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FOREWORD

This is the Final Report under Contract NAS9-17511l. The purpose
of this Study was to determine concepts and approaches to drilling and
several other sampling techniques, for both a Comet Nucleus Sample
Return mission and a Mars Sample Return mission.

This program was performed under the direction of Dr. B. C.
Clark. The deputy director was R. J. Amundsen. The authors are
indebted to contributions by several others, including S. K. Anderson,
B. J. Cook, F. M. Kustas, M. S. Misra, P. S. Thompson, and M. G.
Thornton. Special acknowledgement is given to R. S. Murray for
outstanding efficiency and skill in generating illustrations which
demonstrate the various technical concepts presented in this report.
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INTRODUCTION

Scientific exploration of the solar system has made outstanding
discoveries through remote sensing of the surfaces of dozens of the
planets and satellites of the solar system. In a few cases in situ
analyses have been possible--including instrumental measurements of
surface material on the moon, Mars, Venus, and matter in the coma of
P/Comet Halley. Instruments are now being readied for analyzing the
surface of Phobos; plans are being developed for comet nucleus
penetrator and coma dust and gas analyzers.

In spite of this progress, it is now widely realized that remotely
operated instruments have their practical limits. For example, a
measurement of the isotopic a*undances of natural decay chain
radioisotopes has never been accomplished remotely, even though such
"age dating” instruments have been often comsidered. Relative to the
techniques now employed on a more or less routine basis in several

leading-edge laboratories around the world, most automated instruments

~would be either of very narrow capability, or else of broad range but

limited accuracy. Likewise, the exhaustive petrographic examination of.
rocks and soil mineral grains requires extensive sample preparation,
rapid scanning by a trained observer, and delicate micromanipulation.
Many sophisticated laboratory techniques often defy successful
automation.

Advanced laboratory techniques often involve large, massive
equipment. Examples include inductively-coupled plasma (ICP) trace
element analyzers, nuclear magnetic resonance (NMR) instruments,
ultrahigh resolution mass spectrometers, and combined ion
microprobe/Auger analyzers. The total number of laboratory techniques
that can be brought to bear on problems of petrogenesis and weathering
history of geologic specimens is today impressively large and diverse,
as attested to by the multiple approaches that have been successfully
applied to the study of lunar samples, Antarctic meteorites, and other
unique specimens. Miniaturization and ruggedization of each and every

technique, even if it were technically possible, is also ruled out by
budget and spacecraft mass restrictions.
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For these several reasons, returning samples from high-priority
geological targets provides the greatest potential for detailed data
and scientific insight into the origin and processes that have shaped
these bodies. The two targets most often mentioned by scientists and
identified by formal study committees are the nucleus of a comet and
the surface of Mars--the former because it 1is expected to provide a
sampling of primitive material preserved by low temperature storage
since the origins of the solar system; the second, because Mars appears

to be the most geologically interesting and Earth-like of the

terrestrial planets.

BACKGROUND

The only sample return missions that have been carried out by the
United States were the Apollo missions to the lunar surface. This
sample return was not autonomous; it was accomplished by the actiomns of
the astronauts. The U.S. has never attempted an automated sample
return mission, although this has been achieved by the Soviets on their
Luna missions. Many studies of automated sample returns have been
performed, mainly with regard to Mars missions.

The Apollo 15, 16, and 17 missions brought back a total of 3.5 kg
of drill core material that is still being analyzed in Earth
laboratories. This material has been shared between many laboratories
in the U.S. and abroad, and has been of the highest importance in the
growth of our understanding of our satellite, the moon. The sampling
device used on each of the lunar missions was the Apollo Lunar Surface
Drill (ALSD), Figures 2-1 and 2~2, developed at Martin Marietta. This
drill system underwent eight years of development, and achieved between
85 and 98% core recovery on the three missions. The ALSD was capable
of both coring and solid bit drilling. In coring configuration, the
system consisted of a sealed rotary percussive power head, coring stem
sections, and coring bits. The stem sections and coring bits were
attached to the drill head by the astronaut via threaded fittings. No
drilling flush was used; the outer surfaces of the stems were fluted
for mechanical removal of drill cuttings. The cutting action was

performéd by individual tungsten carbide cutters brazed into the bit.



Figure 2-1 Apollo Lunar Surface Drill and Parts
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Figure 2-2 Apollo Lunar Surface Drill
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3.1

The drill was designed to core a hole 1.032-in. in diameter and three
meters in depth. On each of the three missions the full depth of
drilling was achieved, approximately 100 inches. The titanium alloy
Ti-6A1-4V was used for the core stems.

The current study evaluates top—level options for sample return
missions to both Mars and a comet. For a Mars mission, this includes
the configuration of the sampling vehicle, the sampling strategy,
methods of sampling the variety of martian materials, and approaches
for sealing and storing the acquired samples. For a cometary mission,
this includes the spacecraft configuration, sampling strategies for
cometary materials, and storing samples for an undisturbed return to
Earth. Drilling is a sampling method common to both missions, and is
examined in detail. Included are design of a drilling system, analysis
of materials, and analysis of the thermal effect of drilling on the

cored material.

MARS SAMPLING

SCIENCE STRATEGY

The strategy for sampling on a planet whose surface exhibits
diverse atmospheric and geologic processes is necessarily wmore complex
than that for sampling a cometary nucleus. Mars is an excellent
example of such a planetary surface, with its wind blown dust,
vesicular rocks, sand deposits, bedrock, and two or three kinds of
ices. Igneous and eolian sediments seem obvious from photogeological
interpretations. The .presence of chemical sediments and metamorphosed
units are less certain, but not unlikely. Stratigraphic mapping
demonstrates a complex history, and resurfacing and stripping processes
may have removed much of the evidence from the view of the orbital

perspective,.



3.2

Understanding the root magmatic processes that formed the
lithosphere may be mainly a matter of obtaining a relatively few
representative igneous rock samples, although the episodic nature of
past events could complicate this issue. Géining insight into
weathering processes and the long-range climatic trends and cycles
that have operated will require even more extensive sampling. Soils,
airborne dust, partially weathered rocks, and deep sediments are all
candidate materials that will be sought. The presence and forms of
water (and COZ) in minerals or as surface and subsurface ice deposits
will provide information needed to trace the history of volatiles on
Mars. Microenviromments conducive to biological activity, such as
endolithic niches or fumarolic vents, are also of great iaterest.

From the standpoint of maximizing the science value of sample
return, it would seem most prudent to make every effort to diversify
the sample suite as much as possible. This can be accomplished by
sampling each of the many types of geologic materials that will be
available, by screening the samples to the extent practical to weed out
repeats, and by sacrificing quantity of any one type to
quality/diversity of many types via the technique of subsampling (i.e.,
creating splits and bringing back only one or a few of the portions).
Microanalytical techniques today accomplish extremely sophisticated
results on micro- and even nanogram quantities of material, obvigting
the need for substantial amounts of samples for most purposes.

A strawman example of sample types and approaches are given in
Table 3.1-1.

