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ABSTRACT 

This thesis addresses material processing and technological challenges in underground 

drilling. Material processing includes the breakdown and fluidization of soil materials primarily 

composed of clay and granular particles at low ( ρφȢχύὸϷ ὛέὰὭὨί) and high ( σύὸϷ ὛέὰὭὨί) 

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 the Bingham Plastic constitutive relationship to include shear-thinning/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. In chapter 4, for high water content soils, a flow loop was built to measure the 

viscometric power-law 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, one of the largest problems in underground drilling, was addressed 

with technological work. In chapter 5, a contra-rotating propeller pump 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 

propeller pumps could not be applied to contra-rotating propellers and the separation distance 

between propellers play a major role 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, this thesis provides methods and tools to 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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CHAPTER 1 INTRODUCTION 

1.1 Underground drilling: Molding the Earth to Suit your Needs 

The application of this work is for the military to provide supplies to troops. To achieve 

this objective the speed of existing drilling technology needed to be increased by an order of 

magnitude while retaining precise control of its trajectory at shallow depths (<100 ft) for 

boreholes 4 inches in diameter. Two main technologies on the market that best fit these metrics 

are horizontal directional drilling (HDD) and directional drilling (DD). HDD is a technology for 

precisely controlled shallow (< 30m) drilling but they operate at slow operational speeds of 

0.0025 - 0.01 m/s1ï5. Current slow drilling speeds result in additional costs and labor, making 

them more expensive than open-cut methods of excavating trenches6. HDD can be made more 

cost-effective at faster operational speeds that cut down on labor and on-site expenses. DD is a 

high-powered technology with an emphasis on speed rather than maneuverability, reaching 

speeds up to 0.08 - 0.19 m/s. To increase the drilling speed of HDD while maintaining its nimble 

movement, DD 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 ( ςπύὸϷ ὛέὰὭὨί) drilling fluid viscosity will need to be better quantified to predict 

drilling fluid pressures. In underground drilling, drilling fluids are pumped into boreholes 

through the drill string to remove sand, clay, sediment, rock, etc. broken down by the drill bit7.  

This complex mixture of solids and drilling fluids is termed ñcuttings returnsò. To capture 

drilling and operational speed, the term rate of penetration (ROP) is used to represent the linear 

speed the equipment advances forward during drilling, dependent on formation excavation and 

cuttings removal. In 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 development. 

Research areas actively working with soil materials and developing methods to process 

them with existing knowledge are the mining and drilling communities. In 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 different modes of underground material 

excavation have predominately been developed empirically because theoretical understanding of 
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these materials is lacking. Materials of interest for this thesis will include the size of gravel and 

smaller because the challenges associated with rock drilling is breaking down the material and is 

a technological challenge, while soil materials also include the transport of material after 

breakdown as well and is an engineering challenge7. The major toolset of soil mechanics is 

focused on static stress states and failure of material dependent on stress states, skillsets not as 

well-equipped to handle dynamic movement of soils. While rheology is 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 is well-suited to address the flow 

challenges and characterization of soil materials in flow but is currently limited by existing 

instrumentation. Materials commonly characterized by the rheological community include 

polymer solutions, hydrogels, and colloidal suspensions that have low elasticity and viscosity 

compared to soils. Soil materials are commonly clay materials that can have viscosities 

surpassing 106 Paẗs and granular particles like silica sands can have elastic moduli surpassing 103 

Pa. These quantities far surpass the torque capabilities of most commercially available 

rheometers that measure softer materials with viscosities in the 10-3-102 Paẗs and elastic moduli 

in the 10-1-102 Pa ranges. Rheological knowledge exists to characterize the flow properties of soil 

material slurries, but their viscous and granular nature presents challenges not traditionally 

encountered. 

1.2 Soil Materials 

Soil materials are made of particles that span in size from colloidal to granular length-

scales and are present as mixtures of a colloidal material, clay and a granular material, often 

sand. Granular materials can also include granules, pebbles, gravel, cobble, 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 such large particle sizes and viscosities. 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 length-scales (>100‘m)8,9. 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 continually 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, resulting in a greater diversity of particle configurations. 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 most commonly processed material, behind water8. The transportation and 

separation of granular matter are present in almost all industrial processes including catalysis 

(catalyst material), 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 studied in isolation, 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 possible because of the variability in their material properties with water content, 

exchangeable cation content, and minerology. These factors will significantly affect their 

viscometric properties that include viscosity, yield stress, and their transition from fluid-like to 

plastic-like behavior. Looking at water content alone in Wyoming Na-bentonite, a commonly 

used drilling fluid constituent, the transition from dilute, to semi-dilute, to concentrated will 

mean orders of magnitude increase in viscosity (ρͯπ ρπ ὖὥẗί) and yield stress (ρπ

ρπ ὖὥ), these are values measured in a benchtop rheometer at bentonite concentration from 3 to 

33 wt% but values expected in the field can exceed 80 wt%. At concentrations above 33 wt%, 

clays exhibit plastic-like behavior and no longer deform uniformly which requires empirical 

testing that mimic in the field conditions because those same modes of deformations cannot be 

replicated with lab rheometers. These deformation modes include clays that ball up, create clods, 

roll, compress, cohere, and detach from one another and with the machinery as its being 

processed. Large variations in rheological properties can lead to redirection of the drilling string 

due to expansion from exposure to drilling fluid, balling up and adhesion to the cutterhead, and 

unwanted accumulation along the drill string resulting in operational challenges for fluid pressure 

management and mobility of the drill string. Current mitigation strategies to reduce viscosity and 

yield stress are foam or polymer additives, combined with soils in a process called 

ñconditioningò, but they are currently used based on trial-and-error. If the role of additives could 

be better understood, then 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 

length-scales. Polymer additives function by disrupting the clay structures formed, by breaking 

down those electrostatic interactions then the corresponding viscometric properties will be 

reduced. That is the intended goal of additives, but a fundamental study of this functionality has 

not yet been well-explored. The soil viscometer setup (Chapter 3) is well-suited for this study to 

capture the effects of additives on fluid-like or plastic-like 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 to significantly reduce the bulk viscosity and yield stress during transportation out of 

the borehole. But with clays underground, their water content is so low that any available water 

is readily absorbed into the clay, collapsing foam interfaces, and preventing its functionality. 

The work covered in this thesis will be focused on soil materials, but the implications of 

the experimental tools and techniques developed for this work are 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 body of work, (Chapters 

3 through 6). Chapter 2 gives a review of the literature and touches on important background 

material which will inform and motivate the following chapters. Chapters 3 through 6 give the 

independent work performed in this thesis and are arranged 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 underground drilling. Chapter 7 gives future research questions that developed 

from the findings in this thesis. Chapter 8 gives conclusions on how this thesis has contributed to 

the field of underground drilling, and more broadly to the field of granular matter and solids 

processing. 

1.4 Major Findings and Conclusions 

Chapter 3 is an extension 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, a Bingham Plastic constitutive equation needs to be used to account for 

a materialôs yield stress and to fulfill the theoretical assumptions to use a non-Newtonian fluid as 

a calibration material. For bentonite clays, there reaches a transition point between 33 and 16.7 

wt% bentonite in water that the material becomes plastic-like and begins deforming as a solid at 

which point the history of deformation influences the viscometric properties that are measured. 

Calibration needs to be done before the plastic-like transition to obtain uniform deformation of 

the material. The wide applicability of this calibration procedure for many complex measurement 

geometries allowed us to fabricate an impeller that could be used with granular particles gravel 

and larger. The broader implications of this work are that the upper limit of measurable 

viscometric properties of complex materials with large viscosities ( ρπ ὖὥẗί) and particle 

sizes ( ρπ άά) has been extended, and the viscometric characterization needs to be tailored to 

its application for clay materials that behave plastic-like. 

Chapter 4 uses existing theory and empirical correlations 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 drill string. 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 cuttings from the drill site gave notably 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 role in influencing measured viscometric properties. The broader implications of 

this work are that increasing solids content will result in greater viscosities and shear-thinning 

behavior but to predict expected pressure drop effects of soil cuttings on drilling fluids depends 

on the extent of solids settling and viscometrically characterizing soil material specific to the drill 

site. 

