefficiencyto bean
underestimate of the actual efficiengihile negative values cause thermal efficiency
overestimates

Thevalues measured in testiage the thermal pick temperature, tqiedcess
time O ,insertion time 0 , heater time0 , commanded insertion rate of the
stepper motor (rotary test rig only), and insertion force (linear test rig only).

The lastphase of heating back up to the target temperature represents a large
therma expendituresince the thermal pick cooled to as low-38°C during thermal
drilling. The energy required to warm the thermal pick is describdgybgtion(5)
where i ) is the mass of the thermal pidoy ) is the specific heat of copper,
and 'Y ) is thetemperaturelifferenceinvolved

(0] a o YY (5)

Themasegsof thermal picks (a), (b), and (c) were.34g, the mass ofhermal
pick (d)was58¢, andtelluriumc opper 6 s ®Sp8BIkgK.Ths heat
corresponédto an energy of 0.6KJ and 2.&J required to warm the small and large
picks, respectivelyto their maximum target temperature of°@from their
minimum temperature oB0 °C.

The energy required to wartine thermal piclback to the target temperature
is equivalent to the latent heat within the thermal pickwastexpended during
thermal drilling Without the final warming phase-@), aninsertion using only latent
thermal pick heat without actively returning to the target temperature would appear t

have an infinite efficiency by Equatidf).
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A thermal pick that approximately maintains its tatgetperature throughout
the duration of a te$ undergoing &teadystatethermal procesdyutathermal pick
thatdrops in temperaturés undergoing a transient thermal procédsetransient
sublimaton processes that were observeere inserted at higer ratesas a result of
this additional energy expenditufehe use of latent heat is most clearly demonstrated
through the insertion of a thermal pick without any active heaBpg.omparing
Equationq2) and(5) it can be calculated that when cooliingm 90°C to-30°C
against the icea thermal pickvill have expendeénough energy to thermally drill
approximately 2%nm into the ice without the use of a heater, wihiek

experimentdy confirmed

3.2 ObservedPhenomena

The following sections are descriptions of phenomena that were observed
during the sublimation processnge dry ice testing was used primarily as a
precursor to water ice testing in a cryogenic vacuum emviemt, a
phenomenological study was the primary focus of this wibk. most immediately
observable effects of the sublimation process are the normallyelct ed A pus hback
force and low surface frictigrooth of whichresut from the rapid creation of gases

carbon dioxide

3.2.1Pushback Force

The pushback force observed in these experimergsgariantof the
Leidenfrost effec{45]. The thinrfilm boiling that occurs between a liquid and a hot
surface first noticed by Leidenfrosh 1756[44], is known tocreate a local pressure
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sufficient to levitate droplets of watek critical temperature was observbyl
Leidenfrost below which water droplets woufdll into contact with the ot surface
and aboveavhich water droplets woulkbvitate This critical temperature is between
150°C and 21CC for water dropletsThe Leidenfrost effedds caused byeat
transferring into thevater droplethrough a thin gaseous regjamhichboils the
water dropletandsustainsthethin gaseous region. If the heat transfer in this manner
is insufficient to support the thin gaseous layer, thenvéiter droplet will fall into
contact with the heated surfadde counterintuitive aspect of the Leidenfrefect
is that ithas an insulating effeatausng a reduction in the rate of boiling of the water
droplet. This is because the convective heatdfer that occurthrough the thin
gaseous layas slower than the conductive heat transfer thatild occurif the water
dropet werein physicalcontact with the heated surfaddere is acritical
temperature for the hot surfa@dove which the Leidenfrostfectwill occur, but
this temperatures dependent on the materials, ambient conditions, and other factors.
The Leidenfost effect is also observéadsublimating ice (most commonlyydice)
levitating above aelativelyhot surface.

The inverted Leidenfrost effect @svariantof the Leidenfrost effect where the
boiling or sublimatingmaterial is below a hot object thatlevitated The
fundamental concept remains the samthat if there is a sufficient temperature
differential, a thin gaseous layer dam sustained thauppors levitation. The
Leidenfrost effecin dry icehas even led to the study of sublimation eegj46].

The size of a water droplet impacts its abilityewaitate through the

Leidenfrosteffect[45]. This is because of the relative scaling of the surface area and
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weight of the water dropletconsideredWhen he forces pulling thewvo bodies
together can overcome theidenfrostievitationforce thencontactwill form and
conductive heat transféecomes dominant

Within the context of a thermal piclevitationhas the effect of impeding
progress andhsulating the ice fronthe thermal pickJust as heat transfer between a
hot surface and water droplets is reduced when a gaseous layer forms between them,
heat transfer betweertl@ermalpick andtheice is reduced ven a gaseous layer
separats them Thewidth of the gaseous layelependsipon the temperature
differential between the thermal pick and the ice as well as the force pressing the
thermal pick into the dry ice.

The dependence of the force required to overcome Leidefdritsttionon
pick temperaturereatel a positive feedbackop. If the force pressinghe thermal
pick into the icearesufficientto overcome levitationthenheatefficienty transfers
into the iceandcools the thermal piclSincea cold thermalpick requires riatively
smallerforcesto overcome levitatiorheat transfeefficiency continually increases
further coolingthe thermal pickConverselyif the forces pressinthe thermal pick
into the ice arénsufficient to overcome levitation, théweatinefficiently transfes
into the iceThis inefficient heat transfer into the ice would cause runaway heating
without using thermostat control logic

The critical force has a strong dependence on tip shapeiekiiopice
temperature differential. Sin¢lkee thermapick-to-ice temperature differential varies
in a transient manner, the critical foiisaifficult to quantify. When allowed to freely

descend into the ice under their own weight, thermal piokserslly resuledin
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runaway heatingAn additional force ©2.5N or 5 N wasapplied byusing either one
or two 250g weights These forcesorrespondo betweer20 kPaand 16kPa tip
pressureThe 25 N additional forcavasonly sufficientto overcome levitatiom the

coldest casesvhile 5N additional forcewvas sufficient in theastmajority of cases

3.2.2SurfaceFriction

When a gaseous layer formed between the thermal pick and the dry ice, it
aciedas a barrier, preventing direct contaotl aemoving nearly all surface friction.
Unless active measures were takepreventt, the low surface frictiomausedhe
thermal picls toslip laterally down sloped ice surfac&he lack of friction combined
with the applied forces wouldend the dxiing rod d the linear test rig andeviate
theangle ofinsertionof thethermal pick This deviation of the insertion path would
result in poor picko-ice contact qualitiandreduce heat transfer into the ,ice
occasionallycausingrunaway heating of the thermal pick.

The most impactful effect of a deviated insertion angle that it would
cause an oblong bore volume as sedfignre7. An oblong bore volume necessarily
involves the sublimation of unintended ices, whioiplies wasteenergy
Unsurprisingly, deviated insertion anglasreased energgxpenditure during

insertionproportionalto thevolumeof additional ice sublimated.
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Figure7: Oblong bore caused by lateral slippiNisual aid with desired (green) and
undesired (red) bore area.

3.2.3Forced Convection Heat Transfer

Another effect of the rapid production @drbon dioxilegas is the heat
transfer that occsralong the walls of the thermal piclSublimation occurgrimarily
at the leading edge of the thermal paridall sublimated gasesust escap to the
ambient environmenA thin channel quickly forms around the thermal pick that both
deepens athe thermal piclprogresses into the ice amitlers as the icéorehole
erodesThe escaping gas flows outwardghin this thin channehlndis exposedo
both the hot thermal pickalls and the cold borehole wall€onvective kattransfer
from the thermal pick wadlincrease the temperature of the escaping gas, whith
sublimate the borehole ice walls

Because dry ice thermally equilibrates to itslsodtion point, all heat
trarsferred to the ice wall results in unintended sublimation, whittreisause of

erosionthat widenghe channel. Initiallythe channelill be no larger than necessary
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to permit the flow of outgoing gas. Howeveonvective leat transferates are a
function of channel width antieat transfer into the borehole walls will sublimate and
expand the channeAs the channel widens, convective heat transfer sldtis
creates a negative feedback loop wherein borehole erosion®lewsme.

The width of the brehole gap varied dramatically depending on insertion
stability and depth. Stable undeviating insertions with high rates of sublimation
produced borehole gaps thin enoulgattestricton of theoutflow of gascaused
pressureebased fracturing and expudsi of chips of solid dry ice. However, by the
end of any given test, thmrehole was always noticeably erodgdr insertion
depths of 5B mm, the 12.fnm diameter pick createdomreholewidth measured
between 13.6nmto 142 mm at the lip. Thi€orrespondto a maximuncthannel
width of 0.45mm¢to 0.75mm.

Since the heat required for borehole erosion comes from the thermal pick,
erosionrepresents distinctheat loss mechanisio reducesnergylost to convective
heat trangr, the thermal pick all temperature must lreducedpr the flow of the
outgoing sublimated gamust be alteredrhese consideratiorssedescribed in

Sections3.3.3and3.3.4

3.2.4Ambient Losses

Heat transfer to and from the ambient environment occuragh natural
convection and conduction. Natural convective lossgsins occur when thermal
pick surfaces are exposed to ambtemperaturesNatural convection igravity-
induced heat transfer with tlaér surrounding any exposed waamcoldsurfaces.

While this effect would not be present in a vacuum environment, it was present in
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laboratory testingOnly surfaces above the ice surface waffected by natural
convective lossedbecausasublimation flshes the borehole with a consistent supply
of carbon dioxide

Conductive losses (or gains) occur through any material that physically
contacts the thermal pick. The primary sources of conductive loss delibsheet
and theG-10 coupling, which arén direct contact with the thermal pickhe material
G-10was selectedpecifically forits low thermal conductivity, which inhibitkis
conductiveheat transfer.

These convective and conductive losses were experimemtaiiguredby
tracking the heater poweequired to maintain thermal pick temperature when not

thermally drilling The rate of loss is included in the energy accountirggction3.5.

3.3Results

3.3.1Stability and Insertion Angle

The most impactful characteristic of the insertion of a thermal pick is its path
stability. The linear test rigadpath stability issues when inserting into sloped ice
surfaces stemming from a lack of stiffness in the drivingwbie the rotay test rig
had a cyclic path deviation of the thermal pick during inserfitwe. path deviations
were difficult to discern by eye but would result in significantly increased bore
volumes andvastedenergy.

Oblong boreholes as seenfigure7 would result from pick path deviation
whenusing the linear test rig. Thedeviationscaused unpredictable efficiency

reductions (often over 20%) proportional to the path deviation and resulted in
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overheating ofhe thermal gik when the misalignment lowerdide thermal picko-
ice contact area.

The rotary test rigyclic path deviatiorwasa repeated lateralrcular
sweeping motion of the thermal pick and caused a significant increase in the bored ice
volume. This deviatiomesulted in efficiency losses of over 50% but wasified by
addingthe stabilizingG-10 sheet whichconstrainedateral play of the thermal pick.
This improved the thermal efficiency up to 90%, matching the maximum that was

measuredh similar testswith thelinear test rig where slipping did not occur.

3.3.2Temperature and Size

The impact of temperature on thermal efficiency is a consequence of
convective and conductive heat losgas.ced onvectve losses occur along the walls
of the thermal pick beneathe surface of the ice due to sublimated gas, while natural
convectve losses occur along the rest of the thermal pick surface. Conductive losses
occur only at th&-10 attachment points. The convective loss mechanigineend
on the differentiatempeature betweethe thermal picland thesublimated and
ambientgases Theconductive lossedepend on the differential temperature between
the thermal picland the adjacent test rig materfabr this reasoripweringap i ¢ k 6 s
operating temperature redsdbe rate otonvectiveand conductivéeat los and
improves efficiency.

Lower pick temperatureincreasedhermal efficiency, but also resulted in
longer overall process timasseen inFigure8. The clear increasin efficiency

demonstrates that despite the longer overall process times during which losses can
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occur, the reduction in the rate of heat loss is dramatic enough to deitredstal

heat lost.
5 Efficiency vs. Temperature with Thermal Pick (c) i
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Figure8: Sublimation efficiencys. target temperature fdrd@rmal pick (c)

The temperature of the thermal piclaifunction ofboth the power output of
the heater and the specified target temperatuipiséing the heater power alodil
notdirectly impact efficiency but could indicly impact efficiencyby changng the
temperature athe thermal pickTess usingheater powerof 15W, 22.5W, and
30W on thermal pickl§) resulted in averagiermal efficiencies within 1% of one
another when the target temperature was set t€30his isbecause each heater
power setting was able to maintain the temperatutieeothermal pickin cases
where the heater power output was low relative tasitteeof thethermal pick andks
target temperature, the heater was able to sustaithetarget temperature despite
remaining on throughout the te$tis is becausthe rate of heat transfer into the ice
can be irexcess o8B0 W andcool thethermal pickdespitethe heater remaining oH.

apick cools below its target temperature, the hesisfer ratelecreaseandthe
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thermal pickkemperature approachsteadystate However, given the limited
timeframe of insertiomnd changing conditioras the borehole depth increased,
steadystateconditions weraotreachedn this study

Thearea otthe leading edgenpactedthe efficiency of the device when it
affected the temperature thie thermal pickluring the sublimation process. The
smallerthermalpicks(a), (b), and (c)have the same 3 heater as the larger
thermalpicks (d) and (e)buthave a smaller surfa@gea to contact the icés a
result, the smaller picks can maintain higher temperatures throughout the sublimation
processAt low targettemperaturethat could be sustained byth the large and
smallthermalpicks, the efficien@sweresimilarregardles of pick size. However,
thehigher target temperaturesuld not be sustained by the larger thermal picks due
to whentheir large leading edge surface aware n contact with the ice

The minimum target temperature used wa€ ecause as seanFigures,
the insertion time would climb dramaticaltglow this temperatur&Vhile long
insertion times are not inherently problematic, they increasgrtte during which

heat exchange with ¢hambient environment can occur.

3.3.3Wall I nsulation

Reducing thermal losses from the thermal pick walsinvestigatedy
comparingan insulatecnd uninsulatethermal pick As noted inSection3.2.3
convectiveheat transfer occurs along the wall of the thermal pick and this leads to
heat loss and erosion of the borehole wdllgs heat trasfer mechanisrwas the

driver ofthermal efficiencyfor the thermal drilling process.

51



The performance ohermal pick (9l with thermally conducting walls was
compared to thermal pick (e) with thermally insulating walls. Both thermal pick (d)
and (e) arshown inFigure9. A standard tellurium copper thermal pick core with a
diameter 06.35mm was prototyped around whieah outer tube making up the walls
of the thermal pickvas fit. Two outertubes of 3.17%nm wall thickness were made,
one made of tellurium copper and theetmade of thermally insulating titanium.
The thermal pick core/as threadetb a length 06.35mm from the leading edge so
that a small threaded plug of coppél2.7mm diametecouldbe attached tdhe
bottom of the thermal pick. This allowed heafltav out acrosshe entire leading
edge of the thermal pick wieethe intended sublimation occurstkat the thermal

drilling process wuld notbeinhibited bythethermal insulation

Figure9: Thermal picks (d) and (eJitanium insulated picke) shown lefand
uninsulated coppaggick (d) shown right

Given the end goal of using the thermal pick as an anchor that is subject to
loading, titanium was chosen for its combination of high yield stren@®NBa)
and low therral conductivity (66 W/m-K). While other materials may have offered

betterthermal insulation, they were not adopted due to their lower material strength,
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machinability, or performance at cryogenic temperatures. However, the titanium used
still offers a tlermal conductivity that is approximately 50 times lower than that of
tellurium copper.

Altering the wall materiatlid notsignificantly change ththermalefficiency
and resulted in mere2% efficiency gain, which is within the 2.6% standard
deviation of the test data gathered. The lack of improvement is believed tesdta r
of the low rates of wall heat loss, the relatively large surface areas from which the
losses occur, and the tinoades involved If the energy losses from the waligre
larger,or if a better thermal insulator were used, te#itiency gains fromnisulated
walls would be expected

Despite the desire to ensureedficient thermal drilling process, it is also
important to consider the proposed use of a thermal pick as a thermal drill and anchor
in a cryogenic water ice environmenbt a dry ice erivonment Thermal drilling in
cryogenicwater iceinvolvesre-freeang meltwater which can cause the walls of a
drilling device to become physically obstructed if the walls are not adequately heated
[41]. Heating of the wall®f a thermal pick is in direct conflict with the goal of

insulating them

3.3.4Wall Geometry

Three variants on wall getetry wereested for theidry icethermal drilling
performanceThe cylindrically symmetrical smocthalled thermal picks were the
standarcagainst which thenal pick (f)with threaded scresype walls and grooved
walls were compared. The development of the rotary test rig made it possible to test a

threaded thermal pick because of the coupling of linear and rotational motion. The
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threaded themal pickhadslightly lower trermal efficiencies than the cylindrical

profile thermal picks under similar testing conditions. As seéfigare10 the trends

in the threaded thermalpc k 6 s t h e r ma leragefrateiofqpénetratoryvarg n d a v
in a manner consistent with that of the cylindrical picks.

To determine the cause of decreased thermal efficiency, the three known
modes of heat loss must bensideed. Conductive lossccuss throughthe G-10
thermally isoléing couplingbased orthe thermal pickemperaturgbutthe geometry
of thisconnection, and therefore heat loss, was constant across all thermal picks
However,natural and forcedonvecton have a depenénceon the flowof gas dong
the surface othe thiermal pick whichchanges witlwall geometry

The threading on the walls of the thermal pick is expected to increase the
convective losses from the escaping gas. Whilecanlyon dioxidesublimated at the
leading edge of a cylindrical pick hasliaectesapepath, the threaded thermal pick
walls inhbit this flow. The tortuosity of the path between the leading edge of the
threaded thermal pick and the surface of the ice is relatively high and this is
compounded by the increase in surface area of the efdhe thermal pick. An
increase in convectivesses is believed to be the cause for the difference in
efficiency between the scretype and cylindrical picks. The repercussions of these
convective losses are shownHigure6, where significant degradation of the threads
in the threaded borehole occurs for the high temperature tests. Borehole erosion is
problematic for the use of a scréype thermal pick as an anchor giveatthorehole

threadings whatengage with thethermal pick threads and allows for anchoring
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Without the physical engagement of the threading, there is no support against an axial
load on the thermal pick.

Due to the required use of the rotary test rig for any experimentvimyadhe
screwtype thermal pick, effects on the pushback force were not observed because the
rotary test rigcannot measur@rces. While it is predicted that a threaded wall

geometry may impact the pushback force, that impact was not determined.
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FigurelQ: Sublimation efficiency and rate of penetration vs. target temperature
thermalpick (f).

The second wall geometry alteration that was considered was cutting pressure
relief grooves into a cylindrically symmetricélermal pick to furtheease the escape
of sublimatedyasesGroovesof approximately 0.6nm were cut into the wallef
thermal pick (b}o explore the possible impact on the pushback force and thermal
efficiency, as can be seen iRigure2 andFigurel1l, but did not havanoticeable
impact on either. This result suggests that the primary component of the pushback
force is due to pressure across the leading edge surface instead of dralg ohtkel

thermal pick caused by the escaping. gas
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3.3.5Tip Shape

Figurell: Thermal picks &), (b), and(c). Flat, conical, and inverse conical tips
shown left to right.

To determine the impact of tip shape, three different thermal piekes
compared. The tip shapes used were flat, 45° conical, and 45° inverse conical, shown
in Figure1l1. Under the conditions tested, the only difference observed was in the
pushback force and considerations deritremteof. The inverse conical tip shape
resulted in noticeably highéeidenfrost levitatiorforcesthat required increased
apdied loads to overcome relativi® the flat and conical tipped picks. An inability to
overcome Leidenfrost lift can reduce tima pick heat transfer and cause runaway

heatingin the absence of temperature control.

3.3.6Duty Cycling

The conductin of heafrom thewarmed ices being thermally drilleato
adjacent cryogenicesrepreserga time dependent loss mechanidris processas
beenstudied analytically28] [31] andexperimentallyj41] at steadystateandwill be
even highem theinitial transientperiodprior to reachingteadystate Themal picks
operate in the transient regime where conduction losses arbdughse of the
relatively short depths involve@he use of high heater power outputscentivized

by these lossas increase thermal efficiency. While the rate of penetragon
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correlated with heater power output, conduction losses only incredse wit
temperaturgwhich is not substantially affected by changing heater power. This

causes the thermal efficiency to increase with higher heater péWer

Duty Cycling Insertion Efficiency vs. Target Temperature
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Figure12: Duty cyclingsublimation efficiency vs. target temperatéoethermal pick

(f).

In the context of a thermal pick, where the positiothefthermal picks
actively controlledan intermittent insertion approachna@du@ the conductive
losseslIntermittent insertio is characterized by periods of active insertion of the
thermal pick into the ice separated by breaks during whisheld in placeThis
causes the thermal pick to undergo a series of transientaherilling processes and
is called duty cyclingDuty cycling refers to the percentage of time that a system is
actively used.

Intermittent insertion repeatedly inteptsthe thermal picls conduction path
because as soon @i®ermal drilling haltssublmation generatea thin gaseous layer
aroundthe thermal pickhat only permits convective heat transéfith conductive

heat loss gonéhe thermal pickcanwarm rapidly.Whenactive insertion resumethe
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thermal pickwill be relatively hot and will hee increased heatansfer ratesThis
approach mimics the behavior offeermalpick operatingata higher rate of power
and temperature

The dry iceusedwas created days before its use hatlundergone an
extended period of thermal equilibratiand sbw sublimation amossits external
surfacesSince the external environment is universally warmer than the drysice,
surface will always sublimate, but at a rate determined by the quality of the thermal
insulation of its storage contain@ecause of tis thermal equibrationand
sublimation the internal temperature of the ice will be at its sublimation temperature
which preventgonductive lossesom occurring Conductiveneat transferequires a
thermal gradientutanyheat added to th&urface othe dry iceresults in
sublimation instead of warmin@dhis means that the intended benefit of an
intermittent insertion approach, reducing conductive lossasn®t present in dry ice
testing. Instead, the intermittent inserttestsin dry ice were usd to assess any
negative sideffects of the approadhat could inforncryogenic water ice testing.