VEHICLE/MOBILITY ISSUES

A rover on Mars will be necessary if sampling from a range of
geologic units is to be accomplished. A rover is assumed to mean a
vehicle with wheels, tracks, walker legs, or other locomotion over
heterogeneous terrain. The rover must have one or more sample handling
devices, a camera, and some type of sample storage system. Rovers have
been proposed that employ an umbilical tether back to the lander for
power and communication. This eliminates the need for power,
navigation, communication and data systems on the rover, but severely

limits the range of the rover. This design also adds technical



Table 3.1-1 Mars Sample Types Sampling Methods

Rock
Small Rocks

Large Rocks

Boulders

Soil
Wind-blown
Surface Material

Deep Soail

lce-Laden Permafrost

Rake
Sieve

Chipper

Crusher

Slabbing Saw

Rock Holding Device

Coring Drill
Chipper
Slabbing Saw

Wind Sock, Cup Arrays

Scoop, Contact samples
Magnet

Coring Dirill
Drive Tube
Trencher

Coring Drill
Drive Tube
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difficulties in stowage, deployment, and maintenance of the tether. The
power supply on an untethered rover is usually assumed to be an RTG,
because solar panels would not be operable at night or during a major
dust storm. Other vehicles that have been proposed for Mars transport
include a "Mars Ball", which is an enclosed rolling sampler, balloons,
and a powered glider.

.To achieve the greatest reliability and flexibility in sampling
from the rover, use of two robot arms can be considered. One could be
a high-resolution arm capable of delicate motion and precision, which
would perform any operations requiring high accuracy. The other arm
could be used mainly for operations requiring strength, and would be
more rugged but with less positioning accuracy. For redundancy, the
arms would each have the capability to perform many of the actions of
the other, but would be optimized for reliability and long-life within
their own sphere of duties. Figure 3.2-1 portrays a possible rover
design that illustrates these points.

Another concept for increasing the flexibility of the rover is a
mini~-rover. This would be a very small vehicle capable of leaving the
rover for short periods of time. The mini-rover could move on the
surface within sight of the rover's cameras and select rocks or test
the soil, using battery power and minimum instrumentationm. The other
function of the mini-rover would be exploring and sampling regions that

are too rough or dangerous to be reliably traversed by the rover itself.
MARS CONTINGENCY SAMPLING

A contingency sample will be gathered from the lander in a manner
that is completely independent of all sampling and rover systems.
Figure 3.3-1 portrays one concept that consists of an automated arm
deploying a small sample canister to take a scoop sample of regolith
fines and lithic fragments and sealed by an attached 1id. This lander
arm can also be used to emplace the standard sample canister onboard
the ascent vehicle, e.g., to act as a back-up to the arm on the rover
that performs this function. The contingency sample can be placed in
the base of the sample canister enclosure, or a separate storage

compartment could be provided. Placement of the contingency sample in
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3.4

3.4.1

a position below the standard sample canister assumes that the sample
canister will not already be in its final position in the return
vehicle at landing. Once the standard sample canister is loaded and
stowed, however, the contingency sample could be difficult or
impossible to access. The drawback of a separate door for the
contingency sample is that it entails different motions for the two
stowing operations.

The contingency sample canister would be a small cylinder
(approximately 4 in. dia by 3 in. high). The lid could employ a soft
metal ring that is deformed to make an acceptable seal even if the
surfaces were contaminated during the sampling operation. A more
complex option is to use a metal seal ring with a protective cover that
is removed before final sealing. '

Another level of contingency planning would be to send the rover on
an initial foray that involves little risk and is within range of the
lander cameras or sensing equipment. This expedition would be devoted
to collection of as many sample types as are in the nearby landing
area, with minimum risk to rover systems. A standard sample canister
would be brought back to the lander and placed in the ascent vehicle
ready for launch. The rover could then embark on a more ambitious
mission, to.collect samples from more distant regions and/or more
complex terrains on the planet. If for some reason the rover is unable
to return with these additional samples, the return vehicle can launch
with the local samples. With a sufficiently adaptable sample canister
assembly, this process could be carried out several times, with higher
priority samples replacing the ones collected earlier. The initial
contingency sample might also be replaced later with a higher priority

sample.

SAMPLING METHODS

Regolith/Conglomerate Sampling

The scientific requirements for the sampling of regolith on Mars
include surface material, deep and potentially ice~laden regolith,
unconsolidated fines, and wind-blown or settled dust. Samples of each
should be taken, with flexibility as to the order of acquisition, and

‘reliable methods of preventing cross-contamination. A collection of

sampling methods is presented-in Table 3.4.1-1.

11



Table 3.4.1-1 Candidate Sampling Techniques for Mars

Rock:
Chipper--impact pick, vibrating pencil

Crusher--sledge hammer, sliding-sided box, claw & hammers
Saw--sections or wedges of rocks

Rake, Sieve Box--collect and separate rocks from soil

Sqlid Drill--collect cuttings

Coring Drill--core samples from large rocks

Soil:
Coring Drill--sample cores of regolith, including permafrost areas

Sand Drill--"sampling window" drill for small samples of non-cohesive soils

Drive Tubes--produces mini-cores with minimum mechanical & thermal disturbance
Trencher—buckets to take samples or expose deeper soil in a trench

Scoop-- samples of surface soil

Contact Sampler--maze trapping of topmost soil grains

Wind Sock--strain windblown particles from atmosphere, can be set up as long-term

General:
Universal Arm and Tool Kit--with drill head, chipper, manipulator,etc.

Mini-rover--explores dangerous or rough areas

Anchors--auger into soil for stability during sampling or equipment deployment

12



The most satisfactory way to obtain samples of deep regolith is
core drilling. A core sample requires only one hole the size of the
sample, and produces a length of relatively undisturbed material that
represents the stratigraphy of the original material. Core drilling
involves minimum physical or thermal disturbance of the sample, and
produces samples already encased in a protective stem. The samples
cannot be analyzed without removing them from this casing, which
creates a problem if the sampling requirements involve immediate
testing of the soil. Core drilling is the best method for retrieving
very deep material as there is no restriction on depth of drilling,
as long as sections can be added to the stem.

One problem with standard core drills is retaining loose or
noncohesive material. Even with a specially designed core retainer at
the end of the stem section, often more than half of the sample core is
lost during withdrawal of the drill from the hole. A type of drill
that has been used for procuring samples of unconsolidated material is
the "sand drill“, pictured in Figure 3.4.1-1. This is a solid-bit
drill that has an internal movable structure of pistons. While the
drill is progressing to the required depth, the pistons block holes or
windows in the drill stem. Uen the desired depth has been attained
the pistons are depressed, aligning cups in the internmal structure with
windows in the stem. The drill is rotated or operated and loose soil
enters through the windows until the cups are filled with material.

The piston structure is then returned to its initial position and the
drill is withdrawn from the hole. Caps can be added as part of the
piston structure so that when the drill is removed from the hole the
sample cups are already individually sealed.

Trenching can be used to form a deep hole that is wider and
of fers the viewing of séilvﬁorizons. A sample trencher is shown in
Figure 3.4.1-2. The digging elements can be "sample buckets” as shown,
or they can be pockets on a rotary belt for shallower sampling. The
trenching operation can be carried out continuously, and samples viewed
immediately. Thus it is a good candidate for a sampler that would be
used to test the surface soil whenever the rover is halted.