Chapter 5 studies the use of contra-rotating propellers 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 expected drilling fluid and cuttings returns pressures due to 

operation at high speeds, shallow depths, or over long distances. The results of this work suggest 

that contra-rotating propellers would provide an added benefit compared to singular propeller 

systems and that the separation distance between the propellers play a major influence in their 

performance as a pump. Overall, contra-rotating propellers give a greater pressure drop boost and 
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flow rate contributions with rotation rate compared to singular propellers. The broader 

implication of this work is that separation distance between contra-rotating propellers play a 

significant role in their performance as a pump, more so that the design of the propeller blades. 

Chapter 6 studies fluid-driven clogging of porous media to mitigate fluid circulation loss 

if soil materials with large voids ( ρπ άά) are encountered and cannot be mitigated by 

drilling fluid pressure management. The results of this work suggest that gravel as a porous 

media bed can be clogged with sand to reduce drilling fluid circulation loss and rebuild drilling 

fluid pressure. Fluid-driven clogging are hypothesized to be controlled by particle to pore size 

ratio and fluid shear stress to gravitational stress ratio constrained by the system geometry. The 

broader implication of this work is that fluid-driven clogging has many similarities 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 before fluid-driven clogging can be utilized to 

addressing drilling fluid circulation loss to porous media beds. 
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CHAPTER 2 BACKGROUND 

2.1 Fast Horizontal Directional Drilling   

Figure 2.1 Schematic of fast horizontal directional drilling (HDD). From left to right, drilling 

fluid is pumped into an inner pipe that is fed underground by a pipe-pusher with a second outer 

pipe. The front of the inner pipe is connected to a cutterhead where drilling fluid exits and 

recirculates into the annular space between the pipes, cleaning the borehole by carrying away soil 

cuttings. With fast HDD, drilling fluid pressure is influenced by the length of borehole, speed of 

drilling, and soil cuttings content, and needs to be maintained below the strength of the surround 

soil formation to avoid failure and frac-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 multiple passes, to incrementally enlarge the 

borehole4,10ï12. 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 underground objects4. Often 

to carefully install lines in crowded underground spaces, avoid existing lines and minimize 

restoration needed after drilling. HDD drill string maneuverability comes from their small pipe 

diameters giving flexibility as the drill bit is pushed down hole. Commonly the cutterhead has a 

bias from the drill bit or by jets cutting preferentially cutting into the formation to create a slight 

angle of attack that when the drill string is pushed it will follow that bias, and rotating the drill 
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string will allow the setup to position the bias in a different direction13,14. Directional drilling 

(DD) uses pipes with larger diameters ( τ ὭὲὧὬὩί) that are less flexible and require rotating the 

drill bit to breakdown soil materials along with pushing to advance the drill string. A bottom hole 

assembly (BHA) is often used and includes one or multiple attachments behind the cutterhead to 

control the trajectory of the drill string and provide force to break down soil materials15. The 

technology developed for this project is fast HDD, marrying HDD and DD technologies by 

incorporating the power and additional maneuverability of DD and its BHA with 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 include the cutterhead that breaks down soil 

material, a double pipe connected to the back of the cutterhead, and a pipe pusher that pushes the 

whole assembly continuously underground (Figure 2.1). The cutterhead has sensors and controls, 

taken from HDD and DD technology, just behind the cutterhead to determine position and alter 

the trajectory of the borehole being drilled. The pipe trailing the cutterhead supplies drilling 

fluids that hydraulically power the cutterhead, picking up soil cuttings, and conveying them back 

to the surface at the entry point of the drill string. Rather than a single pipe system used in 

traditional HDD it is a double pipe, the inner pipe supplies clean drilling fluid to the cutterhead 

and disperses soil cuttings into the drilling fluid to then flow into the annular space between the 

two pipes driven by drilling fluid pressure. The annular space between pipes returns soil cuttings 

to the entrance of the hole. The double pipe design reduces the time that high drilling fluid 

pressure is in contact with the soil formation to reduce damage that can weaken the integrity of 

the borehole. This will allow the drill string to operate at higher drilling fluid pressures and 

reduce the potential for fluid loss circulation from damaging the soil formation and void 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 atmosphere at the entrance of the borehole. The cuttings returns are retained to prevent 

environmental contamination and the soil solids are removed so that the drilling fluid can be 

recycled. Maintaining drilling fluid pressure to clean the borehole of soil cuttings is critical to the 

advancement of drilling so that the cutterhead can continue breaking down new soil and 

lengthening the borehole. 
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2.1.1 Drilling Fluid Pressure Management 

Figure 2.2 Illustration of a frac-out 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 flow re-circulating in the annular space 

between pipes. 

Drilling at higher speeds also means removing 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 and cuttings are no longer removed from the 

borehole (Figure 2.2). 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: a significant increase 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 returns10.  Continuous loss of drilling fluid at 

large volumes is prohibitive from both a cost and logistics standpoint when considering borehole 

lengths at the kilometer scale. In the fast HDD setup, drilling fluid flow rates operated at 600 

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 fluid. These drilling 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 water. These fluids are shear-thinning 

due to the presence of the platelet-shaped clay particles16, a desirable characteristic for 

underground drilling. Shear-thinning fluids slow the settling of solids due to a higher viscosity 

when at rest, while reducing fluid pressure with a lower viscosity at high flow rates compared 

with an equivalent Newtonian fluid17. Solids concentration and the solids material is dependent 

on the surrounding soil formation and the connection between soil cuttings and their viscometric 

effects on cuttings returns viscosity is generally unknown. In practice, solids concentration is 

maintained between 5 and 15 vol%. If 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 guarantee the prevention of 

fluid circulation loss. In underground drilling one of the greatest means of failure is loss of 

circulation. Loss of circulation means that drilling fluid is no longer flowing through the drill 

string and cleaning the cutter face from soil cuttings buildup. This can be catastrophic for many 

reasons, unable to remove soil cuttings the drill string can no longer advance because the force 

required to push the rig further along becomes unfeasible if the soil isnôt first broken down, if the 

drill string cannot advance then it may be lost underground because the borehole is too long and 

the frictional stress of pulling it out of the borehole is too great. Drilling fluid no longer 

circulating could also mean drilling fluid is building up elsewhere which oversaturates the 

ground resulting in degradation of soil formation integrity making it difficult to prevent the 

collapse of the borehole. Loss of circulation can happen because of multiple 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 frac-out. The challenge with pressure management of drilling fluids is with 

boreholes that continue growing in length require greater and greater fluid pressure to pump 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 are large masses of either a singular mineral or many minerals. The breakdown of 

rocks can occur mechanically by water, wind, ice, or temperature changes that yield smaller 

particle sizes. Rock breakdown can also occur chemically, by changing the chemical makeup and 

altering the strength of the material. Over time rocks become small enough in size that they 

become soil and are gathered into deposits typically by water, wind, ice, or gravity. 

2.2.1 Distinction amongst soils 

Soil materials are traditionally categorized based on particle size with the criteria for soil 

classifications established by organizations including 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 the U.S. Army Corps of Engineers and the American Society for Testing 

and Materials (ASTM). Based on this standard, soil material with particles sizes between 76.2-

4.75 mm are classified as gravel, 4.75-0.075 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. 

 

 

 

 



 

30 

2.2.2 Clays 

Figure 2.3 a). For the viscosity range of bentonite spanning 1-100 1/s in steady-shear, bentonite 

samples at variable water content were measured. Bentonite concentrations greater than 80 wt% 

can be commonly expected under realistic geological conditions b). Instead 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 

sandpaper adhered to the peltier plate. The red line is the upper torque limits of the TA 

instruments DHR-3 rheometer. 