A 50% duty cycle was achieved by repeating a cycle of inserting forohdec
then holding steady for 5 smuds A 100% duty cycle was achieveg constatly
applying pressure to insert the thermal pick into the ice. The reduction in efficiency
observed irFigurel2is a consequence tife expetedhigher operating temperatgre
duringactive thermal drillinggs wellasconvective losses in the holding phase that
would not be present under vacuum.

While duty cycling represents a redficiency reductionn this setting this

intermittent approach was essential for cryogenic water ice as described in Chapter 4

58



3.3.7Subcoola Dry Ice

Subcooling of the dry ice was achieved by placing the ice on a liquid nitrogen
cooled aluminum block for several houdsing the aluminum block asmedium
through which the dry ice was cooled caused slow changes in temperature and
avoided thanal shockbased degradation of the ice that occurs with direct exposure
to liquid nitrogen.Testing using thermal pick (d) showed no new phenomenon when
penetraing a dry ice block with a measured internal temperaturg4°C. The
limited data set didat show a significant change in heat expenditures when

compared to previous tests.

3.4 Thermal Model

A model of thermal pickd) was created in SolidWorks and ugedanalyze
the transient thermal processes at play. The goal of this model was to efitenate
thermal pickeading edge temperaturethe thermal picko-ice interface given the
inability to measure it directly.

Thecalculated ideal energy expenditurerajside the experimentally
measured process time ameber output energgre usedo define tke settings of the
model The modekimulateghefour distinct thermal processes: initial heating to the
target temperature, sublimation energy expenditurenthlezquilibration, and

reheating back to the target temperature.
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Figurel3: Simulated exposure of thermal pick (d) to a cold resertdire thermal
pick tip with thermal losses evenly distributed across the wallsedhermal pick

This model makes three assumptions:
. The thermal pick leading edge (tip) temperati¥@ iemains constant
throughout insertion. The actual leading edge temperature should start near
the target temperature and then approach a constant-steselyemperature.
This assumption is valid when good contact between the leading edge of the
thermal pick and the ice is quickly established.
. Heat transfer from the leading edge (tip) of the thermal pick produces the
desired sublimation thaidvanceshethermal pick into the ice, while heat
transfer from the walls dhe thermal picKO ) doesnot.
This assumption leads to the condition thatiallesiredosses occur at the
walls.

0O MY © (6)

0O © 7

This assumption is valid when the leading edge does guufisantly heat the
sublimated gases, which would be considered a source of loss.
. All thermal losses@) are distributed either evenly across the entire pick wall
or distributed only on the wall surface witt8tB85mm of the leading edge
over the fii duration of insertionThe power los§) ) from the walls does not
vary with time and is calculated agléovs.
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The actual wall losses are complex and vary with position, thamnel

width, and thermal pick test conditions. This assumptiarseédin lieu of a

modelof the fluid dynamics

The input to thenodel is the first boundary condition of the leading edge
temperaturef) and is iteratively set until it meets the conditafrEquation(9).

O © 9)

This produces an estimate for the average leading edge temperature. The
second boundary condition is at the heater, which is internal to the thermafhmck.
heater boundary condition cycles between a const&hb® 30W power input as
determined by a modaleéhermostat, which follows the same control logic as the
rotary test rigbs thermostat. The third an
thermal pi& wall, which isthe calculated and evenly distributed constant power loss
from Equation(8).

The leading edge temperature estimate determined by the model is affected by
many test conditions, but most notably by tommanded insertion rate as seen in
Figurel4. As the commanded insertion rate increases, the stepper motor more
frequently pushes the thermal pick tip against the dry ice, which dioxes the

leading edge tempature through improved tifo-ice contact.
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Modeled Tip Temperature vs. Commanded Rate with Thermal Pick (d)
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Figure14: Modeled tip temperature vs. commanded insertionwétethermal pick
(d). Increased commanded motor speed results in better tip contact acedredu
leading edge temperagas.

3.5Energy Accounting

In all cases, the bulk of the energy transfent towardshe desired
sublimation. The remaining enerpssis attributed to a combination édrced
convectonto the escapingublimatedyas, natural corectionto the ambient aiend
conductonlossednternalto the test rig. Théorcedconvective losses due to the
escaping gas were not able to be isolated from the other loss mechanisms and
experimentally measured directly.

The convective losses to the ambient air and conducisses to the test rig
were gquantified by holding the thermal picks at an elevated temperature and
measuring the heater power required to mairdaset temperatur®y this method,
natural convectioand conductive losses are measured togethecambtbe
differentiated Both loss mechanisms stem from a temperature differential relative to

the ambient air temperature in the laboratory since the test rig is assumed to have
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initially equilibrated tohat temperature. The power loss was a function of this
temperature differential and was measured to b@\W3K, resulting in estimated
losses as high as 1.24 for the 90°C testsand gains of as high as 0.7 for the
0°C tests

These heat loss mechanisaifectthe calculation of thermal efficiency.
Thermalefficiency is intended to describe the efficiency with which energy spent in
the thermal drilling process is applied to removingrteeessary icéAny additional
energy spentabove and beyonithis theoretically calculated minimum doess
mechanisms thatre undesirable buiot entirelyavoidable.

The uncertainty in the electrical components and their impact was also
evaluated and shownin Table2. Errorsin the electrical components are generally
considered tde small relative to the effects of human error tagdnherent
variability of test specimens.

Table2: Uncertainty in electrical components.

Quantity | Variable Uncertainty | Effect on Efficiency | Description
Y Heater resistance | +0.2Y +1% Cartridge heater
(30W, 24V-DC)
@ Supply voltage +0.1V +0.8% DC Power Supply
Y Temperature +0.1°C - Omega HH309
Thermocouple
Reader (KType)
0 Total insertion and| +1 ms - Arduino MEGA
heatertiming
Q Distarces +0.1mm +2% Digital micrometer

3.6 Conclusions

The study of thermal picks using dry ice in the laboratory environaiered
to provide an understanding of sublimatmrenomenghatcouldinform cryogenic
vacuumwater icetestirg and the water ice testjiwas designed according to lessons
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learned through the dry ice experimentsteral pick stability drove the selection of
highly rigid test rig componentsind hgh-temperature thermallgonductive epoxy
was used in place of thermal paste to perm#xpandedemperature range.

Lateral pick stability, wall geometry, and temperature were established as the
primary factors that affect efficienc@f thesethe stability of the thermal pick had
the largest impact otine tests conductedesulting in signiftant unnecessary
sublimation andeduced thermadfficiencies. Thes-10 stabilizing sheet laterally
constrained the thermal pick at the surface of thendethe resolved stability issues
Increasing the complexity dfie thermal pickvall geometry incresed heat loss due
to the larger surface area amyglimpeding the flow of sublimated gas. Higher
operating temperatureecreased thermal efficiency mcreasng convectiveand
conductivelosses.

The axial force required to overcome the Leidenfrost effedpermit
efficient heattransferinto the ice surfacdepends otip geometry andemperature
The tip geometry of thermal pick (t)at impedsthe escpe of sublimated gas
created higher pushbatdrcesdue toincreasedip pressure. Relieving tip psure
by introducing channels in the thermal pick wadsmot an effective approach to
reducing theoushbacKorce, althouglonly one channel geometry wiested The
minimum pushback force of/8 may not be achievde with only theweight ofsmall
rovers oiwhen oratingon small planetary bodieb these caseseduced operating
temperatures mgyermit insertion byslowing therateof gas produed by sublimation

andtherefore reducing theushback force
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Thermal efficiencies as high as 90% were consistently achieved for low

temperature tests when stability was ensured.cbhgective and conductive

mechanismsarefunctions of temperatur@hdhad a direcimpact on thermal

efficiency.

Some of the studied ahecteristics yielded clear results that can be

implemented irsublimationbasedhermal picks. For example:

il
)l

Tips should provide an easy gas escape path.

Wall insulation provides minimal benefit within the bounds of the materials
tested.

Therequiredappliedaxial force is correlated wittemperature and tip shape
Complex wall geometries impede gas flow and increase convective losses.
Size directly increases energy costs but ca¢smpactthermalefficiency.
Stability ofthe thermal picks essential for egrgy efficiency.

Other results yielded benefits that trade off against deficits that must be

considered, such as:

T

High thermal picktemperatures speed up the sublimation process but incur
larger energy losseEnergy andime dependenciasust inform theegmperature
choice.

Duty cyclingamplifiesheat loss mechanisms present in atmospheric testing but
may increase efficiency in vacuum environments

The lessons learned through this study were applied to the creation of a water ice

testrig and prototype watdce thermal picks that are discussed in Chapter 4.
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Chapter4:l nt ermittent TMWatmal | Dei

4.1 Experimental Setup

The water ice test riggas designed to test thermal picks in an environment
thatsimulatel E u r o p a 0.5To apprxinhateE @ r o ear@wsface temperature
of -183 °C, liquid nitrogen was used to coible water iceused for testingThe
surface pressure was simulated by a vacuum chamber, which required that each test
rig component be vacuugompatible The tasks performed by the testwgre
monitoling and contrding the position and temperature of the thermal pickirggt
the foice between the thermal pick and the ice, prodiding eitherrigid or
translating connections between components as necessary

The watelice experimental setupas made of five separate systelting
thermal pickthatis the focus of the study, the test rig that posdabend applie
loads on the thermal pick, the ice mount that edahd feld the cryogenidce block
the vacuum chamber that simuhte u r o pradepressureand the external

electronic componentiat monitoedand contrded the test rig and thermal pick.
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Figurel5: Thermal picks (Athrough E). The leading edge of the thermal picks are
the bottom surfaces in tlogientation shown.

gLt

(A)  (B) (C) (D) (E)

Figurel6: lllustrations of thermal picks (A) through (EShown are copper bodies
(brown), embedded heaters (red), and thermocouple tip locations (grey). The leading
edge of the thermal picks are the bottanfaces in the orientation siva. Not to

scale.

4.1.1Thermal Pick

The five tested thermal picks YAhrough E) hal acopperbody and an
embedded cartridge heater and are shioviigure 15 alongside theicrosscut
schematics inFigure16. Thethermal picksvereflat-tipped, made of Tellurium

copperbecause oits high thermal conductivity (358//m-K) and machinabilityand
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except forthermal pick (D)werecylindrically symmettical. The tested thermal picks
were all designed to be used with a linear insertion due to the difficulty of
implementing multiplensertion stylesvith thetest rig. The embedded heaterye
the same&0W, 24V-DC, 25.4mm x 3.18mm cylindrical custom caiitige heaters
discussedn Section3.1.1.8 Thermal picks (C)(D), and(E) requirel a partially
threaded 6.3t5nm diameter copper coupling to attach to@&0 insulating tube.

The temperature of the thermal iwasmeasured by placing a thermocouple
in physical contact with thiop ofthe thermal piclas seen ifrigure16. This
placementwvoided contactwith the iceandthe outgoing flow ofvaterduring thermal
drilling.

The five thermal picksvere designed to achieve fid#ferent goalsthermal
pick (A) was as small as could be machinedninimizeenergy expendituréhermal
pick (B) hal a largetip-to-core tapeto encourage r&reezingof meltwater, thermal
pick (C) had high bending strengtiwhile maintaining a tapethermal pick (D) hd an
internalflowpath to mitigate thermb inducedice failure, and thermal pick (E) da
an hourglass shapeiticrease pressugeoundthetip. Thermal picks (¢, (D), and
(E) wereused for insertion and extraction only, whihermal picks A) and(B) were
used for insertion, extraction, and anchoring tesfiingrmal picks (pand g) were
not used for anchoring since their dedsigatures were deemednaetessary, while
thermal pck (C) was not used due to electriailure of its cartridge heater.

4.1.1.1Thermally Conductive Epoxy

The cartridge heatergere glued within a cavitpf thethermal pickbody

usingEP21TCHTF1 vacuumcompatible thermally conductive epoxy procured from
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Master Bond. This epoxy hchan operational temperature range betw&®°C and
204°C. This rangeomfortably coveedthe minimum temperatutéat could be
reached with liquid nitrogen coolingut the upper temperature boumds a limiting
condition This gluewas specifically formulated to have high dimensional stability
and low outgassing, which meit well suited to this application.

While epoxy resins often have thermal conductivitieherainge
0.15W/m-K to 0.25W/m-K, this epoxy hd a thermal conductity of 1.44W/m-K.
This thermal conductivityvas almost 250 times lower than the copper that
surrounedit, butwhen applied in a very thin layerdid not significantly inhibit the
flow of heat from the cartridge heater.

4.1.1.2Thermal Pick (A)

Thermal pick(A) was the smallest prototyped pick awds the final iteration
of the thermal pick desigit demonstrate scaling down the system size as well as
the functionality of a very shallow taper angle (3.58°). This thermal pickahi#p
diameter of 4.8nm, whichtapeeddown to a minimum diameter of 3n2m over the
course of 12.mm in length The minimum diametexas thenmaintained for an
additional 25.4nm. The top portion of the thermal piekas markedly larger at a
diameter of 6.4nm over a length of 31/8m. This section of increased diamei&s

necessary to accommodate the cartridge heater withinmar8.@iameter cavity.

69



12.7mm

31.8mm

4.8mm

Figurel7: lllustration of thermal pick (A¥howing relevant dimensions. Not to scale.

This thermal pickvas intended for use as a tensile anchor, lacking the
structural integrity to suppobendingloads.lts diametemwas the minimum thatould
be prototypedwith the available machining capabilitigherdsy achieving the
minimum feasibleenergy expenditurdecausethe strength of the ice in response to a
tensile load is a function doththe depth ad thewidth of the anchorthis thin pick
inserted taa minimum depthwas used to examine the weakest feasible anchoring
hold as described in Secti@gh5.6

4.1.1.3Thermal Pick (B)

Thermal pick(B) was designed with a sharp taper (45°) to ensure that a large
volume of icewould re-freeze behind the tip during insertidnhad a tip diameter of
12.7mm, which tapeeddown to a rmimum diameter of 6.4nm over the course of
6.35mmin length. Within the 6.4nm diameter sectiowas a cavity of 3.2nm

diameter in which the cartridge heater is placed.
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6.35mm

" 25.4mm

63.5mm

' 25.4mm

12.7mm

Figurel8: lllustration of thermal pickE) showing relgant dimensions. Not to scale.

With respect to the failure of the ice, this thermal pugk expected to be the
strongest. Since this pick ¢ha large projected volume (tip area multiplied by
insertion depth)n comparison to iteoot diameterit had a lowv bending strength
relative to its energy cost. This thermal pick stylepimalfor the case in which ice
failureis the limiting factorandis best suited tapplications where only tensileads
are applied

A secondarygonsequence dfaving a small raterial volume in comparison to
projected volumevas the low ratio othethermal pick warming energy cost
(proportional to masgp thethermal drilling energygost (proportional to projected
volume).The warming energgostis discussed in Sectigh4.8andsimulated in
Sectior4.6.

4.1.1.4Thermal Pick (C)

Thermal pick(C) was designedo maximize thdending strength of the
thermal pickwhile maintaining a tapett had a tip diameter of 12./m, which

matchel that of thermal pick (B), but tapeatgradually over its entire lengtiather
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than quickly The gradual taper & minimal room for meltwater to f¥eeze behind

the tip during insertionThis minimizel the extractionenergycost

9.5mm

50.8mm

12.7mm

Figurel9: Illustration of thermal pick (C3howing relevant dimensions. Not to scale.

This thermal pick héha small projected volume to pick volume ratio, meaning
it had high massand warming energy required relaitoits thermal drilling energy
cost Because ofts largerootdiameter relativeo its lengthjt wasbest suited for
applicationsvherebendingloadswereapplied to theéhermal pick.

4.1.1.5Thermal Pick (D)

Thermal pick(D) was designed with a slotted scrawernal attachment point
and a twetiered lip structure. This desigves entirely focused on providing an
internal flowpath through which meltwatesdd escapelnternal flowpath systems

havebeenproposed37] andsuccessfuy tested42] in previous works
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38.1mm

12.7mm

Figure20: Illustration of thermal pick (D$howing relevant dimensions. Not to scale.

The outer and inner portions of thermal pick {I@e matedhroughinternal
and external threading. This thread mating would ordinarily obstruct flow (shown on
the right side othe thermal pickn Figure20), so themner portion hdtwo cutout
Afl at s o0 dadamfor water te gass®ugh (shown on the left side thie
thermal pickin Figure20). The irternalportion of hermal pick (D)had a tip diameter
of 12.7mm with a taper of 45° down tbe externallythreadeds.4 mm diameter
core Theexternalportionof thermal pick (D) hda 12.7mm outer diameter and
tapeedat 45° to an internally threaded secttbat mate with internalportion ofthe
thermal pick

The ice failure mechanisms that are discuss&gation4.5.3were caused by
the exposure of the cryogenic borehole walls&twaterand warm gaseous water
This pickwas expected to permit the meltwater to freely escape to vacuhoutv
contactingthe borehole wallsndtherefore mitigatéce failure The downsidsof this
thermal pick design styleere thelarge internakurface area across which heas
transferred to the ogbingflow of water and the lack of structural integragd mass

inherent tats cavernous structurd his pickwas unsuccessfiblecause it had low
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thermal energy storagkmiting its ability to support intermittent thermal drillingnd
would quickly undergo thermal stall, a phenomenon described in Sdchiéhl

4.1.1.6Thermal Pick (E)

Thermal pick(E) was designed with an hourglass taper that was intended to
encourage melting and-feeezing at the tipThehourglass taper stadwith a tip
diameter of 1.1 mm, which taperddown to a diameter af.9 mm over a length of
6.35mm, thentapeedback out to a diameter @2.7mm over a length 06.35mm.

The diameter 012.7mm was maintainedor the remainderfats length The
hourglass tapewith a final diameter thawas larger than the tip diameter crehte
secondary pinclwhereactive thermal drilling wuld occur. The objective of a

secondary pinckvas to increase the pressure thaiuld build upstream (closer to the

tip).

12.7mm

50.8mm

6.35mm

6.35mm

11.1mm

Figure2l: lllustration of thermal pick (E3howing relevant dimensiondot to scale.

Given te high rate of réreezing that occuedwhen meltwatewas exposed
to the cryogenic borehole walle-freezing meltwater in the hourglass cavity was

expected to lockhe thermal pickvithin the ice However, t was determined throbg
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testingof other thermal pickthatmelting and refreezing could be achieved without

a secondary pinch, negating the nemttliis thermal pick.

4.1.2Test Rig Hardware

The purpose of thevater icetest rig shown iFigure22 andFigure23 was to
securely hold, position, and apply loads to a thermal piekadtmade of positioning
slides, thermal insulation, frame components, a crossed roller bearing, constant force
springs, an@n extension spring.

The schematic ifrigure24 shows the approximate position of test rig

components and where relative motion of the componentsredcur

Figure22: Water ice test rigide view Shown are the thermal pick (a), thermocouple
location (b), G10thermal insulation (c), constant force springs (d), crossed roller
bearing (e), linear potentiometer (f), extension spring (g), stepper motors (h), and
positioning slides (i).
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Figure23: Water ice test rig topown view Shown are the thermal pick (a),
thermocouple location (b),-®0 thermal insulation (c), constant force springs (d),
crossed roller bearing (e), and linear potentiometer (f).

Thermal
Pick
— G-10

Ice

Upper Frame
Constant Force Extension

Springs Spring

Roller Bearing

Lower Frame

Ice Mount Top Positioning Slide

Bottom
Positioning Slide

Aluminum Mounting
Plate

G-10 G-10

Vacuum Chamber Platen

Figure24: Schematic othewater icetest rigshowing the relative position of major
components. Red borders denote boundaries across which the relative motion of
components can occur. Not to scale.

4.1.2.1Vacuum Chamber

The vacuum chamber used festingwas a DVI 3600Bmadeby Diversified
Vacuum Inc. Thé vacuum chamber dan Adixen/Alcatel roughing pump that
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provided a minimum pressure of 0.0 (10* Torr). The vacuum chambevas
equipped with a crypump thattould haveenable@ reaching presures thadre more
represent at sudaeebudryoumpsarginaapable ofnaintaining
vacuumpressuresvhen active sublimation is occurringo avoid potentially
damaging or contaminating the crpamp, it wasalwayskept sealed

The large wcuum chamber volume of & allowedthe maximumdrilling
step to have amallimpact on the overall chamber pressuitee pressure change

resulting from thermal drillingvas calculated according to Equati(®).

G Q 6 (10)
0 © 11

g (11)

YO QU AY (12)

A conservatie estimate of the chamber pressure chabge assumd a solid

ice density ” of 0.92kg/m?, the maximum insertion step length ofrn Q
thatall of the water thermally drilled in an insertion stép was convertednto
vapor, and its temperaturéy was increased to the maximum operating
condition of 16(°C. The mass of water filling the chamber yedih specific volume

0 of 1284m°3kg and this correspordto a pressure change of 188 for the
largest thermal picks (B) through (E) andR22 for the smallest thermal pick (A).
Even in this conservative assumptiand withoutconsidering anypressureeducing
mechanismsthe overall chamber pressure could reach at most 25% of the way

towards the triple point.
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4.1.2.2Thermal Platen

The vacuum chamber contanha thermal plateonwhich the test rigvas
rigidly mounted It was outfitted with aepeating twedimensional arrangement of
threaded holes spaced every 5c@8( 2.dHe vacuum chambefgienhad a liquid
nitrogen cooling line and resistive heaters thete controlled by an automated
thermostat temperature control systemtwas limitedto a minimumtemperature
of -100°C. To achieve Europeealistic ice temperatures of belet43°C (the
maximum equatorial temperature), tbe blockhad to be thermally insulated from
the thermal plateandcooled externally in a liquid nitrogen ba#or initial nor
cryogenic ice tests, the thermal platesisusedandice temperatures 6#i0 °C were
adhieved

4.1.2.3Insulating Mounting Bars

To rigidly affix the test rig components to the thermal platen while
simulkaneouslyproviding thermal insulatiorG-10 bars were used. The mater@i10
was used for its low thermal conductivity @288W/m-k and its relavely high
modulus of elasticity of GPa t020 GPa. Thee mountindars werdoltedinto the
thermal platen with spaceigeating significant thermal resistance that ensured the
cryogenic components maintained their temperature throughout ea@tdeaby-
stateheat transfer through th&-10 mounting barsvas modeled in SolidWorks,
providing estimates that losses on the o&lév would be observed wheassuming
thetemperature differential between either side was°T20

The conductive warming of thee blockis the limiting factor in the total

duration of a test rurGGiven that no active means of cooling was used after the
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cryogenic components were inserted into the vacuum charaberuhs werémited
to two hoursso that the ice temperature stayedédath-170°C.