A device to perform continous analysis of the surface over which
the rover is moving is very desirable for finding unusual regions that

should be sampled. A trencher is a better sampler than a drill for

13
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Sample Buckets

Figure 3.4.1-2 Regolith Sampling with Trencher
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this purpose, as it can be carried out from a moving rover with

little or no preparation required, and the samples can be analyzed
immediately. . However, in trenching, a significant fraction of the
energy is used to form the hole, so the sampling operation is less
energy-efficient than coring. The cross contamination of material
between different depths is considerable, unless the sampling buckets
have a sealed top that is forced open by pressure against the hole
bottom. For these reasons, trenching could be a viable alternative for
continuous surface sampling or infrequent deep trenching to view
stratigraphy, but is not as satisfactory a candidate as a coring drill
for standard deep samples.

Drive tube samplers have often been used as a low-power method to
gather shallow undisturbed cores of sample. These drive tubes can take
a more represenative core of material than core drilling, but are
restricted in the depths attainable. A single drive tube of the
desired diameter range (0.3 to 1.0 em) should not exceed about 25 cm in
length to prevent excessive structural problems and loss of sample.

To sample more deeply, several drive samples must be taken
progressively. The hole must be cased for this operation to avoid hole
collapse, which adds equipment and complexity to the operation. Even
if the hole were cased, sequential samples will show some cross
contamination between depths. Drive tubes are best used as a shallow
sampler, and they have the same advantage as drill core samples in
producing a cased sample that can be sealed and stored without further
processing.

Two types of drive tubes are shown in Figure 3.4,1-3. The
"soda-straw” sampler will penetrate best for samples of soft regolith.
The small diameter of this sampler provides stratigraphic information
at many different locations for minimum returned mass. A core retainer
should be unnecessary, as a large fraction of the sample is held by
surface friction against the tube walls. The second drive tube type is
the same diameter as the drill, and would be used to obtain a sample
undisturbed by drilling in materials too dense for use of the
"soda-straw”. The optimum dimensions for a drive tube for best core
recovery and ease of penetration have been determined in many studies.
Figure 3.4.1-4 illustrates a typical drive tube that would be useful

for shallow core samples. For the best core recovery, this sampler

16
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Sampler

iL— Core Sample

Angled Cutting Edge

Figure 3.4.1-3 Drive Tube Samplers
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sﬁould be pushed into the soil with a steady force, rather than
percussive motion. The axial drill force is suggested to supply this
motion; this is particularly simple to implement if the drill stems,
sampling arm(s), and drive tu*e all have identical connections,
allowing drive tube samples to be taken via both the drill and sampling
arm,

Because there are many different materials to be sampled on Mars,
some with relatively unknown parameters, flexibility in the sampling
methodology is an important criterion. One feature that makes the
sampling operation much more adaptable is to include a wide selection
of sampling tools and devices on the rover. A universal arm that has
at its disposal a complete kit of sampling tools should be considered.
This concept is illustated in Figure 3.4.1-5; a selection of sampling
tools are shown later in Section 3.4.2. The arm has sufficient
mobility and electrical connections to satisfy the requirements of each
tool. It attaches to each with an identical bayonet lock connection,
requiring only a push and turn motion to hold the tool rigidly in all
directions. With two degrees of freedom motion at the "shoulder” where
the arm attaches to the rover, one degree of freedom at the elbow, and
only rotation at the "wrist” where it attaches to the tool, the arm
will have sufficiently flexible mobility. The tools could include
sampling devices and testing devices such as a camera with variable
lens systems, an elemental analysis device, and a penetrometer.

Saltating/Settled Particle Collection--The topmost layer of fines is of

scientific importance because it can represent eolian materials
transported from remote areas of Mars. To sample only the surface
layer, a sticky or rough-surfaced tape can be used, or selective
sampling can be done with a magnetic contact sampler. The "tape-wheel”
sampler, described below in Section 4.4, would be capable of taking a
large number of these.

Other samples thaf are of special scientific interest are the
saltating grains produced by the Martian winds. The method for
‘collecting these particles must be capable of long-term use, must
collect most or all of the impinging particles, and should allow
‘storage of the samples in a volume- and mass—efficient manner. Three
methods of accomplishing this are shown in Figures 3.4.1.6 thru

3.4,1-8, First is an analogue to the Earth wind sock, using

19
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Figure 3.4.1-5 Operation of Universal Arms
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Deployed

Figure 3.4.1-8 Collection of Wind-Blown Particles by “Flypaper” Spiral
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3.4.2

half cylinders of fabric to collect the dust, and wind vanes to keep
the rotatable assembly pointed into the wind. The fabric cylinders are
stretched on a lightweight structure of wires that collapse easily
for storage. After sample collection, the wires may be withdrawn from
the length of the cylinders and the mesh rolled for insertion in a
return tube. The collapsible cup assembly also uses a fabric windsock
arrangement, and the collected dust is funneled into the bottom of each
fabric partition. The cups are then collapsed into a compact package
for return, with a seal on the lid to eliminate intersample
contamination and also to acquire an atmospheric sample. Another
compact collection method for airborne particles is an expanding arm
with a sticky or fuzzy surface. Two methods of storing this arm are
shown as a "“fly-paper" spiral and in a compressed roll. The spiral
has a clearance between the tape surfaces in the stored configuration,
so that particles are not scraped off as it recoils. This can be
deployed upward by a telescoping tube, or downward, using a weighted
cord. The weighted cord is dropped to expand the spiral, and reeled in
after collection with a rotary motor. The compressed roll keeps the
particles separated although it may crush them somewhat in storage.
The rolled arm method has the advantage that the arm can be deployed by
its own spring force, as was done with the Viking lander sampler arms.

Particles that settle naturally out of the atmosphere can be
gathered by flat plates or cups. Thesebcollectors can be attached to
the rover, or deployed for long-term collection and retrieved just
prior to launch. All these methods for dust collection are automatic
and can be deployed near the lander for long-term collection., This
avoids contamination from rover activities, and allows the rover to
operate independent of the dust collection experiments.
Rock Sampling

The simplest way to obtain a possibly diverse suite of rocks is to
scoop up quantities of regolith and sieve out the lithic fragments.
Alternatively, a rake may be used to sift the rock fragments from the
soil and bring them to the rover. Sieve/scoop and rake tools for use
on a rover arm are shown in Figure 3.4.2-1. This method can be
extended by using various sized sieves to select specific size ranges

of rocks.
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Considerable écientific interest centers on bedrock and the
weathered rinds of larger rocks, so a method for sampling these is also
highly desirable. Samples of larger rocks can be produced by chipping
or crushing to obtain representative fragments. Alternatively, samples
can be obtained by coring, or by sawing a wedge from the rock.

Chipping tools can act either on loose, movable rocks or on implanted
rock, such as a large boulder or bedrock slab. Loose rocks must be
held stationary by a rover arm or other device before they can be
processed. Rock-holding mechanisms for each arm are pictured in Figure
3.4.2-1a. These tools use two hinged levers, each with three stiff
splayed fingers to capture a rock from opposite sides. The fingers
interleave, so that the tool is extremely flexible in terms of the size
of rock it can hold. An impact chipping or sawing method would then be
used on the rock by a second, independent tool. For soft or frangible
rocks, crushing can be used to reduce the rock sample size without
excessive forces. A mechanism to hold and crush a rock is pictured in
Figure 3.4.2-1b. This can hold a moderate range of rock sizes, or can
be closed on a protuberance of a larger rock. A slow drive, such as a
rotary screw drive, closes the jaws and crushes the rock or clod. This
method is not appropriate for hard rocks because extremely high forces
are required to break most hard rocks by slow crushing.