Clay materials have been extensively studied because of how prevalent they are around 

the world and their complexity18. 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 

bond to one another and form colloidal structures which are what is typically considered clay 

when digging up soil from a yard19. 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 exchangeable cation 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 electrostatic 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 higher-ordered structures that can densify. The 

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 seen in Figure 2.3, these make for challenging 

materials to drill through with high viscosities ( ρπ ὖὥẗί) that easily surpass traditional 

benchtop shear rheometers and their high yield stresses ( ρπ ὖὥ) would eject the material from 

capillary rheometers once the fluid yields and begins flowing. The absorption of water can cause 

them to expand and alter the stress state of soil underground and bias the trajectory of drill 

strings. Other clay materials have similar viscometric properties, but their ability to absorb water 

is less dramatic making them less of a worst-case scenario. As a drilling fluid, bentonite easily 

disperses in water, giving the fluid a yield stress and shear-thinning characteristics that improve 

the efficiency of removing soil materials cut by the drill string, making them ideal as a drilling 

fluid. 

2.2.3 Granular solids 

Granular matter is uniquely distinct from soft matter because of its size, where Brownian 

motion becomes negligible and history becomes important20,21. 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 minimum orientation, 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 

particle-particle interactions. Since history becomes important in the physics of granular matter, 

its quantification becomes a more important matter in describing these materials. To 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 a bulk material property because the calculus necessary 

to relate particle characteristics to the material properties becomes untenable where rheology and 

viscometry treat these materials as an effective continuum. There will be work discussed in this 

thesis where these characteristics will be a driver of the physics, 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; or 

collected by an external force, transported. The transportation of soils results in 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, accumulation at a lake; alluvial/fluvial, deposited by 

running water; glacial, from the advancement or melting 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 fines and larger particle size materials and their distribution underground.  

2.2.4.2 Water 

The presence of water will affect the 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 platelet-like 

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 from clays, 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 strength of the soil 

material19. 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 above it, causing it to consolidate along the axis of gravity and 

increasing the particle density along that same axis. This is why when frac-out occurs, it initiates 

horizontally and moves to the surface, following the path of least resistance22ï24. 
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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 replacing that 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, yield stress, and elasticity. All particle concentrations discussed in this 

work will remain in the concentrated regime with high enough particle densities that multiple 

particles are interacting with one another. 

2.3.1.1 Krieger-Doherty 

For concentrated non-colloidal 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 Krieger-Doherty relationship is commonly 

used to capture the increase in viscosity with volume fraction, Equation 2.125. 

– ρ                                             (2.1) 

Where the relative viscosity, –, is a function of the volume fraction, ‰, maximum 

packing fraction, ‰ , and for hard spheres the dimensionless intrinsic viscosity is –” = 2.5, 

where ” is the particle density. This relationship fails with additional complexities but the 

expression has been modified to accommodate them, including particles size distribution26ï30 and 

aspect ratio31ï33. Realistically, Krieger-Doherty cannot be applied to complex systems of cuttings 

returns of granular particles with settling, variations in aspect ratio and particle size distribution, 

and frictional interactions that are also dispersed in a colloidal dispersion of bentonite clay 

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, making it an easy additive to combine on-the-fly during drilling 

and because of that absorption and interplatelet interactions readily forms structures to develop 

shear-thinning and yield stress properties that can disperse soil cuttings and convey them out of 

the borehole. It should be noted that classification systems that include clay are defined by 

particle size, but to make a particle truly clay it needs a cohesive nature. That means that clay soil 

material also includes 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 from 3-5wt% (wt% = ) depending on the desired application. 

This concentration can be beyond the transition from a sol to a gel, signifying a colloidal network 

has developed across a sample depending on the mineralogy of bentonite used34. Bentonite is 

primarily composed of sodium montmorillonite clay and functions well as a drilling fluid slurry 

because they are a shear-thinning yield stress fluid that can be purchased cheaply. Shear-thinning 

properties mean that with increasing flow rates (~ shear-rates) the viscosity will decrease and 

make the material easier to pump, and at lower flow rates (~ shear-rates) a higher viscosity will 

develop ï slowing down the rate of settling in the soil material being transported. Shear-rate is 

the normalized rate of deformation a material experiences so that a universal quantity could be 

applied to any system. The typical mental image of shear-rate is a static system with fluid 

between two parallel plates, and once one plate moves at steady velocity then the fluid 

experiences a shear-rate, the gradient of velocity between the two plates. This is commonly 

simplified as the velocity of the moving plate divide by the distance between the two plates. The 

yield stress of the slurry also contributes to 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 high. The conveying of soil cuttings is often termed carrying capacity, 

which describes the effects of yield stress and shear-thinning properties to disperse soil cuttings 

and subsequently remove them from the borehole. In 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 quickly burnout the pumps. But by increasing the viscosity of the drilling 
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fluid with Bentonite the shear stress applied to the particles increase and disperse the granular 

particles so that they can be convected out of the borehole.  

Bentonite slurries have shear-thinning and yield stress behaviors because of the colloidal 

structure. Bentonite clay is made of colloidal size platelets composed of silicon oxide with 

exchangeable cations between the platelets. The surfaces and edges are negatively charged. This 

structure is what gives bentonite slurries and clays their unique properties. At low bentonite 

platelet concentrations in water the mixture behaves as a colloidal suspension. The 

micromechanical concept that gives bentonite slurry their rheological properties is the breakdown 

and alignment of platelets during flow. Platelet structures are built up when no stress is applied to 

the slurry because of the charged faces and edges with water bonding the two, and this 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 breakdown from the shear and 

align with the direction of flow, reducing the resistance to flow at greater shear-rates (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 bentonite slurry and the macroscopic effects on underground drilling that operate at high-

shear rates well above instances where system stability, non-spherical particles, electrostatic 

interactions, and many more contribute to the fluidôs rheology. These subjects are thoroughly 

covered elsewhere9. 

2.3.2.2 Colloidal Networks 

The soil transported by the bentonite slurry will typically be clay and sand. Bentonite 

clays encountered underground have low water content and behave as a dense colloidal structure, 

that have been called either glasses or gels which depends on whether an ordered or disordered 

colloidal structure exists, but their bulk effects remain the same35. As clay platelet concentrations 

increase they begin interacting 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 sample36. With higher bentonite content (> 40wt%), the 

structures become more interconnected meaning greater elasticity, larger viscosities ( ρπ ὖὥẗ

ί), and larger yield stresses ( ρπ ὖὥ) that surpass the measuring capabilities of benchtop 
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steady-shear 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, granules, gravel, 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 gravel, pebbles, granules, and sand. 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 (φππ Ὃὖὓ) the granular solids will be dispersed and evacuated out of the tunnel. With 

these granular solids and soft-solid clays the main interactions will be frictional interactions 

between solids and hydrodynamics.  

2.3.3.1 Settling and Shields Parameter 

With granular soil materials is a common challenge to avoid because of the disruptions 

settling causes to the drill string from interrupting flow from the drill bit back to the surface and 

preventing the removal of soil cuttings. Many mitigation strategies have been developed to 

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 yield stress and viscous properties that will reduce settling. Even 

with these strategies, it is unclear which is the most effective due and treated as a black box 

because of the variability in underground soil conditions and the anecdotal approach used in 

practice to modify drilling fluid depending on the appearance of cuttings returns. With drilling 

fluids, novel additives are constantly being published because improvement to a drilling 

operation is dependent on the soil geology and the rheological modifications made to 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 unknown. 

Settling during flow is best described by the Shields parameter, a nondimensional number 

comparing wall shear stress and buoyancy stress, the magnitude indicating the tendency for 

solids to settle ï values greater than 1 less likely to settle and values less than 1 more likely to 

settle. In Equation 2.2, 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 2.3. 

—                                                               (2.2) 

 

†  
Ўẗ

                                                                (2.3) 

Seen in Equation 2.3, if the pressure drop of the system increases then the wall shear 

stress will increase, and increasing viscosity with bentonite content increase pressure drop of the 

system. 

