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ABSTRACT

Thisthesisaddresses material processing and technological challenges in underground
drilling. Material processing includes the breakdown and fluidization of soil materials primarily
composed of clay angranular particles atloy p U ¢ "Y€ a)Qiflihigh( o0 & "Y€ a)QQi
water content. In chapter 3, for low water content soils, a viscometer was developed with a
calibration procedure used for complex fluid samples with granular particles. This procedure was
modified with theBingham Plasticonstitutive relationship to include sheéhmning/shear
thickening and yield stress behavior. This work expands viscometer capabilities to measure
samples with particles surpassing 4cm in size and captures additional viscometric material
properties. Irchapter 4, for highvater content soils, a flow loop was built to measure the
viscometric powetaw parameters of bentonite drilling fluid slurry with soil cuttings, cuttings
returns. Learned from this work, classifying soil cuttings and drilling fluids by clay type, clay to
sand ratio, and water content was not enough to capture viscometric differences between cuttings
returns samples from a drill site compared to a model sample made in the lab.

Fluid circulation loss, onef the largest problems in underground drilling, was addressed
with technological work. In chapter 5, a contodatingpropellerpump system was built to
evaluate the efficacy of installing pumps along a drill string to reduce drilling fluid pressures and
prevent a fluid circulation loss event. Learned from this work, the design principles of single
propellerpumps could not be applied to contcdatingpropelles and the separation distance
betweerpropelles play a major r@ in their performance. In chapter 6, fluid circulation loss to
porous media was addressed. A porous media cylinder was built to model this scenario and used
to learn that adding sand to either water or a bentonite slurry would clog a gravel bed and allow
drilling fluid pressure to rebuild, preventing fluid circulation loss.

In summary, thishesisprovides methodand toolgo measure and quantify viscometric
material properties of soil materials to understand its processing and engineering suggestions to

manage drilling fluid pressure and avoid fluid circulation loss events.
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Figure 6. 4. Darcyb6és | aw evaluation of pressure dr
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velocity over a range of pressure drop values corresponding to the left green axis. The
trendline is Darcyos | aw estimation of press
flow velocity values to calculate bed permeability for each cell material. &k b

dashes are the pore Reynolds numbers at each flow velocity and correspond to the right
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CHAPTER 1INTRODUCTION

1.1 Underground drilling: Molding the Earth to Suit your Needs

Theapplication of this work is fothe military to provide supplies to troop§o achieve
this objective the speed of existing drilling technologeded to be increasby an order of
magnitude while retaining precise control of its trajectory at shallow depths (<I00 ft)
boreholes 4 inches in diamet&wo main technologies on the market that best fit these metrics
are horizontal directional drilling (HDand directional drilling (DD)HDD is a technologyor
precisely controlled shallogc 30m)drilling but they operate at slow operational speeds of
0.0025- 0.01 m/$'>. Current slow drilling speeds result in additional costs and labor, making
them moreexpensivehan opercut methods of excavating trenchddsDD can be made more
costeffective affaster operational speettsat cut down on labor and -@ite expensedD is a
high-powered technologwith an emphasien speed rather than maneuverability, reaching
speeds up to 0.080.19 m/s. To increase the drilling speed of HDD while maintaining its nimble
movementPD technology must be integrated with HDD. Drilling at higher speeds means that
soil cuttings from the underground formation need to be evacuated more quickly and high solids
content( ¢ u & "Y¢ &)QiGding fluid viscosity will need to be bettguantified to predict
drilling fluid pressuresin underground drilling, drilling fluids are pumped into boreholes
through the drilstringto remove sand, clay, sediment, rock, etc. broken down by the dill bit
This complex mixture of solids and drilling
drilling and operational speed, the term rate of penetration (ROP) is used to represent the linear
speed the equipment advances forward during drilling, depeaddarmation excavation and
cuttings removalln this work, the ROP of HDD is increased by an order of magnitude by
incorporating DD technology to develop fast HDD, and the engineering challenges of fast HDD
are addressed with tool and methodology deyalkent.

Research areas actively working with soil materials and developing methods to process
them with existing knowledgarethe mining and drilling communitieg mining and
geotechnical engineering many kinds of tools and machinery have been built to fluidize ground
materials for removal, this includes but is not limited to tunnel boring machines (TBM), HDD,
and auger mining. The tools developed for these diftemodes of underground material

excavatiorhave predominately been developed empirically becéesedtical understanding of
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these materials is lacking. Materials of interest for ttnesiswill include the size of gravel and
smaller because the challenges associated with rock drilling is breaking down the @radésial
a technological challenge, while soil materials also include the transport of material after
breakdown as welind is an engineering challerigéhe major toolset of soil mechanics is
focused on static stress states and failure of material dependent on stress stagtsnakds
well-equipped to handle dynamic movement of soils. Wihiémlogyis a skillset focused on the
flow of materials that include but not limited to polymer solutions, hydrogels, and colloidal
suspensions. Because of these backgrounds, rheology-suited to address the flow
challenges and characterization of soil matsiin flow but is currently limited by existing
instrumentationMaterials commonly characterized by the rheological community include
polymer solutions, hydrogels, and colloidal suspendioathave low elasticity and viscosity
comparedo soils. Soilmaterials are commonly clay materitisit can have viscosities
surpassing 10Pds andgranular particles liksilica sands can have elastic moduli surpassfig
Pa. These quantities far surpass the torque capabilities of most commercially available
rheometers that measure softer materials with viscosities in th&@®ds and elastic moduli
in the 10'-10% Pa rangesRheological knowledge exists to characterize the flow properties of soil
material slurries, but their viscous and granular nature miesballenges not traditionally

encountered.

1.2 Soil Materials

Soil materialsare made of particles that span in size from colloidal to granular length
scales and are present as mixtures oblloidal materialglay and a granular materjadften
sand Granular materials can also include granules, pebbles, grabéle,and even larger
particles. These materials in terms of complex fluids are extreme in their deviation from
materials typically measured in this field, which presents many instrumentation challenges
because they were not designed to characterize arggphrticle sizes andiscosities. The
materials of interest in this thesis will cover depths less than 100 ft.

Granular matter is a subset of soft matter where many of the colloidal interactions are no
longer present and are modified at these larger leswtes (>100m)®°, At these larger length
scales gravity and frictional interactions dominate rather than electrostatic interactions and
Brownian motion. Because of this, there are additional challenges, especially related to history,

because without Brownian motion contally inputting energy into the system, in the form of
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perturbations, particles are less likely to reach an energy minimum but remain trapped in local
minima, resultingin a greater diversity gdarticleconfigurations. This means that the history of
processing granular materials will determine their configuration and how they respond to the
stresses acting upon them. Granular matter is ubiquitous in nature and industrial processes, they
are the second mbsommonly processed material, behind whfEne transportation and

separation of granular matter are present in almost all industrial processes including catalysis
(catalystmateria), distillation (flow through a packed bed), pharmaceuticals (separating solid
products from a fluid feed), and many more application areas. Even with all these applications, as
a material they are rarely studigdisolation but usually in the context of a system.

Clay materials are a challenging material to process in underground drilling, and there are
currently very few solutions when they are encountered. Practically speaking, they are avoided as
much as possibleecause athe variability in their material properties with water content,
exchangeable catiaontent and minerology. These factors will significantly affect their
viscometric properties that include viscosity, yield stress, and their transition frorliktutd
plasticlike behavior. Looking at wat content alone in Wyoming N@entonite, a commonly
used drilling fluid constituent, the transition from dilute, to selhite, to concentrated will
mean orders of magnitude increase in viscosify ft p 0 ¢i) and yield stres( 1t
p 1O ¢ these are values measured in a benchtop rheometer at bentonite concentratidn from 3
33wt% but values expected in the field can exceed 80 wt%. At concentrations3shot?é,
clays exhibitplasticlike behavior and no longer deform uniformly which requires empirical
testingthat mimicin the fieldconditionsbecause those same modes of deformations cannot be
replicated with lab rheometerShese deformation modes include clays Hadtup, create clods
roll, compress, cohere, and detach from another and with the machinexy its being
processed_arge \ariations in rheological properties can lead to redirection of the drdtnngg
due to expansion from exposure to drilling fluid, balling up and adhesion to the cutterhead, and
unwanted accumulation along the dsiltingresulting in operational challenges for fluid pressure
management and mobility of the dsliring Current mitigation strategies to reduce viscosity and
yield stress are foam or polymer additives, combined with soilpioaess called
i c ondi tbutoheyiare guorently used based on-iaderror.If the role of additives could
be betteunderstoodthen more effective strategies could be employed during drilling to mitigate

the challenges associated with processing of clay materials.
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The role of additives is to reduce the attraction between clay at either granular or colloidal
lengthscales. Polymer additives function by disrupting the clay structures formed, by breaking
down those electrostatic interactions then the correspondingmetc properties will be
reduced. That is the intended goal of additives, but a fundamental study of this functionality has
not yet been welexplored. The soil viscometer setup (Chapter 3) is-swated for this study to
capture the effects of additiven fluidlike or plasticlike soils. Foam additives reduce attraction
at a granular scale, creating voids between clay clods, and reducing the overall density of the
transported material slurry. In practice, foam additives work well with sands, reducing frictional
interactions taignificantly reduce thbulk viscosity and yield stresturingtransportation out of
the borehole. But with clays underground, their water content is so low that any available water
is readily absorbed into the clay, collapsfogminterfacesand preventing its functionality.

The work covered in this thesis will be focused on soil materials, but the implications of
the experimentabols andechniquesieveloped for this workre broadly applicable to the

transport of granular matter, and across all underground drilling technologies.

1.3 Thesis Organization

This thesis is made up of eight chapters; Chapter 1 gives an overview on the application
and material focus of this work (underground drilling and soil materials) followed by an
organization of the thesis, and summaries of the major findings in each foedgko (Chapters
3 through6). Chapter 2 gives a review of the literature and touches on important background
material which will inform and motivate the following chapters. Chapters 3 thi®ggte the
independent work performed in this thesis and anged based on the order complex material
processing challenges appear, in the context of underground drilling. Each chapter can be read
independently and come together to provide an overview of identified soft matter processing
challenges in undergroumttilling. Chapter7 gives future research questions that developed
from the findings in this thesis. Chapgegives conclusions on how this thesis has contributed to
the field of underground drilling, and more broadly to the field of granular mattesodidd

processing.

1.4 Major Findings and Conclusions

Chapter 3 ismextension to an existing calibration procedure used for viscometers with

complex measurement geometries previously applied to polymer solutions and biomass. When
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applied to clay materials,Bingham Plastic constitutive equatinaeds to be used to account for

a material s yield stress and t dNewtonidnflluidlat t he
a calibration material. Fdoentonite clays, there reaches a transition point bet@@and16.7

wt% bentonite invater that the material becomaasticlike and begins deforming as a solid at
which point the history of deformation influences the viscometric properties that are measured.
Calibration needs tbe done before the plasiike transition to obtain uniforrdeformation of

the materialThe wide applicability of this calibration proceddioe many complex measurement
geometriesllowed us to fabricatenampellerthat couldbe usedwvith granular particles gravel

and largerThe broader implications of this work are that the upper limit of measurable
viscometric properties of complex materials with large viscogties 10 ¢bi) and particle

sizes( p Ta @) has been extended, and the viscometric characterization needs to be tailored to
its application for clay materiathat behave plastilike.

Chapter 4ises existing theory amanpiricalcorrelations to characterize the effects of soil
cuttings on the viscometric properties of drilling fluids to predict the expected pressure drop
needed for operation of a dritring The results of this work suggest that the unique variations
in mineralogy and other geological variables on soil materials determine the viscometric
properties that broad classifications of sand and clay type (bentonite, kaolinite) do not capture.
Soil cutings from the drill siteyave notaly different viscometric properties compared to
recreating soil cuttings knowing the clay type, water content, and ratio of sand to clay content.
Depending on flow regimes, the Shields parameter can also distinguish when settling will and
will not play a rok in influencing measured viscometric properties. The broader implications of
this work are that increasing solids content will result in greater viscosities anghshaarg
behavior but to predict expected pressure drop effects of sailgautin drilling fluids depends
on the extent of solids settling amdcometrically characterizing saiaterial specific to the drill
site.

Chapter Sstudies the use of contratatingpropelles as axial flow pumps to address the
event that drilling fluid pressure will exceed the strength of the surrounding soil formation and
frac-out will occur even knowing the expectedlling fluid and cuttings returngressureslue to
operation at high speeds, shallow depths, or over long distareesesults of this work suggest
that contrarotatingpropelles would provide an added benefit compared to singutgreller
systems and that the separation distance betwe@mndpelles play a major influence in their

performance as a pump. Overall, cofrsgatingpropelles givea greater pressure drop boost and
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flow rate contributions with rotation rat®mpared to singulgropelles. The broader

implication of this work is that separation distance between cootiaéingpropelles play a

significant role in their performance as a pump, more so that the designpobpiederblades.
Chapter 6studies fluiddriven clogging of porous media to mitigate fluid circulation loss

if soil materials with large voidé p TG &) are encountered and cannotrbigigated by

drilling fluid pressure managemeiithe results of this work suggest that gravel as a porous

media bed can be clogged with sand to rediniténg fluid circulation loss and rebuildrilling

fluid pressureFluid-driven clogging are hypothesized to be controlled by particle to pore size

ratio and fluid shear stressdoavitationalstress rati@onstrained by the system geometry. The

broader implication of this work is th#itiid-driven clogging has many silarities to gravity

driven clogging but can be done with smaller particle sizes than expected and the fundamental

physics behind why needs to be further explored beforediingtn clogging can be utilized to

addressing drilling fluid circulation loss pwrous media beds
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CHAPTER 2BACKGROUND

2.1 Fast Horizontal Directional Drilling

3

Frac-Qut Criteria

Annular Fluid Pressure

Borehole Length

Figure2.1 Schematic of fast horizontal directional drilling (HDD). From left to right, drilling
fluid is pumped into an inner pipe that is fed underground by apipker with a second outer
pipe. The front of the inner pipe is connected to a cutterhead whédirggdtilid exits and
recirculates into the annular space between the pifezming the borehole by carrying away soil
cuttings With fast HDD, drilling fluid pressuris influenced by théength of borehole, speed of
drilling, and soil cuttings conterandneeds to benaintained belowhe strength of the surround
soil formation to avoidailure andfrac-out of the formation

In horizontal directional drilling (HDD), a pilot hole is initially drilled along the desired
borehole path where once it reaches the target at the surface a reamer is attached and ran back to
the entrance of the pilot hole, sometimes requiring multiptsgsgto incrementally enlarge the
boreholé912 Pipeline installation is then followed once the reaming step has enlarged the pilot
hole to fit the product pipeline. This technology is predominately used by utility companies
because of its versatility in sensing and nimble movement to avoid undergigjaots. Often
to carefully install lines in crowded underground spaces, avoid existing lines and rainimiz
restoration needed after drillingDD drill string maneuverabilitcomes frontheir smallpipe
diametes giving flexibility as the drill bit is pushed down holéommonly the cutterhead has
biasfrom the drill bit or by jets cuttingreferentially cuttingnto the formatiorto create a slight
angle of attackhat when the drill string is pushed it will follow that hiasd rotating the drill
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string will allow the setup to position the bias in a different direétishDirectional drilling

(DD) uses pipes with larger diametérst "Q&(I) that are lesflexible andrequirerotating the

drill bit to breakdown soil materialong with pushing to advance the drill stridgbottom hole
assembly (BHA)s often used anmhcludes one or multiple attachments behind the cutterhead to
control the trajectory of the drill string and provide force to break down soil materidie
technology developed for this projesttast HDD,martying HDD and DD technologies by
incorporating the power and additional maneuverability ofddD its BHAwith the flexibility

of smaller HDD pipes along with a double pipe system and continuous feeding of coiled pipe to
achieve fast drilling metrics.

In fast HDD the main components of focus incltigecutterhead thatreaks down soil
material,a doublepipe connected to the back of the cuteard and a pipe pusher that pushes the
whole assemblgontinuouslyundergroundFigure2.1). The cutterhead has sensors and controls
taken from HDD and DD technologyst behind the cutterhead to determine position and alter
the trajectory of the borehole being drill8the pipe trailing the cutterhead supplieslidg
fluids that hydraulically power the cutterhead, pickupsoil cuttings, and convayg them back
to the surface at the entry point of the dstling Rather than a single pipe system used in
traditional HDD it is a double pipe, the inner pipe supplies clean drilling fluid toutierhead
anddisperses soil cuttings intbe drilling fluid to thenflow into the annular space between the
two pipesdriven by drillingfluid pressure. The annular space between pipes returns soil cuttings
to the entrance of the hole. The double pipe design reductshéhthat high drillingfluid
pressureés in contact with the soil formation to redut@mage that can weaken thiategrity of
the boreholeThis will allow the drill string taperate at higher drilling fluid pressures and
reduce theotentialfor fluid loss circulation frondamaging the soil formation andid spaces
along the borehole. The greatest fluid pressure experienced by the borehole is at the front of the
cutterhead, and then decreases as it exits the borehole through the annular pipe space that is open
to atmospherat the entrance of the boreholéhe cuttingseturnsare retained to prevent
environmental contaminaticand the soil solids are removed so that the drilling fluid can be
recycled Maintaining drilling fluid pressure toleanthe borehole of soil cuttings is critical to the
advancement of drillingo that the cutterhead can continue breaking down new soil and

lengtheing the borehole.
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2.1.1 Dirilling Fluid Pressure Management

Annular Fluid Pressure

Borehole Length

Figure2.2 lllustration of a fraeout event. When drilling fluid pressure exceeds the strength of the
soil formation then fissures form in the surrounding soil, releasing drilling fluid pressure in these
fractures and reducing the drilling fluid pressure and flowireulating in the annulapace

between pipes.

Drilling at higher speeds also meaesioving soil cuttings at a faster rate, requiring
higher drilling fluid pressures and typically, the pressure near the drill bit will be the largest
pressure the borehole wall experiences, and if the pressure near the drill bit exceeds the strength
of the surrounding formation, the hole walls fracture eautings are no longer removed from the
borehole(Figure2.2). Once a fracture is initiated it becomes a path of least resistance for the
cuttings returns, and the flow of cuttings returns to the hole entrance reduces or ceases entirely.
The loss of cuttings returns has as least two important consequences: easigmfirease in the
risk of the entire drill string becoming stuck, and an inability to recover and reuse the drilling
fluid after it returns to the surface in the cuttings rettfrn€ontinuous loss of drilling fluid at
large volumess prohibitive from both a cost and logistics standpoint when considering borehole
lengths at the kilometer scala.the fast HDD setup, drilling fluid flow rates operate®@®
GPM over 500 meters for a 0.1 meter diameter borehole at a drilling speed of 20ft/min means

that the time of drilling will be 82 minutes and the total amount of drilling fluid needed without
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recycling is greater than 49,000 gallons of drilling flditiesedrilling fluid challenges are

specific to shallow drilling in soft ground, whereas in Petroleum and Geothermal applications are
typically in hard ground dealing with rock formations that will present their own unique
challenges, falling outside the scope of this work.

Pressure management is achieved by understanding the viscometric properties of cuttings
returns, the combination of drilling fluid and the effects of cut solids on the fluid. Drilling fluid is
bentonite clay suspended in an aqueous medium, typically Watse fluids are she#ninning
due to the presence of the platedbapectlay particles®, a desirable characteristic for
underground drilling. Shedhinning fluids slow the settling of solidkie to a higher viscosity
whenat rest, while reducinfiuid pressuravith a lower viscosityat high flow rates compared
with an equivalent Newtonian fluil Solids concentration and the solids material is dependent
on thesurrounding soiformation and the connection betweern sottingsand theirviscometric
effects on cuttings returns viscosity is generally unknown. In practice, solids concentration is
maintained between 5 and 15 voll#the viscometric properties of cuttings returns is known,
then the drilling fluid pressure can be predicted downhole at any operating condition.

Even knowing the expected drilling fluid pressure does not guartiregxevention of
fluid circulation lossin underground drilling one of the greatest means aifirkais loss of
circulation.Loss of circulatiormeans that drilling fluid is no longer flowing through the drill
stringand cleaning theutter facerom soil cuttings buildupThis can be catastrophic for many
reasons, unable to remove soil cuttings the slriihgcan no longer advance because the force
required to push the rig furtheralg b ecomes wunfeasible i f the s
drill stringcannot advance thenmay be lost underground because the borehole is too long and
the frictional stress of pulling it out of the borehole is too giealiing fluid no longer
circulating couldalsomean drilling fluid is building up elsewhere which oversaturates the
ground resulting imlegradation of soil formation integritgaking it difficult toprevent the
collapse of théorehole. Loss of circulation can happen becauseuttiple reasons but most
commonly it is cause by drilling fluid pressures that are too high and exceeds the strength of the
surrounding formation, creating fractures underground which drilling fluid will readily flow
through also called fraout The challenge witlpressure managementdsilling fluids is with
boreholes that continue growing in length reqgireater and greater fluid presstwgpump the

fluid down and out of the borehole.
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2.2 Soil Materials

Soil materials are formed by the breakdown of rock through a mechanical or chemical
method. Rocks adarge masses of eitharsingulamineralor many minerals. The breakdown of
rocks can occur mechanically by water, wind, ice, or temperature changgelthamaller
particle sizes. Rock breakdown can also occur chemically, by changing the chemical makeup and
altering the strength of the material. Over time rocks become sn@lghin sizethat they

become soil andregathered into deposits typically vater, wind, ice, or gravity.
2.2.1 Distinction amongst soils

Soil materials are traditionally categorized based on particle sizeéhgithiteria for soil
classificatiors established by organizatismcluding Massachusetts Institute of Technology,
U.S. Department of Agriculture, American Association of State Highway and Transportation
Officials, and unified Soil Classification System. This work will follow the Unified System
because it is used by theS. Army Corps of Engineers and the American Society for Testing
and Materials (ASTM). Based on this standal material with particles sizes between 76.2
4.75 mm are classified as gravel, 47675 mm are sand, and below 0.075 mm are fines. Fines
is the biggest distinction between the other standards, fines sizes encompass both silt and clay,

which are delineated by the other standards, but merged as one in the Unified System.
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2.2.2 Clays
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Figure2.3 a). For the viscosity range of bentonite spannifip@ 1/s in steadghear, bentonite
samples at variable water content were measured. Bentonite concentrations greater than 80 wt%
can be commonly expected under realistic geological conditpmsstead of viscosity, torque is
compared in a cup and bob geometry for bentonite concentrations lower than 20 wt%, and the
sample at bentonite content greater than 20 wt% was measured in a 20mm hatched plate with
sandpapeadhered to the peltier plate. The raxtlis the upper torque limits of the TA

instruments DHR3 rheometer.

Clay materials have be@axtensivelystudied because of how prevalent they are around
the world and their complexit§; Any geology that is currently near or has been in the past
around a body of water has a strong likelihood to have clay. Clays are made up by the erosion of
rocks over time to yield basic mineral constituents, some of which are clay minerals likely to
bondto one another and form colloidal structures which are what is typically considered clay
when digging up soil from a yarft Common clay minerals include smectite, kaolinite, and illite
but this work will primarily focus on bentonite an uncommon clay mineral derived from volcanic
ash rather than rocks. Bentonite will be the focus because of its superior properties that make it
useful for drilling operations, and because they present the greatest challenge during drilling. The
signature property that sets bentonite apart is its ability to absorb water. Bentonite is composed of
clay platelets of montmorillonite with an exchandeatation between the platelets, commonly
sodium or calcium. These cations give bentonite its water absorbing qualities because of their
strong tendency to bond to water. Colloidal structures are made by reaching a high enough clay
platelet density that ettrostatic interactions between the negatively charged faces and edges of
the clay platelets will induce a dipole moment with surrounding water, providing the positive
charge needed for platelets to assemble into higtuared structures that can densiye
mineralogy differences between types of clays will alter the assembly of clay platelets and alter

their bulk viscometric properties. The water content of clays typically found underground are at
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bentonite concentrations of 80wt% or greater. As se€igiure2.3, these make for challenging
materials to drill through with high viscositiés p 10 i) that easily surpass traditional
benchtop shear rheometers and their high yield stréssestd dwould eject the material from
capillary rheometers once the fluid yields and begins flowihg.absorption of water can cause
them to expand and alter the stress state of soil undergroutdbarttietrajectory of drill

strings. Other clay materials have similar viscometric properties, but their ability to absorb water
is less dramatic making them less of a waoeste scenario. As a drilling fluid, bentonite easily
dispersesn water, giving the fluid a yield stress and shamning characterists that improve

the efficiency of removing soil materials cut by the diiting making them ideal as a drilling

fluid.