There are several methods for obtaining fragments from a stabilized
rock. Shown in Figure 3.4.2-1 are a vibrating pick which operates by
weakening sections of the roc* with steady vibration, and spring~loaded
chippers that break off small chips or flakes by the impact of a sharp
edge. There are two versions of the chipper: (1) a spring-loaded sharp
pointed pick with attached gripping hands, and (2) a pick with an
attached positioning sensor. The gripping pick can be used on loose
rocks or boulders with an irregular surface. The positionable pick
allows selection of a promising spot on a boulder for chipping, and can
be maneuvered to chip a sample from the exact selected area.

Another approach is to use explosive charges to break the rock
apart. A shaped explosive charge on the end of the rugged manipulator
arm would impact the rock and detonate, shattering the rock. A wire
cage around the rock would contain flying chips, and a pan underneath
the cage would collect suitably sized rock samples that fall through.
This method is probably unsuitable because of hazard and contamination

concerns.
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A large sledgehammer can be attached to the rover and used to break
chips from medium-sized rocks, boulders, or bedrock. The head of the
hammer would constitute a large mass penalty and so should be designed
as a lightweight hollow head filled by Martian fines after landing.
This device could also be used in the acquisition of seismic data. A
small recorder unit placed on the ground some distance away could
measure the seismic waves produced by the sledgehammer striking either
bedrock or an impact plate on the soil surface. The seismic
information, essential to the measurement of bedrock depth, could be
taken while the rover breaks rock at several different locatioms. Data
on the receiving units could be stored in a reusable solid-state
memory, and transferred to the rover as each unit is retrieved.

A compact device has been developed specifically for the purpose of
crushing rocks in a Martian setting. This rock crusher, pictured in
Figures 3.4.2-2 and 3.4.2-3, uses a spring-loaded head and an anvil to
repeatedly impact a contained rock. This tool would be used on rocks
that are acquired by the manipulator arms or sieve mechanism. The arms
and other systems on the rover could work independently of the rock
crusher, simply selecting appropriately sized chips for permanent
storage when the operation was completed.

Coring and sawing are methods that obtain more representative
samples of the entire depth of a weathered rock rind or stratified
rock. Either the linear or rotary saw can be used to cut thin wedges
or slices of a gripped rock or large boulder. Core drilling can also
be used on either small rocks or large boulders, but a special
technique may be required to remove the rock sample core from a
boulder., When a single hole is drilled, the base of the core may not
break off and permit its removal. Thus, if the first core is not
recovered, a second hole is drilled at an angle to the first, Figure
3.4.2-4., The base of the second core will break off at the point where
it intersects the first hole, allowing facile removal.

The rock cores could be taken by the regolith drill, but this
results in large rock cores and stringent requirements for ruggedness
of the regolith drill. A preferable concept may be to take rock cores
about 0.5 e¢m in diameter, which are more readily acquired by a rugged
mini-drill.
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Figure 3.4.2-2 Rock Crusher
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Figure 3.4.2-3 Rock Crusher
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3.4.3

3.5
3.5.1

Total Returned Samples

A selection of methods for sampling will allow not only redundancy,
but flexibility in the types of samples collected and ease of operation
as each tool can be optimized for each material. Taking a wide
variety of samples has the potential for highly leveraged scientific
payoff. Some desired sample types are described in Table 3.4.3-1.

With sufficiently small samples, hundreds can be returned in an
appropriately adaptable sample return canister. Table 3.4.3-2
demonstrates possible return loads for three different returned sample
masses. The large number of samples allows sampling not only of many
sites, but more thorough sampling of selected sites and a greater

variety of sample types.

DRILLING
Drill Design

Design of a drilling system involves consideration of the power
system, the stem design, the bit design, the method for withdrawing a
core or sample, and the materials used. The primary requirement on the
drill system is that it have the capability to acquire a core. This
eliminates the use of solid drill bits, or other novel methods of
drilling: i.e., laser, erosion, spark, explosive, etc., as in Table
3.5.1-1. A solid drill bit can be used if only a rough sample of the
material is required, and the ejected cuttings constitute sufficiently
representative material. The next requirement is that the core be
relatively undisturbed during the sampling process, especially with
regard to its thermal state. This eliminates many of the methods that
have been used successfully in the Antarctic, such as thermal, erosion,
and electrolytic drills. These drills can produce a well-consolidated
core in icy materials, but the outer surface of the core has been
melted and refrozen. Because a sample return mission will probably be
using a much smaller diameter coring drill than these Earth-based rigs,
an unacceptably high fraction of the core would be disturbed. The only
approach that would allow use of these drilling methods would be to
take a large diameter core (at least 8 cm) and then subsample the core
to keep the returned sample mass low and the sample relatively
undisturbed. A larger drilling rig will require proportionately more

mass of equipment shipped to Mars. These methods are also not
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Table 3.4.3-1 Criteria for Scientific Sampling (Mars)

B.

C.

Type Mass (g) Volume (cm3)

Small rocks (demsity 2.5 to 3.5 g/cm3)
1. Size

Ma jor dimension: 0.5 to 2 cm .05 to 22 .02 to 6.3*

*Agsumes 2 cm dia. x 2 cm high

2. Quantity
Required: 10
Desired: 1000

Regolith fines (denmsity 0.8 to 2.5 g/cm3)
1. Scoop sample ‘

Half-cylinder, 1 cm I.D., 5 cm long 1.6-4.9 2.0
2. Drive tubes
.2-.4 cm 1.D.,10-25 cm long .24-8.0 .785-3.1

3. Drill cores

a. Drill core diameter
For scientific analysis: 0.5 cm 10-31.4 g/m 19.6 cm3/m
Minimize thermal processing of sample: TBD cm

b. Drill depth
To exceed Viking depth: 0.23 m
To reach permafrost zomne, 45° latitude:
To reach permafrost zome, 60° latitude:
To reach permafrost zome, 80° latitude:

(note: basalt to montmorillonite)
c. Secondary sampling

oo
.

o wa
(a4
o

— N
.

ct
(o]
838

0.4 cm dia., at 1 cm intervals (40%) 5 to 13 5 (100 samples)

Duricrust

1. Peds and clods same as A.l
see small rocks

2, Stratigraphically preserved
see regolith drill cores (covered in item B.3 above)

Large rocks and bedrock

1. Lithic fragments (chips)
a. Size :
0.5 to 2 cm same as A.l
b. Number
Required: 1
Desired: 100
2. Core drill samples from large rocks and bedrock
(note: Shallow cores of specific locations on large rocks
are of greater interest than random chips to the exobiologists
and weathering scientists)

a. Size

0.5 to 1.0 cm diameter

0.5 to & cm long 0.25 to 11 0.1 to 3.1
b. Number -

Required: 1
Desired: 100
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Table 3.4.3-1 (concluded)

E.

G.