2.3.3.2 Particle Interactions 

The interactions between particles are broken down into normal and tangential contact 

forces. Where the normal contact force is modelled as an elastic contact, commonly using a 

variation of the Hertz law and is summarized in Figure 2.4 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 properties37ï40. 
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Normal contact force 

Figure 2.4 Diagram depicting elastic contact using the Hertz law for two hard spheres in contact, 

to retrieve the normal contact force between two particles. The particles on the left are in contact 

with no deformation made and the particles on the right are in contact with a deformation ‏ 
applied to each sphere from equally applied normal forces. The grey zone is describing the zone 

of deformation. This is based on a figure from Granular Media8. 

Ὂ
Ѝ
 (2.4)                                                         ‏

 

ὥ  Ѝ‏Ὑ                                                               (2.5) 

Equation 2.4 forms the basic expression used for normal contact force between particles, 

and additional complexities have been added since its inception to include cohesion37,41ï46 and 

dampening47ï50. The normal force is a function of the material elastic modulus, E, particle radius, 

R, particle Poissonôs ratio, ὺ, and particle deformation, ‏. This expression also translates to the 

kinetic energy of particles as collisions transform into their movement away40. In Equation 2.6 

the energy of collision, Ὁ, is a function of particle mass, m, and velocity, v, which can be 

converted to elastic energy, Ὁ , in Equation 2.7 and can be defined by the normal force 
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multiplied by the deformation and is a function of the elastic modulus, particle radius, particle 

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

Ὁ ςẗρȾςάÖ                                                      (2.6) 
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Tangential contact force 

Figure 2.5 Force and reaction force diagram detailing the tangential and normal forces 

acting on a stationary block. 

 

ȿὙȿ ‘ȿὙȿ                                                           (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 block, Figure 2.5 Force and reaction 

force diagram detailing the tangential and normal forces acting on a stationary block.8,51 and 

expressed in equation 2.9. Equation 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 block. The frictional coefficient has also been 

explored in microscopic detail and derived based on the asperities and contacts of the rough 

surfaces52. Additional complexities can also be included in the model to include additional modes 
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of motion for the tangential contact53 and no-slip conditions between the two particles54ï57. The 

additional modes of motion include rolling40,49,51,53,58ï63 and twisting friction49. 

Hydrodynamics 

The hydrodynamics of fluid particle interactions are complex at time and length-scales of 

drilling operations with astronomical numbers of particles that include particle-particle 

interactions and fluid-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 first-principle relationships have yet to be derived and are predominately 

explored at the particle level due to the computational expense and difficulty to observe 

experimentally8. 

The basics of fluid-particle 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, seen in Equation 2.1064,65, and can be generalized with a pressure 

gradient to turbulent flow, see Equation 2.118. And a falling particle is described with Equation 

2.12. 

For laminar flow around a particle, 

Ὂͯ –ὨόȟὫὩὲὩὶὥὰὰώ                                                 (2.10) 

 
Ὂ  σ“–ὨόȟὪέὶ ὥ ίὴὬὩὶὩ                                                   

For turbulent flow around a particle, 

Ὂ  ὅ”ὨόἽ                                              (2.11) 

ὅ πȢτχȟίάέέὸὬ ίὴὬὩὶὩȠ ρȟὲὥὸόὶὥὰ ὫὶὥὭὲί 

ό                                                       (2.12) 

Beyond these expression, there are multitudes of hydrodynamic complexities66 that can 

be included like unsteady flows - accelerating fluid, relative velocity difference, magnus forces, 

lubrication forces67,68, and the effects of those hydrodynamics on the collision between 

particles69,70. The connection of these interactions to bulk viscometric properties have yet to be 

made beyond simulation work and requires empirical expressions to capture all of these effects at 

the bulk scale with viscometric properties of fluid-particle 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 catalysis71. Darcyôs law was one of the earlier attempts at identifying this 

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 (See Equation 2.14)72. But at greater flow rates where 

inertia becomes non-negligible Darcyôs law begins to fail.   

ή   ɳὴ                                                             (2.13) 

Darcyôs law is the flow rate, ή, equals the soil permeability, Ὧ, divided by the fluid 

viscosity, ‘, and multiplied by the pressure drop across the cell, ὴɳ. 

 

To distinguish between flow regimes where Darcyôs law fails, the pore Reynolds number 

is used to describe flow through porous media. The pore Reynoldôs number is the ratio between 

inertial and viscous forces where the inertial term is the product of fluid density, ”, fluid velocity, 

ὺ, and pore size assumed to be bed particle diameter, Ὠ, and the viscous term is fluid viscosity, ‘, 

Equation 2.15.  

ὙὩ                                                         (2.14) 

There are also expressions developed to account for inertial contributions in porous media 

flow. Ergunôs equation is a semi-theoretical model that spans a wide range of flow regimes from 

Darcy/viscous to turbulent flow. Equation 2.16 is Ergunôs equation, the pressure drop, Ўὖ, 

normalized by the length traveled by the fluid, ὒ, is related to the porous materialôs porosity, ‭; 

density, ”; and packed particle diameter, Ὠ. ὃ and ὄ 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 determined73.  

Ў
ὃ ό ὄ ό                                           (2.15) 
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Ergunôs equation is derived from treating porous media void spaces as a collection of 

capillary tubes. Researchers have subsequently tested a range of porous media flows, primarily in 

packed beds, to determine the range of empirical constants, making it possible to predict flow in 

Darcy/viscous to turbulent flow regimes73ï75. 

Ў
ό ”

Ѝ
ό                                               (2.16) 
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Forchheimerôs equation is another expression that includes inertial contributions. The 

pressure drop across the cell is a parabolic function of the fluid velocity and includes parameters 

of viscosity, ‘, Forchheimer constant, Ὂ, fluid density, ”, Kozeny-Carman constant, ‖, and 

intrinsic permeability, K, Equation 2.17. 

Most drilling fluids are also non-Newtonian, 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 incorporating non-Newtonian fluids, but there is 

much to be explored yet74,76,77. For the most part, research 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 gravity78,79. Probabilistic models have also developed from these empirical studies to 

determine the likelihood of clogging depending on geometry of the particulate and the orifice 

size80ï82. There is little literature on fluid-driven clogging of orifices with particles83 and no 

literature or model development to describe fluid-driven particles clogging in porous media. In 

fluid-driven clogging, there are clear connections between diameters of the orifice and particle, 

fluid velocity, and restriction volume fraction (ratio between volume of particles filling up an 

orifice volume), but no relationships developed collapses the data onto a trend independent of 

granular length-scales84. Gravity-driven clogging literature has determined that in 2-dimensional 

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 greater82, Equation 2.18. 



 

43 

Ὀ ςὈ                                                    (2.17) 

Fluid -driven clogging 

While Ergunôs equation is a good point of reference, solids content in the fluid is a crucial 

factor unaccounted for in existing models of flow through porous media. Sands and silts are 

common materials encountered during drilling and the extent of their dispersion depends on flow 

regime and fluid properties85ï87. At low flow regimes, particle dispersion will be dominated by 

settling which can naturally lead to clogging of the porous medium. Clogging behavior is the 

dynamic to static transition of jamming, 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 with particle-

laden fluids80,88,89. The specific situation of clogging of gravel with sand carried by a fluid has 

been studied empirically and with many analogous systems to compare against, but it is lacking 

its own theoretical approach79,80,89,90. 

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 allows fluid to flow through89. 

Erosion of earthen dams is 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 capture solids and 

prevent erosion that would weaken the structural integrity89. The result of this are criteria that 

determine the threshold particulate size and pore size that will lead to clogging and prevent 

erosion. 

Ὀ ρπẗὈ                                                 (2.18) 

Ὀ τẗὈ                                                    (2.19) 

There are two empirical criteria recommended by Terzaghi to prevent dam erosion, 

equation 2.19 and 2.20. Terzaghiôs early consulting work, he recommended equation 2.19 for 

effective dam filters and equation 2.20 is based on the classic text of Terzaghi and Peck  (1948)91 

and the experiments performed by Bertram (1940) that also accounts for soil retention92. Both 

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

particle diameters.  