4.1.2.4BaseMount

The base mounwas used to rigidly attach the lower positioning slide to the
insulating mounting bars. Wwas made of a sheet of 6.8t thick aluminum 6061
with bolt cutouts

4.1.2.5Positioning Slides

The positioning slidewere VelmexMN10 lead screw slides driven by Vexta
PK266 stepper motor§hese stepper motors opechss a maximum of 1.1Km and
a step angle of 1.8step.Given thelead screwpitch of 2.54mm, the linear blocking
force of this gstem was 2890 N prior to accourgifor internal frictionThese slides
provided the motion necessary for the insertion and extraction of the thermal pick as
well as lateral translation that enatbhaultiple test locations on a single ice block.
The steppr motorswere rigidly mounted tahe slide andheir rotary motion turreda
lead screwio linearly translate thearriagewith high precision and accuracy.

The lower of theéwo slides hd a stroke length of 50.8m and the carriagef
the lower slidenountdto the frame of the upper sédPositioning of the lower slide
was used to move the thermal pick in a motion parallel to the surface iocttfidne
upper slide haa stroke length of 25.dm and the carriagef the upper slidenounted
to the custom frame and accompanying compon@asitioning of the upper slide
movel the thermal pick in a motion perpendicular to the surface atée

4.1.2.6Custom Frame

This custom fram&as made of twalistinctcomponents machined from

auminum 6061. The purpose of the framas to provide two structusethat ould
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move relative to one another in a single degree of freedom with minimalrgay a
hold the necessary componentsetegree of freedordefined thedirection of
insertionandwas perpendicular to the ice surfadéne base of the custom franves
rigidly attached to the carriage of the upper slide. The top of the customviraame
attached to the basé the framehroughthe crossed roller bearinghe crossed roller
bearing, constant force springs, and extension spréng all attached to the bothe
base and the top of the custom frame, although only the crossed roller besrimg
structural connection.

4.1.2.7CrossedRoller Bearing

The crossed radr bearingvas a Tusk Direct Inc. RX3 and it allovedthe
top of the custom framand thermal picko translate in the direction of insertion
relative to the base of the custom frawith minimal friction. The crossed roller
bearing hd a range of motiolf 12.7mm between its two grounout positions. The
position of the crossed roller beariwgs deternmed by a balance opsing forces
and pickto-ice forcesForces developetthroughpick-to-ice interactiorcould result
in a deviation of the crossed Iex bearing positiomnddeform the springs.

Prior to the implementation of the extension spring utm@pposed force of
the constant force springs causedribatral position of the crossed roller beariog
be inits forwardgroundout position This positiorwasheld untilthe thermal pick
to-ice force exceedethe constanspring force after which diplacemenbccured
This introducd compliance to thensertion ofthe thermal picland ensuréthatthe
thermal pickto-ice force wasless than or equal the constant sprinforce Without

this compliance, itvould havebeenpossible ® damage theestrig with the full
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blocking force of the positioning sliddsigure25 showsthe position of the frame
and crossed roller bearing with the constant spring fo@@e and pickto-ice forces
"0 . The stifness and quantity of constant force springs used atdov control

over the insertion force.

Figure25: lllustrationof constant force spring positiopsior to the impémentation
of the extension springcomponent illustration style based Bigure24. Not to scale

Roller Bearing

Fice=Fcf~

Roller Bearing

=

' Roller Bearing

Figure26: lllustration of spring positionafter the implementation of the extension
spring. Component illustration style basedkigure24. Not to scale.
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After the inclusion of the extensionrsm, the neutral position of the crossed
roller bearing was determined by the force balance betweennbktanbforce and
extension springs. The initial force required for deformation of the extension spring
was 53N. Since thisvas greater than theonstant spring force, the neutral position
settlad to where the extension sprimgs taut but undeformedéigure26 showsthe
position of the frame anctossed roller bearing with the addition of the extension
spring force "O

The force generated fromic-to-ice pressuravas supported by the constant
force springs and their deformatioausedhe extension spring hanglooseand
apply no forceThis arrangemerttill ensure that the maximunfiorce resistingick-
to-ice insertionwas lesghan orequal to the constant spring fortwever, pressure
developed by an attempted but resisted extraction of the thermal pick (during
anchoring) causkthe extension spring to stretch and produce a tagistiveforce.
Theforce of the extension spring vatiBnearly with its deformation while the
constant spring forceemaired unaffectegdwhich allowed control overthe anchoring
forceby adjusting the slide position

4.1.2.8Constant Force Springs

The constant force springgre made of metal strips formed into a spiral
shape When the exposed end of the spnves pulled relative to the core of the
spiral, the metal strip teout like a tape measure. The restoring force that esbult
from this deformationwas a constant pulling foe thatwas maintained until the
neutral positiorwas restored. The core of the spiwads attached tdhe base of the

frame, while the exposed emds attached to the top of the frame. This placement le
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the constant force spriagp produce a tensionffice throughout the entire range of
motion of the crossed roller bearirgpnstantlypulling the top of the frame forward.
An externalforceapplied b the thermal pickhatwas less tharthe constant spring
forceswasbalanced by spring tension, but anycmin excesshereofcause
deformation of the springs amlisplacement of the crossed roller bearing.

The constant force springsda tension force 08.5N and up to six springs
could be used in a parallel arrangement, leading to a maximum neirtéoice of
39N. The number of springs thaere used on a given testt themaximum force
thatwas appled between the thermal pick and tbeduring insertion.

4.1.2.9Extension Spring

The extension spring was addedrtvoduce acontrollableanchoring force.
The extension springas mounted on the rear of both the base and top of the frame.
Theextension springauld sustain a tension force of BBbefore deformation bem,
whichwas higher than what the constant force sprirmgdprovide. This medrthat
theextension springauld notbe deformed prior to the anchoring phase.

During the anchang phase, the termiforce of the constant force springs
and the pickio-ice force would act to deform the extension spring. After the initial
required total force d3 N was reached, continued increase inpiek-to-ice force
resuledin deformation ébthe springaccording tdts stiffness of 28N/mm.
Adjustment of the test rigllowedthetargetmaximum spring force of 130t be

reached at the forward growodt pogtion.
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4.1.2.10Thermally Insulating G-10 Tube

The thermal pickvas connected to the frame byzal0 thermally insulating
tube. As with the insulating mount ba&,10 was chosen for its thermally insulative
propertiesaandits structural rigidity.

Experimentation wh thermal drillingin dry ice showed thattability of the
thermal pick was the characteristic that had the greatest impact on thermal efficiency.
To ensure a high degree of stability during inseriiotine water ice test rigg G-10
tube with & outerdiameter of 19..nmand inner diameter of. 85 mmwas selected.
This providel the desired level afgidity, butalso meantherewas a large
crosssection through which heabald conduct. Theesultingconductive losses are
discussed irdection4.5.8

4.1.2.11lce Mounting System

The ice mounting systemias composed of a 30.48nx 10.16cmx 15.24cm
block of aluminum, two aluminum and copper clamps, and an aluminum brace plate.

The assembled motunan be seen iRigure27.

Figure27: Ice mounting systerwith clamps.
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The block of aluminunwas used as a thermal medium through whiice
blockwas cooled After theliquid nitrogen bé&h cookdthe ice nounting system
components down to temperatures beld0 °C, the aluminum blockwasbolted
onto itsG-10insulating mounting bars. The clampsre used toecuretheice block
to the front plate of the aluminum block. The brace plate sdrvdistributethe load
of the clamps across the back surface of the ice block, nmiigatacking

Previous iterations of the ice mounting system did not involve cryogenic
cooling of all compaents. However, placing nearyogenic components in contact
with the cryogert ice blockresuledin severe degradation of the ice through thermal

shock.

4.1.3Test Rig Electronics

The electronic components associated with the testarg the power supply,
thermocouple reader, linear potentiometer, stepper motors and motor controller,
heater relay, Arduino microcontroller, and computer with NI LabVIEW.

4.1.3.1Vacuum Chamber Feedthroughs

The wiring of the thermocouple, linear potentiometer, stepper motors, and
cartridge heatewere all connected via feedthroughstalled into thezacuum
chambed ports. The linear potentiometer requira 5V supply, ground, and an
analog sensaowire. Each stepper motor requdrgix wiresconnected tohe motor
controller. The cartridge heater requin input and output through which up to
1.5A flowed Finaly, theK-typethermocouple feedthrough requdrenenickel-

chromium andnenickel-alumel wire.
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4.1.3.2Linear Potentiometer

Displacement of the crossed roller beanvaes measured as an analog voltage
with a Midori America LP20F2K linear potentiometer. The bpadf the linear
potentiometewas rigidly attached to the base of the frame while ts®piwas
attached to the top of the fraras seen ifrigure24. As thecrossed roller bearing
position changa, the piston strike causd a varying voltage to be output on the
analog signal line of the potentiometer. This analog vokegelinearly propadional
to the displacement of the piston. The analog voltageeg#s®ugh the feedthrough
to the Arduino microcontroller andasconverted into a digital value thaes then
sent to the computer. The digital sigmas converted to a measured displaceimen
using a linear scaling scheme thatscalibrated using the linear positioning slides.

4.1.3.3Power Supply

The power supply providk0 V to 24V to the cartridge heater andudd
sustain currents of up to 20 Since the heaters tia measured resistance varying
between 1& and21q, this corresporetito maximum heater powers of 2&¥and
32W when operating at 24. For any test, cdrol over the power provided by the
heater was achieved by cycling between the on and off states&udr, between
tests the voltage supplied to the heateuld bechanged by adjusting the output
voltage of the power supply.

4.1.3.4Heater Relay

The heater relawas the component that opsshand closd the circuit
between the power supply and heater. The sththe relaywas controlled by a &%

signal sent from the Arduino.
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4.1.3.5StepperMotor Driver

The stepper motor drivevas a device thabbkin digital commandéom the
computer dictatinghe desiresglide motionand ena@dthose commands through
preciselytimed current pulses to the stepper matdtse stepper motor drivevas a
modelVXM -1 that was procured from Velmex, Inc. and conéwboth stepper
motors

The stepper mototsad velocity and acceleratiosetingsandcould accept
commands oflistance and directiohe velocity and acceleration settingsre
constant throughout any single commanded mofilve commanded velocity was
maintained at 12.imm/swhile the acceleration was tuned to the maximum possible
settingwithout triggeringmotor stall.

Exceeding this velocity or ovguning the acceleratioresultedn missed
stepsandmotor stall Thisledto uncertainty as to thteue pick position sincthe
commanded position would have deviated fromatieal positionUncertainty in the
position of the thermal piclas potentiallyproblematicbecause the positioning
slides ould ground out and incur damage

A limited number opre-cryogenictests wergerformed with velocities
greater thari2.7mm/s, though they oftefiailed due to motor stall. During the
anchoring phaserhenpick-to-ice forces developed torques thecarriagesthe
velocities were reduced to 1.8¥m/s toensuranotor stallwas avoided

4.1.3.6Arduino

The Arduino MEGA was used for two purpos@stomated ommandsssued

at the computewere passethrough the Arduinado the relayto implement
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thermostat control logic of the heat@iso, theanalog voltage from the linear
potentioneter was reath, processedand passed on to the computer in a digital form.
4.1.3.7Thermocouple Reader
Thethermocouple reader was udedeadthe analog/oltageproduced byhe
K-type thermocouple affixed to the tip of the thermal pick, as seEigimel15. The
thermocouple readeondk the analog voltage and gehgital signasto the computer
at a rate of 0.3Blz. The thermocouple readeas an OmegaThermHB09.

4.1.3.8LabVIEW Computer

The computer with NI LabVIEW contrigd the thermapick positionandthe
heaterstate automatd all necessary processes, and calcdltdte values derived
from the measuraentsand commansl

The position of the thermal piakas altered by either manual or automated
commands. Automation of the insertiongse occuedusing a preprogrammed
series otommanded steps and delayshoough using manual inputév/hile
automation of the insertion of a thermal pick was Usedtally in early testing,
automated contrdackedthe adaptabilitynecessary to handiee failure There was
limited feedbacKrom within the vacuum chamber, but thetentiometer reading,
temperature, and auditory feedbaokreused to discern the processes that were
occurring.Reacting to changes in the behavior of the thermaladlokved for ice
failure to be avoided and for newagnomena to be exploredll testingreported here
was performed using manual commands, alloviamgad hocchanges to thstep size,

temperatureinter-stepdelay, andor test aborts to beapidly enacted
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Control over the temperature of the thermal pick was achieved indirectly
through the adjustment of the target temperature. The target temperature of the
thermal pickwas the setpoint around which thermostat logic was implemented in the
LabVIEW script. Anytemperature eégistered byhe thermocouple reader that was
greater than 1C above the target temperature would turn the heater off, while any
temperature less thar’C below the target temperature would turn the heater on

Finally, the LabVIEWcomputercdculated the net spring force and the actual
tip position based on the position of the crossed roller bearing as measured by the

linear potentiometeit then recorddall values in a data file at a rate of 1187.

4.2 Test Preparation

Test preparation requ acquiring and preparing thee block cooling and
mounting the cryogenic components, pumping down the vacuum chamber, mapping

the ice surface, and warming ttermal pick to its operational temperature.

4.2.11ce Block Preparation

Testing was performed olitleer compressed ice blocks or optically clear ice
that was frozen iihouse. The compressed ice blocks were sourced from a local
vendor, Apollo Ice Inc., and measd to have an average density of Q&&t. The
density of the compressed ice blogkas bdow that of pure ice due to the presence of
air. The effects of this air on the testing process are quantifigection4.5.10 The
ice blocks were cut using a hand saw to conform to the test mount sizehAfter

cutting process, the compressed ice block surfaees thermally levelledThermal
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levellingwas the process of pressing a flat metal sheet against ticausig
selective melting until the ice surface conformed to the shape of the metal sheet.

Due to variability in the manufacturing procedensity gradients were visible
asdiffering air bublde densites To ensure conservatisof thecalculated ideal
energy costdhermal picks were alwaymserted intdhe densestection oftheice
while theaveragemeasurediensity was used f@ny calculations.

The optically clear ice blocks were custdrozen uniaxially in a freezer over
the course of several day¥hen the water was frozen, air was pushed ae@oss
advancing ffeezing boundaryUniaxial freezing pushd the air to one sidgrevening
it from beomingtrapped This led to a solid ice block density of 0§2nT and ths
clear ice was cut artiermallylevelled in the same manner as the compressed ice

blocks.

4.2.2Cooling Phase

Thecooling phasatatedby placingall the components of the ice mounting
system in a liquid nitrogen bath in énsulatedbox. Thetesticewas placed on top of
the aluminum bloclafterit reachel a temperaturef 0 °C. Thebottom of the
aluminum blockwas kept submerged ihe liquid nitrogen, making the aluminum
block a thermal medium through which the veas cooled ta170°C. Using a
thermal medium sloedthe cooling of the icevhich minimized thermal gradients and
therefore thermal shockVhen expose directly to liqud nitrogentheice would
crumblebecause athermal shockA thermal equilibration period of two hours was

observed after thiee temperatureneasurement redsklow-170°C. Thetwo-hour
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timeframewasconservatively set based transiat thermalsimulatonsof icein
SolidWorks

After all the components of the ice mounting system and the ice block itself
hadcooled to below170°C, the ice wasigidly clampedo the ice mounting system
The entirdce mounting systemwas then liftednto the vacuum chandsandbolted

down to the insulating mounting bars.

4.2.3Pump-Down

The vacuum chamber was sealed and pumped down to vacuum once the
cryogenically cooled components had been inserted and secured. Wisilefdce of
Europais exposed tdnard vacuumsuch low pessures wereot achievable with the
hardwareavailable However, it was assumed thedcuratelysimulatingEuropa s
icescould be achieved abftvacuum ifthe relevant thermodynamic regiaas
reached. The behavior of water changes most dramaticallydaaround its triple
point, but these changes slow as the pressure continually drops towards hard vacuum.
The phase diagram of water can be sedfigarel. To ensure théhermodynamic
behavior of water mimics opationson Europa, it was assumed that a pressure two
orders of magnitude bel ow wateros triple p
There were two meemismsacting to reducéhe pressure in the vacuum
chamber. The first mechanisnvast he use of t he viaggpumpm c¢ hambe
which was run continuously throughout the entire testing processwaithe only
mechanisntausingthe nitrogen and oxygem air to be evacuated from the chamber.
The second mechaniswes the desublimation ofgaseous watern the liquid

nitrogen cooled surfaces the ice mounting system, given their temperature
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of -170°C. This mechanisnwas invaluable to ensuring thidtte pressureid not
significantly rise during testingy actively desublimating thegaseous water
byproducs of thermal dilling. Oxygen and nitrogen have freezing points
below-170°C and so they would not ériblimate on the ice mounting system
surfaces.
Mapping of the ice surface using the thermal @itzkted a600Pa, since at
that point melting of the ice woultbt easly occur. Testing was started atf&,
whichi s two orders of magniandcdnsidetegd | ow wat er 0s

sufficiently clo to hard vacuum

4.2.41ce Surface Mapping

Whenthe pressure in the vacuum chamber dropped beloww&0the room
temperature threnal pick was first advanced by the positioning slides to initiate and
sustain contact with an otherwise unused edge atélelod. This contact would
form a conduction path that cedlthe thermal pick, but also ava@dthe warming of
ice surfaces thatereusedfor testing.

Once the thermal pick dropped to a temperature of approxima@hz, it
was assumed that any further @wttwith the ice would result in sufficiently slow
rates of heat exchange. The thermal pick was commanded to undergo @osessp
future test location on the ice block. At each test location, the cold thermal pick was
advanced until contact with the iams observed as a measured displacement in the
linear potentiometer. The calculated position of the thermal pick tip toeitdbe

used as the reference point for the surface of the ice at that test location.
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Test locationsvere spaced 25./m apart anélways more tha@5.4mm
from either edge dheice block Thismeantthata maximum ofbetweem to 8 tests
could be perfomed on a singlee block
Once the ice surface position had been mapped for each test location, then the
thermal pickwould be warmed by the heater to its target temperaturp@sitioned
in front of the ice bloclprior to the first test run. The thernmatk washeld at the
target temperature prior to the first test until the rate of heat loss séttledheat loss
was due to internal conductionto theG-10insulating tube, which is discussed in

Section4.5.8

4.3 Test Procedure

4.3.1TestPhilosophy

The goal of thehermal analysisvasto gain an understanding of the energy
expenditure required to insert a thermal pick beneath the ice wherddte used as
an anchor. The actual operation of a thermal pick asdimelperformed on an icy
moon involves warming froran initial temperature to the operational temperature,
internal heat losses, the thermal drilling process during insertion, and cooling during
anchoring. Since warming, internal heat losses, and codliting ¢hermal pick are
well definedbehaviors, thegan be estimated and modeled for any given thermal pick
design.

The test proceduneas designed to isolate and assess the thermal drilling
process specifically. Whilsteadystatethermal drilling process have been modeled

and validated experimentallghe transient thermal drilling proceskan intermittent
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insertion of a thermal pickasnot. This isbecause theyvolve multiplephase
changeschanging boundary conditions, and rapid transient betsthiat are
challengingto model To isolate and gerimentally measure thetermittent
insertion and extractioprocesses, testgere based on a thermodynamic cycle
containing only the thermal drilling proce§hese cycleallowedenergy balance

equatiamsto be applied.

4.3.2TestProcedure Variations

Controled insertion and extraction testsaeaip the majority of testing,
allowing the isolated assessment of thermal drillingfanthe compaison ofthe
effects of thermal pick design. Sinttee goal was tonodel a complete
thermodynamic cyclehe insertiorbeganwhen the thermal pick reaaththe
specified target temperature and edalhen the thermal pick retuedto that same
temperature. The insertion thfe thermal pickvas then followed either by therrha
extraction ofthe thermal pickrom the ice or anchoring. The test procedusel the
following discrete processes.

1. Warming of the thermal pick to its target temperature.
2. Steppedhermal insertionnto the icewith maintained temperature
3. (a) Steppedthermal extraction from the ice with maintained temperature
OR
3. (b) Cooling of the thermal pick against the ice to halt melting/sublimation
followed by attempted extraction of the cold thatmpick, inducing an

anchoring load.
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After extractirg the thermal pickit was possible to move to a new test
location and perform another insertion. Tesése always concluded once one of the

following conditions hd been met.