2.2.3 Granular solids

Granular matter is uniquely distinct from soft matiecause oits size, where Brownian
motionbecomes negligibland history becomes importdht. Brownian motion for colloidal
particles act as a constant perturbation that nudges these particles along the energy landscape to a
minimum and not to become trapped in a local energy minimum. These perturbations also reset
the particles to a low minimunrientation, and without this perturbation the history of granular
particles then becomes paramount in its current orientation and corresponding physical behavior,
including physical contacts, shear history, gradation, breakdown into smaller particles, and
particleparticle interactions. Since history becomes important in the physics of granular matter,
its quantification becomes a more important matter in describagg materialsTo simplify
this, physicists and engineers have used effective spheres, aspect ratio, surface roughness or
surface area, and density to quantify these materials. In this work, many of these parameters will
not be necessary or can be averaged into arbatkrial property because the calculus necessary
to relate particle charactstics to the material properties becomes untenable where rheology and
viscometry treat these materials as an effective continuum. There will be work discussed in this
thesiswhere these characteristics will be a driver ofghgsics,but a more fundamental

understanding is needed before these additional complexities can be included.
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2.2.4 Variations in soil underground
2.2.4.1 Geological

As rocks breakdown over time they collect where they are broken down, residual
collected by an external force, transported. The transportation ofesilésin many unique
deposits with distributions of particle size and mineralogy dependent on the rock formation they
are derived from the means of transportation. Common soil deposits and their transportation
include colluvium, by landslide; lacustrine, accuation at a lake; alluvial/fluvial, deposited by
running water; glacial, from the advancemeninelting of glaciers; aeolian, carried by the wind;
and organic soil, from the decomposition of organic matter. Each of these methods for soil
deposit formation and the origin of the rock will yield wide variations and determine the

concentration of fias and larger particle size materials and their distribution underground.

2.2.4.2 Water

The presence of water wilffectthe mechanical properties of soil materials encountered
underground. The depth of the water table relative to a soil deposit will alter the water content of
the soil because cohesive clay soils will readily uptake water into and onto their fileelet
structures, impacting the assembly of the platelets. Water also provides a means of transporting
ions into and away from clays, also impacting the assembly of clay platelets. Depending on the
uptake or drainage of water froclays, this will affect the stress state of the soil material and the
surrounding formation. The time for equilibrium to be reached will also determine the stress and
clay consolidation state that will affect the compression and extensional strerughsofit
material®. In granular materials, water fills the interstitial space and provides a pore water
pressure that affects the interactions between particles, and the total strength of the granular

material.

2.2.4.3 Depth

Depth will also affect the strength of soil with the general rule that as the depth increases
the strength of the soil formation increases vertically. At greater depths, soil will be under greater
stress from the additional soil abovec#usingt to consolidate along the axis of gravity and
increasing the particle density along that same axis. This is whyfwateout occurs, it initiates

horizontally and moves to the surface, following the path of least resi&tafce
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2.3 Fluidizing Soil Materials
2.3.1 Effects of particles on viscosity

Soil materials are broken down into classifications by particle size and the general
addition of particles to a fluid will increase its viscosity. Adding particles to a fluid sample of
finite volume will effectively displace a volume of fluid and replacthat volume with a solid.

This heterogenous mixture will then fall between that of a homogenous fluid and a discrete solid
and the corresponding rheological properties will include those of a pure fluid and that of a solid,
with greater viscosities, yiglstress, and elasticity. All particle concentrations discussed in this
work will remain in the concentrated regime with high enough patrticle densities that multiple

particles are interacting with one another.

2.3.1.1 Krieger-Doherty

For concentrated necolloidal particles added to a fluid their displacement of a fluid
volume is the most common way to describe particle contributions to a system, volume fraction.
For general applications in suspension rheology, the KriBgerty reléionship is commonly

used to capture the increase in viscosity with volume fradiiqonation 2.2,

- P — (2.1)

Where the relative viscosity, , is a function of the volume fractio%y maximum
packing fraction%o. , andfor hard spheres the dimensionless intrinsic viscosity is= 2.5
where” is the particle densityThis relationship fails with additional complexities but the
expression has been modified to accommodate them, including particles size distAiBtitind
aspect ratitt' 3. Realistically, KriegeiDoherty cannot be applied tomplexsystems of cuttings
returrs of granular particles with settling, variations in aspect ratio and particle size distribution,
and frictional interactions that are also dispersed in a colldidgésion of bentonitelay
platelets Because of these complexities, empirical correlations will be necessary to quantify the

viscosity for such a heterogenous mixture of particles in a fluid.

2.3.2 Colloidal Suspensions

Platelets of bentonite clay will be the predominate colloidal particles in handling soil
materials for underground drilling. Bentonite clay is the preeminent clay used as a drilling fluid
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because it readily absorbs water, makiranieasy additive to combine g@he-fly during drilling

and because of that absorption and interplatelet interactions readily forms structures to develop
shearthinning and yield stress properties that can disperse soil cuttings and convey them out of
the boehole.lt should be noted that classification systems that include clay are defined by
particlesize, but to make a particle truly clay it needs a cohesive nature. That means that clay soil

material also incluels particles that are not clay because they are not cohesive.

2.3.2.1 Bentonite slurries

In the context of DD and HDD, bentonite slurries are one of the most common fluids used

to transport soil cuttings out of the borehole. Bentonite slurries consist of mined bentonite clay

and water at concentrations frord®t% (wt% = ) depending on the desired application

This concentratiogan bebeyond the transition from a sol to a,g@gnifying a colloidal network

has developed across a sanmgeeending on the mineralogy of bentonite d&e@entonite is

primarily composed of sodiumontmorilloniteclay and functions well as a drilling fluid slurry
because they are a shefainning yield stress fluid that can be purchased cheaply. $teaing
properties mean that with increasing flow rates (~ shatas) the viscosity will decrease and

make thanaterial easier to pump, and at lower flow rates (~ staas) a higher viscosity will
developi slowing down the rate of settling in the soil material being transported.-&ieas

the normaked rate of deformation a material experiences so that a universal quantity could be
applied to any system. The typical mental imafysheasrateis a static system with fluid

between two parallel plates, and once one plate moves at steady velocity then the fluid
experiences a shegate, the gradient of velocity between the two platéss iscommonly

simplified as the velocity of the moving plate divide by the distance between the two plates. The
yield stress of the slurry alsmntributego the prevention of settling by keeping soil materials
dispersed when a minimum stress is not being applied to the fluid. This is ideal in solids transport
because soil materials remain entrained in the drilling fluid when flow is slow but is easy to
pump when flow rates are higfihe conveying of soil cuttings is often termed carrying capacity,
which desdbes the effects of yield stress and skbaring properties to disperse soil cuttings

and subsequegtremowe themfrom the boreholen practice settling occurs because many of the
soil materials are granular particles that would require a high yield stress to keep them
suspended, which would require an untenable concentration of bentonite that would result in

viscosities that would gokly burnout the pump®ut by increasing the viscosity of the drilling
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fluid with Bentonite the shear stress applied to the particles increaskspedse thgranular
particles so that they can be convected out of the borehole

Bentonite slurries have shethinning and yield stress behavidrscause othe colloidal
structure. Bentonite clay is made of colloidal size platelets composed of silicon oxide with
exchangeable cations between the platelets. The sudadexigesre negativelgharged This
structure is what gives bentonite slurries and clays their unique properties. At low bentonite
plateletconcentrationgn water the mixture behaves as a colloidal suspension. The
micromechanical concept that gives bentonite shimeyr rheological properties isetreakdown
and alignment of platelets during flow. Platelet structure®aiteup when no stress is applied to
the slurry because of the charged faces and edtfesvater bonding the twandthis structure
gives the material a yield stress, needing a critical stress threshold to be reached to breakdown
the structure and commence flow. The buildup of structure is induced by Brownian motion of the
colloidal platelets. Once flowing, the platelet structures further bremkdomm the shear and
align with the direction of flowreducingthe resistance to flow at greater sheses (flow rates).
There are many more nuances and complexities not covered in this rheological description of
colloidal suspension because the main concern of this thesis is on the viscometric properties of
the bemonite slurry and the macroscopic effects on underground drilling that operate-at high
shear rates well above instances where system stabiliyspimrical particles, electrostatic
interact ons, and many more contribute to the fl ui.

covered elsewhete

2.3.2.2 Colloidal Networks

Thesoil transported by the bentonite slurry will typically day and sandBentonite
clays encountered undergroumave low water conternd behave as a dense colloidal structure,
that have been called eithglas®sor gek which depends on whether an ordered or disordered
colloidal structure existsut their bulk effects remain the safhés clay platelet concentrations
increase they beginteracing electrostatically to form tactoids, higher order platelet structures,
and these tactoids assemble into larger structure that are commonly described as card house like,
creating a structure that span the safipWith higher bentonite contert @0wt%), the
structures become more interconnected meaning greater elasticityyvlacgsities{ p 10 G

{), and larger yield stressés p 0 ¢that surpass the measuring capabilities of benchtop
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steadyshear rheometers. In clay soils encountered underground, bentonite content can easily

surpass 80wt%.

2.3.3 Granular Dispersion

Other soil materials encountered underground at depths of ~ 100ft can include sand,
pebbles, granulegravel, and cobble. These macroscale granular materials will also need to be
transported out of the borehole, luckily these granular materials will either be avoided or broken
down into gravelpebbles, granules, asdnd These materials are much denser that the drilling
fluid slurry and will settle, but because of the drilling fluid slurry rheology and the high operating
flow rates (p 10 ) the granular solids will be dispersed and evacuated out of the tunnel. With
these granular solids and setilid clays the main interactions will be frictional interactions

between solids and hydrodynamics.

2.3.3.1 Settling and Shields Parameter

With granular soimaterialss a common challenge to avoid because of the disruptions
settling causes to the drill strifigom interruptingflow from the drill bit back to the surface and
preventing the removal of soil cuttinddany mitigation strategidsave been developed
address this that include mechanical, rotating pipes, double pipe systems to reduce cuttings and
borehole wall adhesion; and rheological, using bentonite slurries, polymer solutions, and various
synthesized suspensions with yieltess and viscous properties that will reduce settling. Even
with thesestrategies, it is unclear which is the most effectiveahdetreated as a black box
because athe variabilityin undergroundoil conditions andhe anecdotal approach used in
practice to modify drilling fluid depending on the appearance of cuttings reWitimsdrilling
fluids, noveladditivesare constantly being publishbdcause improvement to a drilling
operation is dependent on the soil geology and the rheological modificatémtesto the drilling
fluid, but neither are quantified with high accuracy. Improvement in drilling operations could be
due to variations in the formation geology rather than modifications made to the drilling fluid and
how drilling fluids are rheologically modified are unknawn

Settling during flowis best described by tlghields parameter, a nondimensional number
comparing wall shear stress and buoyancy stress, the magnitude indicating the tendency for
solids to settlé values greater than 1 less likely to settle and values less than 1 more likely to

settle. InEquation2.2, Shields parameter¥ is expressed as the ratio between the wall shear
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stress and the stress caused by settling. Pressure drop is converted to wall shear stress by
Equation 23.

S — (2.2)

e

(2.3)

Seen inEquation2.3, if the pressure drop of the system increases then the wall shear
stress will increase, and increasing viscosity with bentaoitent increase pressure drop of the

system

2.3.3.2 Particle Interactions

The interactions between particE®broken down into normal and tangential contact
forces. Where the normal contact force is modelled as an elastic contact, corasnogls
variation ofthe Hertz law and is summarizedrigure2.4 where two particles in contact will
deform each particle, designated by the grey area and the deformation is a function of particle

geometry and mechanical propertf&es.
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Normal contact force

Fy
Figure2.4 Diagram depicting elastic contact using the Hertz law for two hard spheres in contact,
to retrieve the normal contact force between two partifles.particles on the left are in contact
with no deformation made and the particles on the right are in contact with a defofmation
applied to each sphere from equally applied normal folldes grey zone is describing the zone
of deformationThis is based on a figure from Granular Média

"0 14 - (2.4)

O Ny (2.5)
Equation2.4forms the basic expression used for normal contact force between patrticles,
and additional complexities have been added since its inception to include c¥ééfand
dampening”*°. The normal force is a function of the material elastic modulus, E, particle radius,
R, particleP o i s sationvd, and particle deformation, This expression also translates to the
kinetic energy of particles as collisions transform into their movement*avm§gquation 2.6
the energy of collisiofiO, is a function of particle masm, and velocity v, which can be

converted to elastic energ® , in Equation 2.7 and can be defined by the normal force
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multiplied by the deformatioandis a function of the elastic modulusarticle radius, particle

deformation, particle speed, v, and time of collision,

0O ¢t pfgcad (2.6)
ox ox g oy T & (2.7)
7
ox — (2.8)
Tangential contact force
Fy

Ry —

R
T
Figure2.5 Force and reaction force diagram detailing the tangential and normal forces

acting on a stationary block.

}YS “ 8Ys (2.9)

Tangential contact force comprises the basic concept of friction, where the tangential
force needed to move a block from a stationary position to sliding is equivalent to the product of
the friction coefficient and the normal force acting on the blbakire2.5 Force and reaction
force diagram detailing the tangential and normal forces acting on a stationar§ Hlaok.
expressed irquation 2.9Equation 2.9 is an expression for tangential contact force between
particles, where the tangential reactionary force is a product of the frictional coefficient and the
normal reactionary force action on the stationary bldtle frictional coefficient has also been
explored in microscopic detail and derived based on the asperities and contacts of the rough

surface®. Additional complexities can also be included in the model to include additional modes
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of motion for the tangential contd&aind neslip conditions between the two partic®s’. The

additional modes of motion include rolliffg®>1-53:563 and twisting frictior®.
Hydrodynamics

The hydrodynamics of fluid particle interactions are complex at time and {scgfldsof
drilling operationswith astronomical numbers of particles tiatludeparticleparticle
interactionsandfluid-particle interacts of the fluid acting on the particle and the particle
movement through fluid acting on the surrounding fluid. Because of all of these interactions,
bulk-scale theoretical or firgirinciple relationships have yet to be derived arelpredominately
explored at the particle level due to ttamputational expense and difficulty to observe
experimentall§.

The basics of fluigparticle interactions goes back to creeping flow of a particle
sedimenting or falling through a fluid under laminar flow. This simple example can be described
by a simple expression, seerBguation2.1*5 and can be generalized with a pressure
gradient to turbulent flow, sdgguation2.118. And a falling particle is described with Equation
2.12.

For laminar flow around a particle,
™ -0 HQQE Qi Gaa (2.10)

O 0" —MhQ¢ di i Q

For turbulent flow around a particle,

0 -67" Q06" (2.11)
5 T8 K G&QONRINAE OO 6 MGHQE |
) — (2.12)

Beyond these expression, there are multitudes of hydrodymamiglexitie&® that can
be included like unsteady flowsaccelerating fluid, relative velocity difference, magnus forces,
lubrication force%" %8 and the effects of those hydrodynamics on the collision between
particle$®’® The connection of these interactions to bulk viscometric properties have yet to be
made beyond simulatiomork andrequires empirical expressions to capture all of these etiects
the bulk scale witlviscometric properties of fluigarticle mixtures under varying flow

conditions.
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2.3.3.3 Flow through porous media

There has been a long interest in predicting the relationship between flow rate and
pressure drop, especially driven by industrial process with packed beds commonly used for
separations or cataly$lsDar cy6és | aw was one of the earlier
relationship, born from empirical testing of flowing water through porous media under laminar
flow conditions, relating flow rate to pressure drop by a ratio between the permeability of the
porous media and the viscosity of the fluid (Seedipn 2.14'2 But at greater flow rates where

inertia becomesnene gl i gi bl e Darcyds | aw begins to fail

R -nR (2.13)

Darcyods | aw 0 equals thesoif permeabilitRadiviged by the fluid

viscosity,' , and multiplied by the pressure drop across themgll,

To distinguish between flow regi mes where
is used to describe flow through porous medi a
inertial and viscous forces where the inertial term is the product ofdéndity,” , fluid velocity,
0, and pore size assumed to be bed particle dianfe@tend the viscous term is fluid viscosity,
Equation2.15

YQ — (2.14)

There are also expressgxheveloped to account for inertial contributiongorousmedia
flow. Er g un 0 s -theagetical tmodel that ispans a wide@amge of flow regimes from
Darcyl/viscous to turbulent flow. Equati@il6i s Er gunds equatXopn, the p
normalized by the length traveled by the fliid, i s rel ated to thifg porous
density,” ; and packed particle diamet€l, 6 andd are the empirical fittings parameters
specific to the bed. The meaning of the empirical parameters are still up for debate and their
significance have not been determified

y o
— O

) (2.15)
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Ergundés equation is derived from treating
capillary tubes. Researchers have subsequently tested a range of porous media flows, primarily in
packed beds, to determine the range of empirical constants, makisgililpdo predict flow in

Darcy/viscous to turbulent flow regiméd>,

— -0 =0 (2.16)
T Q
obp T
Forchhei mer6s equation i s another expressi:

pressure drop across the cell is a parabolic function of the fluid velocity and includes parameters
of viscosity,' , Forchheimer constant) fluid density,”, KozenyCarman constanl,, and
intrinsic permeability, KEquation 2.17.

Mostdrilling fluids are also noNewtonian, commonly either including polymers,
colloids, surfactants, or particles as well. Recently there have been investigations in expanding
models for flow through porous media to begin incorporatingMewtonian fluids, but therns
much to be explored yét’®’” For the most partesearch on porous media flow models for-non

Newtonian fluids is still growing.

2.3.3.4 Clogging

Gravity -driven clogging

Jamming of orifices by granular material have long been studied and empirical
relationships have been developed to determine the geometric dimensions, rate of flow, and the
effect of gravity® > Probabilistic models have also developed from these empirical studies to
determine the likelihood of clogging depending on geometry of the particulate and the orifice
siz€%82 There is little literature on fluidriven clogging oforifices with particle®® and no
literature or model developmetat describdluid-driven partidescloggingin porous media. In
fluid-driven clogging, there are clear connections between diamet#esarifice and particle,
fluid velocity, and restriction volumieaction (ratio between volume of particles filling up an
orifice volume), but no relationships developed collapses the data onto a trend independent of
granular lengtkscale8*. Gravity-driven clogging literature has determined that-shir@ensional
systems of circular disks, clogging occurs when the orifice diameter is twice the diameter of the
disk and no clogging when the orifice is 5 times the disk diameter or §feBtpration2.18
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0 cO 2.17)

Fluid -driven clogging

Whil e Ergunés equation is a good point of
factor unaccounted for in existing models of flow through porous media. Sands and silts are
common materials encountered during drilling and the extent ofdispiersiordepends on flow
regime and fluid properti€%8’. At low flow regimes, particl@ispersiorwill be dominated by
settling which can naturally lead to clogging of the porous medium. Clogging behavior is the
dynamic to static transition gdmming, deposition, or plugging of pore space in granular soils. It
ties together subjects from many well studied research areas including jamming of particles
through orifices, deposition of colloids in porous media, and clogging of orifices withlgartic
laden fluid§°888° The specific situation of clogging of graweith sand carried by a fluid has
been studied empirically and with many analogous systems to compare against, but it is lacking
its own theoretical approattf?:8%.9

Earthen dam filter criteria are the closest empirical evaluation of granular clogging of
porous media with fluid laden with solids. The purpose of dam filters is to create a porous bed
downstream of a water filled earthen dam that traps solids but alloesd flow throughi®.

Erosion of earthen dasis one of the major causes for failure and it occurs when solids carried
by water are allowed to flow away from the dam. To remedy this, empirical evaluation of soil
sizes have been carried out to create a porous bed downstream of the dam to captunel solids a
prevent erosion that would weaken the structural inté§rithe result of this are criteria that
determine the threshold particulate size and pore size that will lead to clogging and prevent

erosion.

0 p TO (2.19)
0 tio (2.19

There are two empirical criteria recommended by Terzaghi to prevent dam erosion,
equatior2.19and2.20 Ter zaghi 6s early consul 21i9%0g wor k,
effective dam filters and equati@20is based on the classic text of Terzaghi and Peck (¥948)
and the experiments performed by Bertram (1940) that also accounts for soil réteBttn

eqguations are expressed in weight percentage of fines content above oa pattiole diameter,
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but since our system has a narrow size distribution the equations have been simplified to bed and

particle diameters.
(0] etO (2.20)

Equation2.21is from Casagrande, who conducted a thorough series of permeameter tests
that also accounted for the influence of air and ions in water that could alter ci8gGivey
determined that the criteria should be 6 rather than 4 or 10 to retain soil.

Foster and Fell determined that the ratio between DF15 and DB85, filter diameter where
15 wit% particles are finer and base diameter where 85 wt% is finer, is the only driver of
significance to determine filter criteftaDF15 is simplified tdO and DB85 iSO
since our system does not have size distributions. Their proposed criteria is for noardsion
derived from analyzing coarse sandy gravels compared between lab resultsemici
dam$®, equatior2.22

(@] pa&tO T T (2.22)
OPuv pAIOAYUL TR T
2.3.4 Quantifying their Rheology

The addition of granular soil materials will result in an unclear relationship with the
corresponding viscometric properties because granular materials do not exhibit Brownian
motion, no equilibrium structure will develop, and many retédle states caretachieved
without this perturbation. However, some general observations from colloidal rheology can still
be applied to granular dispersion system. One is that the viscosity will increase with greater
solids content, because effectively the dispersiomsiat being deformed by the flow and
exclude fluid volume. This means that within the same borehole space contpaflog of a
pure fluid versus #uid with particledispersios, less fluid is beg deformed when dispersions
are preserit reducing the effective shegate of the system while maintaining the same shear
stress and hence increasing the viscosity (stress/sdtearin addition, the shear stress should
increase with dispersions as wadicause there will be more energy dissipation frolkewa
following the granular particles and frictional dissipation from particles interacting with one
anotherincreaig the effective viscosity. Overall, granular soil materials as dispersion are

complex in water alone due to their hydrodynamic and frictional interactions without Brownian
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motion. The addition of nofNewtonian mediunof bentonitedrilling fluid increases the system
complexity. Because of these challenges, much of the experimental work with realistic granular
systems are characterized with empirical relationships, often branching off from polymer

solutions and polymer meltsat measure bulk viscometric propertfes

2.4 Turbomachinery Fundamentals for Pumps

Pumping is vitain underground drillingto mix and convey drilling fluid down the
boreholeandremove soil cuttingsThe mixing of water with bentonite clay to form a bentonite
slurry is typically done above ground and done with centrifugal pumps to quickly mix and
hydrate the clay powd&iThe bentonite slurry is then pumped underground with positive
displacement pumps so that the drilling fluid flow rate can be precisely controlled during
operation when greater flow rates may be needed to operate a mud motor that rotates the drill bit
or to decrease flow rate to reduce fluid loss durifigid circulationloss everft Pums are
critical machinery in controlling drilling fluid pressures underground and especially with fast
HDD to remove cuttings at a fast rate and providing a greater pressure head for longer boreholes.

2.4.1 Centrifugal Pump fundamentals

To understand the effects of pump operation on drilling fluid pressures a simple example
breaking down the senrtieoretical relationships for a centrifugal pump will be discussed. In
centrifugal pumps, they operate as a rotating wheel with vanes andlaaieinto the center of
the wheel and as the wheel rotations with guide vanes a centrifugal force is applied to the water
driving it to the edge and out of the pump, as seéiigare2.6. From this simple diagram, the

velocity component of the fluid moving out of the pump can be brdkem into vectorand

45



used to describe the expected pressure head and flow rate performance of taagpamp
characteristic curve can be built.

—>

V.

Figure2.6. Diagramof a centrifugal pump based on the workigitkes 3¢ editior™*.

Relative velocity of
fluid to vane (must be
in the vane direction)

Actual fluid
exit velocity c,

Radial fluid
velocity [,

Uy

Swirl velocity w,

—
Tangential impeller velocity u,

Figure2.7. Velocity breakdown of the fluid moving out of a centrifugal pump.

Following Figure2.7, the fluid moving out of a centrifugal pump can be broken up into
velocity vectorsthat can be used to calculate the pressure head and flow rate of the pump.
Equation2.23expresses how the tangential impeller velocity can be used to calculate the
expected pressure head of the pefhiphe pressure heablp, is a function of the fluid density,

and tangential impeller velocitg, .
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W 7o (2.22)

The flow rate from the pump is described in Equaid¥, where the flow rateQ, is the

product of the volume of fluid moving out of impeller{ Q) and the radial fluid velocity'@)®*.

0 ¢“i QQ (2.23

Q0
ND3

Figure2.8. Characteristic curve the nalimension flow rate and pressure drop performance for a
centrifugal pump.

The pressure drop and flow rate expression can also bdimamsionalized following
Figure2.8, to create a characteristic curve for centrifugal pumps. This general trend can also be
expressed as Equati@r5 that describes the reflected exponential trend, and the system

constants(Q &) canempirically capture the differences between pumps.

YQ & b (2.24)
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2.5 Thesis Statement

From an assessment of titeratureand discussions with industry professionélss
clear there is a lack of understandofghe viscometric material properties of fluidized soll
materials and their corresponding application in underground drilling, lintithge f i el d 0 s
advancement. It is also we&dhown that maintaining drilling fluid pressure is one of the biggest
challenges in underground drillirgndis far from being resolved hus, the central hypothesis
of this thesis isThe advancement of underground drilling can beavled with particle
rheologyand tool development to probe tflaid mechanics of soil material within a drill
string and address the origin of fluid circulation loss.
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CHAPTER 3CALIBRATING AN INDEX-TYPE MIXER TO MEASURE
VISCOMETRIC PROPERTIES OHIGH-SOLIDS, HETERGOGENEOUS SOl

Modified from a papeto besubmitted taJournal of Rheology
Benjamin A. Appleby? , Muhammad IshaijAli Vossoughiad, Jamal Rostariand
Joseph R. Samanitfk

Figure3.1 Schematic of the cutterhead breaking down soil into cuttings that will then flow
through the annular space between the pipes.