Ὀ φẗὈ                                                 (2.20) 

Equation 2.21 is 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 clogging92. They 

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 wt% particles are finer and base diameter where 85 wt% is finer, is the only driver of 

significance to determine filter criteria89. DF15 is simplified to Ὀ  and DB85 is Ὀ  

since our system does not have size distributions. Their proposed criteria is for no erosion and 

derived from analyzing coarse sandy gravels compared between lab results and in-service 

dams89, equation 2.22. 

Ὀ ρρȢςẗὈ πȢψτ                                        (2.21) 

       ὈὊρυ ρρȢςẗὈὄψυ πȢψτ 

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 meta-stable states can be achieved 

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 dispersions are not being deformed by the flow and 

exclude fluid volume. This means that within the same borehole space comparing the flow of a 

pure fluid versus a fluid with particle dispersions, less fluid is being deformed when dispersions 

are present ï reducing the effective shear-rate of the system while maintaining the same shear 

stress and hence increasing the viscosity (stress/shear-rate). In addition, the shear stress should 

increase with dispersions as well because there will be more energy dissipation from wakes 

following the granular particles and frictional dissipation from particles interacting with one 

another, increasing 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 non-Newtonian medium of bentonite drilling 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 melts that measure bulk viscometric properties93. 

2.4 Turbomachinery Fundamentals for Pumps 

Pumping is vital in underground drilling, to mix and convey drilling fluid down the 

borehole and remove soil cuttings. The 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 powder4. The 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 during a fluid circulation loss event4. Pumps 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 semi-theoretical relationships for a centrifugal pump will be discussed. In 

centrifugal pumps, they operate as a rotating wheel with vanes and water flows into 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 seen in Figure 2.6. From this simple diagram, the 

velocity component of the fluid moving out of the pump can be broken down into vectors and 
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used to describe the expected pressure head and flow rate performance of the pump and a 

characteristic curve can be built.  

Figure 2.6. Diagram of a centrifugal pump based on the work of Wilkes 3rd edition94. 

 

Figure 2.7. Velocity breakdown of the fluid moving out of a centrifugal pump. 

Following Figure 2.7, the fluid moving out of a centrifugal pump can be broken up into 

velocity vectors that can be used to calculate the pressure head and flow rate of the pump. 

Equation 2.23 expresses how the tangential impeller velocity can be used to calculate the 

expected pressure head of the pump94. The pressure head, Ўὴ, is a function of the fluid density, ”, 

and tangential impeller velocity, ό. 
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Ўὴ ”ό                                                            (2.22) 

The flow rate from the pump is described in Equation 2.24, where the flow rate, Q, is the 

product of the volume of fluid moving out of impeller (ς“ὶὨ) and the radial fluid velocity (Ὢ)94. 

ὗ ς“ὶὨὪ                                                        (2.23) 

Figure 2.8. Characteristic curve the non-dimension flow rate and pressure drop performance for a 

centrifugal pump. 

The pressure drop and flow rate expression can also be non-dimensionalized following 

Figure 2.8, to create a characteristic curve for centrifugal pumps. This general trend can also be 

expressed as Equation 2.25, that describes the reflected exponential trend, and the system 

constants, ὥ Ǫ ὦ, can empirically capture the differences between pumps. 

ЎὬ ὥ ὦὗ                                                         (2.24) 
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2.5 Thesis Statement 

From an assessment of the literature and discussions with industry professionals, it is 

clear there is a lack of understanding of the viscometric material properties of fluidized soil 

materials and their corresponding application in underground drilling, limiting the fieldôs 

advancement. It is also well-known that maintaining drilling fluid pressure is one of the biggest 

challenges in underground drilling and is far from being resolved. Thus, the central hypothesis 

of this thesis is: The advancement of underground drilling can be enabled with particle 

rheology and tool development to probe the fluid mechanics of soil material within a drill 

string and address the origin of fluid circulation loss.  
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CHAPTER 3 CALIBRATING AN INDEX -TYPE MIXER TO MEASURE 

VISCOMETRIC PROPERTIES OF HIGH-SOLIDS, HETERGOGENEOUS SOIL 

Modified from a paper to be submitted to Journal of Rheology 

Benjamin A. Appleby1,2 , Muhammad Ishaq3, Ali Vossoughian3, Jamal Rostami3, and 

Joseph R. Samaniukl,4 

Figure 3.1 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 conveyed out of the borehole and 

with a rotating action to self-clean the teeth so that soil material does not build up on the tooling 

(Figure 3.1). 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 

simulating a materialôs stress-strain relationship, and how they will behave when interacting with 

a cutterhead. These 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 the material can be treated 

as a continuum. Since soil materials have multiple constituents ranging in colloidal and granular 

particle sizes and are under a wide range of environmental conditions, traditional bench-scale 

instruments cannot characterize them because of their large particle sizes ( ρ άά), viscosities 

(ρπ ὖὥẗί), and memory. At the time of this work, viscometric characterization of soil materials 

larger than a millimeter in size was 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 Bousmina et al95 

used for polymer melts and extended to biomass slurries96ï99, and applied it to clay slurries up to 

the limit where the slurry transitions from fluid-like to plastic-like behavior. The novel 

contributions of this work are in measuring the true viscometric material properties for a low 

water content bentonite slurry ( ρφȢχύὸϷ) with a range of gravel content approaching its 

packing fraction and incorporating a Bingham Plastic constitutive equation into this calibration 

procedure rather than a power-law empiricism. Prior to this work soil materials were measured 

with index-type devices that outputted values that could not be applied in simulations because the 

data was specific to the measurement device. The calibration method we employ gives measured 

material properties independent of the device, allowing them to be applied to any simulation or 

numerical analysis. While this work has extended the range of measurable materials, after a 

higher enough bentonite concentration the material transitions from fluid-like to plastic-like 

behavior where it retains memory and how it is deformed will impact the measured stress-strain 

relationship obtained for it. The 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 relevant 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 remains fluid-like. 

However, with plastic-like 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 deformation in the field 
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can be replicated with the device. This 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 because of their large 

length-scale (  ρ άά) 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 large particle sizes (ρωȢπυ άά) 

and torque requirements to measure the effective material properties of realistic soil materials95. 

State-of-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 values100. 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 

traditional 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 viscosity ( ρπ ὖὥẗί), particle-laden material, with a 

minimum particle dimension of 19.05 mm, material commonly encountered in shallow 

underground drilling. 

3.2 Introduction  

Characterizing the viscometric properties of granular 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 samples 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 

granular particles101ï115. There have been many devices built to characterize viscometric 

properties but they are limited to index-type devices that do not provide universally applicable 

material properties because of an oversimplification of the calibration procedure100,116ï119. Two 

common calibration procedures include derived relationships and back calculation using 
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computational fluid dynamics (CFD) models with an assumed constitutive equation106,120. 

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 

measured121. Back calculations are inherently flawed because an assumed constitutive equation is 

needed to determine stress-strain behavior of the material. And these procedures are only used to 

determine shear stress and shear rate so a constitutive equation can be fitted to the data without 

accounting for the physics behind the significance of each model. Since the physics of plastic-

like clays and bulk granular matter has not been well understood at a continuum level, CFD will 

be assuming that all soil materials will be 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 content ( ςπύὸϷ Solids) to maximize yield in a chemical process while 

low enough to reduce processing challenges, including non-Brownian particles, wall slip, 

settling, and ejection122ï129. 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 by mixer-type 

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 samples124,130,131. The challenges experienced with biomass 

measurements include non-Brownian 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 ï laminar flow, uniform shear profile, and uni-directional flow. Using cylindrical 

coordinates and a cup and bob geometry as an example, the flow will be independent of the ñzò 

and — ï direction and only a function of the radial direction, ñrò. These assumptions become 

challenged depending on the measurement geometry and the material of interest. An extension of 

the couette geometry is the 4-bladed vane, where re-circulation 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 ( ρ άά) that would jam a cup and bob geometry and high viscosities 

that would require high normal stress to insert the geometry into the material123. A fractal 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 vanes132. The vane geometry set the precedent for the couette analogy that 

has now been used in a variety of mixers and rotating geometries95,133. This analogy falls short 

when the original rheometer assumptions are invalidated, like in the case of z-directional flow or 

the effective couette cannot be easily determined124,134. These cases have been addressed with 

additional calibration procedure extensions that account for complex flows124 and an effective 

inner radius95. 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 unique measurement 

geometries and will have material properties outside the norm, including predominately clays, 

sands, and gravel. An easy conceptual understanding of this is granular materials like sand and 

gravel have particles where frictional contacts dominate their interactions. Dilation 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 either result 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 rheometer ï often leading to shear-thickening and 

jamming that will stop the deformation and could potentially damage the instrument103,135ï137. 