Atmospheric dust
1. Settling dust

Cup collector: 10 cm dia. x 0.2 cm tall 12 to 38 15
2. Saltating particles

Multiple windsocks, ground level

to cup collector 5 to 20 TBD

Atmospheric gas
1. Total sample

will be obtained when containers sealed N/A
2. Concentrated sample

cold molecular sieve

Engineering materials

Purpose is to test degradation effects N/A
(erosion, corrosion, thermal stressing) on key materials
100 ea. of 1 cm~dia samples, in cap, bottom or insert

-31-




Table 3.4.3-2 Returned Samples from Mars

Sample Type 1 kg

| Rocks, chips, duricrust clods 47

(0.02-6.3 cmS ea)

Regolith scoops 5
(half-cyl, 1 cm dia by 5 cm)

Regolith drive tubes 15
(0.5 cm dia by 20 cm)

Regolith cores | 5m
(1 cm dia by 1m, subsampled)

Rock cores 12
(1 cm dia by 4 cm long)

Settling dust 1
(cups @ 10 g ea)

Saltating particles 2
(10 g ea)

Total samples 87

Number in :

2 kg
92

10
30
10m

25

o

172

263

25

50

20m

50

o

416
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Table 3.5.1-1 Mars Drilling Approaches

*Rotary
Rotary-Percussive
«Independently Programmable Rotary Percussive (IPRP)

*Exotic
Thermal
Explosive
Spark
Calyx (pellet drill)
Erosion
Ultrasonic
Plasma
Electron Beam
Laser
Chemical
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extremely flexible in terms of the type of material that they will
operate in, which is a critical factor for Mars with its potentially
wide range of materials.

The approach that fits these multiple requirements best is a
rotary-percussive drill. This device is ideal for coring, and can be
made as small as necessary. The smallest standard size is about 3 cm
(1.3 in.) in diameter but there are no inherent reasons that the drill
could not be made smaller with appropriate choices of materials and
drive system. It is commonly used for exploratory drilling because the
rotary-percussive action operates well in many material types. Rotary
drills have been found to be optimum for soft soils and some soft
rock for hard rocks, excessive axial bit pressure is necessary
for cutting in rotary mode. The percussiﬁe mode is often used for
these harder rocks. When the two are combined, they can drill a large
range of geologic materials.

With new advances in automation and Artificial Intelligence (AI),
it is possible to improve the system over the normally fixed percussive
and rotation rates. The most effective method of drilling will be
different for different materials, varying from rotation alone to pure
indexed pefcussion. For example, for certain materials a harder
percussive blow, faster rotatiom, or higher axial force will produce
more efficient, minimum disturbance drilling. A drill that can respond
to the situation and modify its operating parameters to fit the
conditions would have major advantages over conventional drilling
techniques, especially when the subterrain is to a large extent unknown
and could contain heterogeneities. This is the advantage of the
independently programmable rotary and percussive (IPRP) system
suggested herein. A microprocessor oversees the drilling operation and
not only responds instantly to the type of material being drilled, but
monitors the effectiveness of the cutting and acts accordingly. The
microprocessor would have a feedback capability; the memory would begin
operation with a certain set of parameters for assumed material
properties, vary the drilling operation as necessary, and store the

information about all parameters as drilling progressed.
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The depth requirement for both a comet and the Martian surface is
that the drill be able to sample one meter or more in depth. Because
one-meter-long core samples cannot be returned within proposed
spacecraft configurations, some type of sample folding or subsectioning
is required. Subsectioning can be done by physically cutting the stem,
using either sectioning or mini-coring; by having presectioned,
separable sections of the drill stem or core liner; by using a
full-length drill stem that is flexible and thus does not require a
meter-long space; or by pushing the core sample out of the drill stem
into shorter containers. A f’exiﬁie drill stem has been used
successfully by the Soviets on their Luna 24 mission, and it is
attractive in that it requires a minimum of extra equipment for
sectioning and capping. However, all sample material collected in a
single coring operation must be returned, which will limit the variety
of returned samples severely. Also it has inherent reliabilty problens
in terms of strength of a flexible drill stem, and the problem of
trying to coil the flexible stem if there is a rock or dense soil
section in the core. The inner liner, rather than the stem, could be
made flexible for storage, but strength and folding around a rock are
still factors of concern., The concept of éorcing the sample out of the
drill stem, Figure 3.5.1-1, involves high probabilities of cross
contamination, redisturbance, and intramixing of the core sample, and
possibly loss of sample. It does allow selection of returned samples
to some extent, lowering the required return mass; because of the ease
but inexactitude of this method, it could be used in conjunction with
another subsectioning method. A presectioned stem or short liners
offer the advantage of no additional subsectioning, along with some
capability for selection of desired samples, especially if there is
some onboard analysis system. However, a presectioned stem has
problems with regard to reliability and sealing of sections after they
are separated. Short liners, if they can be developed into a practical
method, offer many advantages, but share the problems of any liner
system, as discussed below. This type of internal liner was developed
for the Apollo mission; careful analysis of its performance should be

made to more fully understand the features of this idea.
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Figure 3.5.1-1 Storage of Regolith and Lithic Samples
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Physical cutting of the drill stem to separate the core has the
disadvantage of secondary heating of the sample, but allows selection
of returned samples. Use of a saw to linearly section the stem disturbs
only the material near the cut, but involves problems with storage
because the full sections may be difficult to seal. If the saw
distorts the stem shape, the section will not seal well with end caps
and also will be difficult to fit into its assigned storage space.
However, a saw would have other uses such as subsectioning of rock, as
shown in Figure 3.5.1-2.

Subsampling of the drill stem, portrayed in Figure 3.5.1-3, allows
return of a much smaller but representative fraction of the sample,
with provision for selection of the portions to be subcored. A
mini-drill could be part of the sampling equipment for other purposes,
such as mini-core sampling of rocks. This mini-drill would need to be
powerful in order to cut through the drill stem material of the
regolith drill, depending on the type of material used and whether it
could be pre-holed to some degree. The cross—drilling could produce
thermal transients that would have to be controlled. The mini-drill
would be operated vertically, and drill upward through the stem, so
that no sample would be lost to gravity wasting and no core retainer
would be necessary. The sections of drilled-out stem material would
act as plugs to separate the subsamples from each other. When the
minicorer was filled, it would be sealed at the top and detached from
the drill head or rover arm. This mini-corer could be the same
diameter as the "soda-straw” drive tubes (0.5 cm) to aid in storage
efficiency. |

Sealing of the subsamples is also a factor in selecting the method
of separation. Some samples should be hermetically sealed when
acquired to prevent loss of volatile components. Plugs can be inserted
into the tube sections, or the ends can be capped. Either method could
use a metal foil crushed between the two surfaces to provide the
hermetic seal. Plugs do not have the inherent problem of extending
beyond the edge of the tube and wasting storage space; they fit within
the envelope of the tube and allow storage in a space just large enough
for the tube itself. Both plugs and caps would have serrations
matching the surface of each core section, and a metal foil that is

crushed along the serrations to provide the seal. The plugs may be
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Figure 3.5.1-3 Core Subsampling by Minidrill on Rover Arm
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inserted into a tube where some sample has been lost and take up the
extra space, thus allowing less sample movement and disturbance,
especially during the accelerations of launch and re—entry. However,
they are difficult to insert into a full tube section, whereas caps can
be placed over a section that is completely full.

To sum up, the method of subsectioning will have a great effect on
the design of the drilling system, and detailed study should be
performed on several of these methods. Segmented stem and liner
designs should be developed in more depth to resolve the engineering
concerns, and the mini-drill should be examined for practicality,
thermal disturbance, and material selection. Choice of the subsampling
method will also depend on the mission emphasis: e.g., low return mass,
ninimum volumes, redundancy, sample envirommental control, etc.