1. All test locations mappedhithe test preparation phasereused.

2. A sustainedeat conduction path tdormed between the thermal pick
and the ice.

3. Ice failure or positioning slide stallere observed

4.3.3Testing Processes

The distinct thermal processes that ocedduringthetesting phasevere
warming, insertion, extraction, anchagi and cooling.
4.3.3.1Warming

The warming processas automated according to thermostat control logic.
This requirel an amount of energy proportional to both téperature differential of
theprocessand t he t her mal pickés mass.
During a warming procesthemal gradientslevelogdwithin the thermal
pickandthez-10i nsul ati ng tube. Because of copperd
thermal gradients within the thermal pisfere relativelyshallowand $ort-lived.
However the low thermal conductivity d&-10 and the temperature differential
between the test rig and thermal patlowedthe G-10insulating tube to support
steepthermal gradientsThese conductive lossage explored irsection4.5.8 The
warming proceswas consideredompleteonce conductive lossesdislowed to a

steady rate.
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4.3.3.2Insertion

The intermittent insertion processeal a series ofapid insertion steps tfie
thermal pickinto the ice separated by delay pesoé singleinsertion stepvas
definad as a contiguous motion of the thermal pick that mavdeeper below the
surface of theéce. During each insertion step, heatsrapidly transferedinto the ice

Between insertion steps, the thermal pics held steadily in place for a
period referrd to as the delay period. If the thermal pickl haaintained a sufficient
temperature threghout an insertion step, then all ice twas physically in contact
with the thermal piclat the start of the delay periaguld melt or sublimate and
escape to thsurrounding vacuum environment. This f@wa vacuum gap around
the thermal pickhat woud effectively halt heat transfer into the ice and allow
thermal reequilibration of both the thermal pick and the cryogenic ice borehole. If
the temperature of thbérmal pick dropedbelow acritical threshold value during
the insertion step, then theetmal drilling proceswould notbe completd and
contact with the ice would remain

An incomplete thermal drilling proce#isatleft ice in contact with the thermal
pick during the delay periodould permitconductiveheat transfer between the
thermal pick and the ice. Incomplete thermal drilling processesmarkedeither by
a partial insertion of the thermal pick and/or sustained heat transfer into the ice.

All heat transfesbetween the thermal pick and tice were transient
procesesthatreducedhe temperature of the thermal pidiheseheat transfers
causé the internal temperature of the thermal pick to vdegpitemaintaining

thermostat temperature couoitr
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The start of an insertion procésiowed the warming process ambs timed
to coincide with the heater cycling off. This med#rat the thermal pick ltereached
its target temperature as measured by the thermocdup@eswas some degree of
thermalinertia within the thermal pick bodghatcauseda lag between thermal events
and chang®in temperatureegisteredat the thermocouplé’he end of an insertion
test wa alsotimed to coincide with the heater cycling tdfmake thestart and end
conditionof atestas similar inbothtemperature anthternalthermalgradient as
possible

4.3.3.3Extraction

Forthetapered thermal pick®\) through (E) extractiorwas an intermittent
stepwise rapid removal of the thermal pick from within the ice. Becatfsezenice
would lock the thermal pick within the icéethermalremoval of ices was required
during the extraction process. Ass the case during the insertiprocess, heavas
rapidly transferred into the ice during each step and if the thermal pick maddai
sufficient temperature then a vacuum gaqld formaround the thermal pickt each
delay period.

4.3.3.4Cooling

Therewere two distinct cooling process The firstwasthe activecooling of
the thermal piclused tohalt thermal drilling and allow anchogrio begin. The
secondwas thecontinuougpassive cooling athe thermal pickduring the anchoring
phase when contact with the aw@s maintained

If an anchoring phaseas attempted with a thermal pickahigh

temperaturgthen the thermal pick @uld thermally drill the ice rather thabe
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anchored against it.o coolthe thermapick prior to an anchoring phase, a modified
intermittent insertion procesgas used. The heatwras forced intaand kept ints off
state and a series of insertion steps ofemantally decreasing lengtvere

performed. The heat thatas expended durinthese insertion steps progressively
cooledthe thermal pick until no further progress into the iceld be made. Once the
temperature athe thermal piclhad dropped such thabhérmal drillingwould halt the
thermal pickwas left in contact with the icand allowed to undergo further
conductive cooling to a temperature below 0°C to ensure no localized nusltifth
occur.

After an anchoring load kladeveloped between the therrpadk and the ice, a
transient conductive heat transfer between the thermalpid iceoccurreduntil
steadystatewas reached/Nhile steadystatewas not reached within the testing
timeframe, it would be determined by the balaotkeat transfefrom the G-10
insulating tube and heat transfer to the cryogenic ice

4.3.3.5Anchoring

The measurement of the anchoring strength of a thermabpakredvhen a
cooled thermal pickvas commanded to extract from the ice after d baen inserted.
An anchoring hold auld only be achieved by a tapered thermal pick because re
freezingmeltwaterdocksthetaperedhermal picls within the ice After undergoing a
period of active cooling, a commanded extraction of the thermal makike
resisted by the icaleveloping foces that stretcledthe extension springhe
magnitude of thforcewascalculated based on the extension spring displacement and

stiffness.
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Usinga series of short extraction steffge anchoring loadiasapplied by the
extension spring until failure afie icewas observed or the maximum load of 180
was reached. In all test cases the maximum load was reached, and failure of the ice

was nevepbserved

4.3.4Test Variables

The thermal pick design and operational characteristics tlid loe varied
and have mimpact on the behavior of the thermal drilling process®s thethermal
pick area, temperature, heater power, insertion pressure, total depth, step size, inter
step interval, and total time

4.3.4.1Thermal Pick Area

The thermal pick desigcharacteristic thdtad the mosttraightforward
impact on the thermal drilling behavimes the crossectional area of the thermal
pick tip. The tip areavas proportional tdoththebored ice wlumeandthe energy
requiredduring the thermal drillinggrocessTheroot diameter of a thermal pick
determinedts ability to withstand bending and tensile loa8iace tapered thermal
pickswere wider at thetip thantheroot, the tip areavas a limiting factor for its
strength

Thermal pickgB), (C), and D) had tip areas of 12 mn¥ that werethe largest
that testedThermal pick(A) was the smallest and ta tip area of 17.6n?,
representinghe smallespick that could be reliably machined. This thermal pick
cannot suppoivending loads and sbcould only be usedith purdy tensile loading

Thermal pick (E) hda twotiered tip with a total area of 12@n?.
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4.3.4.2Temperature

The target temperature of the thermpigk varied between €C and 16CC.

At temperatures belo0 °C, the melting regimeasnot noticeably sustained@he
upper bound of 16€C was based ora material limitation of the thermally conductive
epoxy used.

The target temperature range that yielded met@pgeseredonly a small
change in the total temperature differential relative to the ice temperatdr@a6C.
Despite that, varying tempéuae haddramaticimpacs on the thermal drilling
process.

4.3.4.3Power

The instantaneous power supplied to the cartridge heasevaried by
changing the voltage of the power supply within a range &f 824 V. The
correspnding effect on power vaddrom approximately 16V to 32 W, depending
on the resistance of the specific cartridge heater.

While the instantaneous power supplied by the héstafrparamount
importance testeadystatethermal drilling systems, its impgaon the behavior of
intermittent hermal drillingwas limited. An insertion step lad approximately one
secondandat such short timescal@bgermal inertia effectively prevesdthe heater
from contributing substantially to the rate of heat trandfénetip This is discussed
in Sedion4.5.4

The instantaneous power supplied by the heessronlyneeded toeturnthe
thermal pickto its target temperature by the time of the next step. Between insertion

steps, the duty cfe of theheatemwasaslow as 5% for thermal pick (A) and as high
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as 50% for thermal pick (BYhe duty cycle wouldise dramaticallyif a sustained
conduction patinto the iceformed.

4.3.4.4Insertion Pressure

The insertion pressureas varied by altering theumber ofconstant force
springs or the tip area. Each constant force sgmingided6.5N and by using
between 1 and 6 springs, the total insertion foozddbe varied between 6% and
39N. For the range in tip areas tested, tugesponded tpressuras between
105kPa and 150@Pa.The total insertion force is relevant to the use of a thermal
drilling device on an icy moon due to the low gravity that can make it difficult to
apply loadsHowever the insertion force and pressutid notimpact thethermal
behavior within the range of forces tested.

4.3.4.5Total Depth

The depth of insertiowas correlated to thibored icevolume and therefore
the energy required for the insertion of the thermal pick. Insertion depths as shallow
as 6.4mm and as deep as 3fmm were successfully tested. While the length of the
thermal pickdetermind the achievable total depth, ice failure mechanisms and the
formation lipwerealso limitationson the total depthThe ice failure mechanisms
described irBection4.5.3were functions of depth within the ice, while the formation
lips described irSection4.5.2.3could physically obstruct motion, preventing further
insertion of the thermal pick

4.3.4.6StepSize

The step size refegdto the distance travelled in a single continuous motion
during thermal drling. The step sizhada distinct effect on the efficiency of the

thermal drilling process anaas limited by the thermal capacity of the thernpatk.
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Small step sizegesultedn a large amount of vaporization, which approaiine
expectedehavior of ssublimationthermal drill Large step sizedrainedthethermal
p i ctkedmgl reserves and resdin the slowing or halting of the thermaliling
process.

Step sizes vargg between Inm to6 mm were successfully testadd ce
failure mechanismwere shown to depend on step size and is explorBedtion
4.5.3

4.3.4.7Inter -Step I nterval (Delay Period)

The interstep intervalvasthe length of time the thermal pigkasheld steady
between insertion steps. The lower bound for the delay between stegsterasined
by the tolerance of thiee blockto thermal shock. Heatasintroduced into the ice
during each insertiorprocess and caus#termal gradients develop in tlee. These
thermal gradients in the ice dissipterer time during the delay period. If insertion
stepswere taken with only a short delay between steps, then the thermal gradients in
the ice would build. Sinceice is a brittle material, excessive thermeddientsaused
thermal shock. Delays betweentbdl10 seconds were tested ahd nothave an
impact on the thermal drilling process peatisingthermal shock.

4.3.4.8Total Time

The total timeaken for an insertion procegss measured as the time
between the first insertion step athe thermal pick returning to its target temperature
after the final stepThe total timevas a function of step size, intstep interval, and

tota depth. Thedtal timedid nothave an impact on the thermal drilling process.

102



4.4 Theoretical Thermodynamic Analysis

4.4.1Fundamental Thermodynamic Properties

For water to melt, the pressure and temperature buikbe abovats triple
point. The pressure of watr 60 s  intid 6p1Pa& abpve which water can exist in a
l iquid state. While this pressure is only
significantly above Europads atmospheric p
point is 0.01°C, whichis alsowell aboveE u r o mead ssirface temperature
of -183e C.

InthisprojectEur opads surface cintesingdyi ons wer e
reaching a chamber pressure of beloRaéand an ice temperature beldwv0°C.
However, the local temperature amégsure arounthe thermal pickvereaffected
by thermal drilling Thermal drills often operate in a steagtgte mode where heat is
transferred into the ice at a relatively ¢
By contrast, the thermal picks used in thigigtatore large amounts of thermal
energy within a high temperature copper body and condugtigldase that thermal
energyinto the icewithin a short period of timelhis rapid introduction olfieat to a

cryogenic water ice surface under vacutamses transient set of processes as the

local temperature and pressure change with time.

4.4.2Conductive Warming

Before the onset of pieto-ice contactthe ice willbe at the ambient
cryogenic temperature. Once contact has ln@gated conduction betweethe
themal pickand the ice will cause the local ice to wairhis requires a specific
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energy of 0.8/gK (-170°C) to 2.1J/gK (0 °C) and has ¢ghermal conductivity of
5W/m-K (-170°C) to 2W/m-K (0 °C). The variation of specific energy and thermal
conductivty areapproximately linear within the relevant temperature raloge.
warming causes thtbermal conductivityo decrease while the specific heat increases

and both trends serve to slow the rate of furiteming ofthe ice.

4.4.3Sublimation and Further Warming

Thesurface of Europa is constantly undergoirgioav backgroundate of
sublimationandany additionalwarming of the surface ice increaske rate at which
sublimation occursThis sublimation occurs to the most energetic surface molecules
in a manneakinto evaporatiorandrequires the latent heat of vaporization, which
hasthe high energy cost of 283&)/kg. Since only the highest energy molecules will
sublimate, the remaining ice will be relatively less energetic overall than before each
sublimaton event, which has a cooling effecthe molecules that sublimate will also
have a significantly higher specific volume as a result of their phase change.

Since siblimation isinhibited by externalpressurea negative feedback loop
forms where sublimatimincreases the local pressuned cools the remaining ice,
both of whichinhibit further sublimation. If the surface temperature is warmed to the
sublimation temperature, then the rate of sublimation rapidly increases in a manner
akin to boiling If heatis rapdly transferred to the surface ice, treenycle of
increasing temperature, sublimation, and increasing local pressure will occur, which

couples the pressure and temperature of the ice.
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4.4.4Melting and Further Warming

Once the process of sublimation emed the surface ice and produced
enoughgaseous watdor the local pressure to reach the triple point, melting can
occur.As soon as theiple pointis reachedliquid water carbe sustainedvelting
immediately beames the dominant phase transitimtause it ienergetically
preferable, requiring only 33d)/kg.

Melting is not a selbustaining process in a vacuum given that the specific
volume of liquidwateris slightly less than that of ice. This specific volume decrease
means that transition imtiquid causes the local pressure to dapthe local
pressure @anonly be sustained bgseparate processheprocesses that can sustain
the local pressure aleatinducedboiling of liquid wateror pressurenduced boiling
of liquid water

Given tha a vacuum atmosphere will always surrotimeselocalizedregions
of increasegbressure, the liquid arghsproduced will accelerate towards the
surrounding vacuum. As meltwater moves towah@ssurroundingacuum, then
unless it makes contact with antexal boundary (hot thermal pick wall or cryogenic
ice surface),tiwill undergo the following processes that serve to sustain the localized
pressure environment.

4.4.4.1Adiabatic PressureDrop and Boiling

Once the process of sublimation has increased thegoesdure to above the
triple point, heat transfer between the tharpick tip and the ice will cause the
surface ice to melt. This meltwater is mobile and accelerates in the direction of

decreased pressure. Since pressure is what inhibits the boilirgjtaater, as the
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meltwater advances into a lower pressure regioiting will be induced. The

pressure at which this occurs is dependent upon the temperature of the meltwater.
Due toconservation of energy, boiling of high energy meltwater moleculesdehge
remaining meltwater at a relatively lowaverageenergy sta. This can be viewed as

a cooling effect on the remaining meltwater following Equatik8).

N wa wd Y 11 (13
wa T (14
WY ™ (15)

The mass of water that turns to steanst  , the latet heat of
vaporization 'Q  is 2500kJ/kg for boiling, the specific heat of liquid water &
is 4.2kJ/kgK, the mass of liquid remaining after boiling has occurrediis , and
the change in temperature of the remaining ligaldtive to its initial temperature is

WY

The boiling of meltwater results in a large increase in specific volume and
therefore helps sustain the local pressure environment. The outgoing flow at this point
will be two-phase with both liquid wiar andgaseous watdyeing present
simultaneously. Tls process continues as the escaping mixture of liquid water and
gaseous watexdvance to regions of further reduced pressure. Boiling costimii¢
the pressure and temperature of the remaining ratdtvdrop down to the triple
point.

4.4.4.2Adiabatic Triple Point PhaseTransition

Once the outgoing flow reaches a region of pressure that is at the triple point,

the remaining liquid cannot reduce in pressure any further without triggering a phase
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change. Furthr vaporization will only be possible for the highastigy liquid water
molecules, while the remainingolecules are forced feeeze. Conservation of
energy dictates the relative rates of vaporization and freezing according to

Equation(17). The latent heat of vaporization (boiling) and fusion (freezing) are
Q and (Q , respectivelyWhile all of the water described in this process
begins in the liquid statgith mass & , the final products ofasand ice have a
mass described byp & and wd& |, respectivelyThe latent heat of

vaporization here is the transition of liquid to gas at the triple point 46d @hich

requires approximately 250/kg.

wa wa a (16)
N wa N wa (17)
, Q , (18)
wa Q1 O
, Q , (19
w5 ¢

Both vaporization and freezingvolve an increase in specific volume and
will contribute to sustaining the local pressure. Once this process begins there will be
all three phases of water present in the outgoing fldws process will continue with
the local pressure balancingpandthe triple point pressunehile thespecific volume
of the water increasess itexparnls into the surrounding vacuuifhisprocess ends
whenthere is no liquid water left to undergo funthmhase transition. This is a
materiatspecific ratio and for watéhe solidto-gasmassratio is approximately 7.5

tol
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4.4.4.3Adiabatic Sublimation

Once the pressure has dropped below the triple point, the remgasagd
ice are relatively less volatilgVhile thegashas ngpressurénducedphase
transitiondeft to undego, the temperature of any ice formed through phase transition
at the triple point will be at approximately’G. While the ice does not itself undergo
expansion, its inertia artle adjaentgasflow can carrythe ice to regiosiof reduced
pressureA reduction inlocal pressure will cause the ice to undergo sublimaiins
sublimationhelpssustain the local pressunile the temperature of thee
decreases. The iceqgressivelyreduces intemperature and pressuretil it
equilibrates to the ambienonditions.

The temperature drop experienced byunedergoing sublimatiors calculated
by applying the conservation of eneqgyncipleand depends on the specific heat of
ice and thesublimation energy according to Equat(@Q). The energy required for

the sublimation phase chang® is 2835kJ/kg, the specific heat of ic& is

2.1kJ/kgK at 0°C, the temperature changetheice during this process isp’Y
and the mass @fasthat is produced in this process and the mass of ice that remains

afterwardsarewa  and & , respectively.

Q wa wd Y T (20
Once theace equilibrates tdahe antient conditionssublimationwill continue
at the natural background rate

4.4.4 4External Boundaries

At any pointin the processes described above, liggak or ice may contact

the boundaries of the thermal pick or cryogenic ice surfacthe boundary ofite
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thermal pickgasmay warm, liquid may warm afat boil, and ice may warm afat
melt. Which process results from contact with a boundary depamttseboundary
temperature, the local pressure, and the temperature and phaseatethd he
energy regired for warming or phase transitiagainst the thermal pick walls an
energy loss for the thermal pick

At the boundary of the icgasmay cool antbr condense, liquid may cool
andor freeze, and ice may cool. The reciprocaltimggof the cryogenicce boundary
when in contact with the outgoing flow can result in ablation of the ice surface
However, changing the phase of the outgoing flow can reshiiiidup of the ice
surface. Whileonly ablation of the boreholeccurred indry iceas describechi
Section3.3.4, cryogenic water ice testesultedn substantiabuild-up d ice
formations in and arounithe boreholeas described in Secti@h5.2.3

This boundarcondition is particularly active when it aligns with adiabatic
triple point phase transition where the escaping flow is thhese. During this
phase, liquid is readily separating intoidate andgas which allows for the rapid
buildup of new ice alonthe existing ice boundary.

When a thermal pick is inserted below the surface of the ice, the balance of
ablation and buildup of the ice surface is of vital importance. If the outgoingglow
sufficiently cool and warming at the thermal pick boundarpssifficient, then
buildup of ice can encroach on the thermal pick. The encroachment of ice onto a
thermal drill has been observiedprevious workg$40] [41], although this

phenomenon can be mitigat by maintaining a sufficient thermal piaiall
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temperature. A high temperature thermal pick wall will warm the adjacent outgoing

flow and prevent encroachment of the ice.

4.4.5The Ideal Thermal Drilling Process

The energy expended by a thermal pick for thgppses of the thermal
drilling process cabeseparated into thessentiabnergy required to complete the
process and the energy that is expended but not inherently required to complete the
process. The former is considered the ideal energy and wherbtakealf is a
description of a perfect thermal drilling process. Thietas considered the energy
loss of the system and this is sought to be reduced through the design and operational
characteristics of the thermal pick.

The ideal energy requiredasfunction of the volume of ice that must be
removed to make room for thigermal pick and the optimal thermal processes that
would cause the removal of the iéerelevant consequence of entering a melting
regime rather than a sublimation regime is initleal energy required for progress of
the thermal pick into the ice. Thieeoreticalenergyexpended durinthe operation of
asublimationbasedhermal drill O  is shown in Equatiof24) and is compared
to the heateoutput energy’ O in Equation(25). Equation(21) describes the volume
of ice that must be thermally removed and is dependent on the depth of ind@rtion
and the tip area for tapered thermal picKsis volume is used in Equati¢®2) to
define the mass of ice that must be thermally drilled using the density of the ice

@ 04 (21)
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W W (22)

(o] N OGY wa (23)

0 O, 0 o Y RY 0 (24)
or ,

- o) (29

The first term of Equatio(R4) is the ideakublimationenergy costO;  to
warm the ice to itsublimationtemperature and induce the phase transition and is
proportional to the mass of ice that is thermally drilled, all of which is assumed to be
sublimated in the idealizatiofihe second term is the conductive loss intobitnl&
cryogenic ice O  and is a function of time and temperature. The third term is the
loss from the thermal pick to the outgoing flo®@ andis a function of time, gap
width, and flow properties. This can be compared tadbal energy requied for the

opeaation of amelting-basedhermal drill 'Oy, that is shown in Equatiof26).

[oF N oY wa (26)

0 O, 0 o RY RY 0 (27)
or

- o) (28)

Equationq25) and(28) show the efficiency of the sublimation and melting
processes, respectively. metdefinition of the efficiency of a process, the idealized
theoretical minimum energy expenditure of the thermal drilling process (numerator)
is compared tdhe energy spent in an experiment or simulation (denominator).

The ideal energy cost for warmingdaphase transition is reduced for melting

relative to sublimation due to the phase transiénergy costeccurring whereaghe
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total energy epended ismpacted by other factar®perating in the melting regime

rather than the sublimation regime imgalbth the conductive and wall losses.

4 .4 6lce-BasedConductive L osses

The energy that is conductively transferred into the bulk@e represents
a transient heat transfer process that can consume a large amount of heat from the
thermal pick.To meltor sublimate ice that has amtially cryogenic temperature, it
must first be warmedrhis warming inherently creates a thermal gradientendéa
relative to the surrounding cryogenic ices, which in turn cacseductive heat
transferinto the surrounding ice. The rate of conductive heat transfer is proportional
to how steep the thermal gradient is.