Alternative attempts at measuring sand has also shown the common transitions from inertial to 

transition to stationary flow within a short length-scale134, 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 stress-state have major effects on the strength of the material. 

Clays, like sands exhibit many of the same parameter dependence, but since they are colloidal in 

size they also have time-dependent material properties dependent on the water content, pH, 

exchangeable cations, and mineralogy93,138,139. This work will provide a guide to calibrate true 

viscometric properties so that these parameters can be explored in detail and be used to compare 

viscometers rather than independent index-type devices that are can only be compared with itself. 

This work will follow the calibration procedure of Bousmina (1999)95 and is an extension 

of the procedure developed by Goodrich and Porter140 for determining the effective inner radius 

produced by any measurement geometry that does not generate an axial flow, and 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 torque-rheometer on polymer 

melts to convert rpm and torque values into rheological units of shear-rate and 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 properties. With the rotation rate and torque data and steady-shear 

flow sweep of a calibration fluid, the effective inner radius can be determined and then used in 

the derived Navier-Stokes expression for an effective concentric cylinder setup to determine the 

shear-rate and viscosity relationship based on the rotation rate and torque of index-type mixer, 

converting it to a viscometer. Bousmina (1999) extended this work by showing that both a 

Newtonian and non-Newtonian calibration fluid can be used for this procedure because there is a 

geometric point between these effective concentric cylinders that when derived for will produce 

rotation rate ï shear-rate and torque ï viscosity relationships in independent of the measured 

fluidôs rheology. They provided theoretical proof of this geometric point and verified it 

experimentally with dilute polymer solutions. 

 If there was z-directional flow then Pimenova & Hanley124 can be used but would require 

both a Newtonian and non-Newtonian calibration fluid whereas Bousmina et al. only requires a 

non-Newtonian calibration fluid. For our system, a high minimum torque ( ρυ ὔẗά) is 

needed, and the corresponding Newtonian calibration fluid would be too expensive. The basics of 

the Bousminaôs procedure require a geometry with no z-directional flow, and the calibration fluid 

needs to be measurable in a traditional shear-rheometer. The Bingham Plastic model 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 without any added value because the relevant characteristics of 

bentonite slurry are well captured by the Bingham Plastic model ï yield stress. The calibration 

method covered in Bousmina et al. will be detailed in the methods section, but the main premise 

of it is to assume an effective radius ï dependent on the flow profiles generated by any geometry 

where the flow direction is only in the — ï direction, Figure 3.2. Decision tree from learned 

experiences and existing literature for the calibration route to take depending 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 viscometric properties of a material.. The effective inner radius is 



 

55 

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 calibration constant. 

Figure 3.2. Decision tree from learned experiences and existing literature for the calibration route 

to take depending 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 viscometric properties of a 

material. 

Figure 3.2 summarizes the distinction between the two calibration procedures Effective 

Inner Radius and Power Number, developed by Bousmina et al.95 and Pimenova & Hanley124, 

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 and non-Newtonian calibration fluid, if there is no axial flow 

then Bousmina can be used and requires only a non-Newtonian calibration fluid. P&H account 

for axial flow in their derivation whereas Bousmina does not. An additional caveat of the 



 

56 

Bousmina, effective inner radius procedure is that a thin-gap approximation needs to be reached. 

The thin-gap approximation states that the ratio of effective inner radius to the inner radius of the 

sample volume is greater than 0.85. This criterion is necessary to simplify the calculations and 

treat the non-Newtonian calibration fluid as a Newtonian fluid, otherwise a non-Newtonian fluid 

cannot be used to calibrate the setup. This often requires an iterative process in designing a 

measurement geometry and selecting a calibration fluid that will achieve the thin-gap 

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 non-Newtonian, which will be characterized 

in a standard rheometer and compared against the torque and rotation rate data of the setup to be 

calibrated to calculate the effective inner radius calibration constant. Ri, the effective inner 

radius, will be used to relate torque to effective viscosity and rotation rate to effective shear rate. 

The calibration approach is 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 rheology95. This calibration procedure is the culmination of three 

different works. The basis of the procedure was developed by Goodrich & Porter140 for polymer 

melts in a Brabender torque-rheometer. Bousmina et al. extended their work in a twin rotor batch 

mixer by using a non-Newtonian calibration fluid and justifying its accuracy95. And our work 

couples their procedure with a new measurement geometry without axial flow inspired by an 

impeller with angled flights developed for biomass by Klingenberg et al.133. 

3.3 Materials and Methods 

The calibration procedure used is an effective inner radius approach, following the work 

of Bousmina et al. (1999)95. This work assumes that no matter the configuration of the 

measurement geometry, as long as there are no global flows, 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 cup and bob geometry where a bob at a constant radial size can be 

mathematically used to replace any complex measurement geometry to calculate the effective 

viscometric properties of complex fluids.  
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3.3.1 Setup 

Figure 3.3. 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 shift sits 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 sample of interest. The right hand images is the measurement 

geometry used with angled flights designed to measure samples with high solids content, yield 

stress, and viscosity. 

The experimental setup is shown in Figure 3.3 where an industrial drill press has been 

modified into a viscometer for soil materials. In the left-side 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 

rotations per 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 a low-friction plate, allowed to freely rotate but held 

stationary by the force transducers. The right-side images is the angled-flight 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 Klingenberg et al. (2017)133, where they were measuring high 
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solids content biomass (ρυ ςπύὸϷ) and wanted a geometry that would not jam from granular 

fibers and would also suspend the granular fibers. This design uses a 1 foot long, 1.5 inch 

schedule 80 pipe as the central shaft, and the angled flights are spaced 0.0973 meters apart 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 diameter from the tip of one arm to another is 0.2964 meters. Each arm 

is pitched at a 30 degree angle and made from 1 inch by 0.5 inch rectangular bar stock where the 

top corner of the lower side and the bottom edge of the higher side are rounded off. The bottom 

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 handle granular particle sizes and reduce jamming 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 

manuscript, as determined by the expected flow profiles of the measurement geometry. Our work 

then uses these developed procedures to apply to soil materials assuming a Bingham Plastic 

constitutive relationship141. 

The calibration procedure is taking the Bingham Plastic constitutive equation, Equation 

3.1, and plugging it into the momentum balance using Navier-Stokes in the —-direction, Equation 

3.2. 

† † – ‎ὶ                                                    (3.1) 

    † † – ὶ    

 

π                                                         (3.2) 

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

Equation 3.3. 

ό ὶ ẗ ÌÎ                                 (3.3) 

The expression for torque is shown with Equation 3.4 and will be used to determine the 

effective inner radius calibration constant, Ὑ.  
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ɜ ς“ὙὬẗὙẗ† ȿ ςʌ2Èẗ† – ɾ                             (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 DHR-3 rheometer, the calibration 

constant can be solved for. The Bingham Plastic model generates a geometric series when the 

velocity profile is solved for, and  Matlabôs geometric series function is used to determine the Ri 

value. Ri will be used as the measurement geometryôs calibration constant and be used to solve 

for the effective shear-rate and viscosity measured in the soil viscometer, using Equations 3.5 

and 3.6. 

– ‎                                                         (3.5) 

‎ ὔ                                                          (3.6) 

The viscosity and shear-rate both have a subscript ñaò because these are both apparent 

values. Within the soil viscometer there is a complex flow field of radial and local axial flow that 

will result in multiple shear-rates locally, but this will average out into a bulk value because 

rotation rate is applied, and torque is measured across the whole sample. The particle size that 

can be measured by the system is constrained to granular material that does not approach the gap 

size, <0.1*(Re-Ri) . The calibration fluid of choice was bentonite clay because of its high 

viscosity and low cost. 