The design of the drill stem and bit is made more challenging by
the desired small diameter of the drill. Many drilling concerns and
techniques have never been evaluated for a l-cm diameter drill, and
results from larger drills may not be applicable. Thus, though many
approaches can be preliminarily evaluated, there is not sufficient
empirical data in the literature to make absolute decisions based on
past experience. Some decisions may be made through analysis alone,
while others will require testing and experimentationm.

The single-barrel design of the drill stem uses a single hollow-
core barrel with a hollow bit secured to one end. The liner approach
uses a double-core barrel, the inner one holding the sample and the
outer transmitting the drilling forces. The double-core barrel allows
better core recovery under some conditions, because the inner core barrel
of fers some protection, but it involves a more complex drill design and
forces the cutting edge (kerf) of the drill to be wider. A wider kerf
will require more drilling energy and cause more sample disturbance.
The only compelling reason to go to a double-barrel system would be use
of an internal liner that can be removed when filled, with a new one
inserted while the drill remains in situ. This would allow several
samples to be taken from the same hole, each already a proper length
for storage without the need for segmenting. The drill stems
themselves could potentially be reused, which could be a mass
savings. Concerns with this approach include fitting subsequent liners
into the stem that may have become dust-covered, development of a
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method for withdrawal of the liners, and transmission of the drive
forces to the liner if necessary. There are two options for an inner
core bafrel: it could rotate with the drill, or remain statiomary with
respect to the sample. The stationary liner obviously provides more
protection for the core sample, but it must be attached to the drill
system via a swivel bearing. This bearing is difficult to maintain in
a clean condition during drilling, especially when the drilling
operation is to be autonomous, with no human maintenance. A rotating
liner would cause more sample disturbance, but is simpler to
implement. Unfortunately, because the proposed drill size is smaller
than standard, information on the amount of increase in sample ‘
disturbance is not available from present data.

An additional option that could be implemented with a liner-stem
system is a retractable bit. Coring bits capable of withdrawal through
the entire drill stem have been developed and used. For very deep
drilling this could be an advantage, because the bit can be drawn up
for examination or replacement without removing the stem and thus
losing the drill hole to collapse. This can only be used with an
inner-liner drill design, as the bit must be withdrawn through an
empty coring stem. This option adds complexity to the drilling system,
but could potentially be of use on more ambitious missiouns.

The bit for a coring rotary-percussive drill will be a simple core
bit face with protruding cutters. Detailed design of the bit involves
a number of parameters. For ease of removal, the bit could be threaded
onto the drill stem, or this connection can be accomplished with a
bayonet lock similar to the arm-tool connection. This would be useful,
as stem segments would then fit to one another, the arm, and/or the
power head with an identical bayonet connection. It has been found in
other coring studies that better core recovery is achieved when the
cutters present a smoothly curving surface to the core. Other factors
in the design of the cutting edge include cutter spacing, rake angle,
relief angle and clearances. General statements about the selection of
these parameters can be made by drawing on previous studies, but the
final method of selecting most of these parameters must be by testing.
Even afte; testing and optimization experiments, it may be desirable to
provide a selection of bits to allow optimum cutting in differing
materials, as well as universal bits for less-efficient cutting in all

materials.
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A core retainer is potentially one of the most important components
of a drill, as in certain sample types (e.g., unconsolidated fines)
it is possible to lose a high percentage of the sample as the drill is
withdrawn. There are two basic types of core catchers, with many
variations. The first is spring fingers, or leaves, in a radial
arrangement of curved spring metal flaps, as shown in Figure 3.5.1-4a,
The fingers are pushed back as material enters the stem, and are biased
to spring back into position across the bottom of the stem when forward
progression of the drill stops. The fingers can be of varying
stiffness and geometry to accommodate the type of material to be
drilled. Loose materials require soft fingers that will not impede the
entrance of the soil, but closely spaced to prevent loss of soil.
Stiffer fingers are used for the more dense soils that would not allow
closure of the soft fingers, and are usually more widely spaced because
there is less danger of core seepage through the fingers. Soft fingers
cannot be used for an extremely dense soil, as they do not have
sufficient spring force to penetrate and grip the core. A variation of
this is the polymeric sleeve, which is used for very soft soils, and
completely closes off the opening of the drill when drilling ceases. A
concern with many of the finger type core catchers is that the fingers
protrude into the stem opening and impede sample acquisition during
drilling. One way to avoid this is to conceal the fingers behind the
end of the liner or a secondary flap so that the fingers are only
allowed to spring out when the drill is withdrawn. This is complex
mechanically, increases the stem wall size, and thus adds to the drill
kerf width, and usually entails the loss of the first portion of core
during the lag before the springs are released. The fingers can be
held back and released electrically, but this adds to the complexity
and cutting area of the drill. The fingers could also be oriented
horizontally and held back behind the end of the bit or liner, or a
machined-in shelf. Thus there would be very little lag; as soon as the
stem began to raise the fingers would spring out and close off the
opening. Again, this causes the drilling kerf to be wider, but this
method does not introduce any impediment to entrance of the core. This
{s not a standard form for a core-retainer, and would have to be

developed and tested.
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A split-ring is the second type of commonly used core catcher.
This is a beveled ring that fits into the bit, as éhown in Figure
3.5.1-4b. The ring is split so that when pressure is applied on the
outside the diameter compresses substantially. When the drill stem is
raised, the ring is forced higher into the bit where it compresses and
grips the core material more tightly. This has been used with great
success in retaining cores of well-consolidated material. A combination
method, the modified split-ring, comsists of a split-ring with spring
fingers at intervals. This is most often used now because it works
acceptably in most types of materials.

. Other methods of retaining a core that have been used include
“burn-in", which is a way of consolidating the section of the core
within the bit by running the drill with no forward motion and no flush
until the cuttings and heated core clog the bit sufficiently to allow
withdrawal without core loss. This is obviously not an optimum method
for either undisturbed cores or long lifetimes of the cutting tools. A
wire core-cutter has been used in well-consolidated material to aid in
breaking off the base of the core. This method uses wires strung along
the drill stem to the bit that are pulled taut at the conclusion of
drilling. The wires in the bit are drawn away from the walls until
they tighten across the center of the core. This effectively cuts the
core from the base material, but does not aid in holding the core while
the stem is withdrawn. A method developed in Switzerland involves the
use of thin metal ribbons that deploy along the inside of the stem as
the core enters. These are of great use in drawing up a whole core,
but again they require a wider drill kerf and could be difficult to
implement in a small stem. Auxiliary core barrels are a method for
preserving a high percentage of the core without using a wide drilling
kerf. The sample is drilled with a single-barrel core drill, and then
an auxiliary core barrel, larger in diameter, is drilled or pressed
down around the original drill stem. Either a core retainer or
activated flaps on the second barrel then serve to hold the core in as
both the auxiliary and original stems are raised together. An
auxiliary barrel of this type could be taken on the mission, and used
only if an extremely noncohesive soil is encountered.
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3.5.2

A core catcher is necessary only if the unsupported core is likely
to be lost from the stem during withdrawal. 'Most commercial drilling
operations use 3 to 5-inch diameter drills that generally need some
type of core-catching'device. However, the smaller drills are less
likely to lose core as there is a larger ratio of support area to
core mass. Very little operation has been done with a drill as small
as the one proposed for a Mars sample return mission, 1l cm in diameter.
For this reason, it is difficult to know if a core catcher will even be
required. Experimentation would have to be performed before a final
recommendation could be made. The general core catcher to use could
be a modified split-ring, and the bits could be designed so that the
drill can be run either with or without the core catcher. A selection
of soft-finger spring core catchers could also be part of the
equipment, as loose, unconsolidated material is most likely to
require the use of a core catcher.