For a thermal drilling systenat the mometwhen contact is initiated, the
thermal gradient will be steep as themediately adjacent iseare heatedut the
surrounding will still be cryogenic. The high initial rate of heat transfer quickly
warms the nearby ice, smooths out the thermal gradiadtleads to reduced rates of
conductive heat transfer. Over time, the high initial ratdseat transfewill slow.

Any energy that is transferred in this method is provided indirectly by the thermal
pick heater ant an energy loss mechanism.

The steady-staterate of conductive heat transfer has been analytically
modeled29] and represents the largest single energy expenditure for currently
developedsteadystatethermal drills.To mitigate these losses, it is necessary t
reduce either the total time or temperature of contact between the thermal pick and
the ice.However, these are inversely related, sileereaing temperaturancreass

the insertion time.
112



The ntermittent insertion approa@noposedn this study trarfers heat into
the ice for only short periods of time. This means that conductive heat tratster

will be high, but the total energy transferred will be low.

4.4 7Wall Losses

Heat transferred into the outgoing water flow represent another loss
mechanism othe thermal drilling proces$Vall losses occur when the outgoing flow
contacts the thermal pick boundary which can be Blesiratedin Figure28. Wall
losses are functions of the ice borelgg@metry and tempature thermal pick wall
geometry and temperatyr@nd outgoing flow temperatynghaseandpressure. Each
of these characteristics, including the shape oicté&oreholechangsrapidly with
time, makingt difficult to model this process.

Recent comptational fluid dynamics models have made steps towards
modelingflows thatcrossthe triplepoint[47] [48] in asimilar fashionto thewater
flow at play hereHowever even theestateof-the-art thermodynamic models do not
account for the tim@arying boundargonditionsthat are pres#. Variation in the
temperature of the boundary is caused by the transient behavior of both the thermal
pick and the ice borehole and will impact flow parame#&bsation or buildup of the
boundary affects the geometry of the gap and will also affestglirameters.

However, despite the lack of a model, the impacts of wall lossestitdre explored.

If wall losses are to be reduced, it is through the reducfitveat transferred
through the walls of the thermal pick and into the outgoing flow. Howeven in
the case where boundary losses were entirely negated, this would only represent a

reduction in energy of 13.2% for the current system as demonstregedtion4.6.
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Wall losses are to some degree bounded by the case where wall losses cause
the vaporization of the entire outgoing flow. If ek outgoing flow is vaporized by
wall heating ‘O, , then the energy expended by the thermal pick to change the
water fhase approaches the energy cost of the ideal sublimation process.

"Q wd Of ORAY (29)

While vaporization of the emé outgoing flow can be considered a bounding
casematching— p in Equation(28), the energy that is expended during
experimental testing is below this bounding case, suggesting that the outgoing flow is

not entirely vaporized.

4.4.8Thermal Pick Warming

In addition to the sumfa@nergy that is transferred into the wataough
thermal drilling Oy, , conduction O, and wall lossesO , it is also required
thatthe thermal piclbbewarmed to and held at its operational temperature from its
initial temperatureThis warming energy cost is proportional to the temperature
differential required. For an autonomous Europa rover moving slowly across the
surface and taking infrequent stefh& initial temperature can be as low as the
cryogenic ambient temperatureating to normegligible energy cost&or a copper
bodied thermal pick with a specific heab;,  of 0.385kJkg-K, thewarming
energy costO for a temperature change-470°C to 160°C «'Y  is1.13kJ
by Equation(30) for the thermal picKA) given its mass of 8.98. The ogrational
temperature must also be maintained against the effects of conductive logsas inte

to the mechanism itselO  , which represents a time dependent loss by
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Equation(31). Including thesadditional energy expenditurdbge total energy cost

0O of the insertion of a thermal pick into the ice is given by EqudB8én

0 Op JY @ (30)
0 i Qo0 hiY (31)
(0] O, 0O O O 0 (32

4.4.9Intermittent Thermal Drilling

The themodynamicaesponséo the thermal pick insertion step can be viewed
as a set of transient procesdesial sublimation leadtheway to melting and back to
sublimation agaiin a procesghattakes place impproximatelyone secondlhe
details oftheinsertion procesare inferred from test results and observationstlaisd
process iglividedinto ninephases ashown inFigure28. Ead phase of the insertion
processs described below in more detail

A. Prior to comact with the ice, the thermal pitkat a raised temperature and the
iceis cryogenic. The local pressureasvacuum matchingthe ambient
conditions.

B. Upon contact with th&e, the thermal pick rapidly transédreat into the
adjacenice. A thermal gadientforms within iceandcauss internal
conduction in the ice.

C. Once the surface ice reachieesublimation temperature corresponding to the
ambient pressure, sublimation waltcelerateSublimationdevelos alocal
pressure gradiemihat acceleratehe gaseous watdowards the vacuum.

D. Sublimationcreates agasbarrier between the thermal pick aheé ice due to

the Leidenfrost effect. The thermal pick continues to transfer heat into the ice
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through convectioand the resultingublimationincreaseshelocal

temperature and pressure.

. Once sublimation has caused the local pressure to reach tbeiipt,

melting can beginVeltwater forns a barrier between the thermal pick and the
ice, through which heat is transferred by convection. The preggadint

causes the meltwater to accelerate to regions of lower pressure and pressure
induced phasehange processes will occyielding gasand ice at low

pressure.

. As meltwater reaches thee surface where rapid expansion can occur, it will
undergo flah separation intgasand ice. The existing ice surface will act as a
catalyst against which the meltwater will freeze, building up the formation lip.
. As the thermal pick extends deeper below the surface of the ice, meltwater
will no longer be able to reh the top of the foration lip, halting its growth.

Due to the increasing thermal pick depth, the exposure of the outgoing flow to
the borehole and thermal pick walls is also increased. It is this regioridh wh
the wall losses occur.

. Once motion of théhermal pick stopghe pressure gradient rapidly collapses
until no liquid water is present, after whighswill still be drawn out towards
vacuum ore-sublimateagainst any cryogenic ice surface.

After thegashas been evacuatdtkat transfer betwedhe thermal pick and

ice will effectively halt and both bodies wiiermally equilibrate
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(1)

Figure28: lllustration ofthe insertion processhowing (1) conduction into the ice, (2)
gaseous wate(3) ice andyaseous wate(4) triple phase water, (5) liquid water and
gaseous wate(6) liquid water, and (7) the formation lip. Lines of constant pressure
shown with thickened lines indicating phase change boundargeis shown in light
blue, and thermal pick shown in brown
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4.5 Resuts and Analysis

4.5.10verview

Cryogenic vacuum water ice test results come from analyzing three sensor
data streams, the recorded timing of events, and agxistisual inspection of thee
block The three redime data streams are the thermocou@hepergure (the
location of whichis shown inFigure15), the commanded position of the thermal pick
tip, and the spring displacement (indicating glickce contact) as measured by the
linear potentiometer. The energypexditurewas calculated as the product of the
heater power and the duration over which the heater was on. All efficiencies listed are
with respect to the ideal melting process definelqnation(26) unless othervge
specified Figure29 andFigure45 are example data streams showing tests of thermal
pick insertion, extraatin, and loading while in cryogenic water ice under vacuum.

Distances are measured relative ®gbsition of the ice surfadbat is
measuredluring the ice mapping phase describe8antion4.2.4 with positive
values indicating insertion beneath the ice surface. Thigéiguowas calculated by
taking the commanded linear slide position and adjusting by the linear potentiometer
reading which is a masure of spring displacemeiihe commanded linear slide
positionwas accepted at the end of a stegganinghat until a stp is completed,
displacements of the linear potentiometeriaterpretedaspick motionin the
oppositedirection.

The neutral pasion of the linear potentiometer is a forbalanced position
determined by the extension and constant springs usedvBasgiting displacements

about the neutral position indicate that insertion into the ice is being resisted and the
118



constant force sprgs are applying an insertion force. Negative spring displacements
about the neutral position indicate that extraction fthenice is being resisted and
the extension spring is applying a loading force.

The measured temperature determines the cyclitigedieater. Any
temperature above/below the target temperature value means that thevbeater
turned off/on, respectivelynless otherwise specified. Decreasing temperatese
due to the intended energy cost of insertion during an insertion stepalintern
conduction into the test rig by way of tBe10thermally insulating tubegsonvective
heat loss to the outgoing flowr conduction into the ice. Conduction into the ice
occuredduring anchoring, when an insertion stegs not fully completed, or when
failure of the icechanged its shape antkate sustained physical contact between the
thermal pick and the ice. Increasitggnperaturevas exclusively the result of heater
power being conducted into the thermal pick body omtla¢imertia within the

thermal pickresulting from a previous heater power input.

4.5.2Insertion Step

The efficiencies and variables associated with eastriion tesare shownn

Table3.
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Table3: Insertion test data with efficiency measured relative to an ideal melting
process. The terfais a metric of resilience to failure of the ice and is defined in
Equation(33). Explanation of Notes can be found in Appendi®.

Test| Temp | d | Step | Depth| Time | Pressurg Period | Pick | Fail Notes

[#] [°C] [mMm] | [mm] | [sec] [kPa] [sec] | Type| YIN

1 90+10 | .35 | 6.35 | 12.3 | 182 375 90 A Y Low b

2 100 .1 | 5.715| 18.6 | 284 375 45 A Y Low b

3 120 15| 1.27 | 24.8 | 550 1499 2751 | A Y Low b

4 120 27 | 254 | 24.8 | 369 1499 41 A N

5 120 350381 | 275 | 216 1499 30.8 A N

6 120 .18 | 5.08 | 28 324 1499 40 A Y Low b

7 120 - - 165 | - 1499 20 A N Latent heat
insertion

8 100 16| 1.27 | 185 | 353 1499 23.2 A Y Low Temp
vs. Depth

9 140 .26 | 2.54 | 28.7 | 287 1499 24 A N

10 140 .323.81 | 29.3 | 255 1499 27 A N

11 140 .52 5.08 | 19.05 | 193 1499 30 A Y Low b

12 100 - - 6.37 |- 1499 7 A N Latent heat
insetion

13 140 25| 254 | 26.45 | 305 1499 27.2 A N

14 | 140 .39 | 3.81 | 26.88 | 217 1499 24.4 A N

15 140 .52 | 5.08 | 33.49 | 164 1499 20.6 A N

16 140 .07 254 | 115 | 202 749 10 A Y Clear Ice:
Low period

17 140 .05]3.81 | 15 370 749 27 A Y Clear Ice:
Conduction
path forned

18 160 231381 | 14.7 | 192 749 30 A N Clear Ice

19 160 .3213.81 | 11.8 | 100 749 15 A Y Clear Ice:
Low period

20 160 .29|3.81 | 32.2 | 254 749 26 A N

21 160 .36 | 2.54 | 28.55 | 180 749 28 A N

22 160 .34 | 6.096 | 28,5 | 143 749 30 A N

23 160 26381 |21.6 | 119 749 10 A Y Low period

24 | 160 .26 | 5.08 | 29.4 | 350 749 29 A N

25 120 46| 3.81 | 28.1 | 358 211 4125 | B N

26 120 29| 3.81 | 37.7 | 704 105 66 B N

27 120 33| 254 | 26.2 | 684 105 55 B N

28 120 29| 3.175| 19.9 | 768 105 110 B N

29 120 .34 | 3.175| 26.29 | 8876 | 105 90 B Y Low Temp
vs. Depth

30 |80 - 3.175| 3.11 | 46 105 - C Y First step
failure

31 |80 21| 1.58 | 10.67 | 482 105 60 D Y Low b

32 |85 - 6.35 | 7.26 | 38 105 - E Y First step
failure

33 |85 - 6.35 | 6.94 |34 105 - E Y First step
failure

34 |85 .323.81 | 13.3 | 239 105 60 E Y Low b
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Energy efficien insertionwas achieveevhenthe melting regimevas
triggered andhe creation of susta&d conduction paths into the w@s avoided
These onduction patewereobserved as a sustained displacement of the spring
and/ora temperature drop of unexpectedly large sizéuration A successful
insertion step avoidg sustained conductionas ony possible when the thermal pick
had sufficient thermal capacity to complete its entire stepasamelt or sublimate
any adjacent ices until a vacuum gap faamed as showmiStage | ofFigure28.
Once a vacum gap hd formed aroundhe thermal pickonly inefficient radiative
heat transfer remained, allowing time for therthal pick to warm up and for thermal

gradients to settle.

Run 23: Rapid Insertion leading to Thermal Shock
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Figure29: Test run 23 usinghermal pick (A) The hermal pickwas nserted with
short interstep delay leading to thermal shock failure, heat lossexindction.

To achieve the commanded velocity of 1&h/s during insertion, the
necessary power transfer rates are higher than tki¢ I3€ater alone casupportfor

longer than brief interval$iowever, he high thermal conductivity and thermal
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capacity & the copper pick allows these high rates of heat transfer for short periods
but are not sustainabl€heintermittent insertion approach alledthese hgh heat
transfer rates to be achievaddenabédthe triggeringof the melting regime.

The insertiorstepwas performed wittappliedforces between 6.8 and 35N
depending on the number of constant force springs Uieslinsertion force
compares favorably tmechanical anchoring systems like the ISE® which
requires between 69 and 180N of applied forceFor rovers on planetary bodies
with low gravity, this is an important benefit of thedrdailling systems.

4.5.2.1Thermal Stall

The high rates of heat transfer during an insertion step cause the thermal pick
to cool rapidly during active us&@hiscooling limitsthespeed othermal drillingand
can halt the thermal drilling process entirélythermal pick that is cooling off due to
insertion will have progressively reduceelting rates, soconduction loss intthe
surroundingcryogenic ice can become dominahhis phenomenors referred to as
thermal stall. Once thermal stall occutggrmaldrilling progressnto the ice halts,
conduction into the ice will perssstand the thermal pick continsi¢o cool

If insertion steps are sufficiently short, then thermal stall can be avoided. A
short insertion step intentionally halts thermal drilling tgpping the motion of the
thermal pick so that conduction paths can be broken during thestafedelay.
Experimenal testingshowedthat thermal staltould lead to ice failure but could be

avoided with increased temperature and/or decreased step (szgihppendiA.3).
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4.5.2 2Insertion Efficiency

The measured efficiency of thermal pick insertieas calculated by taking
the ratio of the measured heattput by the heater aride heat required for thigleal
melting process, as shownEquation(26). The efficiency of the insertion tests
performed are shown ihable3 andFigure30. Themeasureefficiency ranges
between 0.05 and 0.52, while tbiiciency of tests without ice failure range between
0.23 and 0.52. Given that the ideal energy cost of sublimation is 4.6 times higher than
that of melting, any test with an efficiency greater than 0.21 implies medtihgr

than pure sublimation.

Insertion Efficiency vs. Step Size
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Figure30: Efficiency relative to ideal meltings. insertion step sider all water ice
insertion tests.

The efficiency of insertion was influenced by losses directly into the bulk ice
when a permnent conduction path was forméck failure occurred in nearly half of
all testsresuling in theformation ofa permanent conduction paffhese tests were
subsguently aborted since conductive losseaild persist, prevent further progress,

significartly reduce efficiency, and often negatively affect the structure of the ice.
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Theefficiency of the insertion process is showrrigure31 throughFigure
36 against all addibnal test variables. Heater power wadably excluded given its
limited negligible effecton an intermittent mode of operation. As shown, the
efficiency does not clearly correlate with any of the considered variables, which is
believed to be due to tharfe natural variability in the insesti process, variation in

ice structure, and internal conductibased losses.
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Figure31: Efficiency relative to ideal melting vs. applied presdoreall water ice
insertion tests.
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Efficiency vs. Ideal Melting
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Figure 32 Efficiency relative to ideal melting vs. final insertion defuhall water

ice insertion tests.

Efficiency vs. Ideal Melting
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Figure33: Efficiency relative to ideal melting vs. intetep delayor all water ice

insertion ests.
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Efficiency vs. Ideal Melting
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Figure34: Efficiency relative to ideal melting vs. target temperafarell water ice

insertion tests.

Efficiency vs. Ideal Melting

Insertion Efficiency vs. Tip Area
T

0.6 T
® Success
@ Failure
[ ]
0.5 *
g .
04r- . -
o '
031 i ° B!
[ ]
02+ e .
[ ]
8
011 [ ] B
[ ]
[ ]
0 | | | |
0 02 04 0.6 0.8 1 1.2 14

Tip Area [cmg]

Figure35: Efficiency relative to ideal melting vs.

tests.

126

tip artea all water ice insertion



06 Insertion Efficiency vs. Total Time
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Figure36: Efficiency relative to ideal melting vs. total insertion tifoeall water ice
insertion tests.

While the efficiency of successful testied by approximately a factor of 2,
eventhelower end of theefficiency range is appealing fose onEuropa. The energy
required for the insertion of a thermal piskhe sum of thenergies fowarming,
insertion, extraction, and internal conductiBteadystatemeltingthermal drilling
sydems operain cryogenic weer iceat estimated efficiencied 5% [41] and their
transient operation wouldecessariljoe even lowerA thermal pick operating &%
efficiencymeans the energy cost of insertion would be a primary energy cost.
However athermal pick operating at afficiency on the order of 30% makes the
energy cost of insertion a secondary energy expendifbese energy expenditures
areexplainedn more déail in Section4.6.

After demongtatingan insertion efficiency on the order of 30%, the primary
objectives become ensuring the reliability of thehanring strength within the iand

reducing warming and internal conduction energies.
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4.5.2.3Re-Freezing Ice Formations

A consequence of a thernpatk entering the melting regims the production
of thermodynamically active meltwater. The meltwater producatdépheated
thermal pickis not stablelue to the surrounding vacuumapidly accelerate
according to the pressure different@hdchangs phaseas the pressure drapghe
existing ices surrounding the thermal parlethe base on which meltwateould
securelyfreeze. Thigprocesded to the buildup of whatis referred to ashe
formation lip and can be seenkigure37. The formation lipvas not observed in
atmospheric pressure tests at cryogenic temperaturesbabserved in nen
cryogenic vacuum tests. This suggests that the vacuum envirowasetiite
mechanism for triggering the builth of he formation lip.This phenomenoalso
extendedeneath the surface of the icausing theapered thermal picks becone
trapped within the ice after insertionistunclear whether this phenomervess
entirely a result of pressureduced phase trartigin orwasin anyway enhanced by

conduction at theryogenicice surface.

Figure37: Formation lipshown for multiple tests on the same block

Variants on this phenomenon have bpssviouslyobserved40] in
experimental testing where the melting regime was triggered by sealing off the

borehole with réreezing meltwater. Sealing off the borehole in this case restrict
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the outgoing flow and alload pressure to build up shi¢ghat melting ould occur,
whichwas a design goal of the study. Timgliesthat the formation lip is a function
of the geometry and insertion scheme of the thermal drill usediblimationbased
experimental testinf4], there was no evideewf ice formations in either solid or
porous ices when the thermal drill was not sealed off within thesimgyesting that
ice formations are specific to the melting regifieeice formation results of this
work differ from previousstudies in that thactive melting surface was not sealed off
from the surrounding vacuurkor the purposes of a thermal pick ice ancluar,
formationsare criticalbecause they can be leveragegravideactive control over
the final borehole shape

Ice formations werebsrvedwheneveractive thermal drilling was exposed to
vacuum. A secondary exposure to vacuum was created in a single test by cutting and
separating mice block A thermal pick was then inserted at gaplocationandan
ice formationconforming to the termal pick insertiomlevelopedas seen ifrigure
38. This re-freezing meltwater createdsaaledstructure surrounding thtbermal
pick, re-connecting the two sides of tie block This formation ice was not

strucurally significant,and the two sides of thee blockwere easily pulled apart
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Figure38: Ice formationfusing two ice blocks togetheviews shown are straight
into the borehole (left) and perpendicular to the boreholetjrigh

4.5.3Ice Failure

Fracturing of the ice blocgould occurduring insertion othe thermal pick.
This is believed to be the result of thermal shock dreezebased expansion. These
fractures weralwayscenteredaroundthe test site and can be seelfrigure39 to
have resulted in a weakened ice structure. Shiftirggdagng failurecould also

initiate unintendedick-to-ice contact, leading ta path forconductive heat loss.
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Figure39: Ice fractureresulting from improper operating conditions. Ice blocks were
physicallyseparatedo that the extent of the fracture could be seen

Inserting the thermal pick with a short intep delayalwayscaugdfailure
and suggests thermal shocklag borehole occued Figure29 shows anxample test
data stream in which insertion steps were taken every 10 seconds. During the last of
Six successive insertion steps, thermal stall and temperaturaved@pb®rved.
Posttest inspection of the ice block confirmed fracture at the test sitetyige of
fracture is believed to be the result of thermal shock and the damaging eHeets
easily discernedWhile thermal simulations of the copper thermal picks stabtinat a
delay of 10 seconds all@asifor the approximate smoothingf its internalthermal
gradients, the thermal gradients in the ice are sustained for longer timespans due to its
relatively low thermal conductivity.

Allowing the thermal pick to undergbermal stalcouldalso resulin fracture
of the ice block. It is suspected thagltwater surrounding the thermal pickfreezes

during thermal stalflue to a lack of heauppliedby the thermal pickreezing water
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expanding within a closed volunceuses significant stresses to develop and fractures

the surrounding ice.