Tools used to breakdown soil materials come in many shapes and sizes because their
designs are often empirical in nature but many of them have common features, often with teeth to
cut soil material down into small enough parts that they can be conveyeftioetborehole and
with a rotating action to setflean the teeth so that soil material does not build up on the tooling

(Figure3.1). The challenge of designing tooling from theoretical principles is the lack of
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information on the true viscometric properties of soil materials. Properties that are necessary in
simul ati ng a-stamarel@&ionshgp, addshowstiey valldeshave when interacting with
a cutterheadl'hese material properties are desirable because of their universality. In this context
they are used to model material processing by a cutterhead, but they can also be used for
pumping soil cuttings, flow through a pipe, and other scenarios where theéahrrbe treated
as a continuuntince sdimaterials have multiple constituents ranging in colloidal and granular
particle sizes and are under a wide range of environmental conditions, traditionasbalech
instruments cannot characterize them because of their large particle sjzasd), viscosities
(p O cbi), and memory. At the time of this workiscometric characterization of soil materials
larger than a millimeter in sizeas limited but there were many examples of comparable
systems and calibration approaches in the biomass literature, material that also has granular sized
particles.

In this work we have applied the calibration procedure developed by Boushafa
used for polymer melts and extended to biomass sltftfiésand applied it to clay slurries up to
the limit where the slurry transitions from fldiitke to plasticlike behavior The novel
contributions of this work are in measuring the true viscometric material properties for a low
water contenbentonite slurry( p U & ) with a range of gravel content approaching its
packing fraction and incorporatinggngham Plasticonstitutive equation into this calibration
procedure rather than a powaw empiricism. Prior to this work soil materials were measured
with indextype devices that outputted values that could not be applied in simulations because the
data was specifito the measurement device. The calibration method we employ gives measured
material properties independent of the device, allowing them to be appkay simulation or
numerical analysis. While this work has extended the range of measurable materials, after a
higher enouglbentonite concentration the material transitions from flikd to plasticlike
behavior where it retains memory and how it is deformed will impact the measureesstass
relationship obtained for ihe work presented in this chapter is most relevant in clay soils at
their liquid limit or greater water content and with granular particles up to the size of gravel. This
is rdevant in HDD and DD where the underground formation is below the water table and in
slurry TBMs rather than Earth Pressure Balance TBMs, where the soil remaidgkéuid
However, withplasticlike materials their deformation history is retained, meaning the measured
viscometric properties will be dependent on the method of deformation. This system can be used
to measure viscometric properties of a material if the same method of deformaiieriiéid
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can be replicated with the devidhis work provides a path forward to quantify how the
constituents of soil materials impact the ability of cutterheads to break down the material,

particularly with soil materials that have granular particles.

3.1 Abstract

Rheological properties of soil material are a challenge to characterize bectneselafge
lengthscale( p & &) and torque requirements that exceed the capabilities of most commercially
available rheometers. The aim of this study is to apply the calibration procedure from Bousmina
(1999) to convert a mixer into a viscometer capable of handling pengiele sizes(p @ w &)
and torque requirements measure the effective material properties of realistic soil mat&rials
Stateof-the-art soil viscometers utilize assumptions from constitutive equations or computational
fluid dynamics (CFD) to calculate measured shear stress and shear rate without verifying the
accuracy of measured vald®s Calibrations performed in this work provide measured values to
calibrate the soil viscometer without depending on unrealistic assumption. This work will provide
a calibration pathway for measurement geometries with and without global flows beyond the
tradtional theta direction. The challenges of determining the yielded region of yield stress fluids
relative to the geometry of the system will also be addressed. This work presents a pathway for
calibrating viscometers to measure high viscogity 10 ¢ii), particleladen materialwith a
minimum particle dimension of 19.05 mm, material commoelycountered inshallow

underground drilling.

3.2 Introduction

Characterizing the viscometric propertiegodnular materials and slurries with granular
solids are challenging and often qualitative comparisons are the best that can be achieved. But
this provides very little information that can be applied to other systems, only relative differences
between sanips can be determined.

Mixers have been used to measure complex fluids with high elasticity particles, but they
have not been calibrated to measure viscometric properties of real soil materials of clay and
granularparticles®? 15 There have beemany deviceduilt to characterize viscometric
properties but they are limited to ind&pe devices thado notprovide universally applicable
material propertiebecause of an oversimplification of the calibration proce@t&#11°, Two

common calibration procedures include derived relationships and back calculation using
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computational fluid dynamics (CFD) models with an assumed constitutive edf&tfdn

Derived relationships commonly use a couette analogy, where no matter the geometry an
approximate couette based on the same cup radius and rotation speed, the same torque will be
measuretfl. Back calculations are inherently flawed because an assumed constitutive equation is
needed to determine strestsain behavior of the material. And these procedures are only used to
determine shear stress and shear rate so a constitutive equationittad beethe data without
accounting for the physics behind the significance of each model. Since the phyicdtiof

like clays and bulk granular matter has not been well understood at a continuum level, CFD will
be assuming that all soil materialdivaie interacting with the measurement geometry in the same
way, but a large part of experimental rheology is in the interpretation of torque values from a
rheometer and observing the measured material to determine the limitations of a measurement.

In the biomass community, there has been a history of developing and calibrating
viscometers to measure the viscosity and yield stress of biomass slurries. The slurries of interest
balance high solids contefit ¢ @ ¢ Solidg to maximize yield in a chemical process while
low enough to reduce processing challengeduding norBrownian particles, wall slip,
settling, and ejectidd? *2°. From all of these rheological challenges there has become well
established procedures to calibrate a rotational device capable of measuring viscosity and yield
stress. Fibrous particles found in biomass are flexible and can be broken down biyp@xer
devices, while gravel would more likely jam and harm many of these devices. There has been
measurement geometries developed to measure complex fluids with high elasticity particles, but
they have yet characterized these samfflé¥ 31 The challenges experienced with biomass
measurements include n@rownian particles, settling of samples, and high viscosities which
overlaps with soil materials and can be referenced in making viscometric measurements of soil
materials.

Traditional shear rheometers require a few key assumptions to calculate material
properties laminar flow, uniform shear profile, and udirectional flow. Using cylindrical
coordinates and a cup and bob geometry as an example, the flow will be indépenden t he i z
and— direction and only a function diie radial directioni r. These assumptions become
challenged depending on the measurement geometry and the material of interest. An extension of
the couette geometry is thebdaded vane, where-@rculation of flow occurs between the
vanes, but recirculation does not affect the material beyond the vanes and an assumed geometry

radius can be made with great accuracy. This geometry is advantageous for measuring materials
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with large particle sizes p & &) that would jam a cup and bob geometry and high viscosities
that would require high normal stress to insert the geometry into the ntateAidtactal vane

has also been developed by the McKinley group as a geometry between a vane and a bob, which
is easier to insert into materials and not jam when particles are present, but also reduce the
recirculation between van€é The vane geometry set the precedent for the couette analogy that
has now been used in a variety of mixers and rotating geontetfe$his analogy falls short

when the original rheometer assumptions are invalidated, like in the casettional flow or

the effective couette cannot be easily deterntiiféd* These cases have been addressed with
additional calibration procedure extensions that account for complexfftavsl an effective

inner radiu®. The development of any new rheometer will need to address the effects of its own
unique geometry and the expected behavior of the materials that will be characterized.

This work is specifically addressing soil materials which require unigue measurement
geometries and will have material properties outside the norm, including predominately clays
sandsand gravelAn easy conceptual understanding of this is granular matékielsand and
gravelhave particlesvhere frictional contactdominatetheir interactionsDilation is a common
behavior of sand, when sheared the sand will tumble and create force chains that apply a stress
on its surroundings. This stress will etliesult in a net total increase in stress applied to the
sample or the total volume containing the same will increase. Because of these force chains, sand
is also hard to measure in a traditional rheonietdten leading to shedhickening and
jamming hat will stop the deformation and could potentially damage the instréffthE®ts’.
Alternative attempts at measuring sand has also shown the common transitions from inertial to
transition to stationary flow within a short lenggbalé®*, making it challenging to determine the
effective couette created by a measurement geometry. It has also been shown that particle size
distribution, volume fraction, and strestate have major effects on the strength of the material.
Clays, like sands énbit many of the same parameter dependence, but since theyllar@al in
size they also have tirdependent material properties dependent on the water content, pH,
exchangeable cations, and minerafSgy® 3 This work will provide a guide toalibratetrue
viscometric properties so that these parameters can be explored in detail and beuspdrte
viscometers rather than independent intigpe devices that are can only be compared with itself.

This work will follow the calibration procedure of Bousmina (199@nd is an extension
of the procedure developed by Goodrich and Pdfttar determining the effective inner radius

produced by any measurement geomgtay does not generate an axial flamd this value will
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remain as a constant value and can be used like effective concentric cylinders to determine the
viscometric properties of soft materials. G&P use a brabender tdngoeneter on polymer
melts to convert rpm and torque values into rheological units of-sataand viscosity. The
calibration procedure requires that the rotation rate and torque of the instrument is known and a
calibration fluid that can be both ran in the new measurement geometry and a trusted rheometer
to characterize the viscometric projes. With the rotation rate and torque data and stehdgr
flow sweep of a calibration fluid, the effective inner radius can be determined and then used in
the derived Navie6tokes expression for an effective concentric cylinder setup to determine the
sheafrate and viscosity relationship based on the rotation rate and torque ctypdaxixer,
converting it to a viscometer. Bousmina (1999) extended this work by showing that both a
Newtonian and noiNewtonian calibration fluid can be used for thisqadure because there is a
geometric point between these effective concentric cylinders that when derived for will produce
rotation raté sheasrate and torqué viscosity relationships in independent of the measured
flui dds r heol ogyical pfobfefihis geaoroetric mbiatdnd tvenifeadir e t
experimentally with dilute polymer solutions.

If there was airectional flow then Pimenova & Hanl&f can be used but would require
both a Newtonian and nedewtonian calibration fluid whereas Bousmetaal only requires a
non-Newtonian calibration fluid. For our system, a high minimum toque W t&) is
needed, and the corresponding Newtonian calibration fluid would be too expdi&vgasics of
theB 0 u s m procaddrs require a geometry with ndigectional flow, and the calibration fluid
needs to be measurable in a traditional sheeometer. Th&ingham Plastienodel is used
because a bentonite slurry will be used for calibration and is known to have a yield stress. Any
constitutive relationship can be chosen for calibration, but beyond simple models the math
becomes more complicated fdtut any added value because the relevant characteristics of
bentonite slurry are well captured by Bmgham Plastienodeli yield stress. The calibration
method covered in Bousmimed al. will be detailed in the methods section, but the main premise
of it is to assume an effective radiudependent on the flow profiles generated by any geometry
where the flow direction is only in thei direction Figure3.2. Decision tree from learned
experiences and existing literature for the calibration route tadigflending on measurement
geometry. If there is global z or r directional circulation due to the measurement geometry then a
power number calibration approach is needed, if not an effective inner radius approach can be
used to determine the effective visaatnic properties of a materiallhe effective inner radius is
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a system dependent value that represents an inner diameter, as if the geometry were assumed to
be a couette. In their work, the effective inner radius has been proven to be independent of the

fluid rheology and rotation speed, remaining as a calibratinstant.

DEFINE SYSTEM
Will measurement geometry induce global v, or v,?

YES [ NO
POWER NUMBER APPROACH EFFECTIVE INNER RADIUS
Following the work of Pimenova & Hanley APPROACH
Relate viscosity to torque Following the work of Bousmina et al.
- Requires Newtonian fluid Relate viscosity to torque

— Does not require Newtonian fluid

' '

ACQUIRE CALIBRATION CONSTANTS ACQUIRE CALIBRATION CONSTANT
1/2, relate impeller speed to measured Determine the constant effective inner
torque radius of the impeller.

2/2, relate shear-rate and impeller speed

: |
v

DETERMINE TRUE EFFECTIVE VISCOMETRIC
PROPERTIES OF SOIL MATERIALS AND APPLY TO
UNDERGROUND TUNNELLING

Figure3.2. Decision tree from learned experiences and existing literature for the calibration route
to takedepending on measurement geometry. If there is global z or r directional circulation due
to the measurement geometry then a power number calibration approach is needed, if not an
effective inner radius approach can be used to determine the effective eiscqgmoperties of a
material.

Figure3.2 summarizes the distinction between the two calibration procedures Effective
Inner Radius and Power Number, developed by Bousetiat?® and Pimenova & Hanlés?,
respectively. Determine whether there is global axial flow in the system which will then
determine the appropriate calibration approach, if axial flow then Pimenova & Hanley needs to
be used and requires a Newtonian andNewtonian calibration fluid fithere is no axial flow
then Bousmina can be used and requires only eNewvtonian calibration fluid. P&H account

for axial flow in their derivation whereas Bousmina does not. An additional caveat of the
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Bousmina, effective inner radius procedure is that aghmapproximation needs to be reached.
The thingap approximation states that the ratio of effective inner radius to the inner radius of the
sample volume is greater than 0.85. This criterion ieseary to simplify the calculations and
treat the nosNewtonian calibration fluid as a Newtonian fluid, otherwise aNewtonian fluid
cannot be used to calibrate the setup. This often requires an iterative process in designing a
measurement geometry aselecting a calibration fluid that will achieve the tgiap
approximation while sensing torque values appropriate for the transducers.

The effective inner radius calibration procedure requires determining the effective inner
radius using a calibration fluid, either Newtonian or-Newtonianwhichwill be characterized
in a standard rheometer acoimpared against the torque and rotation rate data of the setup to be
calibrated to calculate the effective inner radius calibration con&arhe effective inner
radius, will be used to relaterque toeffective viscosity and rotation ratedéfective shear rate
The calibration approadhk independent of the rheology of the calibration fluid because with the
thin-gap approximation, there lies a geometric point that has been theoretically shown to be
independent of the fluid rheoloty This calibratiorproceduras the culmination ofhree
different works. The basis of the procedure wesgeloped by Goodrich & Porté? for polymer
melts in a Babendertorquerheometer. Bousminet al.extended their work in a twin rotor batch
mixer by usinga norNewtonian calibration fluiind justifying its accuraéy. And our work
couples their procedureith a new measurement geometrnyhout axial flowinspired by an

impeller with angled flights developed for biomass by Klingenle¢ia) 133

3.3 Materials and Methods

The calibration procedure used is an effective inner radius approach, following the work
of Bousminaet al.(1999¥°. This work assumes that no matter the configuration of the
measurement geometry, as long as there are no dlobal and the material is only deformed in
the rotating direction of the measurement geometry then an effective inner radius is produced. An
effective inner radius is assuming that whatever complex flow profile developed in the sample
can be simplified to a cugnd bob geometry where a bob at a constant radial size can be
mathematically used to replace any complex measurement geometry totedhikeffective

viscometric properties of complex fluids.
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3.3.1 Setup

Motor
(not shown)
N S

Measurement
Geometry

Chamber

Transducers

Figure3.3. Soil viscometer setup, where an industrial drill press was modified into a rheometer
by changing out the drill bit with a lid that the central ssiif$ inside of and exchangeable
measurement geometries can be attached to, coupled with a sample chamber that sits on a low
friction plate while two force transducers hold the chamber in place and measure the torque
acting on the chamber from the sampléntérest. The right hand images is the measurement
geometry used with angled flights designed to measure samples with high solids content, yield
stress, and viscosity.

Theexperimental setup is shownhkigure3.3 where an industrial drill press has been
modified into a viscometer for soil materials. In the-fte image, the shaft of the drill press has
been converted to solely a shaft attached to a lid that can move up and down, rotate at a specified
rotationsper minute (RPM), and with pin holes to attach any desired measurement geometry of
choice. The torque is measured by two force transducers attached to opposite sides of a sample
chamber. The sample chamber sits on aflastion plate, allowed to freely tate but held
stationary by the force transducers. The rgjde images is the angk#iihht geometry that was
calibrated and used to measure the viscometric properties of soil materials. The design of the
geometry is based on the work of Klingenbetgl. (2017}°3 where they were measuring high
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solids content biomagp v ¢ 1 ¢ ) and wanted a geomettigat would not jam from granular
fibersand would also suspend tgeanular fibersThis design uses a 1 foot long, 1.5 inch

schedule 80 pipe as the central shaft, and the angled flights are spacedr@@933part across

the length of the shaft. Each flight consists of two arms on opposite sides of the central shaft, and
each flight is 45 degrees offset from one another so that they are equally spaced apart when
viewed from above. The diameteoifn the tip of one arm to another is 0.296ters Each arm

is pitched at a 30 degree angle and made franch by 0.5 inch rectangular bar stock where the

top corner of the lower side and the bottom edge of the higher side are roundée dfbttom

three flights of the geometry have the blades angled to push sample up and prevent settling, while
the top flight pushes material down to prevent global fluid movement up and down. This
geometry was also chosen to harghanulamarticle sizes and reduce jarnmg that could occur

between the inner chamber walls and the outer geometry arms.

3.3.2 Calibration procedure

The effective inner radius approach is the calibration procedure of focus for this
manuscriptasdetermined by the expected flow profilesloé measurement geometi®@ur work
then uses these developed procedures to apply to soil materials ass@imnigigeen Plastic
constitutiverelationship*®.

Thecalibration procedure is taking the Bingham Plastic constitutive equation, Equation
3.1, and plugging it into the momentum balance using N&itigkes in the—direction, Equation
3.2.

T T =71 (32)
t T - i— —

- n (3.2)

From these two expressions, the velocity profile is solved for using Mathematica, yielding
Equation 3.3.

6 i f— - —ii- (3.3)

Theexpression for torquis shown with Equation 3.4 and will be used to determine the
effective inner radius calibration constalt,
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3 ¢YOYit s CRETT - r (3.4

Using torque and rotation rate from the mixer to be calibrated and experimental data of
the Bingham Plastic parameters found on a TA Instruments-BHfeometer, the calibration
constant can be solved fomd@Bingham Plastienodé generates a geometric series when the
velocity profile is solvedor,andMat | ab 6 s g efonetiertigused to determine the Ri
valueRi will be used as the measurement geometry
for the effective sheamate and viscosity measured in the soil viscomeiging Equations 3.5
and 3.6

- -— (3.5
R (3.6)

The viscosity and shearat e bot h have a subscript fiado be
values. Within the soil viscometer there is a complex flow field of radial and local axial flow that
will result in multiple shearates locally, but this will averageibinto a bulk value because
rotation rate igpplied,and torque is measured across the whole safipéeparticle size that
can be measured by the system is constrained to granular materaehaiot approach the gap
size, <0.1*(ReRi) . The calibrabn fluid of choice wadentonite clay because of its high
viscosity and low cost.

In the powemnumber calibration, a Newtonian calibration fluid is needed while the
effective inner radius approach can be done with either a Newtonian-dievaonian fluid.

And for our system chamber 10 gallons of fluid is necessary which would lead to prohibitive
costs to obtain a fluid at a high enough viscosity and quantity. It was much moeeffeosve to

usebentonite clay as a calibration fluid for its high viscosities, and low cost.
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3.4 Results and Discussion
3.4.1 Calibration results

Based on the effective inner radius calibration, torque data across a range of RPMs were
collected in the Soil Viscometer and used to find the effective inner radius calibration constant.
Using water the lower torque limit sensitivity of the Soil Viscometas determined to deN-m

andbased on the upper force transducer limits that measure theueper limit is 60 Nn.
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Figure3.4. Calibration results for the angléithht measurement geometuging a 16.7 wt%

bentonite sampl&) includes the averaged data, in orange triangles, tracking torque at increments
of rotations per minute (RPMB) takes tlose torque values and calculates what the effective

inner radius (B would be at those operating conditiorRsom this dataset, an Raluethat

minimizes the total average error is selectéus R value is then used to calculate how torque
values should be varying with RPM and pldttes theblack linein the lefthand panel and

compared to theollected torque data

Figure3.4a is thetorque dataverageavereach60 seconds for eadkPM from the Soil
Viscometer and thBingham Plastiparameters from a TA Instruments D¥BRheometeare
determind to evaluate theffective inner radius calibration constarattis therused tocalculate
torque andack compare against thellected torque data from the Soil Viscometased on
Equations 3.1 and 3uking a 16.7 wt% bentonite samgle Figure3.4b, the effective inner
radius is depicted, a geometric point beyond the radius of the measurement gdéacétry.
torque data poins collected by averagg the raw datat each RPM50-400 RPM)once torque
has reached steadyateover a minimum of minute(Appendix A) This shows that Remains

a steady value, which is desired for a calibration constant, but the corresponding torque values
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are sensitive to small changes inFhe viscosity calculations match up nicely between the data

collected on the DHF3 and will be discussed next.

3.4.2 Soil viscometer evaluation

To check the efficacy of the calibration procedure, torque and RPM from the averaged
Soil Viscometer measurements are converted to effective-sditeaaind viscosity to compare
against the steaeghear flow sweep in the DHR of the saméentonite clay material.
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Figure3.5. Using the calculated Ri value frafigure3.4, the(a) averaged torque and RPM data
can be converted into effective viscosity affgctivesheasrate values and can be compared to
the steadyshear flow curve collected of the safe Avi% bentonite sample on the DHR
rheometerb) is the same flow curves as a) but on a linear plot. c) is the absolute difference
normalized by the TA DHE3 values between the Sdliscometer and the TA DHR data
extended from an extrapolation of the collected data.

In Figure3.5a, the dark bludriangles ar¢he dataset collected by the DFERwith the
open symbols directly collected data and the shaded in symbols fii8imglaam Plastienodel
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to them and extending the data to cover the same-sltearalues measured in the Soill
Viscometer. Tie orange triangleare data fronthe Soil Viscometer. At overlapping sheates

the Soil Viscometer gives greater values than the £3Hfrt then more closely line up at higher
sheafrates( p 114). The difference in viscosity values between the Soil Viscometer and the

DHR-3 is due tahelogarithmicaxis. Figure3.5b, changes the figure to linear axis so that the
differences between datasets can be more easily obs&hessk differences could be addressed

in the future with more sensitive force transducers in the Soil Viscometer or higher viscosity
materials to increase the data sigstaéngthof the Soil Viscometerigure3.5¢c looks more

closely into the differences in viscosity values by evaluating the absolute difference normalized
by the viscosity prediction from the DHRdata where at greater viscosities the viscosity values
become more reliable. At sheates below 140Q/s, the soil viscometer data difference is

greater than double the value but at greater gtaes the differences hover around 20% or

below. With the size of the Soil Viscomefer 11Qw & &) anél moving partdriction is expected

to give more erroneous results at lower shr@ées due to lower sensitivities from smaller torque
values and rotation rates less than a revolution a second which can increase internal friction from
smaller lubrication forces within the motdie main conclusion frofigure3.5 is that
measurements in the Soil Viscometer will skew
in more accurate instrumerdad measurements are more reliable at staes greater than 1400

1/s.
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3.5 Discussion
3.5.1 Soil material exploration

The value of thé&oil Viscometelis its ability to characterizesalistic soil materialsvith
large particle sizes p @t i &) and higher viscosities p 10 ¢bi). Samples with greater
bentonite content and suspensions of gravekimonite will be explored in this section to
address the effects of | ow water content and

smallest dimensior first of its kind viscometric comparison.

a) 10000 b) 20
) E A 16.7wt% Bentonite ) % A 16.7wt% Bentonite
1000 ‘ MW 33.3wt% Bentonite 16 A MW 33.3wt% Bentonite
E & 33.3wit% Bentonite + Encapsul & 33.3wt% Bentonite + Encapsul
w100 o w12 A é?
g g ¢
< 103 S8
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Figure3.6. Realistic soil materials explored by the Soil Viscometer and the liepddHR-3
rheometer. Materials include thhé.7wt% bentonite,33.3wt% bentonite and the33.3wt%
bentonite mixed with Encapsul, an industry material of biomass derived oifripiaives the
workability of clay materialsThe data follows the same representatioRigare3.5, open dark
blue symbols are DHR data, shaded blue symbols are DBIRata extended to greater shear
rate by fitting them with th@8ingham Plasticonstitutive equation, and orange data is from the
Soil Viscometer. Each symbol shape represents the material characterized.