Another drilling tradeoff is the question of whether to use a
drilling flush to aid in removal of cuttings. Choosing to do so has a
great effect on the amount of equipment required for drilling. A
flushing system requires a compressor, lines for routing gas through
the drill stem, and bottom flush holes in the bit. A liquid is
eliminated as an option for the flushing’fluid because of the
probability of extensive contamination of the core. The Martian
atmosphere could be compresssed to provide flush gas, which minimizes
contamination of the sample, but allows condensation onto the stem gas
lines, within the core or on the outer surface of the drill. The
advantages of a flush are that it is the best way of removing cuttings
from the hole bottom, it carries heat away from the bit and sample
core, and once installed it would have several other uses.b Gas jets
can clean off work surfaces, moving parts, camera lenses, and rock
surfaces. Compressed gas can be used as the impulse for low force
drives. The proper implementation of a compressed gas system would
also allow its use for a pneumatic impact drive: the simplest way to
achieve the percussive action of the drill.

Thermal Impact of Drilling

Rigorous scientific analysis of samples returned from another
planet or comet requires that the samples be preserved in a condition
as close as possible to their original in situ state. The sample

condition includes chemical, physical, phase, and thermal states and
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enviromments. Both Martian and cometary material will contain
important scientific information in the form of physical scructure,
composition, phases and proportion of ices, and elemental
composition/mineralogy of the grains. This information could be lost
by heating of the sample, which would change the phase of the components
and allow migration or escape of the volatiles. A thermal analysis of
the drilling operation is important because drilling will be the first
contact with the sample where thergal alteration is possible. Drill
cores of deep regolith are the material most likely ‘to contain
permafrost and thus are vulnerable to thermal transients. After the
drilling operation, selected core samples will be sealed as quickly as
possible. All other thermal transients such as solar and planetary
heating, launch, Earth orbit insertion, and transit to testing
facilities could heat the sample to cause phase change and, under
extreme conditions, could cause actual loss of vapors from the sealed
but safety-vented container. The thermal transient during drilling is
one of the most important to control because it can cause alteration of
the sample before it comes under the control of the rover or spacecraft
equipment.

A second, but more pragmatic reason for this analysis is to
determine the difficulties th;t may be encountered in drilling:
inordinate heating of the drill stem and bit, melting of the drilled
material at the bit, and refreezing of the cuttings as they progress
up the drill stem. This problem was observed in an earlier study in
which the Apollo Lumar Drill was tested in a simulated Martian
permafrost. The drill did not cut through the ice/soil conglomerate
without material melting at the drill bit and refreezing in the spiral
flutes, and stuck fast in each test after relatively little
progression, its flutes so packed with frozen cuttings that it could no
longer penetrate. However, many aspects of this test did not fully
simulate the true space drilling environment because it was performed in
air, with the drill initially at room temperature and a small,
relatively warm sample bed (stabilized at -50°C as compared to -140°C
for a comet or -50 to -90°C for Mars). Also, the ice/soil bed was
constructed to give the hardest possible drilling conditions; it was

said to approximate the drilling hardness of basalt. This is not a
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normal characteristic of natural permafrost deposits, although it may
constitute. the "worst case"” drilling environment for engineering design
purposes.. It is recommended that the thermal predictions described
below be verified by testing under conditions that more closely
approximate the true environment of the mission than did these earlier
tests.

The thermal analysis was performed to gain understanding of the
drilling conditions that would exist in a colder body, under low
pressure, with a drilling system at the ambient temperature. Two
Martian environments were selected: a temperature of 185 K for the
polar cap regions where material would be mostly ice, and 215 K for the
nominal Martian subsurface, nonpolar regions that could contain soil,
ice, lithic fragments, and bedrock. Many variables could not be
evaluated in the thermal model: the loss of vapors as the ices
sublimate upon exposure to vacuum, the actual microscopic heating
patterns at the cutting edges, the heating due to inefficiencies in the
power head, the progression of the drill through an extended length of
variable media, the variation of regolith temperature with depth, and
the detailed transient effects as heated cuttings progress upward along
the outside of the drill stem. '

Material Properties--The thermal effect of the drilling process depends

to a great extent on the characteristics of the sampled material: how
hard is it to drill, how fast does it transfer heat, and how readily
does it heat up. A range of drilling and thermal parameters have been
developed from the wealth of data available on characteristics of soils
and permafrost on Earth, and the existing data on comets and Mars. The
three parameters studied for the sampled material were the energy for
drilling or cutting, thermal conductivity, and specific heat. Ranges
for specific energies were taken from two papers on drilling from the
Cold Regions Reseach and Engineering Laboratory (CRREL): Mellor, et
al., 1975 and Mellor, 1977. Other properties were taken mainly from
another CRREL monograph: Thermal Properties of Soils by Omar Farouki.

Density is intimately related to these properties; soil and rock
densities from 1.0 to 3.5 g/cm3 are assumed for Mars., The Martian soil
density at the Viking-1 landing site has been measured to be 1.10 +
0.15 g/cm3 (Clark et al., 1977). A density commonly used as a
planetary regolith average is 1.5 g/cm3; basaltic material has a
density of 2.8 g/cm3, and some porous igneous material has been

estimated to be as low as 0.12 g/cm3.
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The specific energy required to pfogress through a certain material
_depends omn the method of cutting, as well as on the characteristics of
the material itself. The specific energies used are for drilling
methods similar to the proposed method, and are used to estimate the
heat energy that passes into the soil per increment of cutting depth.
Specific energies for many different materials are shown in Figure
-3,5.2-1; the potential range corresponds to changes in temperature and
drilling method, material variation, and the variation observed in
actual testing. Test data for the Apollo Lunar Drill heating is within
the specified range: 66 J/cm3 for 40% vesicular basalt and 190

J/cm3 for dense basalt. These values were measured only for the

outer drilled material using a solid bit drill, so they cannot be used
directly for computation of heating with a coring drill. However, it
is important that these tests show the same order-of-magnitude specific
energy as other drilling tests and theoretical calculations.

Specific heat and thermal conductivity are absolute properties that
depend only on the material characteristics ‘at a specific temperature.
Thermal conductivity is not precisely defined for either comets orv
Martian soil, and terrestrial values must be modified to account for
the additional thermal conductivity provided by the presence of air in
the soil interstices. Thermal conductivity was assumed to be
proportional to density for the lower densities where no data were
available. Ranges of thermal conductivities for silts and sands with
percentages of ice coatent from 0 to 100% are shown in Figure 3.5.2-2.
The variation of thermal conductivity with temperature was accounted
for in that for ice-laden soils it decreased from the values at low
temperatures to values at the two selected Martian temperatures because
there has been shown to be a major increase in the thermal conductivity
of ice with decreasing temperature (about 60% increase from 215 K to
130 K). It was not varied with the slight increase in temperature while
thermal modeling the drilling, simply because this would have had no
noticable effect. As can be seen in Figure 3.5.2-3, thermal
conductivity increases rapidly with an increase in ice content.