Failure by Thermal Stall
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Figure40: The Beta functiows.final insertiondepth demonstrating the impact of

operating conditions on ice failure. Ice failures caused by insufficigtstep delay
(test runs 16, 19, and 2Bavebeen removed from this data.set

The data infable3 shows that failure occurred regularly throughout the
testing process. While thermal shock asrelated withtheinter-step delay,itermal
stall iscorrelated with temperature and step s@&en that thermal stall is believed
to be caused by a thermal pick running out of useful thermal energy storage, a metric
was developed to compare the stored thermal energyegeted thermal esrgy for
an insertion step and describedn Equation(33).
The minimum temperature to achieve melting was experimermtiadlgrved to
be 70°C as seen irigure45 (seeAppendixA.3) when an insertion step is resisted
entirely by the ice. @mperatureabove thigritical valueareconsidered as adding to
the useful energy storage of the thermal pick. The thermal energy requiake tm

insertion step is proportional to the step depth. These values combine to form the term
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I in Equation(33) andFigure40 shows that testsith lowT valueshave aigher
likelihood of thermaktall based failure than those with highvalues

Y x ITQ (33

4.5.41-D Thermal Insertion Model

A SolidWorksmodel of thermal pick (A) was createddionulate theneat
transfer thabccurs when the thermal pick is brought into contact with the bottom of
the ice borehole. Heat transfer across this boundary is assumedlitie @bthe
energy used iactive thermal drilling that converts ice at the bottom of the borehole
into meltwater Any heat transfer that occurs along the side walls of the thermal pick
are assumed to have negligible contribution towards thermal delittee leading
edge

A simulationwas created according to the illustrationfigure41 where the
thermal pickwas set to a heated initial temperature and then exposecbtd
reservoir. Theenergy transferred into the cold reservoir modelst transferred
across the leading edge duriihgrmal drilling. This simulation udeanequilibrated
initial temperature condition of 16, corresponding to themaximumtarget
temperatur@ised The cotl reservoir temperatukgas set to 70C, corresponding to
the minimum temperature at whiahmelting layer culd be supportedThethemal
gradientghat formwithin the thermal pick, meltwater, and idaring this simulated

insertionare illustrated irfFigure42.
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Figure4l: lllustrationof the simulatiorof thermal pick(A). An infinite heat sink of
low temperature (representing an isothermal melting boundary) is brought in contact
with a hot isothermal copper rod. The energy exchanged between the two bodies is

simulated.
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Figure42: Onedimensonal ilustration ofthermal gradientduring insertiorshowing
the thermal pick, meltwater layer, aice.
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Figure43: Simulated exposure of thermal pick (A) to a cold resermfdihe tip
showing thehermal gradienthat forrms as a result of heat transfer.

The thermakimulaton estimates thenergy transferO  across the leading
edgeovertime for thermal pick (Awhen in contact with the ic&his energy transfer
is thencompared to the theoretical energypenditure according to Equati¢86) to
determine th step sizeQ that can be achieved. The efficiency assumed for this

mode of heat transfer is 1 sirgignificantlosses are not expected acrtssthermal

pick tip.
(] - ©Op Op, (34
(] - Q oY & Q 7 (35
Q > ; (36)

- Q O JY 0

Thesimulatednaximum step size that can be taken by thermal pick (A) when
starting at an initial temperature of 18D can be seen ifigure44. The simulation
wasrun in four cases tdh®w theminimalimpact ofheater output on leading edge
heat transferThe heater was either left off for the entire simulatiomed on 5
secondgrior to contact with the cold reservoir, turned on 3 seconds prior to contact
or turned onat theexactmoment of contact.

This shows thatheoretically achievable step ssa#f approximatelys.5mm
to 6 mm are expecteds seen inablel, the maximum experimental step size
without failure was 6..nm. The alignment b&veen the simulation and observation
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implies that heat transferred through the thermal pick tip is efficient in producing
melting. This is possible if conductive lasso the cryogenic icéhrough the bottom

of the boreholés minimal, the overall meltwadr flow does noundergomuch

warming &rosstheleadingedge and pick wall loss mechanisms do not significantly
affect thetemperature at the tip of the thermal pick

Simulation of Thermal Pick (A) with Variable Heater Turn-on Prior to Contact
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Figure44: Simulated heat transferrathd achievable step pld vs. timethrough the
tip of thermal pick (A).The heater was turned on at time (t) relative to initiation of
contact with the cold reservoir.

The two assumed valudsat affect this simulation are tleeld reservoir
temperature and contact time. Expental observationmdicating that melting does
not occur below 70C setthe lower bound for tip temperature. While higher tip
temperatures are possible, they wouldrdase the achievable step depth below what
is experimentally observed and are therefoot likely.The contact time cannot be
accurately discerned from measurements given the data refresh rate of approximately
1.67Hz. The commanded velocity sent to thespiioning slide motor controller is

12.7mm/s and so the minimum time a 6mm stepadake is 0.5 secondslowever,
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acceleration and deceleration of the positioning staesethe actual contact tinte

besomewhat longer

4.5.50perational Characteristics

4.5.5.1Thermal Pick Temperature and Insertion Step Size

Avoiding failure of the ice i@ssentl to thereliable use of thermal picKer
anchoimg and temperature and step size have been showpéxtice failure.
Higher targetemperaturesf the thermal piclkenabled progressively larger step sizes
without thermal staland ice failureTempergures only up to 160C were tested due
to concerns with exceeding the rated temperature of the thermally conductive epoxy.
It can be seen imable3 that none of the 16TC testdailed due to thermal stall,
although they were still susceptible to thermal shock. It is possible that temperatures
above 160C may enableurther increased resistance to thermal stall related ice
failure.

The step sizés critical inpreventingce failure and ensuring efficient
operatia. Step sizes belowrBm are correlated with low efficiencies as shown in
Figure30, which is suspected to be a result of trending towards a sublimative process
due to the limited meltwater produced during a shasgition step. Smalt step sizes
have a relatively shortenelting phaseStages, F, and G irFigure28) but will not
change thénitial sublimation phasesSfages3, C, ard D in Figure28). Conversely,
larger step sizesould causeéhermal stall, ice fracture, aridrm conduction paths.

Within theoperational conditiomanges usedin this study, step sizes between
2 mm to 5mm were capable of yielding efficient operatiohile alsoreliably

avoiding failure when operated at high temperatures.

137



4.5.5.2Total Insertion Depth

The total insertion depth of this testing waactically limited by the length of
the thermal picks and the test apparatus. Depths of uprtorBWere achievedyhich
can feasibly be expected to yield anchoring strengths in the kN range if terrestrial data
is an adequate anal@@6]. The limitation on the theoretical maximum achievable
depth for a thermal pick is failure of the ice, whitepend® n  t h e shbwnim a |l u e
Figure40 and ncreasinghetotal insertion depth past the B¥m achieved henmay

require even higher b values.

4.5.6 Anchoring

If the thermal pick temperaturedsoledbelow 70°C through theprocess of
active cooling described iSection4.3.3.4 then thermal drilling will be halted and it
is possible to develoanchoringforces. The application ohanchoringforce using
the extension spring simuésatensionload that an autonomous Europan vehicle
might apply to a thermal pick. Anchoring was tested using the thermal pick styles (A)
and (B) at depths between @rfin and 28.Inm. The maximum ratedad for the test
rig is 130N, corresponding to theeight of 100kg on Europa, andas reached
without failure for every anchoring test perform@dhile this is the result predicted
by the extrapolation of terrestrial ice anchor strength, it confaimeioring into
cryogenic icecan feasiblysupport largenchoring loads after thermal drilling

The anchoring test casbown inFigure45was developed to test the limits of
anchoring strengtht was performed usinthe smallest thermal pick (And with
only the actve cooling process for insertionh& thermal pick wamitially warmed

to 100°C andinseredusing only the latent heat within the thermal pigaching a
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shallow depth 06.5mm. Despite these condition$ie maximum applied termi
loadof 130N was eached without ice failure.

The iceused for this testing ranged from moderately fractured (a result of
thermal shock prior to testing) compressed ice to a solid block of monocrystalline ice,
though it is unknown if either are representative of the surtecen Europa.

Run 12: Latent Heat Insertion and Anchoring _—
T T T T T T T T

8 -
-1100
7 -
h —_—
'§6 \—‘-’Ut_go gi
()]
S s
160 ®
o £
=4 J o)
2 g
a3 40 O
2
20
1k
0 Il Il Il | Il Il Il Il Il 0
0 0.5 1 15 2 2.5 3 3.5 4 45 5
Time [min]

—Tip Position —Spring Displacement — Temperature

Figure45: Test run 12 usindhermal pick (A)inserted with the heater off leading to
controlled thermal stall and cooling followed by an applied anchoring load of 130 N.

4.5.7Extraction Step

The extraction phase igwsilar to the insertion phase although the energy costs
arelower due to theelativelysmaller volumes of thermally drilled ic&pon
extraction, a tapered thermal pick must thermally drill through ices that have built up
behind he taper of the inserteagion of the thermal pickDuring extraction, the
active thermal drilling surfads its angled edge instead of its tifxtraction of the
thermal pick was performed immediately following the insertion phaséamaved
similarly to insertion.The measur extraction efficienciesverebetween 0.11 and

0.62. The volume of ice and corresponding energy required for extraction were
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calculated using the insertion depih , the tipradius i  , and density of ice”

accading to Equation$37) and(38), respectively.

R “ i i QO (37)
(0] N Y " (39)
o 39

- o) (39

The ice volume requiring thermal drilling during extraction is sea&ly
lower than that of the insertion phase. However, the thermal energy storage within the
thermal pick remains the sanfighe operational temperatuseunchanged. This
characteristic allows the rate of extraction to be higher than the rate oioinsert
Average extraction velocities of up to 0.88n/s were tested, limited primarily by
mechanical grounrdut considerations of the test rig, rather thanttrermal capacity
of the thermal pick. The extraction efficiencies can be seEigire46, which shows
that the extraction efficiency may be correlated with the average velocity of

extraction.
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Figure46: Efficiency relative tddeal meltingvs. averagextraction velocityfor all
tests.

4.5.8Radiative andInternal Conduction Loss

A consequence of heating the thermal pick to its operatienglerature is the
internal conduction ithe test rig. The thermal pick is insulated from the test rig
structure through th&-10insulating tube, lthough this does not prevent all internal
conductive heat transfer. Differential radiative heat loss also occurs due to the
temperature of the thmal pick relative to its surroundings, but this heat loss
mechanisms assumed to heegligible.

The internhconduction losses were measured under vacuum prior to initiating
contact with the ice. This measurement was performed by warming the thermal pick
to a target temperature and holding steadily at that temperature using thermostat
control. The heater poweequired to maintain that temperature was recorded as a
function of time. The resulting calculated loss of power through internal conduction is
shown in Figure47. This conductive heat loss can represent a signifitaction of

the total energy that is expended by the heater, given that the operating temperatures
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are frequently greater than 1€0.

Power Loss to Conduction
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Figure47. Measured internal conductive losgetween the thermal pick and test rig
plotted against time.
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Figure48: Conductioncorrected Hiciency vs insertion step sizaf all insertion tests
usingmeasured internal conduction rates

Conductioncorrected data assumes a conservatively estimated constant power
loss 0 { of 12.5mW/K due to internal conduction and lasting for the entire

duration of each test performed. The temperaturerdiifal is relative to 20C, the
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resting temperature of the test rig. Conductionrected results allow for a cler
examination of the efficiency of the thermal drilling process without the impacts of
the characteristics of the thermal insulation apgnasgsed. The conductiesorrected
efficiency is defined by Equatiod0), is shown inFigure48, and demonstrates an
increase in efficiency to betwe@rB2 and @6 for successful tests and betw@ebb

and 0.86or all tests

(40)

4.5.9Pick Geometry

The three characteristics that define the geometry of the tapered thermal picks
used in this studgire their length, width, and degree of taper. As shown by terrestrial
studies of ice screws, the depth of insertitn and therefore the lengtli the
thermal pickis a determining facton the strength ofrice anchoif26]. A longer
pick may also be capable of penetrating through loose surface ices to stronger ices
below. However, a longer pick with a deeper insenteaquires more energy due to

the increased borehole volume.
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dtotal

Figure49: lllustrationof the geometry of thermal pick (Ayith the measured gap
width dimension Q shown.

The width of the base diie thermal pick'Q determines the bending
strength othe thermal pichtself. Bending loads are tlexpected failure mode for
thermal picksandthisis explored in Sectiof.1 The energy cost associated with
increasinghe thermal pickip width 'Q is approximately proportional to the
increase in tip areasshown inFigure 35.

The degree of thermal pit¢&per | and consequently the tip-base
differentialis only necessary tensure thathe thermal picks locked within the ice
by refreezing meltwaterThe shallow taper angle of 3.58° on thermal pick (A)
locked it under the ice, meag that only slight tapers are necessahe gap width
is estimated as the measured range of axial motion of a cooled thermal pick within an
ice borehole’Q . Thisrange of motion is observed kigure45 (seeAppendix

A.3) for thermal pick (A) as the difference between the maximum tip position
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(thermal pick pushed forward within the borehole as far as possible) and the loaded
tip position (thermal pick pulled back within the boo&has far as possibldeading

to a conservativgap width estimate di.4 mm.Assuming the borehole shape
conforms perfectly to the thermal pick and applying the trigonometric correction
shown in Equatiofdl) suggests the true gawidth Q  was 0.03mm, though

this was not experimentally confirmed.

Q 5 OAI]l Q (42)

4.5.10Trapped Air Effects

The porosity of the compressed ice used in the bulkistesting leaves open
the possibility that air bubbles trapped within the ice will impact the test results. If the
pressure resulting from the release of this trapped air is comparable to that of the
pressure resulting from the vaporization of watey ticen it is considereatbe non
negligible. This effect can be estimated by calculating the relative composition of the
outgoing gaseous flow. A conservative lower bound of the vaporization of water ice
derives from the case where only the ideal volufmaetwater is created &t°C, no
additional heat is lost to the meltwater, and it expands to vacuum adiabatically. The
adiabatic expansion into vacuum results in the productigasdnd icefollowing
Equation(16), from which it is determined that 10.6% of the meltwater created will
be converted intgas

The measured density of the compressed ice used ig/@:8% while the
density of pure ice is 0.9¢cn?, suggesting that air makes up 7.6% of the total test

block volume A cubic centimeter of compressed ice cont&58mg of water

(yielding 90mg ofgaseous wateafter adiabatic expansipbutonly97e g of ai r .
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outgoing flow of gas under this assutoptwill thus be only 0.0011% air by mass,
suggestinghat internal air bubbles will have a negligible effect on the local pressure

environment resulting from thermal drilling.

4.5.110ptically Clear Ice

Due to issues with thermal shock prior to testtegt da& with optically clear
ice are limited. This thermaheckwas a consequence of the rapid temperature shifts
in test preparation when thatially warm icewas exposed tdiquid nitrogenvapor
during coolingandwhen the cryogeniice was exposed to ambie air prior to the
pumpdown phaseAny differences btween optically clear ice and compressed ice
were not able to be definitively established. However, thermally drilling into optically
clear ice was able to be achieved without failure, which sugdestbdth ice types

can feasibly be used as an ice anch

Figure50: Boreholein optically clear icausingthermal pick (A) Cracks due to
thermal shock of test preparation can be seen.

4.5.12Error Accounting

The measurements associated with the thermal pick temperature, thermal pick

postion, and heater power cawusencertainty in the calculation of efficiendill
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errorswerecalcuated using first order approximations, where higher order
componentsvere neglectedThe impact to effiency based on multiple sourceis
errorwascalculaed using the root sum of squar8surces of error that affexithe
determination of how much emy was expendedYO were applied separately

from sources of error that affectthe determination of the ideal energy cost

YO
0 i YO YO YO YO (42
. . (43)
0 i YO YO
_ o O (44)
Oy ©O
_ O ©O (45)
O 7 ©O

The thermocouple temperature deterrdimdnen the heatewas cycled on and
off at the start and end aftest.Since the duration that the heatsas onwas used to
determine the heater enerd® expendederrors in temperature which affedthe
cycling of the heatewould impact the calculation of this energyemperature errors

camefrom both the thermocouple (2°€) and the thermocouple readérl(°C).

Yo a Qf YY (46)

0 0
YO a T llJ',?% CH IO o381 U,‘—QZ a 47

The timing ofthe heater also dan impact on the calculation of the energy

expendedThe resolution of the timing of evewss high (1Ims), which @vean
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accurataneasurementdf how longthe heater wasn. However, the delay between
temperature reading®uldbeaslong as3.5sdue to the refresh rate of the
thermocouple readeDelays in cycling the heater off and on at the start and end of a
test, respectively, impacted the energy expendethybin registerirg that the

thermal pick hd reached the target temptrnee at the start of a test cadske

thermal pick to be overheated, causafficiencyoverestimates. Elays at the end of

a testcausedindeestimates of efficiencgince heater energy wasesp

unnecessarilyThe opposing nature of these errors presdmm from compounding

YO 0 Yo (48)
YO o o®i pTmO (49
The uncertainty in the power output the heater l&to an additional source
of error proportional to the duratighat the heatewas on. The heater power
uncertaintywas based on the knowledgethé applied/oltage andheateresistance.
Theuncertainty in the voltageas theresolution ofthe power supply of 0.¥, while
the uncertainty in the resistanwasthe resolution and internal resistance of the

multimeter used andas 0.3q .

40 Yo 09 (50)
Yo e 0 W - T® Yo 2 0 (51)
YO Yo% ow ‘ (52
Y
yo mw 0 ¢ - ® a2z o (53)
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The positioml uncertaintyimpactdthe calculation of the ideal energy
required. The measurementtbé position of the surface of the ic¥Q as
described in Sectiof.2.4and the measurement of thiaximum depttof the thermal

pick during testing YQ were bothsources opositional uncertaity. The

A

uncertainty in positomvasb ased on t he positionmmg sl idebo

and the resolution of reading the analog voltage from the linear potentiometer of

0.018mm.

Y (54)

€
’~<‘c
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<
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YO Q

Y " 0 YO (55)

€
&

YO Q
The impact of measurement uncertainty on efficiency is most notabktsn te
with small energy expenditures (e.g. tests 1, 11, 14, 15, and 19). This is because the
energy expenditure uncertairdgsociated witthermocoupleeadings

YO YO is constanand relatively largeThe uncertaity is shown

in Table4 across each test run shownTiable3.
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Table4: Efficiencyvariability due to measurement uncertainty

Test - - - - -
[#]
1 .35 0.274 0.484 0.210
2 ! 0.094 0.106 0.011
3 15 0.139 0.157 0.018
4 27 0.243 0.301 0.058
5 .35 0.310 0.399 0.089
6 .18 0.167 0.190 0.023
7 - - - -
8 16 0.146 0.173 0.027
9 .26 0.237 0.283 0.047
10 .32 0.286 0.354 0.068
11 .52 0.411 0.708 0.297
12 - - - -
13 .25 0.226 0.272 0.046
14 .39 0.338 0.449 0.111
15 .52 0.448 0.607 0.159
16 .07 0.063 0.072 0.008
17 .05 0.048 0.052 0.004
18 .23 0.197 0.268 0.071
19 .32 0.252 0.432 0.180
20 .29 0.266 0.319 0.053
21 .36 0.322 0.413 0.092
22 .34 0.306 0.388 0.082
23 .26 0.232 0.295 0.063
24 .26 0.243 0.290 0.048
25 46 0.447 0.477 0.031
26 .29 0.281 0.295 0.014
27 .33 0.324 0.344 0.019
28 .29 0.277 0.294 0.018
29 .34 0.331 0.350 0.020
30 - - - -
31 21 0.200 0.217 0.016
32 - - - -
33 - - - -
34 .32 0.308 0.339 0.032

4.6 Simulated Operations

The practical utilization of a thermal pickdependent othe total energy cost
for anchoring Due to thdack of active cooling of the &block and internal

conduction in the test rigimescales allowingquilibrationof athermal pickto
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cryogenic tenperaturesiuring anchoringvasnotachievableHowever, the energy
cost over an entire operational cycle of a thermal yiaksimulatedusng trends
established by experimental data

The simulation of a thermal pick operational cycle requires knowletipe o
insertion efficiency, extraction efficiency, conductive loss rate, heater power, and the
timeline of operation. The experimental résydrovide estimates for the efficiencies
and conductive loss ratdabge heater poweis known,andthetimeline of operation
can be assumed

The simulation models the stages of warming, extraction, delay, and insertion
thatmake up théaypotheticalkconcep of operations foa thermal pick used by a
Europa rovefor mobility. The model assumes®70°C initial condition for all
components, an operational temperature of°tBfbr thermal drilling a step period
of 20 secondsa step length of 3nm, a finaldepth of 3cm, an insertion/extraction
efficiency of 0.3, an average extraction velocity of /s, a he@r power of 30V,
the mass and geometry of thermal pick (A), and a 1 minute delay between the
extraction and insertion phases. The delay betwesantion and extraction represents
the time required to reposition the thermal pick between anchoring pssitioring
which time internal conductive losses can occur. The rate of internal conduction heat
loss is calculated bigquation(56) which is created usinipe trendlineshown in
Figure47.

P& wwy? Y'Y (56)

Ca
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Figure51: Simulated thermabehavior othermal pick(A) under Europa conditions
usingextrapolation okxperimentally measured thermal characteristics.

The lreakdown of the total energy costs illuminate which aspects of the
design can yield the greatest reductiontotal energy ost. The modeled energy cost
breakdown for thermal pick (A) is as follows.

1 Thermal pick warming: 1.18J
1 Extraction: 0.5%J

71 Inserion: 1.12kJ

1 Conduction losses: 5.63

1 Total energy: 8.4@J

For the thermal pick (A) antthe G-10insulating tube useuh the test rig
conductive losses dominate the energy expenditure of the process. Small changes in
the insertion/extraction efficieres will have a relatively limited effect on the energy
cost of the process overall. A design thali/Bs the conductive losses will decrease
the total energy costy 30% (o 5.82kJ), while a design that doublése thermal pick

crosssectional area willncrease the total energy cost23% (o 10.35kJ). This
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illustrates the vital impact of mitigatingpnductive losses for efficient thermal pick
operation.