 In the power number calibration, a Newtonian calibration fluid is needed while the 

effective inner radius approach can be done with either a Newtonian or non-Newtonian 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 more cost-effective to 

use bentonite 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 Viscometer was determined to be 5 N-m 

and based on the upper force transducer limits that measure torque the upper limit is 60 N-m.   

Figure 3.4. Calibration results for the angled-flight measurement geometry using a 16.7 wt% 

bentonite sample. a) includes the averaged data, in orange triangles, tracking torque at increments 

of rotations per minute (RPM). b) takes those torque values and calculates what the effective 

inner radius (Ri) would be at those operating conditions. From this dataset, an Ri value that 

minimizes the total average error is selected. This Ri value is then used to calculate how torque 

values should be varying with RPM and plotted as the black line in the left-hand panel and 

compared to the collected torque data. 

Figure 3.4a is the torque data averaged over each 60 seconds for each RPM from the Soil 

Viscometer and the Bingham Plastic parameters from a TA Instruments DHR-3 rheometer are 

determined to evaluate the effective inner radius calibration constant that is then used to calculate 

torque and back compare against the collected torque data from the Soil Viscometer, based on 

Equations 3.1 and 3.4 using a 16.7 wt% bentonite sample. In Figure 3.4b, the effective inner 

radius is depicted, a geometric point beyond the radius of the measurement geometry. Each 

torque data point is collected by averaging the raw data at each RPM (50-400 RPM) once torque 

has reached steady-state over a minimum of 2 minute (Appendix A). This shows that Ri 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 in Ri. The viscosity calculations match up nicely between the data 

collected on the DHR-3 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 shear-rate and viscosity to compare 

against the steady-shear flow sweep in the DHR-3 of the same bentonite clay material. 

Figure 3.5. Using the calculated Ri value from Figure 3.4, the (a) averaged torque and RPM data 

can be converted into effective viscosity and effective shear-rate values and can be compared to 

the steady-shear flow curve collected of the same 16.7wt% bentonite sample on the DHR-3 

rheometer. b) is the same flow curves as a) but on a linear plot. c) is the absolute difference 

normalized by the TA DHR-3 values between the Soil Viscometer and the TA DHR-3 data 

extended from an extrapolation of the collected data. 

In Figure 3.5a, the dark blue triangles are the dataset collected by the DHR-3, with the 

open symbols directly collected data and the shaded in symbols fitting a Bingham Plastic model 
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to them and extending the data to cover the same shear-rate values measured in the Soil 

Viscometer. The orange triangles are data from the Soil Viscometer. At overlapping shear-rates 

the Soil Viscometer gives greater values than the DHR-3 but then more closely line up at higher 

shear-rates ( ρππ ). The difference in viscosity values between the Soil Viscometer and the 

DHR-3 is due to the logarithmic axis. Figure 3.5b, changes the figure to linear axis so that the 

differences between datasets can be more easily observed. These differences could be addressed 

in the future with more sensitive force transducers in the Soil Viscometer or higher viscosity 

materials to increase the data signal strength of the Soil Viscometer. Figure 3.5c looks more 

closely into the differences in viscosity values by evaluating the absolute difference normalized 

by the viscosity prediction from the DHR-3 data where at greater viscosities the viscosity values 

become more reliable. At shear-rates below 1400 1/s, the soil viscometer data difference is 

greater than double the value but at greater shear-rates the differences hover around 20% or 

below. With the size of the Soil Viscometer (ρπ Ὣὥὰὰέὲί) and moving parts, friction is expected 

to give more erroneous results at lower shear-rates 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 motor. The main conclusion from Figure 3.5 is that 

measurements in the Soil Viscometer will skew towards higher viscosities than whatôs measured 

in more accurate instruments and measurements are more reliable at shear-rates greater than 1400 

1/s. 
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3.5 Discussion 

3.5.1 Soil material exploration 

The value of the Soil Viscometer is its ability to characterize realistic soil materials with 

large particle sizes ( ρυȢπψ άά) and higher viscosities ( ρπ ὖὥẗί). Samples with greater 

bentonite content and suspensions of gravel in bentonite will be explored in this section to 

address the effects of low water content and particle volume fraction of particles Ĳò in size at the 

smallest dimension, a first of its kind viscometric comparison. 

Figure 3.6. Realistic soil materials explored by the Soil Viscometer and the bench-top DHR-3 

rheometer. Materials include the 16.7 wt% bentonite, 33.3 wt% bentonite, and the 33.3 wt% 

bentonite mixed with Encapsul, an industry material of biomass derived oil that improves the 

workability of clay materials. The data follows the same representation as Figure 3.5, open dark 

blue symbols are DHR-3 data, shaded blue symbols are DHR-3 data extended to greater shear-

rate by fitting them with the Bingham Plastic constitutive equation, and orange data is from the 

Soil Viscometer. Each symbol shape represents the material characterized. 

In Figure 3.6, two high viscosity samples were characterized by the Soil Viscometer, a 

33.3 wt% bentonite sample and a 33.3 wt% 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. In Figure 3.6, the coloring of the data symbols follows that of Figure 3.6 where 

open blue symbols is data collected by a TA Instruments DHR-3 rheometer, the shaded blue 

symbols are an extension of the rheometer data based on Bingham Plastic modelling of the 

available data, and the orange data is that collected from the Soil Viscometer. Each symbol 

represents the sample characterized, triangles are 16.7 wt% bentonite, squares are 33.3 wt% 

bentonite, and diamonds are 33.3 wt% bentonite with Encapsul. The data shows that the Soil 

Viscometer is measuring a lower viscosity for the two low water content bentonite samples, 33.3 
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wt%. A lower viscosity than that measured by the DHR-3 is because of the water content of that 

sample. At 33.3wt% water content, bentonite has transitioned to more of a plastic -like material 

that breaks and reforms rather than flow homogenously. The bentonite appears to transition from 

liquid to plastic behavior between 16.7 and 33.3 wt%, and the liquid limit lies between those two 

concentrations. Due to this behavior, rather than deforming uniformly, the material is pulled 

along in the open-space between the flights of the measurement geometry (Figure 3.3). 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 measurement geometry to the sample and to the chamber 

wall.  

The rheological properties of clay incorporated with Encapsul, a biomass based oil to 

reduce word needed to mix, has not been quantitatively characterized as a viscometric property 

until now. Purely looking at the DHR-3 data collected in Figure 3.6a, Figure 3.6b, and  

 

Table 3.1 for the 33.3wt% 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 shear-rate. Based on the Bingham Plastic equation, at low shear-rates 

yield stress will  play a larger role in the materialôs viscosity, the 33.3wt% sample has a greater 

viscosity. But as the shear-rate increases the trends flip and the 33.3wt% bentonite with Encapsul 

has a greater viscosity after a shear-rate of 600 1/s. This subtlety is not captured by the Soil 

Viscometer which measures the 33.3wt% bentonite without additive as having a higher viscosity 

at all measured shear-rates. It appears that Encapsul is lowering viscosity at low shear-rates and 

affects the shear-thinning nature of the clay at high shear-rates, indicating that the clay 

interactions may have changed. But more thorough characterizations needs to be performed 

before that claim can be supported. 

3.5.2 Soil material viscometric summary 

To summarize the rheograms of the three soil samples, their respective Bingham 

parameters are presented in  
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Table 3.1 to quantitatively compare the differences in the steady-shear trends between the 

samples. Due to the poor fitting of the 33.3wt% Bentonite data, the Bingham Plastic parameters 

are not reliable to compare against the other data sets. 

 

 

Table 3.1. A summary of the Bingham Plastic parameters for each soil same and compared 

between the Soil Viscometer (SV) and the TA Instruments DHR-3 (DHR) rheometer. These 

include – , the viscous component; †, the yield stress of the samples; and 2, the coefficient od 

determination for fitting a Bingham Plastic model to the measured shear-stress-shear-rate data. 