In Figure3.6, two high viscosity samples were characterized by the Soil Viscometer, a
33.3wt% bentonite sample and38.3wt% bentonite with Encapsul as an additive. Encapsul is a
well-known industrial additive that improves the workability of clay materials, it is an oil derived
from biomass. IrFigure 3.6, the coloring of the data symbols follows thatFajure3.6 where
open blue symbols is data collected by a TA Instruments-Bldieometer, the shaded blue
symbols are an extension of the rheometer data badgthgimam Plastienodelling of the
available data, and the orange data is that collected from the Soil Viscometer. Each symbol
represents the sample characterized, triangles@aravt% bentonite, squares aB3.3wt%
bentonite, and diamonds &88.3wt% bentonite with Encapsul. The data shows that the Soil

Viscometer is measuring a lower viscosity for the two low water cobértonite sample§3.3
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wt%. A lower viscosity than that measured by the DBIR because of the water content of that
sample. A33.3nvt% water content, bentonite has transitioned to moreptdsdic-like material

that breaks and reforms rather than flow homogenoiislg bentonite appears to transition from
liquid to plastic behavior between 16.7 and 33.3 wt%, and the liquid limit lies between those two
concentrationsDue to this behavior, rather than deforming uniformly, the material is pulled

along in the opesspace betweethe flights of the measurement geomefrig(re3.3). Rather

than measuring the viscosity of the sample, the frictional drag of the material is instead measured
which will give a lower viscosity because only a small amount of material is being deformed and
transferring the momentum between the measuregeamhetry to the sample and to the chamber
wall.

Therheological propertiesf clayincorporated witfEncapsula biomass based oil to
reduce word needed toix, has not been quantitatively characterized as a viscometric property
until now. Purely looking at the DHR data collected ifigure3.6a, Figure3.6b, and

Table3.1 for the 33.3n% bentonite with and without Encapsul, the additive results in a
lower yield stress and higher plastic viscosity. This difference is best characterized by the
difference in viscosity with sheaate.Based on the Bingham Plastic equatioripat sheasrates
yield streswill playal ar ger r ol e i n t h33.3uYasampte has b greaterv i sco s
viscosity. But as the shegate increases the trends flip and 333wvt% bentonite with Encapsul
has a greater viscosity after a sheie of 600 1/s. This subtlety is not captured by the Soil
Viscometer which measures tB8.3vt% bentonite without additive as having a higher viscosity
at all measured shesaates. It appears that Encapsubiseringviscosity at low shearates and
affects the sheahinning nature of the clay at high sheates, indicating that the clay
interactions may have changeditBnore thorough characterizations needs to be performed

before that claim can mipported

3.5.2 Soil material viscometric summary

To summarize the rheograms of the three soil samples, their respective Bingham
parameters are presented in

64



Table3.1to quantitatively compare the differences in the stesdbar trends between the
samplesDue to the poor fitting of the 33.3wt% Bentonite data, the Bingham Plastic parameters

are not reliable to compare against the other data sets.

Table3.1. A summary of th&ingham Plastiparameters for each soil same and compared
between the Soil Viscometer (SV) and the TA Instruments 3BHBHR) rheometer. These
include— , the viscous componert , the yield stress of the samplasd2 , the coefficient od
determination for fitting a Bingham Plastic model to the measured-streassheasrate data

Method - T 2
[Pds] [Pa]

SV

33.3 wt% Bentonite 0.02 992 0.01

33.3wt% Bentonite+ Encapsul | 2.37 1518 1

16.7 wt% Bentonite 0.06 639 0.28

DHR

33.3 wt% Bentonite 1.64 2860 0.94

33.3wt% Bentonitet Encapsul | 2.37 1518 0.89

16.7wt% Bentonite 0.23 238 0.97

3.6 Conclusions

Breaking down soil material and removing the cuttings will be an ever present challenge in the
underground drilling community. Soil materials have inherent challenges thabftheeart
instrumentation cannot handle, high viscosities 10 dbi) and large particle sizéds p & &).

Many instruments built to characterize soil materials have not been calibrated to measure true
viscometric properties and instead act as ifgeer devices. We modified an existing calibration
procedure and applied it to an industrial drill press tusszbmeter to quantify low water content
bentonite slurries with gravel, a model soil material with high viscosity and granular particles. The
calibration procedure uses an Effective inner radius approach andMemdonian calibration

fluid of 16.78% bentonite slurry to obtain a calibration constant that produced similar results as a
TA Instruments DHR3 rheometer at higehear rate¢ p 141 While 16.7%%6 bentonite slurry is

low water content, wsitu clays can have lower still, and the material will belpasticlike where
it no longer deforms uniformly and retains a deformation history. This is seen as a lower viscosity

compared to the predictions provided by data collected by the-BHRRometer. The frictional
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drag of the material is being measured rather than the material property. A soil viscometer has been
calibrated, capable of measuring soil materials with viscosities and particle sizes unable to be

measured in traditional shear rheometers.

3.7 Major Findings and Conclusions

The calibration of a new viscometer is a simple but detail oriented process that requires
knowledge of the measurement geometry and material of interest to achieve a calibration capable
of characterizing viscometric properties of future materials.

The upper limit of measurable viscometric properties of complex materials with large
viscosities and particle sizes has been extended, and the viscometric characterization of clay
materials need to be tailored to its application below a water conterreshgis inplasticlike

behavior.
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CHAPTER 4CHARACTERIZING THE NONNEWTONIAN VISCOSITY OF HIGHSOLIDS
DRILLING-FLUID DISPERSIONS BY FLOW LOOP

Modified from a papepublished inPhysics of Fluids
Jianger Yu ( )87, Benjamin A. Appleb§’, Michael A. Moone$, and Joseph R.

Samaniuk?®

3
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Annular Fluid Pressure
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Figure4.1 lllustration of soil cuttings being removed from a borehole and the potential effects
they may have on drilling fluid pressures.

Pressure management of fluid in underground drilling is a critical piece of any drilling
operation. Typically, mud engineers, trained specialists in identifying the effects of return drilling
fluid cuttings on drilling progress. By evaluating the systeeraijonal parameters and drilling

performance, thegandetermine how the drilling fluid needs to be modified to continue

5 Reprintel with permissiorfrom Phys. FluidsYu, Jianger, Benjamin A. Appleby, Michael A. Mooney, and Joseph
R. Samani uk. n Ch-dewtardah ¥igcasity of iHigtSdlids Prillihgd-luid Dispersions by Flow

L o o Physics of Fluid84, no. 5 (May 2022): 05331Bttps://doi.org/10.1063/5.0083982

5 PostDoctoral ResearcheGraduateStudent and AssciateProfessor, respectively, Department of Chemical and
Biological Engineering, Colorado School of Mines

" Primary researcher and author.

8 Professor, Department of Civil and Environmental Engineering, Colorado School of Mines.
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progressing and hitting project metrics. They determine the composition of the drilling fluid,
which can include mud content, polymer content, and other additives dependent on the expected
geological conditions compared to what is observed. Ultimately,jtieis a black box in terms

of a fundamental physics understanding, built on passing information from one generation of
engineer to another. To begin understanding that black box, rheological concepts can be applied
to quantify the effects of solids ciemt on the viscometric properties of drilling fluid slurries,

which can include amount, type, and many more. Because knowing the relationship between
solids content and viscometric properties will give operational engineers the theoretical tools to
predid fluid pressures throughout the dstring (Figure4.1).

At the time of this work there was limited rheological data on drilling fiusil cuttings
slurries. Within the context of Fast HDD, these slurries will include siem particles operating
at high flow rates where turbulence will peesentand the soil cuttings will be dispersed
throughout the fluid. There is expansive literature on empirical correlations for polymer
solutions under turbulent flow, relating flow speed and pressure drop in pipes to their power law
parameterd? 145 put limited work applying these correlations to drilling fluid slur¥{é&s*2,

Within the context of slurry pipe flows, two research areas have developed; hole cleaning of
particle$*¥1°2and correlations relating nésewtonian turbulent flow conditions to measured
viscometric propertiéé? 145 but these two areas have not been combined into one. To the best of
my knowledge there have not been studies that have focused on determinindggpower
parameters for particles dispersed in drilling mud.

In this work, we provide a methodology to determine the pdawemparameters for sand
dispersed in drilling mud and experimental data of those parameters across a wide range of solids
content (3049wt% from field test material, and3wt% from lab synttezed material).

Comparing these two data sets revealed that lab synthesized materials would yield drastically
different pressure drop values across the same flow rates, showing that sand and clay fraction
information alone cannot be used to model theadting experienced during real drilling
operations. We also learned that the fit quality of our pdawgmparameters depended on the
dispersity of the sand particles in the slurry. The Shields parameter was useful in evaluating the
transition from bifurated flow with settled solids to fully suspended flow and determining the
regime where the pressure drop and flow rate data would provide the best fits for the empirical
correlations. This work provided an approach and experimental data to predict th®own

pressure drop of cuttings return to manage fluid pressures and reduce ground fracturing. The field
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test drilling revealed that even knowing approximate fluid pressure is not enough to prevent

ground fracturing when there is no recourse in lowering downhole fluid pressures.

4.1 Abstract

Increasing the speed of drilling operations is of commercial and military interest for
transportation infrastructure as well as rapid installation of underground utilities in urban settings
and over long distances. A significant challenge to increasiregispenorizontal directional
drilling is pressure and flow rate management of drilling fluids circulating into and out of the
borehole, removing solids cut free by the drill bit. The mixture of solids and drillingréaidts
in a highly complex fluid sspension, typically with a she#rinning continuum. It is challenging
to characterize the viscometric behavior of these suspensions, and such data is limited in the
literature. It is increasingly important to understand and accurately model the vistdsdge
suspensions since high drilling speeds increase drilling fluid flow rate, approaching the pressure
limits that borehole walls can withstand before failure. In this work we characterize the
viscometric properties of a drill test and model drillfhgd suspension in a custebuilt flow
loop with solids concentrations up to 45 wt%. The fluid viscosity is reported in terms of-power
law parameters, which can be used to predict pressure drop during real drilling conditions. We
found a significant difference in viscometric response between theedtiand model drilling
fluid suspensions. And Shields parameter can capture the influence of solids settling on the
measurable pressure losses. An important conclusion is that even model drilling fluid
suspasions prepared with geotechnical data from a sit@lmay have significantly different

viscometric characteristics than those relevant during a drilling operation.

4.2 Introduction

This work focuses on the viscosity of cuttings returns required to makepégd HDD
possible. One major constraint to higppeed HDD is removing cuttings and excavating the
formation at high speeds. Increasing ROP requires knowledge of drilling faadsiiy before
and after cuttings loading to predict the expected pressure drop of the system and ultimately fluid
pumping speeds that can be utilized and preveftamegout. Viscometric properties of the
cuttings returns are a major factor influencing gnessures near the drill bit. To drill at higher
speeds requires greater fluid pressure to match the drilling fluid flow rate with the removal rate

of cuttings. Cuttings returns pressure will decrease as they flow back to the hole entrance due to
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friction losse$**1>4 Pressure management and predicting fluid pressure from the viscometric

properties of cuttings becomes vital in preventing fracture and fluid loss.

Solids concentration in cuttings returns will vary with the formation and the relationship
between it and the effects of solids on cuttings returns viscosity is generally unknown. In
practice, the concentration of solids is typically maintained withinnaloww between 5 and 15
vol%, but fluctuates with changes in ROP, drilling resistances, and drilling fluid pré§seites
At low solids concentrations the cuttings returns viscosity will be lower with higher drilling fluid
flow rates and high pressures. At high solids concentrations the cuttings returns viscosity will be
higher with lower drilling fluid flow rates and highigssures. A minimum in the pressure is
obtained at a particular solids concentration for any given combination of drilling variables.
Since cuttings returns pressure is a limiting factor in4sigéed drilling applications, it is critical
to understand wdt conditions will lead to this minimum pressure. A formidable challenge to
identifying these conditions is in understanding the relationship between the cuttings returns
viscosity and the solids concentration. Modeling the pressure vs flow rate relgicatghires
this understanding, but identifying flow properties of suspensions of clay, sand, silt, and rock
under turbulent conditions has multiple challenges. First, conventional rheometers are generally
inadequate for these measurements, where rapisgetf highly heterogeneous solids at high
concentrations demands neiscometric flows, and torque transducers with high litfits
Second, the complexity of particle size, shape, density, along with the inclusion of clay
dispersions generally forbids application of theory derived fromgdratiplesfor colloidal
suspensions to date. Empirical measurements of cuttings returns viscosity to obtain these
relationships is warranted in these instances, but there is extensive variability in formation
composition in even a single drilling site that makeikfficult to know the applicability of any

one measurement of cuttings return€esty on any given ground conditions.

A flow loop is a valuable tool to understand how high concentrations of solids influence
the viscosity of cuttings returns and to extract apparent viscometric material functions under flow
conditions similar to drilling operations. In underground drillihg complex fluid flows in an
annular space, but material properties are independent of geometry so a flow loop with simple
pipe flow is acceptable and simple to use, removing additional geometric influences that could

add noise to the complex fluid chatextzation. A flow loop can also be used to identify
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conditions of solids settling, and to understand the problems caused by settling on the
experimental measurements. In general, turbulent flow ofNematonian fluids has been shown

in the literature to be challenging to produce accurate and consistdts {&&11°61°8 There

have been multiple attempts to derive analytical, gbevoretical, and empirical correlations for
pressure and flow rate relationships, but wide variations exist when comparing between the many
developed correlatio®, and the source of the variation is not well understddef1° various
explanations for these variations have been suggested, including pipe roughness¥§; Szilas
assuming steadstate conditions rather than unsteatite by Tinh'®%: and the effects of

elasticity in emulsions by Wern'éf. The experimental approach described here can be used with
any correlation relating pressure drop and flow rate developed feXeatonian fluids,

although the focus is characterization of the shear thinning nature of cuttings returns.

In this work we describe the construction of a custom flow loop for measuring
viscometric properties of higbolids concentration cuttings in a bentofiiesed drilling fluid
and use it to characterize viscometric properties. The validity of using measiserh
viscometric properties of a fAmodel cuttings
composition of an actual drilling site are also investigated by comparing a model cuttings returns
sample with actual cuttings returns obtained from a sitél A poweraw modet®31¢4with

solidsconcentration dependent parameters is sufficient to characterize the viscometric properties.

Clay suspensions have orders of magnitude smaller yield stress than the stresses originating from

a plastic viscosity and shear rate teApgendix B Figure B4 and Eqgation B.1). Contributions

of yield stress to the measured pressure loss at the flow rates used are small, makingaavpower
model sufficient rather than a more complicated model including a yield stress. Observations of
solids settlingn the flow loop agree well with theoretical analysis based on the dimensionless
Shields parameter. Critical findings include that the viscosity of model cuttings returns samples
cannot be trusted to represent real cuttings returns samples based osandfmeaolinite clay

ratio approximations, and that fluidized solids regimes must be identified in flow loop

measurement of these systems to properly report representative viscometric properties.
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4.3 Materials and Methods
4.3.1 Material preparation & characterization

Two types of formation cuttings returns samplese preparecne a labmade model
fluid and the other a fieltest concentraté&cach sample required their own preparation
proceduresThemodel fluid is made bynixing (1) C144 masosandfrom Jones Fine Sand in
Denver, CQ(70% of sand greater than 0.4 mm, particle size distributi&yppendix B Figures
B.9 andB.10); (2) PONDSEAIL-200 natural unaltered high swelling sodibentonitefrom
Redmond Minerals, Inc. in Grand Junction, CO; (3) ASP 600 hydrous aluminum silicate
(kaolinite) from BASF Corporation in Charlotte, NC; and (4) tagter. These components will
be referred to as sand, bentonite, kaolinite, and wHbtenmodel fluid was mixed based on
expected formation cuttings returns with solid concentrations fror@3wt% composed of 3:1
sand to kaolinite clay based on geotechnical data from the expectedelraingl 3 wt%
bentonite in water was the drilling fluid. 3 wt% bentonite will now be referred to as bentonite
slurry. Clay is present as kaolinite and bentonite, kaolinite is found in the formation and
bentonite is used as the drilling fluifiable4.1 detaik thecomposition of the model fluid for the

various samples tested

Table4.1. Compositiorbreakdown fothe modelcuttings returnssamples.

Bentonite o _ .
Water Kaolinite Sand Total Solid Fraction
Sample # Mass
Mass (kg) (ko) Mass (kg) Mass (kg) Mass (kg) (wt/wi)
g

1 211 6.53 0 0 218 0.03
2 211 6.53 3.38 135 234 0.10
3 211 6.53 6.3 25.2 250 0.15
4 211 6.53 9.45 37.8 265 0.20
5 211 6.53 131 52.2 283 0.25
6 211 6.53 167 66.6 301 0.30
7 211 6.53 21.6 86.4 326 0.35

Thefield-test concentrate/as collected fronmorizontal directional drillingn Central

Louisiana The concentrate was collected with a 76 wt% solids content (solids weight, both
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dispersed and settled, as a percent of the total sample weight) that includes sand, kaolinite, and
bentonite A notable difference between the model and ftelst concentrate cuttings returns is

that the drilling fluid used for the field test was an industry provided bentonite. Bentonite slurry
was used to dilute the fiekést concentrate, which is PONDSEARDO, not the industry

bentonite Table4.2 includes composition data for the cuttings returns samples prepared and

tested from the fieldest concentrate

Table4.2. Compositiorbreakdowrfor thefield-testcuttings returnssamplegrepared from the
field-test concentrate

Water  Bentonite o _ _
Sand and Kaolinite total mass Solid fraction

Sample# Mass Mass
Mass (kg) (kg) (Wt%/wt%)
(kg) (kg)
8 106.62 2.40 100.38 209.40 0.49
9 129.32 3.10 100.38 232.80 0.44
10 159.52 4.05 100.38 263.95 0.40
11 197.32 5.25 100.38 302.95 0.35
12 250.22 6.90 100.38 357.50 0.30

Solidscontentsvere measured by drying samples. Samples were mixed fec8ads
and dispensed into 100 ml opwp containers in approximately 50 ml volumes. The mass of the
samples was weighed before and after drying to obtain the measured solids concentrations.
Drying was performed in a Thermo Scientific Gravity Convection Ov&a’&t over 48 h.

Density isa critical input in the correlations to determine the viscometric properties of
our cuttings returns samples. Densiigs obtainedy measuring the mas$ known volumes
using a 250 ml volumetric flaskand drying samplaa an oven at 8 overnight The densies
arehighly correlated tahe solids type and concentration

Table4.3 includes thalensitesof eachcuttings returnsampletested.
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Table4.3. Density of each cuttirgreturnsample.

Sample _ ) Density
Sample Type Solids Fraction
# (g/ml)
1 Model 0.03 1.018
2 Model 0.10 1.033
3 Model 0.15 1.042
4 Model 0.20 1.076
5 Model 0.25 1.114
6 Model 0.30 1.216
7 Model 0.35 1.343
8 Field-test Concentrate 0.49 1.445
9 Field-test Concentrate 0.44 1.387
10 Field-test Concentrate 0.40 1.330
11 Field-test Concentrate 0.35 1.279
12 Field-test Concentrate 0.30 1.230

4.3.2 Methods

Correlations are used to determine pcoVesy parameters from the measured data of
pressure drop and flow rate from the flaop, and from density measurementdloi loop
was selectedather than a conventional rheomediecause(1) the cuttings returnssamples
contain large particle®(g,sand grave) thatexceed the measurement gagafventional
rheometers(2) the flow loop mimisthe actual drilling process with similar flow ratgipe
dimensiors, and flow regims (turbulent flow),while conventional rheometeese best suited for

measurements undleminarflow.

The flow loop was designeahd built to reach flow rates above 600 gallpesminute
(0.038 ni/s) in 4inch schedule 40 PVC piping. The average shat@ms assuming a Newtonian
parabolic profile spanned G867 s! for flow rates from 166600 GPM.An illustration of the
flow loop is shown irFigure4.2. From left to right, the flow loop consists of a holding tank (8),
open to atmospherehichfeeds a pump (1), controlled by a variable frequency drive dictating
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the flow rate. The pump is a s@fiming centrifugal pump from GormeRupp, model T4A60S

B, with 4-inch suction and discharge, designed to handle ugriol8diameter solids. The

electric motor is $hase, from Baldor, model ECP4110T, that can suppiP@nd 1775 RPM.

The variable frequency drive is from DURAPULSE, model @830. The pump circulates

cuttings returns through the flow loop where pressure and flow rate are measured at the top (4, 5,
6, 7) by absolute and differential pressure transduaetsa doppler flow meter. The cuttings

returns can be cycled in an open or closed loop configuration by either directing cuttings returns
back to the holding tank (close valve 4, open valve®)ypassing the holding tank (close valve

6, open valve 4 & 5). Alational Instrumentdata acquisition systetakes in the flow rate and

pressure data to catalog in unisbhe schematic illustration is shownhkigure4.2.
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Figure4.2. Schematic illustration and |mage of the flow loop. Sensor port Iocatlons indicated in
blue are labeled 1 through 10 from right to left. Circled numbers indicate components: (1) Pump,
(2) Electromagnetic Flow Meter, (3) Paddlewheel Flow Meter, (4) AbsBiwgssure Transducer,

(5) Differential Pressure Transducer, (6) Absolute Pressure Transducer, (7) Doppler Flow
Sensor, (8) 187 Liter Reservoir. The flow loop is about 20 feet in width ané uses4-inch

schedule 40 PVC and capable of flow beyond 60@iggper minute.

Detailed informatiorof each sensor is includéd Table4.4. Due to the high solid
concentration of theuttings returnsamples, neither the paddlewheel flow metarthe
electromagnetic flow metgrrovided reliable measurements, thudlail rate data \@sobtained

from thedoppler flow meteand paddle wheel sensor was far upstream (~ 30 pipe diameters)
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from the measurement section of the flow loop, as showigure4.3. Pressurdossdataused in
calculating fluid propertiesamefrom the differential pressure transducather than the

absolute pressure transduckesaus®f the superior resolution of the differential sensor

Table4.4. Sensor specificationacludeall pressure and flow rate sensors.

Accuracy

Sensor ) Output
Sensor Supplier Range (Full Scale )

Type Signal

Range)

Pressure Absolute Pressure Omega Or 344kPa 10.25% Voltage
Transducer, Model Engineering +.86 kPa 0r5VvDC
PX409-050GV Inc.

Pressure Differential Omega 01 6.9kPa +0.08% Digital
Pressure Engineering +5.5E3 kPa
Transducer, Model Inc.

PX409001DWUV
Volumetric Doppler Flow Greyline 0i 12 m/s 2% Voltage
Flow Meter, DFM 6.1 (0i0.099 n¥/s) +2.0E3n¥/s 0i5VDC

Measurements of flow rate and pressure were performed along the highest horizontal
section of the flow loop. Thepstream9®Bb end | eadi ng into this secti
Figure4.2, introduces eddies in the flow that propagate downstream and potentially influence
pressure measuremels'®®> Such fl ow di sturbances, or fpipe
is important to understand the effect on measured pressure as a function of distance from Tee 5.
Multiple sensor ports were installed downstream of Tee 5 where pressure sensor canoagetion
be made to measure the influence of pipe swirl. Pressure loss measurements with the differential
pressure sensog® = R-P>) were made at 5 different upstream sensor port locations (the
downstream port location, Port#10, was held constant) fatiferent flow rates of water at
approximately 2%C measured with an infrared temperature sensor. Results of those
measurements are showrHigure4.3. The pressure differential measured is normalized by the
distance between the upstream and downstream ports and is plotted as a function of the

normalized distance of the upstream port from Tee 5. The distance is hormalized by the pipe
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inner diameter, and the zero position is taken as the center of the vertical section of pipe between
Tee 4 and Tee 5. Error bars show a single standard deviation on triplicate measurements. Port #1
and #2 correspond to L/D distances from Tee 5 of 3.9 éhddspectively, and results from

those ports differ considerably from results obtained from the three ports further downstream,
suggesting the influence of pipe swirl on the measurements. Port #3, with an L/D of 7, provides
pressure loss values similarthose from Ports #4 and #5 within the error, suggesting that this is
sufficiently far enough downstream to avoid measurable interference from upstream eddies
through at least a flow rate of 0.034/s(540 GPM). Port #3 was chosen for experiments based

on these results and the need to maximize the distance between upstream and downstream
pressure measurement locations to maximize measurement resolbgatistance betwed?ort

#3 and Port #10he twoconnection®f the differential transducewas 1.89meters.
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Figure4.3. Differential pressure transdugaositionplacementThe distance, L, away from the

elbow were tested while maintaining constant length between the pressure transducer were tested
at a range of flow rates to determine a pressure transducer position that would be minimally
affected by turbulence from the ell.
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4.3.3 Viscometric characterization

The cutting returnssamplesaregenerally considered as ndlfewtonian fluids, so the
power law model was selected to describé& tiscometricbehavior. The power law model can

be written as:
- ar (4.2

wherel is shear rate; is viscosity, anch andm are power law indices that depend on the
viscometricproperties of the fluidn is the dimensionless flow behavior index that equals 1 for
Newtonian fluid,n<1 for sheaithinning fluid, andh>1 for shear thickening fluidnis the flow
consistency index that can range from 0.001 for water and bey8ior I8alleable bentonite

clays with water content beyond their liquid limit (the unitoflepends on the value o).

Determining these power law indices, and how they vary with increasing solids
concentration in drilling fluid samples, is the primary objective of these flow loop measurements.
To achieve this objective, three parameters need to be measured: (1) theadehsling fluids
with variouscuttings returngoncentrations, (2) the average velocity (or flow rate) of the flow,
and (3) the pressure drop when the drilling fluids flow through a section of straight pipe.