The insertion and extraction steps in this simulated mode of operation account
for 1.64kJ, which is19.5% of the total energy cost. If operating conditiand
designwereoptimizedso thatbothinsertion and extraction were 100% thermally
efficient in the melting regime, then the total simulated energy cost of operation

would only drop to 7.28J (13.26 improvement).

4.7 Conclusions

The three requirements for the use of a thermal pick are reasonable energy
cost, anchoring strength sufficientdopporta rover, and the ability tavoid
damaginghe ice structure. These three characteristics have been ahdwn
demonstrate the feasiiyl of usinga thermal pick as an ice anchor.

Operation of the thermal pick in each individual phase has been demonstrated
and insertion/extraction efficiencies on the order of 038% have been showhhe
efficiencies shownra reliant on active thermalck control, which is not a capability
possessed Isteadystategravity-driven subsurface thermal prob&%oreover, this
efficiency range shows that artermittent insertion approach can significantly
reduce the instantanepand total power costs farthermal drill relative tohe
steadystateoperational efficiencies &% in the cryogenic regimaesented in other
works

It has also been shown that when operating in an intermittent melting regime
with efficiencies on therder of those demonstratalat the efficiency of the thermal

drilling process ceases to be the dominant driver for the energy cost of operation. The
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difference between the ideal and actual energy ceptesent 43.2%shift in the

total energy expentlire of operation, suggesgithat once the intermittent melting
mode of operation is achieved, the energy costs are driven primarily by warming of
the thermal pick body and internal conductive losses.

The anchoring loads demonstrated show that ice casdgtas an anchor
against which the weight of a rover may be supported. While the test apparatus used
is limited to a maximum of 13N anchoring load, this represents the weight of a
relatively large rovef100kg) in the context of Europa exploration.v@n that depth
is believed to correlate with anchoring strength, anchor depths ofr.bolding
130N suggest that the30 mm anchor depths achieved may be capable of holding
significantly higher loads.

Thedemonstratednchoring foce of 130N being higher than theinimum
appliedinsertionforce of 6.5N is an important characteristic fplanetary usdf a
roveis weighton an icy moorns within therange of6.5N and 130N, then it carbe
supportedy a single anchandperformthe first thermal picknsertionusingits
own weight.On Ganymedewith relatively high gravitythis corresponds toraver
mass betweef.5 kg and91 kg. On Enceladus, with relatively low gravity ishrover
mass is between/xkg and 115Kkg. Extending this range willequire increasing the
anchoring forcecapabilityor reducing the mimum appliednsertionforce, both of
which weredemonstrated up to thienits of thecapability of theest rig For comets
and other small icy bodieghere rover weighwill be extremely smallapplying the

insetion force is an issue that wikquire additional work to address
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While the gilure mechanisms of the ice are compkegorrelationwas
demonstratetietween ice failure and thefunction These results suggest that a high
temperature thermal pick (18Q) in conjunction with small insertion stepsr{n)
will yield a hight value (30K/mm) that hasa reasonable likelihood of avoiding
thermal stall related failure. Maintaining aterstep delay greater than 20 seconds
was also determined to be essential to mitigating ice failure by thermal shock.

Quialitative conclusions on théysical characteristics of the device have also
been determined. A shallow taper limits the energgscof extraction and was not
shown to have detrimental effects on anchoring ability. The length and width are
limited to what is required to prevent tleeitensile and thermal pick bending failure
mechanisms, respectively.

Improving upon the energy cosgliability, and anchoring strength of a
thermal pick requires advances to the test rig and thermal pick adhesive. While
incremental improvements on thpewational energy cost of a thermal pick can be
made through improving the efficiency of the insaertamd extraction phases, the
primary means by which to reduce the energy cost of a thermal pick is through
improving the thermal insulation holding the imal pick. Improving upon the
reliability of a thermal pick requires increasing the operating teryetavhich was
limited in this study by the thermally conductive epoxy used between the heater and
thermal pick body. Confirmation of the potential foglmer anchoring strengths
requires improvements on the test rig to increase the maximum load tlegt can

applied.
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Chapter5:End Effectors

5.11ce Anchor Theory

Designinga thermabick ice anchor demands the balancing of the gnerg
required forinsertion gainstthe anchoring strength that is afforded. Depth is
positively correlated witlerrestrialice strength[26], but is also proportional to the
energy required for thermal drilling and bending stresses within the thermal pick

When anchoring to provide stability or mobility for a rover on an icy moon,
the direction of the load appliedvariable.Off-axial loadingcauss bending stres®
developwithin athermal pickthat is proportional to the applied load and the
orthogonalistance to the applied load. For this reason, the directionality of the load
relative to thehermal pickoriertationis always conservatively assumed to be
perpendicularBending loads must sipporteceither by ensuring thinermal pick
can support thbending stresses or through use séeondary mechanism

The abilityof a thermal picko support bending stss is proportional tds
second moment of aredD. A tubeshapedhermal pickprovides a high bending
strength capability byirtue of its méaerial extending out fronts axial center, which
increases the second moment of area relative to theswosenal area as seen in
Equation(59). The moment applied by the anchoring loadiis, the design stress is

. ,theradiusisi , and the thermal pick area i§ .

o

—_ 5
. s (57
0 0 —i i (58)
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Thisthermal pickgeometry works wiefor terrestrial iceanchorsvhere
contact between the side of tieermal pickand borehole is well distributext a
consequence of mechanical insertihich physically forces ice out of the way as
the anchor is insertetHowever, termal drilling sytems develop a gap between the
side of thehermal pickand the borehole. This g@ermitspoint loading as seen in
Figure52. Additionally, moving to a tubular profile increagbs surface area to
volume ratio, with can potentially have negative impacts on thermal drillixiy
designdn this workassume a solid core with a circular cresstionexcept where

otherwise statk

5.1.1Types of Thermal Picks

The optimality of ahermal pickdesign isdefined bya combin&on of its
tensile and bending strengtlenergy cost for insertion to a set depth, and complexity.
All analysis in comparindesignds normalized by insertion deptThe complexity
of a design is a subjective assessment of the number, intricacy, nthss)wame of
the components required for operation. The top fioermal pickdesigns are
describedn Section$.2, 5.3 5.4, and5.5, although only the tapered design was
adopted fowater icetesting and implemeatlinto the end effector design

The gap between a thermal pick and the ice borghateesults from thermal
drilling causes point loads rather than distributed loadimg-point loading will

cause bending stresses to develop irthieemal pickbut can bewided with a lateral
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support mechanismas seen ifrigure52. A laterally supported system induces only

tensile loads in ththermal pickbut requirs the use ofin external mechanism.

F, F,

fe=

L

Figure52: Contact point®f an anchored thermal pickie to an applied loaslithout
lateral support shown lefindwith lateral supportising arice gripping mechanism
shownright.

5.1.2Bending Thermal Pick Failure

Thefour designs consideredesshown inFigure53, Figure54, Figure55, and
Figure56 and have a maximum moment arm equal to the depth of inse@ion
Each design is assumed to have the dateeallyapplied load "O , material yield
stress,, and safety factor'Y"O This leads to a direct correlation between a
thermal picld ability to support a bending load andrigslius i , crosssectional area

0 , and volume w by Equatios (64), (65), and(66).
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5.1.3Tensile Thermal Pick Failure

As is the case with bending thermal pick failuhesthermal picks arall

assumed to have a circular creexton and equivalerdaxial applied load "O

material yield stress, , and safety factor'Y 'O
0
” “Y“Q‘l_ (67)
. . Y@
O “ l - (68)
. Y@,
w —— 0O (69

The bending loads will be the primary driver of the required area, leading to
power law scaling athermal pickvolume relative to deptfThe energy cost of
insertionincentivizes the use oftieral supports for deep insertidnscausehe

thermal pickvolume requiredo support tensile loadscales linearly with depth.

5.1.4Ice Failure

While the temperature, pressure, &ildmeterscale geography of Europa

have been observed, other surface chaiatits relevant to anchoring are unknown.
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As such, terrestriate anchor testing data is used as a model for what may be
expected fothermal pickuse on Europa. Terrestrial ice anchor failures have shown
that the ice failure mode is that of a tensilevbandthatthe ice strengtdepend®n

the depth achieved bize¢thermal pick26]. For this reason, the depth of thermal
pick insertion ‘O is a monotonic predictor for the ice strength in support of an
anchoring load, dtiough the exact nature of this relationship is not presumed to be
known.Given the desire toreate a reliable anchoring hold destiite

unpredictability of brittle ice féire mechanisms, increasing the depth of insertion is

of the utmost importance.

5.2Hooked Thermal Pick

Figure53: Hooked thermal pickrior to insertionshown &ft) and aftelinsertion
(shownright).
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5.2.1Description

A hookedthermal pickrequires a rotary insertion about the center of curvature
to insert beneath thee, after which only reversenotion can remové from the ice

The crosssectional core of thihermal pickis circular with a diameter ofQ

5.2.2Strength

The hookedhermal pickcannot be loaded purely in tension. Tip loading will
always rsult in internal momestregardless of the direction in which it is applied,
which makes a hooked design applicable amlyases where bending loads are

acceptable.

5.2.3Volume

Using the assumption afthermal pickthat is thin relative to its length, the

borehole volume is proportional to the cresectional area and tileermal pick s ar ¢

length.
0 ciOEi (70
0 1] (77)
o 80 81 —2
COER (72

The energy required for thermal drilling based insertionof the hooked
thermalpick can be derived as a function of its insertion deptbeasin Equation
(73). Equationg26) and(28) are used to develop therm ‘O , which isthe specific
energy per unit volume of the thermal drilling procasd is assumed to be constant

between each thermal pick design.
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5.2.4Complexity

A hookedthermal pickrequires only a rotary motor for its insertion with an

actuation scheme based the center of curvature of the hook.

5.3Key Thermal Pick

5.3.1Description

Thekey thermal pickvas designed for a sublimatidrased insertion. The key

portion at the leading edgenst cylindrically symmetrical, so when it is turned by

90° at the end of an insertion)atks the thermal pickvithin the ice When laterally

supported, this design can bearetensile load.

wing

O Ao = 90°

Figure54: Key thermal pickshown after initiallinearinsertion(shownleft) and after

a subsequer@0° rotation(shownright).
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5.3.2Strength

A key therma pick as shown irFigure54is mostdesirable when loading in
tension. This allows for the use of relatively thin thermal picks but requires lateral
support as seen Figure52. Bending loadsequire a significant core diameter of the

thermal pick relative to its length based on the scaling law in Equ@&&pn

5.3.3Volume

The volume bored by a key thermal pick is proportional to itshdeapd
dependent upon the key shapke term 0 is used to refer to the area of the core of
the thermal pick to maintain consistency with the other three designs considered.

w 06 0 0o 0 00 (75

8

- (76)
0

0 bW zop

The depth of the wing of the thermal pidR is only required to exceed
the gap width'Q  that iscreated in the thermal drilling proce3sis permits the
thermal pickto become stuck beneath the ice to be used as a tévesiieal pick The
gap width isestimatedo bebetween 0.081m and0.4 mm for water ie (Section
4.5.9 and betweef.45mm and 0.7%nm for dry ice (Sectin3.2.3. This suggests
that only a relativelygmall additional area is required for the key portion of the

thermal pick.
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5.3.4Complexity

Thekey design is the most complbgcausdt requires two separatgpes of
aduation The first actuation is a linear insertion into the ice, followed by a rotary

actudion that locks the key beneath the ice.

5.4 Screw Thermal Pick

5.4.1Description

A screw design must be féato the ice using coupled linear and rotational
motionmatching he pitch of the screwrhis creates a threaded ice borehole that

holds the screwthermal pck beneath the icafter insertion

dthread

l D=Pxn
DA =360°xn

Figure55: Screw thermal pickfter corkscrevinserton into the ice(shownleft) and
with the threadirea and motion couplinghownright).

5.4.2Strength

As with a key design, the screw canlbaded at the tip purely in tensio

without developing significant internal momentscan be used as either an
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unsupportedhermal pickthat withstands bending loadsone that incurs only tensile

loads using a lateral support mechanism.

5.4.3Volume

The boréole volume of an inserted screwai€ombinatiorof thethermal
pick coreand the additional volume added by the threadiegrestrial ce screws
traditionallyhavea small thread are® and a relatively large pitch) with

few turns € and a large radius .
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As with the key desig, the thread depth is only required to extend past the
width of the gap between the ice and thermal pick, which allows it to be small relative

to the body othe thermal pick

5.4.4Complexity

The screw insertion mechanism require®apled linear and rotatiah
insertion. Ths coupledmotionis providedby rotary actuationa nut and a screw.
The screw usetb mate with the nut can lteethermal pickitself, but this requires

that the nut be a thermal insulatorinhibit internalconduction during thermal
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drilling. A secondary screwan also beised foractuation andts pitch mustmatch
that of thethermal pick

The pitch of the thermal pick should be relatively low to ensure that the
actuator is nobackdriwable. Linearforcescan drive screw actuators bfgh pitch
which is aproperty known abackdrivability. In the context of anchoring,

backdrivability would allow axial anchoring forces to pull the screw out of the ice.

5.5 Tapered Thermal Pick

5.5.1Description

The tapered thermal pick recommendeébr use whee water ice is present.
The | ow pressure of waterods triple point
during the thermal drilling process. Meltwater that freezes behind the taper of the
taperedhermal pickcaussit to betrapped within the ice anghable its use as an
anchor. However, this meltwater must be thermally drilled ithleemal pickis to be

extracted from the ice, leading to a secondary enexggnditure
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Frozen
Meltwater

Figure56: Tapered thermal pickfter linearinserion with re-frozen watefshown
left) and the areal breakdown of the leading e@tp@wnright).

5.5.2Strength
As with the key and screw designs, the tapered thermal pick can be loaded
purely in tension using an external lateral stabilization mechanism orrigeludids

can be permittedith a high width design

5.5.3Volume

The borehole volume of a tapered thermal pick is determiné¢iaebyp area
0 .As with the key and screw designs, tAper width is only required to extend
past the width of the gap between the ice and thermal pick, which allows it to be
small relative to the body of the thermal pick.
®w O 00 O 0 (81

5

0O 6® 7 p (82)
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The additional energy cosif extraction igproportional to the cavity volume

W . However, given that the taper area needs ntrige relative to theoreas

discussed irsection4.5.9 this energy is small.
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5.5.4Complexity

The tapered desighe least complex because it requires dinlyar actuation

for insertion and extraction

5.6 Design Selection

All four thermal pick designs have a similar energysoeken controlling for
insertion depth as can be seen by comparing Equdiidhg76), (80), and(82). For
this reason, the complexity of the mechanismsisdasthe driving factor in the
selection of a desigiThis makes thdéapered thermal pick thaptimal choicewhen
water ice melting permits its usk the target ices are carbon dioxide based, ¢hen

screw thermal picks preferable

5.7 External Bracing Mecharnsm

The energy cost of thermal drilling is proportional to the thermal pick volume

while the ice strength is proportional to the anchor depth. This alloves#iiag laws
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determined byising Equdons(66) and(69) to define the scaling of the energy cost

relative to the anchoring forcéO for both the bending and tensidaly cases.
") N (86)
W %0 (87)
(0] 6’0 -~ (83)
O % "0 (89

This relationship suggests that as the requarezhoringdepth increases,
thermal pickoaded in tension becomes increasingly desirable.

For an external mechanism such as these® inFigure52to provide lateral
support, it must be through forcible contact with the surface ice. This contact needs to
prevent lateral forces from passitathethermal pick An external mechanism is
unableto providethedownwards forc@ecessary to create the lateral support, but an
insertedthermal pickanchor can be leveraged to provide that fofte end effector
described in Sectiob.10uses springs to passively provide tbece pressing its
external bracing mechanism into the ice and the reciprocal force is sustaingéat pick
ice anchoring under the ice.

Using an external bracing rcleanismthatpreventdending loadsillowsthe
thermal pickto be made significantly smalléinan would otherwise gossible
When operating under tensile loadgen tellurium copper (the material used in this
study) with amodestyield stress of 20MPa, a safety factor of,2and an anchoring
loadof 1.3kN (the weight of one metric ton on Ep&), the required core aréa
12.7mn? according to Equatio(68), which issmaller than evethermal pick (A)

thatwas describedn Section4.1.1.2
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5.8 End Effector Designs

Anchoring willnot be feasible iit is discovered thaEuropan ices are
incapable of bearing loadHowever|f strong ices are found at or near the surface,
thenanchoring will be possiblé-or this reason, two end effectors were designed and
prototyped The first enceffector is optimized for strong ices at the surface while the
second end effector is optimized for creating deep anchors at minimal energy cost.

The short thermal pick end efftor is designed for simplicity and is proposed
for applications in which theeguired anchoring depth is shallow. If strong surface
ices are found on Europa or other icy moons, then shallow anchors may be capable of
supporting the necessary anchoringd®d his design does not have lateral
stabilization since the short thermal @do not incularge bending loadShis
design does not require lateral stabilization because the short thermal picks are not
susceptible to bending failure.

The long thermapick end effector is designed for applications in which the
required anchoringepth required is dee@urrent estimates of the porosity of
Eur opads s uhatfatdeast thesuppgronagticallayeris highly porous
(95%)[16], the metesscale ice is slightly less porous {88%)[17], andthedeeper
iceshave lowerporosities (0%) [18]. It is also possible that a surface crust has
formed,whichincreagsthe stength of porous surface icg®]. Since ce strenth is
shown to depend on poros|t}3], confirming this porosity range iecessary.

The design of both end effectors assumes their use on amavéas limbs

that are capable of motion (external actuators). This allowsdmatleffectors to be
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passive, only requiring electronics to support the thermal pick heater and

thermocouple.

5.9 Short Thermal Pick End Effector Design

The short thermal pic&nd effectocan be seen iRigure57. It is madeof two
short thermal picksan aluminunbase and thermal insulatiorits thermal picksare
wide enou@ to supporainybending loads that may develop durangchoring The
thermal picks used for this prototype have a h2n7 diameter tip and sligh&per and
have a maximum insertion depth ofrn. This leads to a borehole volume of
0.76cm?, which at an diciency of 0.3 translates totatal insertion energy cost of
approximately2.72kJ (hot including warming, conduction, or extracfjoihe
simplicity of this system will allow it to be modifiew suit the needs of a range of

rover stylesdut requires thtstrong surface icease present

5.9.1Experimental Testing

A block of compressed ice was cooled to cryogenic temperatures using dry ice
and then mouedin a raised positioto demonstrate wattlimbing capability The
thermal picks were warmed to their operational temperatures using their embedded
cartridge heaterand then inserted into the icea single motiomntil they thermally
stalled Since tls testing was performed at atmospheric pressures, the thermodynamic
behaviors of a thermal pick insertion under vacuum were not observed, although the
structural characteristics of the ice during anchoring were assumedaodbgy
similar. The thermalipks were allowed to conductively cdolr several minutes

after beng inserted antleforeanchoringoads were applied
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The end effector was loaded with approximatel\N2@ of torque.The
anchoringoad applied caused failure of the ice blocksimouning clamps due to
thar compressive point loadsut manually liftingthe ice blockconfirmed that the
full torque loadcould be supported without further failure

While the cryogenic ice block that was testeamsdemonstratetb be capable
of supportinghis torque it is unknown whether this is indicative of the loadg tha

may be supported by the surface ices of Europa or the other icy moons.

Figure57: Experimental testing of therall thermalpick end effector bored into
cryogenic water icatatmospheric pressuré/ater ice failiredue toclamping
mechanisn{unrelated to the testing) but the end effector still laploroximately
20Nm of torque without failuren the cantilevered position
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5.10Long Thermal Pick End Effector

The long thermal pick end effector ispassivespringb a s bedt arigpress to
engage/releaseo concept proposed for use o
Theend effector is made ofleg, externalbraang mechanispthermal pick and
associatedompaents Theend effectorequires the application ohaxternaforce
directedtowards the surface of the it.iecompress its spring. This fortseprovided
either by rover weight or a previously inserted thermal pick anchor.

The end effectoris splitintohe fAupper | ego and Al ower |
relative to one @other using sleeve bushings. The external bracing mechanism is
attached to the lower and the thermal pick is attached to the upp€&héegprings
connected to both the upper and lovegy, keepingthe thermal pick recessed within
thelower leg When he externaforce is applied, the spring compresses and the

thermal pickis exposedThis allows for thermal drilling and eventual anchoring
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Retaining Ring

Inner Tube
“upper leg”

Spring
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Anti-Twist Bar
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Ice Spike Thermal pick

Figure58: Long themal pick end effectoBolidWorksmodel Crosscut viewwith
internal and external componestsown

Rover attachment point

<+—RetainingRing

Spring
Bushi
Inner Tube ushing
“Upperleg”
G-10
External Brace Heater
“lower Ieg”\ Thermal Pick

T Ice Spikes —

Figure59: lllustration ofthe long thermal pick end effector
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5.10.1Components and Characteristics

The upper and lower leg pieceg anade ohluminum6061 tubing and are
separated by frelotined bushingslimiting friction during relative axial motionThe
anti-twist bar prevents the lower and upper leg pieces from rotating around one
another. Th&-10insulation rigidly connects thidermal pick to theipperleg and

minimizesinternal conduction during thermal drilling

Figure60: Simulated loading of the long thermal pick end effecfoload of130Nis
distributed perpendicular to the top of the endatfe

Thermal pick (A) is usetb minimize the energy expenditure given that lateral
support enables purely tensile loading of the thermal pick during anchdhieg.

anchoringoad of the end effect@upporting the rovas conservativelyassumed to
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beperpendicular to the axial direction, causing the end effector tabglevered
about the anchor point hesimulatedcantilever strength of this prototype is 130N as

seen inFigure60.