Thermal conductivity for dry Earth soil encompasses a wide range, due
to the type of soil, and increases slowly with an increase in density.
With the addition of ice, the thermal conductivity begins to vary quite
sharply with the density. This can be explained by the fact that while
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dry soil particles have only single-point contacts and so do not
conduct markedly more when compressed, ice filling of pores will
provide bridges between soil particles and greater conductivity as pore
volume decreases. Rocks have a higher thermal conductivity than the
soils because the individual particles no longer have a high contact
resistance but are in intimate thermal contact in the rock structure.
Measurements of the thermal inertia of the Martian surface have shown
expanses of material that may have extremely low thermal conductivity.
These materials are prbbably very fine dry particles with a low in situ
density.

Specific heat is the parameter that most directly affects the
temperature rise of the -drilled regolith soil. A low specific heat
material will undergo larger temperature fluctuations at the drilled
area, and will respond quickly to nearby temperature increases.
Specific heat varies with the type of material (i.e., silt, granite,

etc.) and is linearly dependent on ice content, as ice has a much

‘higher specific heat than typical soils. The applicable ranges are

portrayed in Figures 3.5.2-4 and 3.5.2-5. The range of specific heats
for Martian materials was somewhat higher than for comets because of

the higher ambient temperature; the range is 0.3 to 2.2 J/g K, depending
on the type of material. The specific heat used in nominal model
calculations for a dry soil was 0.65 J/g K; the planetary average for
Mars 1is usually takeh as 0.84 J/g K. Other calculations were performed

for extreme values of 0.3 to 2.2 J/g K.

The values used for each of these parameters are documented in
Table 3.5.2-1. Also shown is the thermal inertia, I=( p Cpk)l/2 for
each case, where p 1is density, Cp is specific heat, and k is
conductivity. Theoretical and calculated data for planets and comets
is usually given as thermal inertia rather than separate values for
specific heat, density, and thermal conductivity. The thermal inertia
value can be utilized as a check of ranges, but not for unique
definition of the specific parameters. The thermal inertia on the
surface of Mars has been measured on a 120-km x 120-km scale to be in
the range 1.6 to 12 x 1073 ¢:al/c:m251/2 K. The low thermal inertia
values are large expanses with fairly uniform surface properties;
materials in this area with a lower thermal inertia are unlikely. The

higher thermal inertia values are in locations due to areas of high
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Table 3.5.2-1 Mars Material Parameters

Density Ice Content

(g/em3)

0.5

1.0

1.0

1.0

1.0

2.0

2.0

2.0

3.5

3.5

3.5

dry

dry

25%

50%

100%

dry

25%

50%

dry

25%

50%

Es
(J/cm3)

0.1
0.5
25

0.5
2.0
5.0

0.5
2.25
6.25

0.5
25
7.5

0.5
3.0
10.0

0.75
2.0
10.0

0.75
2.5
12.5

0.75
3.0
15.0

1.0
3.0
15.0

1.0
3.5
15.0

1.0
5.0.
17.0

Sy

(J/gK)

0.25
0.45
1.0

0.25

_._0 =0
N 0o NN KoM WM
Moo pNbD wop o

N — =

-— ek b

k
(W/emK)

0.0001
0.0001
0.004

0.00056
0.002
0.01

0.0025
0.0068
0.0144

0.0086
0.017
0.03

0.015
0.02
0.025

0.001
0.004
0.01

0.005
0.017
0.029

0.017
0.034
0.06

0.001
0.008
0.015

0.015
0.034
0.088 -

0.034
0.068
0.119

| (thermal inertia)
(1073 cal/cm?@s1/2K)

1.3
1.6
10.7

2.8
8.6
27.3

9.6
20.1
38.5

24.3
40.6
61.4

35.8
45.3
56.0

6.1
18.9
42.2

19.3
48.3

54.6

50.2
57.5
122.8

8.1
35.3
69.3

441
90.3
144.5

94.0
152.0
228.9
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Table 3.5.2-1 (concluded)

2.5 sandstone
2.8 dense
basalt

2.0
10.0
100.0
100.0

165.0
300.0

1.0 0.055

0.8 0.036

88.6

67.9
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inertia material (ice or rock) in a regolith environment. Because the
resolution of the measurements was large, it is quite likely that there
will be smaller sections that contain a higher inertia material.

Thus, the thermal inertia values used in the model rénge from 1.6 up to
70; 70 is used as an approximate maximum for localized areas rather
than 12. The low thermal inertia materials (I=4) are assumed to be
made up of very fine, loosely-packed particles. This is very different
than the material found in the Viking landing sites, where the thermal
inertia was measured to be 9.0+0.5 and 8+1.5 at the two sites. The
typical thermal inertia used in this model for a dry soil with a
density of unity was 8.6, which fits well with this data. Many Mars
models use a thermal inertia of 6 to 8 as a planetary average. The
property principally responsible for the variation in thermal inertia
is the thermal conductivity. Thus, to define the parameters for low
thermal inertia fines, a very low thermal conductivity is used. To
characterize the lowest thermal inertia mﬁterial for the model (I=1.6),
a density of 0.5 g/cm3, specific heat of 0.45 J/g K and thermal
conductivity of 0.0001 W/cm K were assumed. Another characteristic
thermal inertia used was I=2.8, because peaks in the thermal inertia have
been observed on Mars in the ranges 2.5 to 3.5 and 5.5 to 7.5 (JPL,
1980). ’

Thermal Model--The thermal model of the drilling operation was

implemented using a differential thermal analysis program, the Martin
Interactive Thermal Anaylsis System (MITAS), an advanced version of the
commercial thermal software CINDA. The software is capable of handing
3-dimensional thermal analysis problems, using radiative and linear
conductors to solve for steady-state or transient thermal states. The
drilling model contained 394 nodes and 750 conductors, and was
implemented using Mini-MITAS on an IBM Personal Comﬁﬁter. All
conductors used in the model are linear; all radiative transfer within
the soil is accounted for by the values used for thermal conductivity
of the material, Figure 3.5.2-6 shows the physical representation of
the model. The drill stem was sectioned into 20 nodes axially, with
the bit partioned into 10 nodes. All the drilled sample material,
outer material and drill stem was divided into 0.5-cm sections
vertically and 0.2-cm radially. The core material within and below the

bit was more finely divided: 0.2-cm sections vertically and 0.05-cm
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thick concentric rings radially. This portion was more detailed in
division to ‘present a realistic picture of the exact behavior of the
core material for small time steps with high precision across the
analysis area. All outer nodes were connected to the steady-state
temperature of the comet or Martian material.

The bit was assumed to be steel or similar material with a kerf of
1.76 cm® and a cutting edge thickness of 0.4 cm (0.158 in.). Both the
stem and bit materials were varied to determine the effect of differing
material thermal characteristics on the resultant temperature rise.
Thermal conductivities for boron/epoxy and Kevlar composites,
graphite/epoxy, aluminum and beryllium were used as exemplifying poor,
average, and good thermal conductors. The stem wall thickness is 0.2 cm
(0.080 in.), so that 0.2 cm remains radially for flute extensions along
the stem.

The estimated specific energy required to cut the material was used
to determine the total amount of heat that is dissipated by the
drilling operation. Of this total power load, 30% is assumed to go to
the bit, 20% each to the rings of material directly inside and outside
the bit, 10%Z to the ring directly below the bit, and 20% to the
cuttings that travel upward and distribute their heat along the stem
and outer cylinder of material. A drilling rate of 0.2 cm/s (5
in./min) was used, giving 5 seconds per linear centimeter 