The flow rate and the pressure drop can be used to obtain the friction faesamg 17+

0 - — Yy

(4.2)

D is the pipe diameter ardP is the pressure drom P overthe length of the pipe section
L, that drilling fluids flow through (in the flow loop system, it is the distance between the
pressure transducers)is the density of fluid, andis the average velocity, which can be
calculated from the flow rate.

Another important parameter is the Reynolds numRey ¢f the flow. Since the fluids

are noaNewtonian, the expression fReis!*>:

YQ — (4.3)

where” is the density of fluidyis the average fluid velocity, amcandm are the power

law indices in Equatiod.3.
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Based on Equations2and4.3, a relation between the friction factor and Reynolds

number is required to determinendm from the flow loop tests. For laminar flow, the relation
icl159.
is™*

N — (4.4)

There are many models that describe the relationship between the friction factor and
power law indices for turbulent flow of a power law fluid. Many of these models can be found in
referencé&®. In this study, two classic models were ugbé:Dodge & Metzner modegnd the
Bobok, Navratil, and Szila8(NS) model*4. Of the many empirical correlations relating pressure
drop and flow rate to fluid powdaw parameters, the Dodge & Metzner modé¢hesfirst, and
the most classical model used for describing a péaveifluid in turbulent flow, and the BNS
model has been shown to be one of the most acétfr@espitethe highly nonlinear natureof
both they areareadilyfit to datawith nortlinear regression algorithm$he Dodge & Metzner

model can be written as:

e 8
The BNS model is analyticalgieduced for noiNewtonian fluid$*4, and can bevritten
as:

— Sdicyore T pdp 81 — 2 ®p1(46)
In this work allflow was turbulent during testinthus Equationd.2 4.3 4.5and4.6
were applicableOnce theflow rate and pressure drop data were obtained, the gawendices
(n) and(m) werecalculated from the nelinear equation system aboviéhe nonlinear
regressiowasperformed with a custorythonscript The codes includedin Appendix B.4.

4.4 Results and Discussion
4.4.1 Comparisonbetween model and fieletest cuttings returns samples

There are notable viscometric differences between the model anteBelcuttings
returns. InFigure4.4 the model cuttings returns and the figddt cuttings returns data are plotted
as normalized pressure drop vs flow velocity for direct comparison-tégliauttings returns
yield a significantly higher pressure drop compared to the model cuttingssretuthe same

flow speed and solids concentratiéithough the density for both types of cuttings returns
80



samples are similar at each concentration, the components (kaolinite clay, bentonite clay, sand,
silt, etc.) originated from different sources and will have subtle, but significant differences in
particle size, chemistry, and composition that can yieldsorehle differences in viscometric
properties.This is captured in the dataTiable4.5 where the consistency index, of the field

test cuttings returns are significantly higher than the model cuttings returns samples. It has been
well established in the literature that subtle differences in electrolyte content, pH, exchangeable
cations, and clay composition can accdonthis offset in pressure drop values related to a
difference in the consistency ind&x3® Even though these variations are well known, the
characterization of these differences are seldom reported along with their respectiviapower
parameters. Since clay platelet interactions are known to exhibit wide variations in viscometric
properties, w& suspect that the bentonite clay variation in our model andtéstatuttings returns

and the differences in sand particle size distribution are responsible for the differences between
the two trends ifrigure4.4. The particle size distribution of the sand between samples indicates
that the fieldtest cuttings are finer than the model cuttirgsgendix B Figures B9 andB.10).

It is also known in literature that particle size distribution can affect the pressure drop in pipe
flow%S. The two cuttings returns samples are also both heterogeneous mixtures of sand and
dispersed clay, so individually or together mineralogy and particle size distribution is the root
cause rather than clay agglomeration. Powdeay<diffraction (XRD) confims the mineralogy
differences between the two bentonite clays, indicating that silica oxide is the major compound in
the two cuttings returns bentonite ciyid, but it exists as differer®iO;-polymorphsbetween

the two fluids (S1 7 & SI 8). The fieltest cuttings contains an abundant amount of cristobalite in
addition to quartz which is the domingiO,-polymorph in the model cuttings sample.
Cristobalite is known to form crystals < 2gm
alter the viscosity of the bentonite dispersidhdhe fieldtest cuttings returns bentonite clay

fluid also contains additional silicate minerals not found in the model cuttings refympsndix

B, Figures Br andB.8). The difference itbentonite originates from the industry bentonite used

during the field test drilling compared to the bentonite used for model cuttings returns.
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The trendline seen iRigure4.4 is for turbulent pipe flow of water, using a Newtonian

expressioffL. The model cuttings returns align closely with the trendline. The sty flow

sweep data of the continuum bentonite clay fluid between each sample further supports the

assertion that mineralogy between the two samples could be one cause forghis pffsssure

drop values across the same flow rate. The industry bentonite clay fluid of thiesegdmple

had multiple orders of magnitude greater viscosity than the model bentonite clay fluid across the

same flow sweep fromi1200 1/s charactere in a cup and bob geometry on a TA Instruments
DHR-3 rheometerAppendix B, FigureB.1 andB.4).
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Figure4.4. Comparison of pressure drop vs velocity for model and-fedticuttings returns
samplesThetrendline is based on tap water without any cuttings.

The model cuttings returns samples were prepared with geotechnical data from the

drilling site suggesting a composition of sand and kaolinite of approximately 70:30 mass ratio, so

the conclusion oFigure4.4 is that only knowledge of sand and kaolinite ratios is insufficient to

model viscometric behavior of cuttings returns in practice.

4.4.2 Flow and Pressure Drop Results

Flow rate and pressure drop are needed in the empirical correlations, and were measured in the

cuttings returns samples at flow rates from 3.97 m/s to 4.5Fglge4.6 presents the results of

the flow loop experiments for the model cuttings returns sampleskignde 4.6 presents the

results of the flow loop experiments for the cuttings returns samples obtained frottesteld

drilling.
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500 A

Higher flow rate and larger solids fractions result in larger pressure drops in the fluidized
regime where flow rates are greater than 1.7 m/s and 2.6 m/s for the§ietaittings returns and
the model cuttings returns, respectivelyFlgure4.6 andFigure4.6 there is aninimum in the
pressure drop data for solids fractions above 20 wt% that odcappr@ximatelyl.7 m/s In this
region of flow, extensive settling of solids within the pipe occurred and significantly reduced the
crosssectional area available to flow. With increasing flow rate above 1.7 m/s, settled solids
were increasingly entrained in the flow and the sectional area of flow increased. This
minimum in the data is evident for all solids fractions, but with greater solids fraction the
minimum shifts to the right, to higher flow velocities, where greater flow rate is needed to

suspend cuttings returns tvinore solids content. No minimum is seefkrigure4.6 in samples
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1-3 where solids content was less than 15 wRiigure4.7 contains an image showing visible
solids settling in the 35 wt% model fluid sample (#7) during flow loop operation at a flow

velocity of 1.73 m/s. The light gray is the flowing fluid in the upper part of the horizontal pipe,

while the darker bottom part the pipe contains settled solids.

Figure4.7. Imageof flowing fluid (light grey, upper part) over settled solids (dark grey, lower
part)during flow loop testing. The fluid contad 35 wt% solids, an@vas atan averageelocity
of 1.73 m/s

In Figure4.8 all data for the model and fielgst concentrate cuttings returns is included
and plotted as the dimensionless Shields parameter as a function of flow V&6Gitghields
parameter is a ratio between wall shear stress and buoyancy forces, the magnitude indicating the
tendency for solids to suspend in a flow or settld&=quation4.7, Shields parameter is
expressed as the ratio between the wall shear stress and the stress caused by settling. Pressure

drop is converted to wall shear stresHoyation4.8.

_ (4.7)

&
—+

T

(4.8)

When the Shields parameter is below 1 the driving stresses from gravitational settling
dominate, and above 1 the flow stresses leading to solid suspension are dominant. At low flow
rates the effects of settling are seen in the local minimum in pressprardia@an also be
visually observed. Based on this analysis, all pelaarparameter estimations were be done with
data above a flow rate of 1.7 m/s for the fitddt concentrate and 2.6 m/s for the model cuttings

returns to minimize the influence of gidisettling on the correlation fits to the data.
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Two important conclusions result from this analysis of Shields parameter and settling
observations during flow loop measurements. The first is that a delineating line represented by a
Shields parameter of 1 can be used to identify regimes of flow whemmastric modeling of
fully suspended flow can be relied on to provide pressure drop calculations, and where solids
settling and flow partitioning prohibits the use of those models. The second conclusion is that
observations of settling in flow loops canreéiably connected to settling dynamics through the
Shields parameter in such a way that flow regimes that lead to-setitlag (and thus plugging

concerns during drilling) can be empirically identified.
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Figure4.8. Shields Parameter Analysis. The pressure drop data collected from the flow loop is
converted to Shields parameter using EquatiGrand Equatior.8.

4.4.3 Power law indices analysis

By first determining cuttings returns sample densities and the applicable pressure drop
and flow rate data, powdaw indices can now be determined with empirical correlations. The
applicable pressure drépflow rate data was determined by the Shieldsupater analysis to
identify a regime where solids settling is no longer dominate, at flow rates greater than 1.7 m/s
and 2.6 m/s for the fieltest cuttings returns and the model cuttings returns, respectively. If we
were interested in the settled/pariadkttled regime, the extent of settling could be used to-semi
guantitatively characterize the weight percent of solids suspended under each flow condition. By
employing Equationd.2, 4.3 45 and46, a nonl i near equation syste:
unknown parameters, can be developed. Aimanse nonlinear equation solver programmed in
Python is used to determine powaw and consistency indices that are sithaming and

increase in viscositwith solids content.
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Using the nonlinear solver, findo and fimo
presented iTable4.5. In the model cuttings returns sampialecreases with increasing solids
fraction indicating greater shetirinning behavior with greater solids content. The 3 wt% model
fluid sample (#1), which is pure bentonite in water at a concentration of 3 wt¥%nhadue of
0.99, indicating near Newtonian behavior. With increasing solids fraction the value of
decreased incrementally to a value of 0.41 for the 35 wt% model fluid sample (#7), indicating
increasingly sheathinning behavior as would be expected for a particulate suspension. In the
field-test cuttings returns samples there was no obvious treyahierlaw index with solids
fraction. Sheathinning is still present in these samples, withalues in the range of 0.55 to
0.75. The model cuttings retesamples tended to have a smaller valueatfa given solids
concentrationpotentially because of differences in particle size, clay concentration, and type of
clay between the fieltest concentrate and the model cuttings returns, although the exact reason
for this is unknown.

Then valuesobtained by the Dodge & Metzner and BNS models match closely, but
values ofmdiffered more Themvalues from the BNS correlation are larger than from the
Dodge & Metzner correlation. The expectation is that the valueinfreases as the solid
concentration increases, but this was not always the case for thee§ietbncentrate cuttings
returns samples. The reason for this is still unclear, although the highlineannature of both
correlations means that fittinge correlation to thdata can yield multiple solution values ffior

andm.
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Table4.5. Power lawindices of each cuttirggreturnssample obtained from ndmear regression
and using constraints from conventional rheometer data.

D&M D&M BNS BNS

Sample #
n m n m
1 0.99 0.0006 0.97 0.0008
2 0.78 0.0132 0.74  0.0272
3 0.98 0.0009 0.96 0.0011
4 0.91 0.0029 0.84  0.0080
5 0.84 0.0100 0.81 0.0180
6 0.51 0.4355 0.47 1.8470
7 0.41 2.1342 0.44  2.4496
8 0.65 0.7704 0.65 1.0311
9 0.74 0.3402 0.74  0.4026
10 0.54 2.3015 0.54  4.0956
11 0.57 1.5926 0.57 2.5542
12 0.56 1.7236 0.56  2.8533

To assss the validity of the calculatedcandmindices they are then used to recreate the pressure
drop and flow rate curves seenHigure4.6 andFigure4.6. Figure4.10 andFigure4.10 include

the predictions by the Dodge & Metzner and BNS models overlaid on the experimental data. The
pressure drop vs flow velocity curves match the experimental data well, especially at high flow
velocities. The power law indices estimated from the databe used to calculate the expected

pressure drop for the drakringat data points with Shields parameter values greater than one.
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Pressure drop data from drilling pipes have been used for over a decade to parameterize

hole cleaning and quantify drilling fluid viscosity undersitu temperature and pressure

conditiong#:148.174 Elow loops have also been used to explore the major parameters driving

hole-cleaning*® 12 but both holecleaning and characterizing cuttings returns viscosity has not

been done together. Hole cleaning studies are typically fundamental and attempt to understand

the drivers behind dispersion and movement of granular matéfidl It is also well known that

granular materials affect the overall viscosity of the complex fluid as seen in variations of

pressure drop when they are included in #abut the viscometric characterization of these

88



complex fluids with dispersion is either left out or smeared by the addition of concentric or
eccentric pipes that contribute to the pressure'@téf§1’® This paper provides an experimental
approach to characterize the fluid properties of drilling fluids with solids. This work is focused

on particles fully dispersed in the drilling fluid but can be extended to determine thelpower
parameters of compldiuids with partially suspended particles or bed formation. Pdaver
parameters are sufficient to describe the viscometric properties of the fluid because the effects of
yield stress to pressure drop of the bentonite clay fluid was found to be nedkgipkndix

B.1). Mixer-type rheometers have also been used to characterize dispersion Vi bsityhey

often ignore the extent of solids settling and would need to introduce additional flow streams to

suspend solids that would require a calibration procedure not currentfftdone

45 Conclusions

Viscometric characterization of drilling fluids containing solids in concentrations ranging
from 3 wt% to 45 wt% was performed in a custom flow loop apparatus. Measurements of
pressure loss as a function of flow rate were performed on two different rsai@maodel
cuttings returns material prepared from sand, kaolinite, bentonite, and water, in ratios intended to
approximate the formation conditions at a drill site, and a material comprised of drilling fluid and
solids collected from drill tests at thalbsite. Two different correlations relating friction factors
to flow rate for powetaw fluids in turbulent flow were fit to the flow loop data to obtain
estimates of power law parameters. The results indicate that a power law constitutive model is
suitable for the materials. Increasing solids content led to a decrease in thdgewetex n,
and an increase in the consistency index, m, indicating an increase in both viscosity and shear
thinning behavior. The data provides a relationship between gawgrarameters and solids
concentration that is not present in the literature, but which is critical for use in computational
modeling of pressure losses during drilling. A surprising result was the significant difference in
pressure loss values betweea thodel material and the material collected at the drill site,
approximately a factor of two difference. Considering the limited data available on such
materials, an important finding is that a model cuttings returns material prepared with a simple
sandto-kaolinite clay ratio from geotechnical data from a particular drill site cannot be trusted in
experiments to provide representative viscometric parameters of materials encountered in field
testing. A second important finding was the observation thathigdS parameter, a ratio of

viscous stresses to gravitational stresses, was consistent with pressure loss measurements that
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indicated a transition at particular flow rates from fully suspended, homogeneous flow, to a
bifurcated flow with settled solids. The significance is that Shields parameter can be a valuable
guantitative tool in predicting flow rates where the onset of flooblems associated with solids

settling can be expected.

4.6 Major Findings and Conclusions

Newly collected viscometric data on cuttings returns covering a wide range of solids
content have been obtained from a drill site, and the unique mineralogy of a drill site will

significantly affect their measured viscometric properties.
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CHAPTER 5CONTRA-ROTATING PROPELLERS IN SERIESAS AN AXIAL PUMP TO
INCREASE SPEED AND BOREHOLE LENGTHN UNDERGROUND DRILLING

Modified from a papeto be submitted t&Jnderground Space Construction & Tunnelling
Benjamin A. Appleby®!! Rakshith Shetty? Michael A. Mooney?, and Joseph R. Samanttik

Extending the work from Chapter 4, this chapter focuses on using fluid pressure
predictions and developing a mitigation plan when fluid pressures will be too high and lead to
frac-out. There are multiple means of reducing fluid pressure with existing technology, drill for
short distances, operate at slower speeds and flow rates, or drilling deeper underground.
However, all these approaches would couatdrthe goals of this reselardrilling underground
at highspeeds, over a long distance, and at shallow depths. New technology was needed to
address this challenge, and axial flow pumps were the simplest first option, but their use begged
the question of how much pressure boost theyld provide and how many would need to be
installed for a project to be beneficial. The work/dfliams et al1°, Samoreet al. 8, and
Alexanderet al'®! provides the groundworfor designing simple turbines to generate energy at
high flow rates. Guided by this work, Shegtyal. designedgropelles to act as pumps, providing
a pressure boost during high flow rafésNotable pressure boodtave been shown from
propellefturbine designs to operate as axial flow pumps, but they were limited by their pressure
boosts and would require many of them to be installed to maintain fluid pressure below that of
frac-out conditions. Their work inspired this chapter to address the question of whether an axial
flow pump design could be made more compact and provide a greater pressure boost to minimize
the number of pumps needed. We address this challenge by investigatintgarotating
propellerdesign that incorporates twwopelles in series that have mirronage blade designs

so that the flow profiles of one fed into the other, reducing the rotational motion of the fluid

10 Graduate Student and AssateProfessor, respectively, Department of Chemical and Biological Engineering,
Colorado School of Mines.

1 Primary researcher and author.

12 postdoctoral ResearchamdProfessor, respectively, Department of Civil and Environmental Engineering,
Colorado School of Mines.

13 Graduateadvisor, Author for correspondence

91



while maintaining the axial motion to minimize energy loss from turbulence to improve pressure
boost.

In this work, we determine that separation distance betywegellesis a major factor in
their performance as axial flow pumps, more importiaahthe design opropellerblades. This
setup gives an efficient option to control fluid pressures, theoretically extending the length of
drilling at high-speeds and shallow depths indefinitely. This work also provides another
connection betweepropelles used in air andropelles used for water, to generate new

fundamental knowledge on designing cosrotatingpropelles to function as axial flow pumps.

5.1 Abstract

A new axial flow pump design has been proposed and tested implementingrotattrey
propelles in series to provide a notable pressure boost and mitigate fluid circulation loss challenges
experienced in underground drilling. One of the biggest modes of failure in underground drilling
is loss of fluid circulation caused by overessurizing drilliig fluid which leads to soil fracture,
creating void spaces that drilling fluid readily escapes to. Theressurization of the drilling
fluid is caused by dting at shallow depths, for long distances, or high flow rates that result in
fluid pressure exceeding the strength of the surrounding geological formation. To mitigate this
point source of pressura series of pumps placed along the drill stéogld instead be employed
to provide pressure boostsdonvey the drilling fluid and cutting® reduce high fluid pressures
locally. By providing pressure boosts along the drill string, guessurizing the fluid becomes
more difficult, and the length of tharilling job can be theoretically extended indefinitelhis
method of fluid pressure management will be termed distributed punhpitigs work, we design
and built a set of contrabtating propelles to act as an axial distributed pump and explore the
parameters that control its efficacy as a pump. The effeqisopkllerrotation rate, separation
betweenpropelles, and flow rate on provided pressure boost from the pump are systematically
characterized. In comparison to a singudespeller contrarotating propelles provide an added
pressure boost benefit, but the reason why remains unclear and design principles from singular

propellerdesign do not apply to contratatingpropelles.
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5.2 Introduction
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Figure5.1 lllustration of the contributions distributed pumping can have on underground drilling
to redistribute drilling fluid pressure from a poisburce to along the driitring to mitigatdrac-
out and fluid circulation las

Axial pumps are a potential solution to addressing high point pressure satutttes
cutterhead that can leadftac-out by distributing pressure boosts throughout the borehole,
allowing drill stringsto reach greater lengths without fracturing the ground and ldsitigg
fluid*®2 Figure5.1 illustrates this concept. The light grey lines are the piping of thesthiitig,
with a cutterhead at the far right end, and distributed pumps in green along the inner pipe. In
Figure5.1, with increasing borehole length the drilling fluid pressure of the single pump line in
orange will eventually surpass the strength of the surrounding soil and rdsadtant. If
instead, pumps are installed along the drill string, then the fluid pressure can be distributed along
the length of the borehole rather than as a point source, theoretically increasing the length of
drilling indefinitely. Shettyet al.tested out multipl@ropellerdesigns to operate asial flow
pumgs that were able to provide a notable pressure boost under expected HDD operating
conditions, providing a proadf-concept that distributed pumping could be a feasible solfion
The challenge with their work is that the pressure boosts provided byitbealles would

require customized piping and many pumps installed at short distances apart because of the low
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pressure boost provided. Our work explores this concept further by presenting a new distributed
pump design that would provide greater pressure boosts, reducing the cost of a distributed
pumping system by lowering the amount of pumps needed to reachsttedldkiid pressures

and lowering both capital and operational costs for their use.

Within turbomachines, propellers are the main component of focus in axial puands
propellers have been wedtudied inaviationand underwater space in open systems and in series.
Series propeller designs came about with a caotating configuration so that they can more
efficiently provide thrust. This is done by reducing the turbulence caused by the rotational
motion impartedo a fluid from a propeller. A single propeller spinning will impart rotational
and axialmotion in one direction. A second propeller is incorporated with a contra rotation
impart rotational motion in the opposite direction and additional motion iaxilaédirection
This serves to cancel out rotational motion rather than addingréalitcingenergy los caused
by turbulence from excessive rotational motidhe design of each contratating series
propeller is also dependent on the system of application. For example, underwater propellers in
series have been designed vatinailing propellerthat is smaller than the leading propeller
because water is so viscous it reduces the radial size of the flow streams. In contrast, contra
rotating propellerén air can maintain the same radial size because the flow streams do not
change much in size moving from the front to the tailing propeller. For axial pumps, since they
are not part of an open system but rather a confined pipelingsapelles designed in this work
will maintain the same radial size and will be evaluated for its added pressure boost in

comparison to a singular propeller.
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Predictive theory does not exist that can describe the physics behind the design and
performance of contreotationpropelles used as axial flow pumps, whether in propeller theory
or pump theory. For centrifugal pumps, there exists gbearetical expressions relating flow
rate to pressure drop derived from breaking down the velocity components of fluid moving off of
a centrifigal pump blade but these relationships have their limit&ficfise characteristic curve
between centrifugal pumps will have the same qualitative trends but cannot be quantitatively
related to one another and require a characteristic curve to be made at each operating rotation
rate. Centrifugal pumps exhibit a flippedponential curve, shown by Eqgn. 2. In comparison, the
flow rate and pressure drop curve for axial flow pumps using cooiaéingpropellerdo not
share the same qualitative description and have a flipped logarithmic curve. With the differences
in chaacteristic curves, the theory used for centrifugal pumps do not adequately describe contra
rotatingpropellersystems.

Thesemiempiricism used for centrifugal pumps is in Equaoii“.

YO & (5.1)

Like the centrifugal pump, contratatingpropelles have a sustained pressure boost over
a widerange of flow rates. This is beneficial compared to sipghpellersystems that have
characteristic curves in the shape of a steep parabola, with a higher pressure boost, but greater
variability in that boost across flow rat&% Breaking down the velocity components of
propelles is more challenging than centrifugal pump blatlesausédlades used in aerospace
propelles have both a camber and twist angle component to them. When looking axially down
the blade of gropeller there is a variation in its thickness, the camber, and along that same
perspective the blade will rotate as a function of its axial position. These concepts are adapted
from aeronautics where camber improve the lift and twist angle improves the ditrifutft
across the blade. These additional complexities meaprihaellerblade theory is dependent on
numerical analysis and computational fluid dynamics simulations near the blade to evaluate its
performance, that have resulted in guidelines in blade design but without a unifying®heory
The addition of contraotationpropelles also adds complexity, where the flow profile of the
front propelleris feeding into the reqropellerand their performance and interrelated. Then
their operation as an axial flow pump means that the fluid is confined to a pipe, and additional
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feedback from that confinement will further impact their performance. These complexities means
that no clear theory based on figtnciples exist, but their development is based on physical and
simulation evaluations.

Semiempirical theory can be derived for axilaw pumgs by breaking down the velocity
vectors experienced by the fluid when in contact with a propeller blade and then mathematically
massaged in terms of flow rate and pressure drop. These expressions for flow rate and pressure
drop are conneetto the rotational operation of axifdw pump propellers and can predict
expected trends in pump curve behavior. This general theory will then be extended to contra
rotating pumps in series and the applicabiliill be evaluatd.

5.3 Materials and Methods
5.3.1 Materials/Design

Thepropelles are designed following the work of Williarasal.who have provided an
excel sheet and guide to capture the challenges of designed ptopetles for applications in
micro-hydraulic turbine¥® and configured agumpsby Shettyet all82 Using the same
propellerdesign framework presented by them and exploring whether those same design
principles could be applied to conratatingpropellest®®18: Shettyet al.used design principles
summarized by Williamst al.to design turbines for axial flow pumf$82 Propellerdesign is
challenging and often done using computational fluid dynamics software to evaluate their
efficacy, but the set of empirical relationships aggregated by Will@rakhas guided our
propellerdesigns to optimize for the desired pressure boost through modifications to the hub and
blade size as well as the camber and twist angle of the Bladgss is best shown iRigure5.2,
where the left mogtropelles are designed for a lower pressure head and the right most
propelles designed with a higher pressure head.