5.10.2External Bracing Mechanism

The gripping mechanism is used to support lateral forces and moments that
arise during the use of the end effectoaaisermal piclor during the thermal drilling
process. The gripping mechanism can fail either through slipping-ovéip Slipping
is defned as when the lateral force exceeds the friction force between the ice spikes
and the ice surface and is dependent upon thefricoefficient *  and spring
force "O according tdEquation(90). Thefriction coefficient is a function of the
material properties and contaytometry othe ice spike and the surface ice, which is
not studied here. Howevgcryogenic ices do not have the low surface friction that is
typical of terrestrial icef20].

Tip-over is defined as when the lateral forcases a moment about the
anchor pointhat exceeds the maximum moment supported by the spring force. The
moment supported by the spring force is proportional to the moment arm prbyide
the gripping mechanisn2  which is a function othe number o$pikes ¢
and their disince from the central axi€ which can be seen Figure61.

Three spikes that arevenly distributed about the central axis are assumedabdpt
becauséhis ensures contact for each spike and the greatest minimum moment arm by
Equation(91). The moment caused by a lateral forcalsoproportional to thdeight

of the end effectord
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5.10.3Concept ofOperations

Thefollowing concept of operations is foovermobility and is illustrated in
Figure61, Figure62, andFigure63. The end #ector shown assumes two ice spikes
for simplicity of the twedimensional illustration.

5.10.3.1Statel: Free Motion

State () of the end effectois prior to placement at the insertion site. The
future insertion site for the end effectsdetermined in this ateandthe thermal
pick can begin its warming prior to placement if desitethe thermal pick has
recently been extracted from the icetbgrmal drilling, then it will be warm and
losing heat through internal conduction during State (1). This ingeesi\quickly

transitioning to placement and insertion.
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5.10.3.2Procesd -l : Placement

IIx)

UL P399

1

Figure6l: lllustrated concept of operation stateH, andllx of the long thermal pick

end effector

This process is the placement of the extidonacing mechanism onto the ice

surface using

mechanism against the ice is necessary so the thermal pick can be inserted without

t

he

rover os

actuator s.

any lateral motin of the thermal pickProcess €ll) endswhenthe external bracing

mechanism is securepressedgainst the ice and the thermal pick has finished

warming to its operational temperature using the embedded heater.

Once in stable contact with the ice, egsive lateral forcesO applied at the

rover attachment point will lead to tgver of the end effectotl§), preventing the

safe insertion of the thermal pick. Since the thermal pick is retracted within the body
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of the end effector until the insasti process, this tippg will not resultin improper

loading of the thermal pick.

5.10.3.3Procesdll -1V : Insertion

F,
i i Fa p !
Iy, Tt = Tt
Lllills LLedipy
1) V) Vx)
f— F /2 F /2% I— F/2 FI/Z_t Fray i
2 2 2 F+ 5

Figure62: lllustrated concept of operation statds 1V, andIV x of the long thermal
pick end effector.

Insertion of the thermal piaksesan applied forcéhat exceeds the spring
force "O . This compresses the spring and drives the thermal pick into the ice, with
contact resulting in thermal drilling. During thermal drilling there will be giEkce
pressire resisting insertion, requiring an additional application of force. Hayweve
experimental testing has shown that this additional force is less thBinf@:%he
thermal picks used@hroughout the entire insertion phase up until anchoiviyy (he
spring force issupported by the spikes on ttpepping plate, which laterally sares
the end effectoBecause insertion of the thermal pick is based on intermittent
insertion, several intermediate holding phask3 &rerequired between insertion
stepswhere the applied force is equal to the spring fofCe.

179



At any point during insertion of the thermal pick, an applied lateral fo€e
will result in a differential applied load across #pkes on thgripping plate. If the
applied lateral force excds the tipover condition described in Edian (92), then
failure of the end effector may occuv ).

5.10.3.4State |V : Anchoring

Once anchoredhere is no longer a needdotively controlthe force applied
at therover attachmenointand the end effector canpport axial ‘'O and lateral
loads "O . During anchoring, the contact between the thermal pick and the ica resist
the spring forcerad this continues to drive the ice spikes of the gripping mechanism
into the ice surfacaVhen anchored, latakforces exceeding the tgver condition
by Equationg92) will result in failure. The axial force limis based on tensile failure
of the thermal pickliscussedSection5.1.3 or theice (Section4.5.6.

5.10.3.5StateV: Warming

The warmingstateis whenthe thermal picks heatedvithout physical contact
with theice. An applied force at the rover attachment point that balances the spring
force "O will release the contact between the thermal pick and thesisBown in
state (V) This thermally disconnects the thermal pick from theadlewing warming
without conduction into the ic&xtraction of the thermal pick can begin once the

operatonal temperature is reached.
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5.10.3.6ProcessV-VI : Extraction

Ll Ll llls
F;
o
-
LLlLLLLL
V) Vi)

f- F/2 F/2 —
2 2

Figure63: lllustrated concept of operation statésndVI of the long thermal pick
end effector.

Extraction of the thermal pickusesintermittent thermal drillingAn appied
force slightly less than the spring forc® causs the thermal pick to retract back
into the end effectoiThis process is completed when the thermal pick has been fully

retracted 1) and is equivalent to thaitial state ().

5.10.4Experimental Testing

Due toconcerns over violating the tipver conditionthe longthermal pick
end effector was manually insertédring experimental testing/lanual insertion of
the end effector was performed witlpiee-heated thera pickandcryogenic ice at
atmaspheric pressure. The ie@scooled using dry icé a temperature 660 °C and
was secured using the dry ice test rig mount describ8eation4.1.2.11

Since this experiment was performed at atmosphergspre, there was no
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mechanism to evacuate meltwater from the borehole atitedbermal pick
remained exposed to cold liquid and iceisT$ustained exposure rapidly cootbd
thermal pickand quickly resulted in thermal stall after only a shallow inmerfThe
heater washenturned off allowing the thermal picko equilibrate to the ice
temperatureDespite the limited insertion leriga manually applied axial load was
unable to cause ice or thermal pick failure.

Lateral cantilever loadingsas alsodsted Theend effectosuccessfully held
6.8 Nm but tipover failure occurred at 13Mm. This failurewas a result of the
partial force reducing the spring force and therefore theotipr moment according
to Equation(92). The tip-over failure caused the thermal pick to bend, preventing

further testing.

Figure64: Experimental testing of the long thermal pick end effelstoed into
cryogenic water ice at atmospheric pressure.
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Figure65: Cantilever loading of theohg thermal pick end effector

5.11Conclusions

A mechanical analysis of the thernpagkswas used to determine their
optimal design characteristics. Scaling laws for various end effectors have been
presented and show the relative energy cost for each design corresponding to their
anchoring depth.ong thermal picks can provide deep anchotsabe susceptible to
bending The depth required for an anchoring hislé function of the ice quality
When lorg thermal picls are necessitatéy weak icesexternal bracing mechanism
thatprevent bendingreincentivized

The optimal themal pickdesgn depend®n whether the ice will sublimate or
melt during thermal drillingFor water ice, the tapered therrpatk design is optimal
because oits simplicity sinceit operates using linear insertion and extraction,
leveraging refreezing effects to Idcwithin the ice. For dry ice, the screw thermal
pick design is optimal because it requires only one actuatgiamythat provides

coupled linearotationalmotion.
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The long thermal pick end effectbasan external bracing mechanism to
permit the use of a thin thermal pick, driving down energy ctistsa passive
system that leverages rover actuation for its Tike short thermal pick end effector
is designed fothermal pickghat can withstand bemdy loads This end effector
design is simple and madeonly of the thermal picfs), thermal insulationand
structure required tomount toa rover

Experimentatestingof both end effectorat atmospheric pressure and
thermalpick testing undevacuumshow thepotential forend effector feasibilityThe
meterscale surface conditions on Europa are currently unknown but will have
importantimplications forthe wse of ay ice anchoring system. If the ices on Europa
are porous and weak, then anchgrsystems may not be viable. Howevergésthat
arestrong enough to support anchoringdsare found at or just below the surface
then thehermal pickend effeobrs could allow forsafe mobilitythroughextreme

terrains
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Chapter6:Conc |l usiFansurandVor k

The At her mal picko system was devel oped

and ice anchor faovers traversing thiearsh environments found on Europa or other

icy planetary bodiesThermal drillingusng a hot thermal pickxcavate an ice

boreholein which the thermal pick can anchor, enablngpver to traverse the

Europan surfaceThe feasibility of the thermal pick concept and the associated

components was demstnated using simulated ambient conditions on Europa,

creating the foundatiorof future applicatiorspecific optimization of the system.
Complementary experimentation and design were performed through multiple

cycles oftheoretical analysiglesign, prottyping, andexperimentatesting. This

enabled a continuous evolution of thehpigk desigrs that would accommodate or

leverage the phenomena that were observed in prior rounds of testing. The result of

this work is a collection of designs adapted forrapeg in eithercryogenic dry ice

on Mars usinghe sublimation regimer in ayogenic water ice on Europa using the

melting regime

6.1 The Thermal Pick

The thermal pick is a novel systanadeof a conductive metal body and an
embedded heatefo serve as thermal drill, the body of the thermal pick stores the
energy provided by theslater andapidly conducts that heat into the ice when contact
is initiated After thermal drilling has created a borehdleethermal pickthat is

inside itcan function aananchor. This requires that the body of the thermal pick be
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capable osupportng the weight of a rover in motiofhis simple concept provides a
low mass, low energy, and high reliability approach to anchoring into surface ices.
A range of thermal pick sipes were analyzed and assessed for their predicted
anchoring strength and eggrcosts. A tapered thermal pick with linear insertion and
extraction was determined to be the optimal design for water ice use where re
freezing meltwatecan seal the thermadick within the ice Screw thermal picks were

determined to be optimal falry ice use

6.2 The End Effector

An end effector is a complete systé#matis made of a thermal pick, thermal
insulation, and stabilizing mechanisms where neces$ag/end effectordesigned
in this work are for use on a rover and leveragisting actuatin. The type of end
effectorusedvil d epend on the rovero6s weight and th

Largerovers and weak ices will necessitate the use of end effectors optimized
for deep anchoholds The long thermal pick end effector is designedsiazh
missions An externalgripping mechanism attached to the bottom of the end effector
usesa set of ice spike®trace against the ice, providing latestbility that prevents
bendirg of the thermal pickA constant forcdetween the ice spikes and theige
passively maintained by compressed springhisapproach permits the use of long
and thinthermal picksyielding deep anchors for minimal energy cost

The short thermal picknel effector is designed for missions where strong
surface ices are expectdtuses short and strong thermal picks that hold the full
weight of the rover. Thiend effectorequires no stabilizing mechanisngssing it a

small profile thais adaptabléo various rover designs
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The end effector designs are passive and feavenoving parts, which is
advantageous for autonomous robotics where reliability is of paramount importance.
Thermal gradients created during the thermal drilling process can damage dhe
so operational conditions that mitigate this failure typeevekaveloped.

Usingathermal drillgenerallyrequiressubstantiaénergyandcould be
burdensome for autonomous planetary roboficsintermittent thermal drilling
approach was develog¢hat simultaneously minimizéise total energgostand the
peakheder power requird. This is achievedbecause intermittent drilling limits

conduction into the ice, which is the primary mechanism for heat loss.

6.3 Anchoring into Carbon Dioxide Ices

Thermadrilling experimentation using dry ice led to an understandingeof th
sublimation process and its implicatidios thermal pick insertion and anchoring. The
phenomenabservedn the sublimation regimall stem from the rapid production of
gas These ar¢he pushback force, reduced friction, and heat loss into the escaping
gas flow.

The pushback force is the result of gas pressure buildiagnassheleading
edge of a thermal pickt can separatthe thermal pickrom the ice, redung heat
transfer ates and slowg the thermal drilling process. Countering fhushback force
was achieved bgontrolling the tip shape and applying external forces

The reduced frictiomausedhermal picks tlip laterallyon slanted ice
surfaces during initial insertiinto the ice. This resulted ablongboreholeghat are
erergetically inefficientReduced friction was countered with high stiffness

components anthe addition of stabilizing mechanisms
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The heat lost into the escaping gas flomreaseshe energy cst of thermal
drilling. Thermaly insulaedwalls did not preide significant benefit. However,
smooth wall geometry and lower operating temperatures both increase thermal
efficiency.

Sublimationis the dominant mode of thermal drillifigr dry icedue tothe
hightriple point pressuref carbon dioxide. Thecrew hermal pickghat are
recommended for dry iog@ere shown to have efficiencies of over 750he rotatonal
component otheinsertion of screw thermal picks may crelagektorquesdue to
friction against the surfadbatneed tdbe counteretb avoidspinning the rovern
these cases, twhermal picks of opposing direction can be insesiatlitaneously
insertion can be slowed teduce torquepermissble levelsthroughreduced
opeaating temperatureor ascrewthermal pick can beneaty insered and used to
brace against torquelsie tothe subsequentnearrotational insertiorof additional
thermal pcks. Future work will be required to determine the anchoring strength of
dry ice anchors in simulated plangtaonditions and for the development afend

effector deginthat accommodates coupled linear and rotational motion

6.4 Anchoring into Cryogenic Vacuum Water Ices

Steadystatethermal drillingin cryogenic water ice atacuumpressurdas
already beedemastrated by prioresearcho result in sublimation of the gace ice
with brief periods of meltingThese studies have shown that thermal drilling water
ice requires dargeenergyexpenditurghatis driven byconductive heat los3.0
mitigate these catuctive losses, an intermittent thermal drilliygproach was

developed.
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Intermittent thermal drilling leverages the thermal storage capacity of a hot
thermal pick to create short periods of rapid thermal drilling activity separated by
delay periodsWhena hot thermal pick is pressed against watertiejcemelts and
the thermapick begins tacool. During delay periodgvhen the thermal pick stops
moving, conductive losses are haltedthgrmdly severing conduction paths between
the thermal pick and éice.Each pres#alt cycle drills the boreholgeeper, at
efficienciesbetween 20% and 50% relative to an ideal melting protéss.
intermittent approach also decouples thermal drilling efficiency from heater power,
easing the burdeystenbn a rover 6s power

The large range in measured efficien@es the lack of specific trends in test
conditions is indicative of the natural variability and impact of internal conductive
losses. However, even a 20% efficiency relative to an ideal melting processergpr
a dramatic reduction in energy cost relatiothe sublimation and melting systems of
prior works.

The melting that occuduringintermittent thermal drilling permits +ieeeze
anchors to be used. Tapered anchors were designed that leveragddhaal re
freezing of meltwater to lock the anchor into the ice.

A consequence of intermittent thermal drilling is the susceptibilith®ice
borehole to thermal shock atwlre-freeze expansion cracking. Melting under
cryogenic ambient conditiomeay creatdargethermal gradientand differential
expansion/contractiotihat cause ice to crack in a process called thermal shock. This
failure was mitigated by delay periods of greater than 20 seconds. Cracking of the ice

is also possible when meltwaterfreezes in a closed volume if the thermal pick
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coolse x ¢ e s s i -turectioy was developed that describes the relationship
between the usable thermal reserves and the energy necessary for a thermal drilling
s t e p .-funttiorewademonstrated to cdate with refreeze expansion cracking,
with high b values indicating resilience t
achieved through high operating temperatures and small step sizes.
Anchoring testsvereperformedusingcryogenic blocks of water iand the
maximum anchoring load df30N was appliecht each anchoring test without a
single observed failurén aneffort to adbserveanchoringfailure, the minimum
feasibleanchor depth and width was used but still successfully held the full anchoring
load This suggests that high anchoring forces casupgorted f Eur opi@ds sur f e
of similar structure to the test ices used
The total operational energy cost of a thermal pick undergoing its full usage
cycle was simulatedurprisingly, hese simulatiosshovedthat internal conductive
losses dominatkthe energy expenditure for the operation of a thermal ptknal
condudive losseoccur viathe thermal insulation holding the thermal pick and may
be reduced by further design optimizatidnsimulaed total energy cost of 8.40
for a 3cm insertion of thermal pick (Aneanghat even a small planetanyverwith

limited power generationould usea thermal pick for anchoring.

6.5Path Forward

Advancing the thermal pick and end effector concepts wgllire continued
design iteration, modifications to the test rig, and ice simulants based on observations

of the surface oEuropaor other planetary bodies.
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The thermal pick end effectsystemslescribed in this work are prototygpe
made with offthe-shelfcomponents and limited custom machining. With continued
design iterationthey could see improvements to their mass, voluamel, strength.

While thecompleteend effectosystemdave been tested in cryogenic waterdte
atmospheric pressure, testingttoé completeend effector in cryogenic water ice

under vacuum would further demonstrate the feasibility of the system. Development
of a screwtype end effector for sublimatiasf dry icewould demonstrate the
applicability of this concept for Mars or othglanetary bdies with carbon dioxide

ices.

Future testing with an improved test rig could provide improved thermal
drilling and anchoring data. Internal conduction between the thermal pick and the
G-10insulating tube accouadifor the majority of the engy expendedluring the
thermal drilling process. Improving the thermal insulation quality would reduce the
energy required for thermal drilling and improve the accuracy of thermal drilling data
that corrects fothis heat loss mod@ test rigdesigned tavithstandhigher anchoring
loadscould be used tdemonstrate the applicability of this concept to revamer
than100kg.Active liquid nitrogen cooling of the ice would allow flangertests
durations permittinglonger duratioroperations to be tesd while maitaining
Europarealistic ice temperaturekinally, atest rigdesigned for vertical insertion
would allow the testing olveak and/oporous iceshat may better represent the
surface of Europa.

Intermittent thermal drilling was designed fovers explom g Eur opad s

surface, but the approach could potentiakyadapted to subsurface thermal drilling.
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Subsurface drilling tocess diquid ocearhas great scientific appeal and isaative
area ofresearch. Since subsurface thermal daitks not expasd to vacuum after an
initial insertion phase, direciseof this thermal pick solution is not possible.
However, thanainproblemsfacing subsurfaceéhermaldrilling areconductive heat
lossand the need for high power heatevhich aresolved by intermittent thermal

drilling.
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Appendi ces

A.1Cryogenic Water Ice Test Runs

Theplots in this appendix shoall the temperature, spring displacement, and
thermal pick tip positiomeasurement®r eachcryogenic water icéest.The
calculated valas associated witiesetest rurs is shownin Table3.

The thermal pick temperature as measured by the thermocouple is plotted
against the right axis scalBhe position of the tip of the thermal pick and the gprin
displacement are plotted against the left axis scale. @psfin the measurep
positionprior to insertion stepandsimilar peaksrior to extraction steps are
erroneous andausedy spring displacement readings taken prior to updating the
slideposition. The slide position updates after a steispletedafter which the tip
position is orrectly measured.

Non-zero baseline spring displacements represent the use of both the constant
force springs and extension spring described in Secfidn®.8and4.1.2.9
respectively. Spring displacements with a zero baseline represent the use of only

constant force springs.
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Figure66: Test runl on cryogenic water ice under vacuum
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Figure67: Test run 2 on cryogenic water ice under vacuum
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Run 3: Thermal Pick (A)
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Figure68: Test run 3 on cryogenic water ice under vacuum
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Figure69: Teg run 4 on cryogenic water ice under vacuum
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Run 5: Thermal Pick (A)
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Figure70: Test run 5 on cryogenic water ice under vacuum
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Figure71: Test run 6 on cryogenic water ice under vacuum
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Run 7: Thermal Pick (A)
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Figure72: Test run 7 on cryogenic water ice under vacuum
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Figure73: Test run 8 on cryogenic water ice under vacuum.
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Run 9: Thermal Pick (A)
T

30 I I 160
165
25
150
_.20
s 145
E
&15 140
2
o 135
10
130
5
J—r A—L‘ 125
0 ! ! ! 120
0 50 100 150 200 250 300 350 400
Time [s]
— Pick Tip Position —— Spring Displacement —— Pick Temperature
Figure74: Test run 9 on cryogenic water ice undecwuam.
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Figure75: Test run 10 on cryogenic water ice under vacuum
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Run 11: Thermal Pick (A)
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Figure76: Test run 11 on cryogenic water ice under vacuum
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Figure77. Test run 12 on cryogenic wafiee under vacuum
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Figure78: Test run 13 on cryogenic water ice under vacuum
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Test run 14 on cryogenic water ice under vacuum
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Run 15: Thermal Pick (A)
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Figure80: Test run 15 omryogenic water ice under vacuum
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Figure81: Test run 16 on cryogenic water ice under vacuum
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20 Run 17: Thermal Pick (A)
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Figure82 Test run 17 on cryogenic water ice under vacuum
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Figure83: Test run 18 on cryogenic water ice under vacuum
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Run 19: Thermal Pick (A)
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Figure84: Test run 19 on cryogenic water ice under vacuum

Run 20: Thermal Pick (A)
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Figure85: Test run 20 on cryogenic water ice under vacuum
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Run 21: Thermal Pick (A)
30 I I T 180
175
25
170
_.20
s 165
E
&15 160
ﬁé
o 155
10
150
5
145
0 1 | 140
0 50 100 150 200
Time [s]
— Pick Tip Position —— Spring Displacement —— Pick Temperature

Figure86: Test run 21 on cryogenic water ice under vacuum
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Figure87: Test run 22 on cryogenic water ice under vacuum
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Run 23: Thermal Pick (A)
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Figure88: Test run 23 on cryogenic water ice under vacuum
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Figure89: Test run 24 on cryogenic water ice undezuan
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Run 25: Thermal Pick (B)
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Figure9Q: Test run 25 on cryogenic water ice under vacuum
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Figure91l: Test run 26 on cryogenic water ice under vacuum
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Run 27: Thermal Pick (B)
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Figure92: Test run 27 on cryogenic water igeder vacuum
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Figure93: Test run 28 on cryogenic water ice under vacuum
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Figure94: Test run 29 on cryogenic water ice underuan
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Figure95: Test run 30 on cryogenic e ice under vacuum
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15 Run 31: Thermal Pick (D)
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Figure96: Test run 31 on cryogenic water ice under vacuum

Figure97: Test run 32 on cryogenic wafiee under vacuum
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