96
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Internal Series Propellers

Figure5.2. a) Comparison between propebletesigredfor low and highpressureéo determine
whetherdesign principles for single propellers can be applied to cootaéing propellers in
series The leftpropelleris designed for half the pressure head as the right prog®ller.
lllustration of twopropelles along the same axis operating in coundéation to impart axial
flow but mitigating rotational flow caused by the rotation of phepelles.

In Figure5.2, two propellerdesigns came about from constraining each to have the same
hub to blade diameter ratio but to maximize or minimize fluid presBufagure5.2a the left
propeller was designed for a pressure he&l®Mmeterand the right propeller designed for a
pressure head @f meters, and both at the same flow.ratke low pressurpropellerhas a
greater reduction in blade width moving from the outer edge blade to the hub of th& biade.
low pressureropelleralso has a greater curvature than the high prepsopeller lookingalong
the height of the blade, there is a greater rotation from the outer edge of the blade to the hub. The
difference in color is due to material availability when printing théen out of plastic. Both
propelles are made of AB§lastic,but they used different coloring agents because the low
pressurgropellerwas printed using additive manufacturing with filament while the high
pressurgropellerused resin The low pressysspelleris made of ABS while the high pressure
propelleris made of ABS resin using stereolithography. Inset within each one is a roller bearing
that allows a bob connected to the mirropedpellerpair to fit inside, allowing them to rotate in

oppositedirections. The mirrored pair of eaplopelleris curved in the same direction, but the
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angle that it attached to the hub of grepelleris mirrored. This means that the fluid in contact
with thepropelles will feel momentum in the same axial direction but opposite rotational
directions. This is illustrated iRigure5.2b, where the contreotatingpropelles are setup along

the same axis while drilling fluid flows into the figstopeller leaving with rotational and axial
motion while the secongropellerrotating in the opposite direction reduces the rotational motion

and further enhancing the axial flow.

5.3.2 Method

The functionality of the test setup is to explore conbtating seriepropelles as axial
flow pumps, specifically the efficacy of contratation and exploring how the flow profiles
generated by the twaropelles would interact with one another to create a meaningful pressure
boost to mitigate high fluid pressures that could leddamout scenarios during underground

drilling.
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Figure5.3. A schematioof the contrarotating propellers iseries External motors operate the
rotation of propellers inside the setup while the absolute pressure, differential pressure, and flow
rate are measuring the fluid pumped by the propellers. A throttle valve is used to expand the
operable range of flow ratestwin the setup. The data is collected with a laptop and NI
Instruments data acquisition device. The external motors are controlled by a motor control box
and are sealed from the internal fluid by a set of ball bgarifhe internal series propellers,

blown up on the topight, arrangement is defined by their ceftecenter separation distance, L,

and the propeller blade diameters, D.

The experimental setup is showrFigure5.3. A 4 inch PVC pipe assembly makes up
the body of the setup with a 2 inch PVC section that costteetends to form a loop. The
contrarotatingpropelles are inside the 4 inch section of the assembly mounted along two
separate axles, one for egmopellerand connected by bearing that allow for comtttion
while in the same axial plane. Additional bearings are used to connect the outer ends of the axles
to external motors that will separately control the rotation rate offgagkellerwhile keeping
fluid within the loop. Each external motor is operated by its own controller housed in the motor
control box, with each controller adjusting the voltage applied to each motor to reach the desired
rotation rate. An Omega differential pressure sensor is mounted on both sidegrop#ikers,
and an Omega absolute pressure sensor is mounted upstreamproptikes. A doppler flow
sensor is mounted on the clear 2 inch section of the PVC pipe to measure flow rate within the

system. The doppler sensor depends on the delay between radar signals that are reflected from
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particles in the fluid to measure the velocity of the particles that is used to calculate flow rate in
the setugrom user inputted pipe diameter dimensiohs provide particles for the doppler

sensor, the fluid used includes 0.036wt% bentonite to include particles in the fluid without
modifying the rheology of the fluid. 0.036wt% is at a small enough concentration that the
viscosity and rheology of the fldidoes not impact the fluid flow within the systeévtore

information on the sensors and motor a@vjated inTable5.1.

Table5.1 Sensor and motor specifications.

Equipment Type Measurement Range
Pressure  Gauge Y0 0-103kPa (15 psi]0-5V]
Flow Doppler 0 0-500 L/m (132 GPM]0-5V]
Motor Brush YOO 0-5,000 RPM [24V, 15A]

A ball valve is used in the 2 inch pipe section to throttle flow within the system and
explore a wider range of flow rates. The arrangement of the internal series propellers are defined
by an L/ D rati o, -toeénterseparétionaistaneetwedn propellers, and r
ADo0O is the blade diameter of the propellers.
of throttling is also adjusted, at positions of 100, 75, 25, and 0% open to cover a breadth of flow
rates the contreotatingpropellers could experience. During testing a National Instruments data
acquisition system collects data from the two pressure sensors and the doppler flow sensor, while
a simple LabView program plots and records the data irtireal

The experimental setup used in this work isipdated version based theoriginal
design ofShettyet al, where there is a 4 inch PVC pipe assembly that allows for visualization of
the propellers rotating under varying rotation speeds while flow rate and pressure changes are
measuretf?2 The modifications made to the setup from Shettgl.include replacing the inner
fluid loop with externalmotors insteal¥2. Rather than having a system using a flow loop to
provide flow to an inner looptpower the propellerand circulate flow in an outer lopmotors
replace the flow loop and provide control on both rotational speed and-cotatian. External
motors also allow for finer control of eaphopellerto further explore the effects of contra
rotation that would be difficult to capture if they were instead controlled by fluid flowTage.
motors arggermanent magnet direct currémtishmotors operating at 2DC and 15Afrom

ElectroCraft (Model#: DPP68585V24).These modificationsesult in a more simplistic setup
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that requires less operational time, total fluid volume, and controleaadpropeller
individually.

Each experiment isin by filling the system with a dilute bentonite fluid and priming the
pressure sensors and attaching the doppler sensor while removing trapped air bubbles in the
system by rocking it back and forth before sealing the loop. Once the system is primed, the tes
assembly is secured to the table and the external motors are connected to the axles by frictional
couplings. A baseline value of pressures and flow rate are taken before the motors are turned on,
followed by turning on the motors @munning through a range of rotation rates (500, 1000,

1500, 2000, 2500 RPM) for evepyopellerseparation and throttle valve position while

measuring the absolute pressure, differential pressure, and flow rate of the system. The rotation
rates of the system were determined by what was physically feasible. At 500 RPM the data
collected is consistetiut has more volatility compared to the higher rotation rates, and 2500
RPM was the upper limit because at higher rotation rates mechanical issues occugretteno

from couplings coming undone, leaks developing, and wear in the system along with variability
in the data from vibrations caused by the motors. The separation distance betvpeepeles
spand./D = 0.5, 0.75, and 1. These values are distances normalized by the diameter of the
propelles. AL/D = 1 separatiordistancemeans that the center to center distance between

propelles is onepropellerdiameter apart.

5.4 Results and Discussion

The operation of the axial pump test assembly is filling the system with water and
securing the system to a table and controlling the external motors of the system to spin in
opposite directions while the angle of pr@pellerblades will push fluid in the same direction.

The following set of experiments is performed in this manner by increasing the rotation rate of
eachpropellerand matching the twpropelles as best as possible and recording the flow rate
anddifferentialpressure changecross the twpropellers Figure5.4 illustrates the operation of

the axial pump test assembly, where the system is setup with a designated separation distance
between th@ropelles and then the rotation rate of each setugpislied,and the corresponding
pressure drop and flow rate are measured. This was intentionally designed to explore the
relationships between flow profiles developed by the ceti@ingpropelles rather than

focusing on pump performance, which traditionally controls flow rate to evaluate performance.
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To adjust the flow rate, a ball valve is used to throttle the flow between 0%, 25%, 75%, and

100% closed where 0% is fully closed and 100% is all the way open.

100 100
L/D=0.5 L/D =0.75 o <o
<
r. 4
10 e 04 . 8"
— pr — 10 o ® 100%
g 1 O E 3 ® 5%
£ " e » £ 5
o @ £ & o 25%
0.1 o® © ¢ O 0%
0.01 0.1
0 1000 2000 3000 0 1000 2000 3000
RPM RPM
100 100 —
L/D=1 % Single 4
| ID % A M i A
[ A
= 10 -|:| = 10 A A A/\ A 100%
g m g A = @ o
& B = A @ 75%
[=] = i Fa
i R * 1 o 25%
4 O 0%
0.1 0.1
0 1000 2000 3000 0 1000 2000 3000
RPM RPM

Figure5.4. Response of single propeller and series cemit@ing propellers to varying rotation

rate and then spacing between series propeliach figure plots the differential pressure drop
across the propeller(s) and flow rate as a function of the same rotation rate for both propellers.
Dark blue is the differentigiressuralata graphed ontihe primary yaxisand orange iflow rate
graphed ontohe secondary-wxis. The top left of each figure has a L/D ratio which is the center
to-center separation disteg between propeller blades normalized by the diameter of the
propellers. S is when a single propeller is used. The gradation of fill for each data point is
indicated on the right side of the figure and represents the extent the ball valve is open to throttle
flow in the loop. At 100% the ball valve is fully open aatd)% the ball valve is closed.

Figure5.4 gives the general trend pfopelleroperation as an axial pump. With
increasing rotation rate, the pressure and flowirateasen a logarithmic manner and the
values level off. This is not the casethe L/D= 0.5separation which has different trends at each
throttle valve opening. For thegD = 0.5 separatiodistancenvhen the throttle valve fully closed
the differential pressure decreases almost linearly with increasing rotation rate, but for 25% open
throttle valve the pressure trend increases then levels out, and for 100% open throttle valve there
is a dip then in@ase in pressur8esides the singularopeller it is seen that flow rate and

pressure have a negative relationghighen one increases then the other decreAsdise same
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operating rotation rates the amount of energyptiopelles imparted to the fluid should be the
samebut the distributiorof that energypetween pressure and flow r&eontrolled by the
throttling ball valve.

In trying to understand the factors most influencing pump performance for-cot#tiag
propelles, the design principles behipdopelles was first investigateds seen irFigure5.5
and following the work oWilliams et al. Samoreaet al, and Alexandeet al, singulampropelles
can be designed by iteratively applying empirical relationships between desired operation and
blade shap®181.18¢ propellerblades can be designed for greater or lesser pressure head, and
Figure5.5, showcases those two desighgure5.5a is thepropellerdesigned for lower pressure
andFigure5.5b is thepropellerdesigned for greater pressure. It should be noted that 500 rpm is a
poor indicator of performance across all figures due to a large variability in the measured

pressure compared to the other rotation rates.
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Figure5.5. Pump curves developed for each propeller set and configuration (sp&anol).

figure graphs the differential pressure drop across both emtating propeller(s) as a function

of flow rate.a) is the set of contratating propellers designed for a pressure head of 3.5 meters.

b) is the set of contreotating propellers designed for a pressure head of 7 meters. Each figure is
the data collected at a rotation rhtgh propellers are operating at, the symbol for each data set
represents the L/D separatidistance, and the color is to distinguish between datarsetslow

rate of each data set is controlled by throttle valve opénihg throttle valve is opened more to
increase the flow rate while the separation distance and rotation rate of the propellers remain the
same.

Pump curves are used to evaluate the performance of pumps by comparing the operating
flow rate of a pump to the corresponding pressure head the pump will provide. This is a common
presentation of pump performance when evaluating a pump for an applivehibe this is a
convenient means of showing pump performance it does not fully capture these pump systems,
because depending on operating rotation rate each pump configuration is providing both a

pressure and flow rate boost to the fluid.

Figureb.5, explores the connection between singplapellerdesign and then their

performance as contratatingpropelles in seriesFigure5.5 presents the flow rate and pressure
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curves developed for each senpespellerconfiguration with each separation indicated by a
different data symbol and each figure is a different operating rotatiorFigtee5.5a is the low
pressure heagropellerandFigure5.5b is the higkhpressure heagropeller Besides the ability to
reach a greater pressure at no flow, thepiggssure heagropellerachieves similar pressures as
the lowpressure heagropelleralong the same flow rates and rotation rates. Even with their
obvious variations in curvature and dimensions of the blade design they exhibit nearly the same
performance when there is flow. The design changes employed for gingkdles does not

result in a notable difference for cont@tatingpropelles in series.

Even if singulapropellerdesign principles do not apply to contratingpropelles in
series, the presentation of datdigure5.5 does give a glimpse at the complex interplay
between system variables. Seefrigure5.5, theL/D = 1 separatiordistanceamongst both
propellerdesigns reaches a low pressure value gradually with increasing flow rate. Whereas a
L/D = 0.75separatiordistancehasthe pressuréalling more quickly and the 0.5 separation has
pressures that hover around a similar value across all flow rates. These flow rates are controlled
by both the rotation rate of tipgopelles and t he extent of throttlin
ball valve. The pressures produced by these cootadingpropelles depends on the separation

between the two and the flamposed on them, a convolution of many variables.
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Figureb.6. Effects of separation distance on pump performaBaeh figure graphs the
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differential pressure drop across both comttating propeller(s) as a function of flow raide
symbol of each data point is associated with their respective L/D separation distance values

indicated in the top right of each figure. The color of each data set represents the rotation rate

both propellers are operating at. The flow rate of eachsgdtia controlled by throttle valve
openingi the throttle valve is opened more to increase the flow rate while the separation distance
and rotation rate of the propellers remain the same.

Themechanical understanding of why contagatingpropelles have an added benefit

compared to singulgropelles is thatthe contra 0t at i on
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contributing a rotational trajectory to the fluid in the opposite direction, cancelling out the

trajectory of the firspropellerwhile applying greater energy to fluid flow in the axial direction.

Th e

systemobs

I n:cdepgrationdistande, flonasathirottling, and rotation rate

will all be different means of affecting these flow profiles and the efficacy of these rotational

flow profiles cancelling out and encouraging greater axial flow while reducing energy loss to

turbulenceFigure5.6 explores this further by allowing a range of flow rates but systematically
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evaluating input energy into the systgympellerrotation rate. The energy of the fluid system is
dictated by the rotation rate of tpeopelles andtransferof energy from theropelles to the

fluid can be improved or hampered by the flow profiles generated by the system configuration
and operation. For the contratatingpropelles, it can be seen Figure5.6, that in general the
pressure increases with rotation rate, and so does the flow rate. The trends in pressure reduction
at greater flow rate is also specific to the separation distance bgtvogailes but remains
gualitatively similar between rotation rates. THB = 0.5 separatiodistanceshows that the

pressure increases and then levels out, while the 0.75 and 1 separations have pressures that
steadily decrease with increasing flow rate, with 0.75 decreases more rapidly. The single
propellercan be quickly seen that rotation rate does not play a role in its pressure output and the
pressure values remains around the same values, that are much lower than those of-the contra

rotatingpropelles.

While the contrarotatingpropelles have been systematically studied in terms of
operating rotation rates, corresponding flow rates, and resulting system pressures the
understanding connecting these system variables and their predicted performance has not yet
been explored. For the datalte fitted to the empiricism, Egtion5.1, the pressure value needs
to grow increasingly smaller with flow rate, because of this only.tbe= 1 and 0.7%eparation
distance for the contretatingpropelles can be uskfor the fitting analysis. For these two
separations the fittings represent the data well withaRies of 0.97 or greater but each trendline
needs to be fitted for ever rotation rate. Thissefulwhen data is known at the desired operating
rotation rate but remairsnited when data has not been collected for a specific rotation rate.
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Figure5.7 Efficiency evaluation for the three L/D separation distances measured with the contra
rotating propellersis a function of rotation rat&fficiency is the ratio between the output
hydrodynamic energy and the input electrical energy. Hydrodynamic energy is the product of the
flow rate and differential pressure drop. The symbols of each data set is consistent with the L/D
separation distamedndicated in the top right of each figused the gradation of shading is a

function of throttle valve opening. At 08 the valve is completely open and at 25% the valve is
25% operto flow.

To normalize the performance of each separation distance, rotation rate, and flow

throttling variation, their respective efficiencies are evalliaté-igure5.7. Efficiency is defined

as the ratio between the output hydrodynamic energy and the input electrical energy.

Hydrodynamic energy is the product of the flow rate and differential pressure. The general trends

seen across all separation distances is thaftiveency decreases with increasing rotation rates,

with the greater flow rates more significantly affected by rotation rates. However at the L/D = 0.5

separation distance, only one set of datsichis neither the greatest flomor no flow, impacted

by rotation rate. The L/D = 0.75 separation distance operates at the highest efficiency at a

rotation rate of 1,000 RPM and the highest flow rate with no throttling of the flow. Aigsie

5.4, Figure5.5, andFigure5.6 the L/D = 0.5 separation distance performance is the most

unpredictable. Excluding L/D = 0.5 separation distance, efficiency increases with greater flow

rates, seen at separation distances of 0.75 an#igune5.7.

5.5 Conclusions

In this work we hav@rovided insights intapplying the design concepts of contra
rotatingpropelles to axialflow pumps. This system will provide a needed pressure boost in
underground drilling to prevent overessurizing the drilling fluid and overcoming the
surrounding ground strength that would lead to ground fracture and cfeateat scenario.
We have fabricated an experimental setyresentative dasthorizontal directional drilling
specifications that include twaropelles operating in contraotation to drive water in a closed
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loop to assess its performance under varying rotatios, sparation distanseand flow rate
conditions. The data collected suppahte claim that contraotatingpropelles will provide a

greater pressure boost to the drilling fluid thasirgyularpropellersystem Separation distance
betweerpropelles were shown to benamportantfactor for performance, where the trend
between pressure drop and flow rate persists across rotatioandtbsottling of the flow The
empirical design principles fro singulampropelles were also found to not apply tontra
rotatingpropelles, wherepropelles designed for different pressure boosts achieved similar
performances at the same operating conditiSasmitheoretical modelling from centrifugal

pump theory was also shown to not capture the physics of aotétengpropelles, not fitting

well to the additional variations in the datasets when the data diverged from flipped logarithmic
behavior. Contraiotatingpropelles are different from centrifugal pus in their blade

complexity, interactions between flow profiles of the front and peapellers anadonstraining

the flow aroundpropelles to a pipe, all of which is not accounted for in centrifugal pump theory.
Greater understanding of the effects of flow profiles betvpeepelles is needed before their
performance as axial flow pumps can be predicted. In this \edtK) = 0.75separation distance
was shown to produce the greatest pressure boost and be the most efficient because of the fluid
interplay betweerthe contrarotatingpropelles, more important than the blade design of the

individual propelles.

5.6 Major Findings and Conclusions

Thel/D = 0.75separation distance between comttatingpropelles used as axial flow
pumps has been shown to play a major roleraducing the highest pressure boost and greatest
efficacy, more important than the blade design of the individregdelles.
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CHAPTER 6FLUID-DRIVEN CLOGGING TO PREVENT FLUID CIRCULATION LOSS IN
UNDERGROUND DRILLING

Modified from a papeto besubmitted taGranular Matter
Benjamin A. Appleby*®, Michael A. MooneY?, Alexander J. P&k and Joseph R.

Samaniuk*t’

(]
Annular Fluid Pressure

Borehole Length

Figure6.1 lllustration of porous media encountered underground that would lead to drilling fluid
loss, reducing drilling fluid pressure and stopping the removal of soil cuttings from the borehole.

This work looks at the problem of fluid circulation loss from porous media rather than
from frac-out. Geological conditions underground can have a wide range of variability, and one
of them is a concentration of porous material, which are commonly found near bodies of water
similar to clay. This chapter came about to address the event that poroadikeealigravel
deposit is encountered and fluid pressure management alone was not enough to prevent fluid

circulation losgFigure6.1). Initially, this work was going to focus on ndiewtonian flow
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through porous media, thinking that the fluid rheology could be controlled to plug up porous
media, but based on experiments it was quickly determined that porous media of sand or larger
particles( p & &) would require more thank@entonite slurry to stop flowPreliminary

experiments showed that once drilling fluid pressure exceeded the strength of the soil fractures
would form horizontally and the soil above the fracture would be heaved up (Appendix C.1).
Sand was instead used to clog a gravel bed because it is a commonly used material and can be
incorporated into the drilling fluid of a driitringwithout much issue. After the first experiment,

it became apparent that sand would readily clog gravel even under moderate flow conditions
opening the door for additional questions on how fldiden clogging could be achieved
intentionally. In this wok we show that sand could be used to clog a gravel bed in the event of
fluid circulation loss to rebuild fluid pressure and recover fluid circulation. This was shown
through experimental work to further explore the drivers of this phenomenon. The stress
contributions of the system from a fluid driving force and gravity determined whether particles
would settle, and the system geometry determined the dynamics for particle bed formation that
was needed to reach a great enough particle density that paniglédridge a pore opening

and clog. This work highlights the need for fluid circulation loss strategies that account for the
variability of the geology underground and fluid rheology modifications bepentbnite
concentration or the addition of polymse€Computational efforts could be used in the future to

further interrogate the influence of particle settling and its connection to clogging.

6.1 Abstract

An exploratory study has been performed investigating -fiuiden clogging of porous
media to address fluid circulation loss that could be experienced in underground drilling. Fluid
circulation loss can be a major mode of failure in underground drilBeguse of the potential for
the drill stringto become stuck when soil cuttings can no longer be removed, and drilling cannot
progress. Porous media encountered underground contain void spaces that will be readily filled by
pressurized drilling fluid, bugranular particles can readily fill those voids to allow drilling fluid
pressure to rebuild and recirculate. In this work experiments have been performed to evaluate the
major parameters controlling fluidriven clogging in porous media so that knowledfi¢hcs
phenomenon could be used in underground drilling. An experimental setup termed a permeation
cell was constructed to hold model porous media of gravel and sand while drilling fluid and drilling
fluid laden with sand could be introduced into the systehile fluid pressure and flow rate are
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controlled and measured to quantify clogging events. Experiments showed that aldebiaitie

slurry alone could not clog either porous media beds of sand or gravel, but a fluid whether water
or a 1.5wt%bentonite slurry laded with sand could clog a porous bed of grawelicated by a
recovery of fluid pressure. Applications for this work includes underground drilling and broadly
solid processing where granular particles in fluids encounter an orificthevhi® promote or

mitigate separation of the twahases.

6.2 Introduction

Clogging porous media with particles is a potential solution to fluid circulation loss when porous
media is encountered underground, but this system is highly complex and interconnected with
porous media flow and fluidriven cloggingAs theoretical and empirical efforts continue there

still lacks a model able to predict results or control fiditven clogging in porous medfat®® To
investigate this phenomenon a new experimental setup termed the permeation cell was designed
and fabricated to address fluid loss to porous media. The design consists of a model porous media
bed that can be either gravel or sand with fluid with or euttsand flowing into the permeation

cell while fluid pressure drop and flow rate are measured with time to dgatargly describe

clogging.
6.3 Materials and Methods

A permeation cell was designed and constructed to investigate fluid loss in coarse soils
and to develop mitigating strategies to reduce such losses during drilling. The system is like a
packed bed, where coarse soils including sands and gravel are paokedlear PVC tube,
represented by part 11 kigure6.2, termed the porous media cylinder. Each end of the pipe is
sealed with a strainer that holds the porous media in place without removing particles in the fluid,
and drilling fluid isintroducedo the pipe by a pressure vessel, represented by paFRiduire
6.2, while pressure drop and flow rate is measured acrog®tbes media cylindeMore

details are covered in section 6.3.2.
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Figure6.2. Permeation cell setp. From left to rightan inhouse air source is used to control

flow through the system with a pressure regulator(1, PC). Air pressure is fed into a tank (4, V

Mud) that can be changed out with water, drilling mud, and drilling mud with solids content.

Fluid entering and exiting theorous media cylinder (11@ will be measured witmlet flow

velocity (7, doppler flow meter) and pressure sensors (8) on the upstream and downstream ends.

Two cells were used for experiments,a254mh i nch) di ameter cylinder
feet) long and a 203 mm (8 inch) inner diamet
sealed with mesh (10) on both ends to only allow fluid in and out of the system. One end of the

cell hasa removeablenesh so that the desired coarse soil can be replaced as needed. A-pressure
regulator will be used downstream to maintain a constant minimum pressure in the system as

needed or will be used to hold water in the system in the case of saturated sdibftsm

Outflow from thecylinderis collected in a bucket (13,-8utlet, Scale) connected to a force

transducer to measure tbetletflow velocity.

6.3.1 Materials

Two types of granular materials were used for the porous media bed, gravel and sand, and
the two fluids representing drilling fluid were water and 1.5wt% WyorBiagtonite slurry.
Wyoming bentonite is a wellsed industry term to specify sodium montmorillomii@ed from
Wyoming andusedas a drilling fluidin undergroundlrilling becausef its ability toremove soil
cuttings, pump easily, and lubricate the cutterHe&inceWyoming bentonités mined ithas
variations in chemical makeup and composition that result in a wide range of fluid properties
when added to watefable 6.1is a comparison of Wyoming bentonite slurries, Black Hills Bond
LLC (BHB) at 1.5wt% and 3wt%. Each of these slurfesgturesslight sheaithinning behavior
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where viscosity decreases with increasing shai@y characterized by a TA Instruments DR

RheometefAppendixC, FigureC.10).

Table6.1. Summary of relevant material properties of bentonite slurries, gravel, and sand. The
fluid properties M and n represent the povav parameters to quantify thescous andhear
thinning behaviorBHB is Black Hills Bond Bentonite.

Fluid Properties
Material ParticleSize[mm] | M n
Water N/A 0.001 1
1.5wt% BHB | ~ 1,000 and less | 0.0026 0.1033
3 wt% BHB ~1,000 and less | 0.0026 0.11
Gravel 9.5 N/A N/A
Sand 1.190.590 N/A N/A

The sand size is 16/30 mesh size (0.088232 inch, 0.59.19 mm), obtained from
Sierra Sands. This size was the finest particle size distribution that could befalitia
largest sand size that would encourage clogging and determine whether sand could clog gravel.
Particle density for the sand was 2.58 g/mL obtained over an average of three samples with
standard deviation below 2% of the density value. The porasisydetermined from the particle
and bulk density to be 0.36.

The gravel size is 3/8 inch, with the smallest dimension being 3/8 inch and a wide
distribution of aspect ratios. Larger porous media material could not be obtained because of the
size of container needed, because following ASTM standard D243482844revent
preferential flows along a cylinderés wall s
an inner diameter-&82 times larger than the particle size. The goal of the design was to model the
worstcase scenario for fluid circulationds, so the goal was to have the largest gravel size
possible. An 8nch inner diameter permeation cell was the largest size that could be obtained
before becoming exorbitantly expensive to obtain ttieder and appropriate fittings. Following
the ASTM sandard, the largest available gravel size was 3/8 inch. Particle density for the gravel
was 2.73 g/mL obtained over an average of three samples with standard deviation below 3% of
the density value. The porosity was determined from the particle and Imglikyd® be 0.38.
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6.3.2 Method

The goal of the experimental setup is to investigate the reduction of fluid loss when
highly permeable soils p ma O like coarse sands, gravel, cobble, and boulders are
encountered during drilling, which requires a system to house and investigate flow through
porous media with drilling fluids with and without particles flowing through it. In the literature,
soil cuttings in drilling fluid are dominated by sand, silt, and other millimé&tagth particle®
87.188 Clay cuttings are assumed to dissolve into the drilling fluid and modifying the drilling
f 1 ui do st® Bases onl erpgrignental literature, the permeation cell was designed to process
sands, silt, and bentonite slurries. The system was designed with the assumptions that the fluid is
incompressible, inaccessible voids do not influence flow, and solids trafigmorerosion does

not occur.
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Figure6.3. Permeation cell build. From the left, a holding {@ks connected to an air

regulato(2) that controls the fluid pressure moving out the bottom of the vessel and through the

JO hose to tHP( Pperarecatlioni rcredrl di ameter cyl i noc
ID cylinder at the bottom picture). A force transdidgholding a bucket to capture the effluent

from the porous media cylinder measures the outlet Vielacity (bottom left) from the 203 mm

(8 inch) cylinde. The differential pressa transducer(5) hose connects to both ends of the

permeation cell and sits behind the cell. The absolute pressure sensor(6) sits just downstream of

the vessel. The doppler sensor(7) measutesflow velocity into the cell. The LabJack data

acquisition device(8) sits above the setup.

As seen irFigure6.3, the permeation cell consists of a clear PVC pipe that is the porous
media cylindeffFigure 6.3(1))with mesh covered ends to hold porous material in place during
flow. There are three options for the size of the pipejrich, 4inch, or 8inch O.D., which can
be used to accommodate different flow regimes by balancing flow rate with pressure drop.
Smaller tubes have significantly greater pressure drops and flow rates while larger tubes have
lower pressure drops and flow rates. The size of the porous media cylinder is limited to an inner
diameter 812 times larger than the particle sdiameter to reduce the effects of preferential
flow along the side wall§’. This limits the size of the permeation cell used to-&mch or

smaller O.D. due to the increasing cost of clear PVC pipe at greater sizes and the large demand
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on the equipment to maintain pressure drops and flow rates across a large diameter permeation
cell. Based on theytinder specifications, the coarse soil testing will be limited to gravels and
smallersized soils that fall within the specified size range of 1 in. or smaller. Gravel will be used
in the 8inch g/linder while sand can be used in any of the three sizegliodersbut is kept to
the Zinch and3-inchinner diameter cylinderdue to limited material. Larger cylinders will
require more sensitiv@easurements and larger volumes of fluid but will be able to house both
large and small coarse soil sizes, extending the range of testable gravels. Smaller cylinders will
yield more sensitive measurements but are limited to sand and small gravel sszésppler
sensoffFigure 6.3(7)xcan be seen mounted on the hose leading into the porousaylatizrto
measure the inlet flowelocity, with a red knobTo measure the outlet flowelocity a force
transduceg(Figure 6.3(4)holding a bucket has been iakéd to catch the effluent stream coming
out of the porous media cylindend converted to volumetric flow rate by density and scale to
velocity by the hose diametekn absolute pressure transdyéggure 6.3(6))s upstream of the
porous media cylinder and a differential pressure transducer spans the porous media cylinder.
The holding taniEigure 6.3(1)housing the drilling fluid with or without particles is equipped
with a voltage controlled mixer to modulate mixing speed in the tank and disperskepadi
well as possible before flowing through the system and into the porous media cyliimeler.
mixer is notpicturedin the figure but sits at the top of the tank where the plug isabJack data
acquisition (DAQ) systefrigure 6.3(8))s used along with a LabJack graphic user interface
(GUI) made on LabViewo record the flowelocity andpressuralatain reattime during the
experiment

The system isun byfirst priming with water to remove air trapped in the system. Once
primed the permeation cedl sealed off with a ball valve and the holding @gure 6.3(1))s
chargdwith the desired drilling fluid (and solids as necessariie pressure head of the holding
tank is modulated with air to providlee driving forceintroducing the drillingfluid and solids
into the porous media cylinder. A tank size of 30 gal was selected based on price point, flow
regimes obtainable, and ability hold sand. Vessels greater than 30 gal become twice or more
expensive, and larger tank sizes become cumbersome to operate and trdaspels.smaller
than 30 gal will have openings that become easier to clog with Batithg fluid is allowed to
flow by releasing the holding tank into the system and allowed to reach -staaeliprilling
fluid of 1.5wt%bentonite slurry was selected because it exhibitsh@ntonian behavior similar

to that of 3wt%bentonite slurry, but requires less material, amy tre both at representative
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concentrations that would be used in pracfldee system independent variables are particle size,
drilling fluid rheology, and drilling fluidnlet pressure. The dependent variables will be fluid

flow velocity and fluid pressure across the porous media cylinder. Solids content can be
introduced into the system by filling the pressure vessel with solids before the flow experiments.
The line leading from the tank has-#nth O.D.; therefore, solids sizes shou&lléss than 0.1

in. to prevent blockag&s Preferential flow along the smooth interior of the tubes should not be

an issue because the particle to tube inner diameter ratio is small enough to reduce such effects,
following ASTM standard D24349'%,

6.4 Results and Discussion

The data collected for this system encompass theological different fluids, water,
1.5wt%bentonite slurry, anfioth fluidswith sand; twdlow regimes Darcy and inertialand
two porous media materials, gravel and sdrtkse parameters will be used to explore the
effects of fluid rheologyfluid pressure, angarticleto orifice ratioon clogging.

Table 6.2summarizeshe experiments performed with the permeation cell sétlipests
that used sand as thedmaterial vere performed using a 25.4 mmi(ith) inner diameter
porous mediaylinder. The tests with gravel as the bed material use@@emm (8inch) inner
diametercylinder. Water andoentonite slurry are used with both bed materials and the addition
of particles in the form of sand were also performed with the Gravel bed experiments with each
fluid. bentonite slurry alone did not clog the sand or gravel. When sand was present, clogging
occurred rapidlyn the gravel bed reduéng fluid flow rates by an order of magnitude.
Table6.2. Summary of clogging experiments performed using sand and gravel as the porous
media material. All experiments performed with sand as the bed material are completed in the

25.4 mm (%inch) cylinder and all gravel experiments are performed in the 203 ammal{3
cylinder.

Test # | Bed Material Fluid Material
Sand Water
1.5wt%bentonite Slurry

Gravel Water
1.5wt%bentonite Slurry
Water- Sand (17 vol%)
BentoniteSlurry - Sand (17 vol%)
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6.4.1 Flow through porous media

The fluid flow regimes were identified for these systems and appropriate pressure drop

flow rate models were applied@ihe flow regimes of this system spanned from 1 to 400 pore

Reynolds numbersvhere the lower range was captured by the sand bed while the gravel bed

captured higher pore Reynolds numbditsis range of pore Reynolds numbers span Dancly

inertial*,
- Flow Rate a) 400 = - b) 400
= Darcy’s Law - 350 £ [ 350
; 1 — Pore Reynolds number - 300 > L 300
8 L 250 . 8 L 250 ‘
2 200 d‘? 2 - 200 &?
& - 150 “E’, - 150
s L 100 s L 100
[+] Q
2 2 - 50 @ - 50
a = =}

———TTTT7TTT 0 A T T T 0
0 5 10 15 0 0.5 1 15 2
Pressure Drop [psi] Pressure Drop [psi]
Figure6.4. Darcyodos | aw eval uat iwlacityfof waterflensthsoughe dr op

sand and gravel. a) is the 25 mmirfth) 1D cell filled with sand, b) is the 203 mmig&h) ID

cell filled with gravel. The green data points are data values collected fovdlogity over a

range of pressure drop values corresponding to the left green axis. The trerdlme islaywé s
estimation of pressure drop versus fleglocity using the low flowvelocity values to calculate

bed permeability for each cell material. The black dashes are the pore Reynolds numbers at each
flow velocity and correspond to the right black axis.

In Figure6.4a, pressure drop across theéh cylinderfilled with sand is graphed as a
function of discharge velocity with the green dots as the data collected, thé ttemde i s Dar cy
law, Equation 2.14using the low discharge velocity data to calculate sand permeability, and the
black dashes are the pore Reynolds number which are graphed on the secexdafigure
6.4b is the same plot &3gure6.4a but using data collected from water flow through thiec8
cylinderfilled with gravel. The data iBa closelymatches up with the theoretical curve predicted
by Darcyds | aw even though t huwpeplimitcthedRmiyan ol d s
regime®®. However, inFigure6.4b the data in the green dots have a much lower pressure drop
t han predicted by Darcybds | aw. I n fl ow throug
and up to 400 which is well beyond laminar fland inertial contributions will play a larger role
in the flow. Theinertial contributions will lead to additionadstabilities andurbulence leading
to energylossand will result in a lower flowelocityt han pr edi ct edafungtionDar cy 6

of pressure droBoth bed materialalso havesimilar porosites0.36 for sand and 0.38 for
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gravel indicating the pore space volume between the two is similar, but tortuosity between the
two can still vary widelySince the gravel pore spaces are larger, theadasger lengtfscale
meaning areater tendency for turbulence to develop, as seen in the pore Reynolds number,

Equation2.15andFigure6.4.

25
LY Darcy’s Law
=, 2.0 Forchheimer Equation
2 Experimental Data
815 Ergun’s Equation
2
aé’ 1.0
<
o 0.5
2
=)

0.0

0.0 0.5 1.0 1.5 2.0

Pressure Drop [psi]

Figure6.5. Pressure drop versus floxelocity data of water data collected in thén8h porous

media cylinder filled with gravel, and flow through poranedia models were fit to the

experimental parameters to determine the effects unaccounted for in Darcl iow.clawo s

expression is from calculating discharge velocity from the measured differential pressure of the
system. Forchhei merdés Equation and Ergunods Eq

Figure6.5 presents pressure drop versus fl@locity data of water data collected in the
8inchglinder. The experimental data are the grey do
I aw, Ergunds equation, and14£216 and2hlérespeetivelys e qu a-
Dar cy owrpredctathe expected floelocity for each corresponding pressu®p
because laminar flow, where energy loss is minimized is the major assuripon.c y 6 s | aw i -
determined from calculating the discharge velocity from an input of measured differential
pressure drop of the system.Ergun’s equation, A @B were fitted to be 100 and 78.5,
respectively, based on minimizing the average difference in pressure drop between the model
prediction and the experimental deffao r ¢ h h e i me fitsGhe expegimeatal datarwell
because its fittings parameters can adjust for both pressure drop and fluid discharge velocity. The

fitting parameters werk and’Q they are the Kozen@€arman (or Kozeny) constant and the
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Forchheimer constafit'® The KozenyCarman constant used was 5 for a packed bed and the
Forchheimer constant was fit to be 25 by minimizing the average difference in pressure drop
between the model and experimental data. The Forchheimer constant accounts for the internal
structue of the porous media, which is caused by the packing resulting from the surface
roughness of the gravel and aspect fatithe takeaways from this model fitting is that the flow
regime in gravel is beyond laminar flamd contain inertial contributions caused by the flow
rates andnternal structure of the porous medaehich is well captured the Ergun and

Forchheimeporous media flow models.
6.4.2 Clogging

Clogging occurs in gravel when sand fills the pore spaces of the gravel and severely
constricts flow. In the grous media cylinders filled with gravelogging happens within2
gravel diameters in depth and happens in less than 6 minutes depending on the flow conditions.
The sand concentration was selected to be 17 vol% because soil cuttings can ranggbfrom 5
vol% andthefield testapplication for this work hasuttings dominated by sand so an extreme

scenario would be 70% of the 25vol% soil cuttimgse all sand.
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Figure6.6. Realtime data of permeation cell tests comparing colloidal deposition to clogging.
The lefthand side panels were tests performed in el cylinder and the rigktand side
panels were tests performed in thméh cylinder. a) is water flowing thogh sand, b) water
flowing through gravel, c) 1.5wtdentonite slurry flowing through sand, d) 1.5wi#ntonite
slurry flowing through gravel, and e) water and 17vol% (7wt%) sand flowing through gravel.

The data collected iRigure6.6 is the realime progression of pressure and discharge
velocity change in situations with and without clogging. The absolute pragsstream of the
cylinderis in orange, the differential press@eross the cylindeas in blue, thelow into the
cylinderis in yellow, and thélow outof the cylindelis in green. With each experiment the
cylinderis filled with fluid and pressurizeand isolated while sand particles dmhtoniteclay
areadded to the holding tardnd mixed while pressurizirtgenintroduedinto thesystem
through a ball valve. Ikigure6.6a andFigure6.6¢c, water and bentonitday respectively are
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flowed througha sandbed and each data set remains at a constant sgtattyvalue because no
clogging occurs. Ifrigure6.6b andFigure6.6d water and bentoniigay are respectively flowed
througha gravelbedwhere at time 70 and 100 secotiks pressurized fluid flows into the
porous media cylinders hE pressure drop decreases as the system reaches sstiéahcause
of the competition between inlaetr pressure regulation and outfetid flow. Figure6.6¢c and
Figure6.6d show thabentoniteslurry alonecannotreduce fluid loss compared to their water
equivalent experiments Figure6.6a andFigure6.6b, which exhibit nearly identical pressure
profiles

In Figure6.6e, pressurized water with sand at a concentration of 17vol% (7wt%) flows in
at80 seconds and the pressure drops to reach a steddyaluavith flow but increaseat 120
secondas cloging occurs, providing resistance to flow, allowing pressure to baihdl
stabilize,after 180 secondbe system reaches a steatigte pressureecause of clogging and at
a lower pressure because some flow is still allowed to @swliconfirmed visuallyClogging is
indicated by the peak in flow when the sand is sensed by the doppler sensor then precipitously
drops off as flow becomes restridtél he differential and absolute pressure values also follow
this trend and reach a steaghate higher than without clogging. In all experiments of clogging,
no sand flows out of the permeation cell and depositieoarwithin the first 23 gravel
diametersA drastic reduction of flowelocity anda rebuild of theluid pressurénappensn less
than 2 minutes. This means that even in the event of fluid circulation loss, the porous media bed

encountered can be filled with particles to regain fluid presand reduce fluid loss.

The sand size is between 0599 millimeters and the gravel size and assumed pore size
is 9.5 millimeters. An early seminal study of orifice jamming driven by gravity stated that
blocking occurs when the particle diameter is ¥4 the size of the orifieke W our study the
particle size is an order of magnitude smaller than the dfificks seen iriTable6.3,the real
material sizes used that led to clogging has a ratio of 10.67 which closely matches the clogging
criterion presented in the early work of Terzaghi and the thorough evaluation of soil material
done by Foster and F&f?
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Table6.3. Summary of clogging criteria presented in the background in comparison to the actual
filter and particle sized used in experiment that led to clogging.

Actual
Criteria 70 o TO
Early Terzaghi <10 10.67
Late Terzaghi <4
Casagrande <6
Foster & Fell pB UL
To 2
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6.4.3 Exploring clogging

10 1 10 b 0.20
B a) | ) Fy Absolute Pressure
2 84 - 08 8 1 L 0.15 § Differential Pressure
g 5. L 06 6 A e, Outlet Flow Velocity
a ' £ 010 2 2 Inlet Flow Velocity
2 44 - 04 4 - o=
2 0055
g 2 L 02 2 4 [ YU 8
E 1 : (=]
O —+ 0 0 v 1« 000
0 50 100 150 0 100 200 300
10 1 10 0.20
= c) d) =
2 8 A - 0.8 8 015 3
a V0o
2 5 4 - 06 6 S
: 010'g 2
g 4 L 04 4 - £=
2 2 - - 0.2 2 - 0053
o | a
0 = - —TT T « = ” Ll Mt b B 0 0 s eTRee e OOO
0 100 200 0 200 400
— 10 1 10 0.20
3 ) 0oz
&8 - 08 8 4 b4
= 0.15 8
e 6 L 06 6 - S
S - 010 g &
2 44 L 04 4 2
@ 2 - - 02 2 005
X : | [=}
R s —— L0 0 s, 0.00
0 100 200 200 300 400 500
Time [sec] Time [sec]

Figure6.7. Realtime data comparisons of clogging before and after particles are introduced into
the system. All panels are using th@8h cylinder filled with gravel. The lettand side panels

are flow of fluid without granular particles and the rigplaind sides with sand in the fluid. a)

water flowing through gravel starting at 8 psi of static pressure, b) water and 17vol% (7wt%)
sand flowing through gravel starting at 8 psi of static pressure, c) water flowing through gravel
starting at 4 psi of static pase, d) 17vol% (7wt%) sand in water flowing through gravel
starting at 4 psi of static pressure, e) 1.5Wtfhtonite in water flowing in gravel starting at 8 psi

of static pressure, f) and 17vol% (7wt%) sand in 1.5Wd#tionite in water flowing in gravel
starting at 8 psi of static pressure.

Knowing that watefaden with sand will result in clogging, additional variables were
investigated includingfluid pressure and rheology. Figure6.7, three scenarios of clogging
were investigated. The lefide panels are experiments of only fluid flowing through gravel and
the rightside panel are the same experiments but with 17vol% (7wt%) sand added to the fluid.
The first scenaridrigure6.7a andrigure6.7b, is the base case of 8 psi static starting pressure
using water where clogging occurs in less than 2 minutes. Scenkigu6.7c andFigure
6.7d, is 4 psi static starting pressure using water where clogging occurs in under 5 manutes
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longer time and with a stieklip appearance of clogging and unclogging until clogs stabilize.
While an interesting phenomenon, it is unclear whether thisastéactof the permeation cell

or the transitions between suspension settling and flow within the system before reaching the
porous media cylindeiScenario 3Figure6.7e andFigure6.7f, is 8 psi static starting pressure
using 1.5wt%bentonite slurry where clogging occurs under 2 minutes, like scenario 1. With
differences in time and solids contecdmparisons between the 3 scenarios can be challetiaging

differentiate

6.4.4 Dynamics ofclogqging
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Figure6.8. Clogging evaluation of the 203 mm (8 inch) cylinder between the 3 scenarios with
sand laden fluids; water and sand at 8 psi, water and sand at 4 psi, and bentonite slurry and sand
at 8 psi., a) is comparing the temporal clogging dynamics between teadiss, b) is

comparing the 3 scenarios as a function of solids entering the cylinder relative to the total pore
volume of the cell.

To better understand and compare the 3 scenarios preserigdriet.7, Figure6.8
directly compares each scenario by tim&igure6.8a and by solids entering the permeation cell
Figure6.8b. Absolute pressure is used to shed light on clogging between the 3 scenarios. In
Figure6.8a, the absolute pressure change with time between the seatgrand bentonisand
(scenarios 1 and 3) closely match each dthedicating that clogging is not influenced by the
addition of bentonite slurry. This is expected because as sé@pandix C, Figure C,3he
fluid rheology of 1.5wt%bentonite slurry closely resembles that of waited any differences
diminish with increasing sheaateso any contributions should be negligible Figure6.8b, the
same absolute pressure data is plotted against how much solids are filling up the gravel pore
spaces in the permeation cell. V_solids/V_voids is calculated using the inleteflogity and
assuming a homogenous mixture of solids and fluids and using the known volume of sand

entering the porous media cylinder divided by the total pore volume of the cylinder based on the
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known mass of gravel in the cylinder and the particle derEgyations6.1and6.2 Comparing
scenario 1 and 3, less solids are needed to reach clogging when bentonite slurry is present, as

indicated by less solids needed to rebuild fluid pressure in the system.

R "t (6.2)

) — (6.2)

The assumption of homogenous solid suspendalssquickly beause as seen during
the experiment and collected videos, once clogging starts to occur or a slovelibmity is
imposed, the sand settles in the systamiding up a bed that buidr erodes depending dine
systemflow velocity. The sand particles build up and clog the gravel bed not as a homogenous
dispersion but instead as a bed development.

Based on orifice clogging and fludtiven particulate clogging of orifices, there is a clear
connection between pore and particulate diameter and the probability of cR8§gimpe fluid
flow velocity also plays a role in clogging as W&l These two characteristics have been
explored empirically and theoretically in literature for single orifice systems, but their application
to porous media has not yet been done. The experimental data colldeigar@6.7, in Figure
6.7, andFigure6.8 support these two major drivers in clogging. To develop a clogging model,
the ratio between particle and pore diameters that have been established for clogging and the
extent of settlingneeds tdoe further explored/NVe hypothesize that fluidriven clogging is a
combination of particle to pore size ratio and the Shields parameter, wherérili@d clogging
becomes gravitgriven clogging when Shields parameter is less than 1. Shields parameter is
defined in Chapte# with Equation 4.7 and states that the shear stress to buoyancy ratio
determines whether particles settle or remain dispersed in the fluid. Skledtls parameter is
less than 1, settling occurs and will lead to an increapairticle density near the por&hields
parameter will also capture the driving stress moving particles towards the pore to increase

frictional contacts that will lead to clogging.
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6.5 Conclusions

In this work we have combined fundamental concepts in granular matter for application
in underground drilling to provide a means to mitigate fluid circulation loss when porous media
is encountered. An experimental setup has been built to explor@fiueh clogging to recover
drilling fluid pressure. The setup is composed of a porous media cylinder filled with gravel while
drilling fluid laden with sand is introduced into the cylinder under pressure and the fluid
pressure, inlet and outlet flovelocity, and the differential pressure across the cylinder are
measured. Experiments supported findings that bentonite slurry alone will be unable to clog
gravel or sand, but when sand laden fluid is introduced into a gravel bed, clogging occurs within
200 secondand fluid pressure can rebuild. Higher fluid pressures were also shown to clog faster.
The fluid rheology of bentonite slurriesagshown to not impact the dynamics of clogging but
could require less sand to induce clogging. These experimental paraverehallenging to
control and observe dature work could use Discrete Element Method (DEWulationsthat
can handle largparticle number§ p 1) and be computationally inexpensiweexplore the
systembébs major parameters including the force
system geometry that affects particle bed formation near the pore. Similar to-graxety
clogging of orifices, a critical particle density arowardopening needs to beachedo clog.
This work is an exploratory study of granular clogging because much of the fundamental physics
remain unknown and are needed before the additional physics of inertial flow tipanogis
media and particle rheology can be included in the probldmd-&riven clogging of porous
media with granular particles, like grawtyiven clogging, require a particle densiyproaching
the maximum packing fracticaround the pore to clog. Buhlike gravity-driven clogging, bed
formation becomes a crucial part of the dynamics and clogging can occur with particle sizes

smaller than typically seen in gravitlyiven clogging.

6.6 Major Findings and Conclusions

Fluid-driven clogging of porous media with granular particles has been shown to have
dynamics similar to gravitgriven clogging, but with particle bed formation and can be done
with particle sizes smaller than expected compared to grdwuitgn cloggingOnce a particle
bed is formed, the local particle density around the pore allows a particle bridge to form and clog,

preventing other particles from flowing through.
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CHAPTER 7FUTURE WORK

Underground drilling covers a wide array of soft matter materials and the unique ways
they are processed for this application. Beyond this thesis, the future advancements for each
project and for this application overall will be discussed. Since the ghyleach project are
distinct and minimally overlap with each other, they will be discussed individually. The overall
theme of the future work is in characterizing the unique variations soft matter materials
experience due to the variability in geologicahditions and how that translates to knowing
what those changes are and how to operationally prepare for them. This chapter represents the
work | have identified as the most interesting from a fundamental or practical perspective using

the tools and techiques developed from this work.

7.1 Soil Viscometer

7.1.1 How to include a HerschelBulkley constitutive expression instead of a Bingham
Plastic expression so that the thirgap approximation is satisfied?

The effective inner radius approach is the calibration procedure of focus for this
manuscriptasdetermined by the expected flow profilesloé measurement geometi@ur work

then uses these developed procedures to apply to soil materials asstiaragreeiBulkley

constitutiverelationship®3
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Thecalibration procedure is taking the HerseBelkley constitutive equation, Equation
7.1, and plugging it into the momentum balance using N&tiekes in the—direction, Equation
7.2. From these two expressions, the velocity profile is solved for using Mathematica, yielding
Equation 7.3. Thexpression for torquis shown with Equation 7.4 and will be used to
determine the effective inner radius calibration consténtJsing torque and rotation rate from
the mixer to be calibrated and experimental data of the HefBcitidey parameters found on a
TA Instruments DHR3 rheometer, the calibration constant can be solved ferH€&rschel
Bulkley modéd generates a geometric series when the velocity profile is sfudvemhd Mat | ab 0 s
geometric seriekunction is used to determine the Ri value. Ri will be used as the measurement
geometrybs calibration const an trateeamddiiscbsgy us e d
measured in the soil viscometesing Equations 7.5 and 7he patrticle size that can be
measured by the system is constrained to granular materidbggnot approach the gsige,
<0.1*(ReRi). The calibration fluid of choice wdntonite clay because of its high viscosity

and low cost.

7.1.2 How to characterize the viscometry of clay materials that have history?

Thecalibration of the soil rheometer and the process to calibrate left many unanswered
guestionsand one major open questidrne open question is that in clays, at lower water content
the material will transition from fluiike to moreplasticlike, characterized qualitatively by the
material breaking. AL6.7vt% bentonite the sample in the soil rheometer will still flow but at
higher concentrations, liK&3.3nt% then the clay breaks apart and reforms by cohesion, history
becomes an important characteci®f the material. Seeingigure3.6 of 33.3vt% bentonite one
could easily imagine a continuous breakdown and build up for clay throughout the soil rheometer
chamber, meaning that the geometry mixing the material is affecting the sample in a specific
way. Which then begs the question, if historimportant and the mixing of the material no
longer measures universal viscometric properties then is there any way to characterize the
material in a system not in a specific application? Because a main advantage of rheometers is to
measure viscometric pregies of materials at a representative shate that the same sample
would experience in a desired application. But if you can no longer replicate the same kind of

deformation with simple shear then what do you do? To begin to explore this, turnamngtbe
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flight geometry into paddles like a vane geometry to achieve more uniform deformation of the
sample by making sure more of the material is yielding rather than getting lost in the void space
between flights. That could either extend the application aaiieheometer, or more likely be
deforming gplasticlike material in a geometry specific way so that universal viscometric
properties cannot be obtained. Then this would fall into the realm of granular media which has
made great progress but still facamyg challenges in producing widely accepted constitutive
relationships. But unlike the traditional granular media, sand, the interactions between broken
clay is deformations, breakage, and adhesion rather than predominately frictional. Which will
result inunique modelling and theoretical challenges not yet addressed by the rheological or
granular physics communities. Much fundamental theoretical work is still needed fa&ire

like clay rheology can yield universal quantities.

There is precedent imomasditerature for incorporating history effects into viscometric
measurements of complex fluids, but these are based on the nature of colloidal versus granular
fiber suspensions. Colloidal suspensions do not contribute history effects into a fluid because
Brownian motion occurs at a fast enough tisecale to erase shear history. Granular fibers are at
a larger lengttscale which Brownian motion no longer effects so there is no means of erasing
the shear history and how these matsrare deformed affects their measured viscometric
properties. Clay materials with low water content do not haeéeasa distinction with particle
sizebutrather becomes a denser colloidal gel with less water and begins to retain the shear
history of the fluid.

Since the water content of clays underground fall into this regime where history will
matter, how it is characterized with the soil viscometer needs to be the same between samples so
that trends can be obtained. The next challenge for this setup is ifyimpthe existing
geometry to deform any clay material in the same way and not add sample dependent
contributions to the shear history. The torque rheometer or a design like it would be a good first
look at a design that is sample independent for a vaidger of concentrations. Once this has
been done then the dynamics of how each type of clay soil (sandy clay, silty clay, clay loam, and
heavy clay) will change viscometrically with shear history.

7.1.3 Do granular particles influenceviscometry similar to colloids with hard-sphere
interaction potentials?

With the calibrated soil viscometer real, dirty material can be characterized

viscometrically and their contributions to pure soil materials of only clay. Granular materials are
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currently incredibly difficult to measure with ledtale instruments because particles match or
exceed the measurement gap, leading to jamming and producing torque vatues non
representative of the sample but rather the sample interacting with the ins&ionEt To
exploit now the ability of measuring samples with granular particles the first tests should be in
determining whether Einsteinds relationship
fraction (particle collisions are negligiblend extending that characterization to higher volume
fractions(particle collisions are nenegligible) This would initially be done with smooth
spheres, then the influence of anisotropic particles, and then real particles with a wide
distribution employing granulomettp characterize the variations. And then compare these
results to the scant experimental evidence existing and extend simulation work of whether
realistic particles behave the same as model parfiefés
7.1.4 What micromechanical modifications are additives making to soil materials to
Ai mproveo their viscometric properties?
Beyond particles, there are also many empirical and anecdotal methods of dealing with
clays in underground drilling from polymer, oil, suspension additives and many more. But all of
those additives have not been explored beyond unreliable field tests antiuse material
properties but rather indexing devices that can only quantify differences specific to a device. This
viscometer provides material property information that can quantitatively be applied to any
system so that a fundamental study can b®peed to assess how additives are affecting clay

materials and then connect those changes to bulk viscometric properties.

7.2 Flow Loop

7.2.1 How does the formation and dynamics of a particle bed alter the hydrodynamic and
viscometric properties of the cuttings returns?

As discussed in Chaptdrfully dispersed particles were needed to capture the
viscometric properties of the drilling fluid slurry with soil cuttin@$is was an intentional
design of the experiment due to the complexity of particle bed formation and their effects on both
fluid rheology and the flow profiles of the fluid. When a particle bed is formed then particles are
no longer dispersed in the diilgy fluid whichreducesydrodynamic interactions between
particles and will alter the viscometric propes of this material. But when a bed is formed the
dimensions of the flow loop also change depending on the geometry and dynamics of the particle

bed. This can lead to a wide variation in pipe diameter along the flow loop that is also dependent
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on time and flowrate Since the effects of particle content have already been quantified in the
work of Chapter 4, the next step is to systematically alter the soil cuttings content in
heterogenous flow with particle settling and bed formation, measuring the effective
hydrodynamic change while measuring the characteristics of the formed bed to determine how
the geometry of the flow loop is changing and the soil cuttings content still dispersed in the
drilling fluid.

7.2.2 How do clay cuttings affect drilling fluid rheology over time?

One of the assumptions made in Chapter 4 is that the clay soil cuttings are broken up and
become dispersed in the drilling fluid. This assumption was valid because the drill site that was
chosen and model soil materials were made for was intentionalgchecause of its high sand
and silt conteng¢ x 1 ¢» )but low clay conteng o 1 ¢ ). While in practice, the geological
breakdown of a location cannot be so eadilgsenand clay is a commonly encountered soill
material. The flow loop setup construciadhis work could be used to determine how the
drilling fluid with clay cuttings rheology changes with time during breakdown. Because the flow
loop circulates the complex fluid through a pump, then clay cuttings will be broken down over
time and their coesponding powelaw parameters can be measured as a function of clay
cuttings breakdown. This approach could be applied to the variations of clay materials that can
be expected underground from pure clays of bentonite, kaolinite illite; sandy claglagiltglay

loam, and many other variations.

7.3 Series Distributed Pump

7.3.1 Is separation distance important when the reapropeller is operating at alower
rotational speedin contra-rotating propellers?

The literature on contreotatingpropelles functioning as axial pumps is fairly limited,
but the work that is there focuses on the rotation rate offgagkller When operated at the
same rotation rate then the reaopelleris overloaded and requires a significant amount of work
inputted into it®3 To address this, the repiropelleris operated at a lower rotation rate, and the
rate i s é. Because é The work covered in Chap
propelles while operating at the same rotation rates. The next steps for this work is to explore
those two variables together and determine how both separation distance and an offset in rotation

rate will impact their performance as a flow pump. This will deteemvhether one parameter is
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more important than the other, whether it depends on operating condtiavisethethey are
equally crucial and provide a significant improvement to performance.

7.3.2 Doespropeller design play a larger role in pressure boost when the twaropellers
are not operating at the same rotational rate?

The other question addressed in Chapter 6 was the effects of simgylalierdesign on
their performance as contratatingpropelles and was determined to be negligible even though
the differences in blade design are quantitatively, qualitatively, and theoretically different. Which
then begs the question of whether operatingtbeelles at different rotation rates will generate
flow profiles that are more dependentmopellerdesign rather than the separation distance
betweerpropelles.

7.3.3 How well do any of these empirical design principles hold up with neiNewtonian
fluids, like a bentonite slurry?

All of the work covered in Chapter 6 was using water with a rheologically insignificant
amount ofbentonite present but the application for these axial flow pumps is with drilling fluids
of bentonite slurries and with soil cuttings. The generatomechanical model of contra
rotatingpropellerbenefits on performance is dependent on the flow profiles generated by each
propellerand their interaction between the two. But from a basic understanding-of non
Newtonian fluid flow through pipes tells us that prefiles can be severely different between
fluids, transitioned fromafulyl evel oped vel ocity profidflsw thato:
with the bulk of the flow moving as a front while the fluid nearest the pipe walls-8hearand
lubricates lhe bulk of the flow. Due the complex fluid dynamicgpadpelles, they already
require computational fluid dynamics to evaluate, the addition ofNemtonian fluids creates a
challenging system that will need to be interrogated by an experimental ¢éxpldoesupport
the simulation work that is able to be completed for this system.

7.3.4 What would need to be done so that this work could lead to building empirical
models?

First there needs to be a normalization for these systems. Current axialipesrgior-
stator systems, and propeller design is based off of turbine design principles. And propeller
design is usually done using CFD to predict the performance. So to encompass all of the

variables that go into propeller design, more data needs to betedllwith the same types and
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configurations of propellers so that statistically significant trends can be determined for the data

as a function of the system variables (L/D, RPM, throttle, differences in rotation rate).

7.4 Permeation Cell

The experiments performed in Chapter 6 were informative in learning thedfiueh
clogging can result in drilling fluid pressure recovery, but the understanding of hovaifivgh
cloggingoccurs,and the driving factors are still unclear. Simulations are a tool that can be used
to further explore the major forces at play in this system. For granular systems where it is
important to characterize discrete partides their relationship to clogginBiscrete Element
Method (DEM)is the standard meth&. DEM can also beoupled with Computational Fluid
Dynamics (CFD), but the addition of CFD makes these systems computationally expensive when
hundreds of thousands of particles are present, which are for this system. Leaving DEM as the

costeffective and precise option torther explore this system.

7.4.1 Simulation proposal

DEM simulations are a more accessible and-etisttive tool to explore the interactions
between system geometry and forces affecting particles that lead tdrilea clogging in
porous media. Largscale Atomic/Molecular Massively Parallel SimulatbpAMMPS) is

proposed to model a simple version of the developed experimental system.
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Figure7.1. LAMMPS systemsetup

These LAMMPS simulations are composed of stationary blue particles representing
gravel that geometrically constrain the systiimensions of the channel and pore. Red particles
representing sand that are governed by hard sphere dynamics with the addition of an elastic
modulus and frictional interactions captured in the granular package within the LAMMPS
software. The system isdmensional and built by setting up the bigavel particles to form a
boundary capturing the reshnd particles and on the far left there is an open space representing
the gravel pore with a boundary that removes amsaedl particles that passes throtighpore.
Within the system the controlled independent variables are the deposition rate ofsaeded
particles, the width of the channel relative to the width of the pore, the width of the pore relative
to the particle size, the ratio between horiaband vertical forces representing gravity and a
constant fluid driving force, and seed values to introduce perturbations into the system. The
measured parameter is clogging, determined by a particle density calculation once the system
reaches a particldensity visualized as clogging and the particles can no longer flow out of the
system then the system is determined to be clogged. If this density value is not reached, then the
particles will be freely flowing and clogging has not occurred. With thi®sysh parameter
sweep is performed with the independent variables to capture expected dimensionless parameters
that would be experienced by our experimental sysfendiscussed in Chapter 6, section 6.4.4,
the dominant parameters will be both the particlpore size ratio and Shields parameter

because it is hypothesized that fhaidven clogging will become gravisiriven clogging once
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particle settling occurs and particle density increases to that of gtaixign systems while

maintaining a driving stress to move patrticles to the pore.

7.4.1.1 Work done to-date

A model system has been developed in LAMMPS that runs at the appropriasetiiee
to capture the physics that are occurring within the system and with the interactions
representative for granular particles. The model system has also been generétaethso
system parameters can be inputted through the command line or a bash script to quickly submit
multiple jobs for each parameter combination rapidly rather than manually. Hydrodynamics are
not included in the system for simplicity of the simulatiansl because of the resource
limitations to build and include hydrodynamic interactions.

7.4.1.2 Work to be done

The work left to be done is running the simulations on a supercomputer and writing a
python script to pogprocess the density values of the system so that figures can be made of the
data to quantify when clogging occurs and under which geometric ancctordeions leads to
this phenomenon. The expectation is that the particle bed formation around the pore will be the
distinguishing dynamics that will lead to clogging because the geometric and force parameters
constrain whether a bed is formed and whethgrreat enough particle density will be reached
that particles can bridge across the pore to stop the flow of particles through the orifice.

The findings of these simulations will provide greater insights into the major driving
forces behind cloggingndprovide guidance in applying that to mitigate fluid circulation loss in
underground drilling when porous media is encountered undergroatidfulidamentaand
practicalinformation will be learneéh the operation of underground drilling to control particle

densityand clogging
7.4.2 How would hydrodynamic contributions affect clogging?

If they do, then how would these contributions vary with particle size of geologically
relevant materials, like gravel, cobble, boulders, and distributidnstwmeen?

The simulation work performed in Chapter 6 is only granular particle interactions and
does include fluid dynamics, yet it is wéthown that behind the flow of each particle is a wake
that results in flow profiles that will affect the flow of particlesiard it in a local aré®. Since
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the particles explored in Chapter 6 are predominately settled and moving as a bed, the
hydrodynamic effects are smaller than that of gravity and is not a major parameter. However,
when flow increases and flow regimes beyond settling are reached thenymginick will

provide greater contributions to the clogging physics. Hydrodynamics were not addressed in this
work because combining particle analysis (DEM) with fluid dynamics (CFD) is a large
programming undertaking even using existing software and viomusdlarge Ph.Oproject

Currently fluiddriven clogging has been captured by probabilistic models and does not
incorporate physics from firgirinciples. The effects of hydrodynamic contributions remain

unclear and need to be further explored to expandmaderstandingf fluid-driven clogging to

more flow regimes and the effects of each flow regime on clogging.

7.4.3 What are the effects of noANewtonian fluids on flow through porous media at
larger pore sizes?

And how does the knowledge from polymer solutions translate to bentonite slurries? Drag
reduction can be seen with polymer solutions and suppression of turbulence but it is unclear
whether colloidal clay platelets will micromechanically behave the ®4me

Packed beds are a common chemical unit operatitbrflow through packed beds have
been studied for a long period of time and the flow of polymer solutions through packed beds
also been studied for a long period of time. But the addition of d&ewtonian fluid to this
system lead to artifacts in the floate to pressure drop data that could not be explained until
recently with elastic turbulent®. This then begs two questions; one, the microstructure of clay
platelets will not give the same elastic characteristics that polymer solutions would give so under
those same conditions of flow through porous media woertdonite slurries leave similar
artifacts in the data; two, how would instabilities translate to larger lesogtles with larger pore
sizes like those seen in gravel and larger porous media? The pressure drop to flow rate
relationship models for neNewtmian fluid flow through porous meslhas been researched for
a long time but extending that work to flow regimes greater than laminar flow and for materials
besides polymer solutions still remains largely unexplored.

7.4.4 Can the particle bed formation that results in clogging be shown with a model

experimental system? If so, then can those dynamics be captured in a time
dependent model?

Bed formation of granular particles have been explored experimentally for a while but the

theoretical framework behind this phenomenon is still in development. Because of this,
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experimental work of a model system of bed formation and its connection to clogging is critical
in learning more about the system and understanding its fundamental physics. The work of
Chapter 6 presents a model system that could happen in practice audewetogging, but the
visualization and observations of clogging were not able to be made because of the connecting
parts. A fully clear system can be constructed to further explore this clogging phenomenon and
provide insights that would help build updwledge that can be used to genenabelelsto

capture the physics of the system. Then the step after that would be capturing the dynamics of

bed formation and couple that with fludttiven clogging.

139



CHAPTER 8CONCLUSIONS

In underground drilling there are maalyallengesand they can be broken up into two areas,
material processing and technological. Technological challenges are related to design and
building machinery that can breakdown and process soil materials. Material processing
challenges are related to understagdiow soil materials should be broken down and processed
based on the fundamental physics of the material. Technological challenges are more easily
accessible to address by a wide audience, but mates@@gsing challenges require specialized
fundamental knowledge. The aim of this thesis work was in identifying and filling in

fundamental knowledge gaps for material processing. Chap&hside addressed challenges in
one of the two processing steps, breaking down soil material experienced by the cutterhead
underground, fluidizing those soil cuttings and transporting them out of the tunnel, or potential
challenges that could occur in onetloése steps.

In the breakdown of ksitu soil materials, Chapter 3 characterizes low water content soils and the
effects of granular particles on the viscometry of those soil materials, providing information on
the stresses and torques that need to be generated hyldgghto break down these soll

materials. This work also taught us that at low enough water content then the viscometric
properties exhibited by clay materials become dependent on how it is broken down. This work
also provides a path forward in testingldidles that could be used to alter the viscometry of soil
materials to make them easier to breakdown. Chapter 7 presents a novel setup to explore
characterization of interfacial material with optical microscopy, which can be used with foam
conditions thahistorically have been ineffective with clay materials. Thesutse exchange

cell setup can characterize a breadth of interfacial properties for a range of foam conditioners to
distinguish the most important interfacial property if there is one thatvetabilize foams in

the presence of clay materials. Alternatively, oils have also been used in industry to ease the flow
ability and breakdown of clay materials, which can be quantified in the soil viscometer as well as
foamconditioners.

The fluidization of soil cuttings were covered in Chapte6s with chapter 4 quantifying the

effects of soil cuttings on viscometric properties of drilling fluid returns. The expected viscosity
and sheathinning properties of drilling fluids will inceese with greater cuttings content, and the
extent of cuttings settling will alter the viscometric properties of the drilling fluid returns. And

with the caveat that due to variations in soil cuttings mineralogy and geological makeup, cuttings
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from an expected drill site need to be used to obtain accurate viscometric properties. Chapters 5
and 6 address situations where fluidization is interrupted dnacdout from high drilling fluid
pressure, in Chapter 5, or due to fluid circulation loss from encountering porous media, in
Chapter 6. To mitigate high drilling fluid pressure, axial flow pumps can be installed in the form
of contrarotatingpropelles along the drill string to distribute the pressure drop and theoretically
extend the length @& borehole and speed of drilling indefinitely. To mitigate encountering
porous media, particles can be added to the drilling fluid that will form a bed that will clog the
pore space of the porous media, allowing fluid pressure to rebuild and contixdigrftusoil
cuttings.

In summary, the findings from thikesisidentifies material processing challenges in

underground drilling and explores ttmwls andohysics necessary in addressing these challenges.
Understanding the fundamental physics of soil materials will guide the design of drilling
technology and inform the future capabilities of dstlings And the devices and methodologies

needed to address and explore these physics have been developed.
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APPENDIX A SOIL VISCOMETER

A.1 Raw torque and rotation rate data from the soil viscometer
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Figure A1 Raw torque data collected from the soil viscometer across a range of rotation rates
over 150 seconds. The torque data points used in Chapter 3 are average values of these data
points. This data is for 33.3 wtBgntonite samples.
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RPM 33.3wt% Bentonite + Encapsul_Fwd 33.3wt% Bentonite + Encapsul_Rev
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Figure A2 Raw torque data collected from the soil viscometer across a range of rotation rates
over 150 seconds. The torque data points used in Chapter 3 are average values of these data
points. This data is for 33.3 wtBentonite samples + Encapsul.
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RPM 16.7wt% Bentonite_Fwd
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Figure A3 Raw torque data collected from the soil viscometer across a range of rotation rates
over 150 seconds. The torque data points used in Chapter 3 are average values of these data
points. This data is for 16.7 wtBgntonite samples.

162



APPENDIX B FLOW LOOP
B.1 Bentonite dispersion viscosity and yield stress characterization

3wt% Wyomingbentonite (Pondse&00)

All rheological characterizations are performed in a cup and bob geometry on a T8 DHR
rheometer.
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Figure B1 Flow sweep data of 3wt% bentonite, performed from2D0 1/s, with increasing
sheatrate.
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FigureB.2 Flow ramp loop with shear stress as the independent variable, measured from high to

low stress. The yield stress was determined by the peak in viscosity to be 0.00126 Pa.
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FigureB.3 Flow ramp loop using shear stress as the independent variable but plotting in terms of
sheasrate and shear stress.

MaxGeli Wyomingbentonite
3wt% Wyomingbentonite (Michels industrused Wyoming bentonite)
All rheological characterizations gperformed in a cup and bob geometry on a TA B3R

rheometer.
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FigureB.4 Flow sweep data of 3wt% Michels bentonite, performed fran2@0 1/s, with
increasing sheamate.
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FigureB.5 Flow ramp loop with shear stress as the independent variable, measured from high to
low stress. The yield stress was determined by the peak in viscosity to be 0.942 Pa.
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FigureB.6 Flow ramp loop using shear stress as the independent variable but plotting in terms of
sheasrate and shear stress.

To determine the greatest effect of yield stress on the pressure drop for the system, a simple force
balance of pluglow between the the pressure drop of the pipe and the fluid yielding is
demonstrated.

Yoa2  t ¢t YD (B.1)
o Gt O
Yu T
T ™o &
0 p& wx
Y m8tu oy
YO x B0 @

Even with a notable yield stress of 0.94 Pa, the plastic viscosity term in a bingham model is so
great that yield stress negligibly affects the pressure drop and thus the estimated fluid material
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properties of the cuttings samples. At the lowest flow rate measured well beyond fluid yielding,
the pressure drop of the system is > 900 Pa (FigBje
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B.2 XRD analysis of bentonite samples

Wyomingbentonite (Pondse&00)
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Position [20] (Copper (Cu))

FigureB.7 Powder Xray diffraction data collected over a-fom 10-80 with a step size of 0.02

and 120 seconds per step. The setup was oper a
(mask) of 10mm,andarsic at t er sl it of 1/ 206 and set at <cor
current. BrageBrenato g@ometry was used for the incident beam optics and Xcelerator optics

were used for the diffracted beam optics. Only §0lymorphs were investigated for the data

analysis to focus on the minergloal differences between the bentonite used in the-tesidand

model cuttings samples.
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MaxGeli Wyomingbentonite supplied by Michels

B Cristobalite 67.3%
B Quartz, syn 32.7%
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FigureB.8 Powder Xray diffraction data collected over a-fom 10-80 with a step size of 0.02

and 120 seconds per step. The setup was oper a
(mask) of 10mm,andarsicat t er sl it of 1/ 20 and set at cor
current. BrageBrenato gometry was used for the incident beam optics and Xcelerator optics

were used for the diffracted beam optics. Only-§0lymorphs were investigated for the data

analysis to focus on the mineralogical differences between the bentonite usefieia test and

model cuttings samples.

The twoWyomingbentonite samples both have high silica oxide contents, but the structure
between the two diffeas variations in Si@polymorphs In the Wyomingoentonite sample the
SiOx-polymorphsis quartz whié the MaxGel, Wyomindpentonite used by Michels during the
interim drill test is Cristobalite. The MaxGel, Wyomibgntonite also has strong signatures of

Quartz presence but not as much as the Wyolrengpnite sample.

The mineral phase analysis is performed in HighScore Plus, a software suite developed by
Malvern Panalytical. Within the software, the diffraction pattern peaks are identified
automatically and manually where needed. The potential elements within the saenfiien

specified and appropriate compounds are identified from the software database to be compared to
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