Method –  

[Paẗs] 

†  

[Pa] 

2 

SV     

33.3 wt% Bentonite 0.02 992 0.01 

33.3 wt% 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 

33.3 wt% Bentonite + Encapsul 2.37 1518 0.89 

16.7 wt% 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 that state-of-the-art 

instrumentation cannot handle, high viscosities ( ρπ ὖὥẗί) and large particle sizes ( ρ άά). 

Many instruments built to characterize soil materials have not been calibrated to measure true 

viscometric properties and instead act as index-type devices. We modified an existing calibration 

procedure and applied it to an industrial drill press turned viscometer 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 and a non-Newtonian calibration 

fluid of 16.7% bentonite slurry to obtain a calibration constant that produced similar results as a 

TA Instruments DHR-3 rheometer at high-shear rates ( ρππ). While 16.7% bentonite slurry is 

low water content, in-situ clays can have lower still, and the material will behave plastic-like 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 DHR-3 rheometer. 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 content that results in plastic-like 

behavior. 

 



 

67 

CHAPTER 4 CHARACTERIZING THE NON-NEWTONIAN VISCOSITY OF HIGH-SOLIDS 

DRILLING-FLUID DISPERSIONS BY FLOW LOOP 

Modified from a paper published in Physics of Fluids5. 

Jianger Yu ( )6,7, Benjamin A. Appleby6,7, Michael A. Mooney8, and Joseph R. 

Samaniuk6,9 

Figure 4.1 Illustration 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 system operational parameters and drilling 

performance, they can determine how the drilling fluid needs to be modified to continue 

 

 

5
 Reprinted with permission from Phys. Fluids. Yu, Jianger, Benjamin A. Appleby, Michael A. Mooney, and Joseph 

R. Samaniuk. ñCharacterizing the Non-Newtonian Viscosity of High-Solids Drilling Fluid Dispersions by Flow 

Loop.ò Physics of Fluids 34, no. 5 (May 2022): 053313. https://doi.org/10.1063/5.0083982. 
6 Post-Doctoral Researcher, Graduate Student and Associate Professor, respectively, Department of Chemical and 

Biological Engineering, Colorado School of Mines. 
7 Primary researcher and author. 
8 Professor, Department of Civil and Environmental Engineering, Colorado School of Mines. 
9 Graduate advisor, Author for correspondence. 

https://doi.org/10.1063/5.0083982
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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, their job is 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 content 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 

predict fluid pressures throughout the drill string (Figure 4.1).  

At the time of this work there was limited rheological data on drilling fluid ï soil cuttings 

slurries. Within the context of Fast HDD, these slurries will include mm-size particles operating 

at high flow rates where turbulence will be present, and 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 

parameters142ï145 but limited work applying these correlations to drilling fluid slurries146ï148. 

Within the context of slurry pipe flows, two research areas have developed; hole cleaning of 

particles149ï152 and correlations relating non-Newtonian turbulent flow conditions to measured 

viscometric properties142ï145, 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 determining power-law 

parameters for particles dispersed in drilling mud. 

In this work, we provide a methodology to determine the power-law parameters for sand 

dispersed in drilling mud and experimental data of those parameters across a wide range of solids 

content (30-49wt% from field test material, and 3-35wt% from lab synthesized 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 the soil cutting experienced during real drilling 

operations. We also learned that the fit quality of our power-law parameters depended on the 

dispersity of the sand particles in the slurry. The Shields parameter was useful in evaluating the 

transition from bifurcated 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 the downhole 

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 increasing speed in horizontal 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 drilling fluid results 

in a highly complex fluid suspension, typically with a shear-thinning 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 viscosity of these 

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 drilling fluid suspension in a custom-built 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 the drill test and 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 

suspensions prepared with geotechnical data from a drill site may 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 make high-speed HDD 

possible. One major constraint to high-speed HDD is removing cuttings and excavating the 

formation at high speeds. Increasing ROP requires knowledge of drilling fluid viscosity before 

and after cuttings loading to predict the expected pressure drop of the system and ultimately fluid 

pumping speeds that can be utilized and preventing frac-out. Viscometric properties of the 

cuttings returns are a major factor influencing the pressures 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 losses153,154. 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 within a window between 5 and 15 

vol%, but fluctuates with changes in ROP, drilling resistances, and drilling fluid pressures86,155. 

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 high pressures. 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 in high-speed drilling applications, it is critical 

to understand what 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 relationship requires 

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 rapid settling of highly heterogeneous solids at high 

concentrations demands non-viscometric flows, and torque transducers with high limits122. 

Second, the complexity of particle size, shape, density, along with the inclusion of clay 

dispersions generally forbids application of theory derived from first principles for 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 makes it difficult to know the applicability of any 

one measurement of cuttings returns viscosity 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 drilling the 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 characterization. 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 of non-Newtonian fluids has been shown 

in the literature to be challenging to produce accurate and consistent results144,145,156ï158. There 

have been multiple attempts to derive analytical, semi-theoretical, and empirical correlations for 

pressure and flow rate relationships, but wide variations exist when comparing between the many 

developed correlations159, and the source of the variation is not well understood143,158,160. Various 

explanations for these variations have been suggested, including pipe roughness by Szilas144; 

assuming steady-state conditions rather than unsteady-state by Trinh161; and the effects of 

elasticity in emulsions by Werner162. The experimental approach described here can be used with 

any correlation relating pressure drop and flow rate developed for non-Newtonian 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 high-solids concentration cuttings in a bentonite-based drilling fluid 

and use it to characterize viscometric properties. The validity of using measurements of 

viscometric properties of a ñmodel cuttings returns sampleò based on approximate formation 

composition of an actual drilling site are also investigated by comparing a model cuttings returns 

sample with actual cuttings returns obtained from a drill site. A power-law model163,164 with 

solids-concentration 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 term (Appendix B, Figure B.4 and Equation. B.1). Contributions 

of yield stress to the measured pressure loss at the flow rates used are small, making a power-law 

model sufficient rather than a more complicated model including a yield stress. Observations of 

solids settling in 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 on simple sand-to-kaolinite 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 samples were prepared, one a lab-made model 

fluid and the other a field-test concentrate. Each sample required their own preparation 

procedures. The model fluid is made by mixing (1) C144 mason sand from Jones Fine Sand in 

Denver, CO (70% of sand greater than 0.4 mm, particle size distribution in Appendix B, Figures 

B.9 and B.10); (2) PONDSEAL-200 natural unaltered high swelling sodium bentonite from 

Redmond Minerals, Inc. in Grand Junction, CO; (3) ASP 600 hydrous aluminum silicate 

(kaolinite) from BASF Corporation in Charlotte, NC; and (4) tap water. These components will 

be referred to as sand, bentonite, kaolinite, and water. The model fluid was mixed based on 

expected formation cuttings returns with solid concentrations from 3 ï 35 wt% composed of 3:1 

sand to kaolinite clay based on geotechnical data from the expected drill site, and 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 fluid. Table 4.1 details the composition of the model fluid for the 

various samples tested. 

Table 4.1. Composition breakdown for the model cuttings returns samples. 

Sample # 
Water 

Mass (kg) 

Bentonite 

Mass 

(kg) 

Kaolinite 

Mass (kg) 

Sand 

Mass (kg) 

Total 

Mass (kg) 

Solid Fraction 

(wt/wt) 

1 211 6.53 0 0 218 0.03 

2 211 6.53 3.38 13.5 234 0.10 

3 211 6.53 6.30 25.2 250 0.15 

4 211 6.53 9.45 37.8 265 0.20 

5 211 6.53 13.1 52.2 283 0.25 

6 211 6.53 16.7 66.6 301 0.30 

7 211 6.53 21.6 86.4 326 0.35 

 

The field-test concentrate was collected from horizontal directional drilling in 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 field-test 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 field-test concentrate, which is PONDSEAL-200, not the industry 

bentonite. Table 4.2 includes composition data for the cuttings returns samples prepared and 

tested from the field-test concentrate. 

Table 4.2. Composition breakdown for the field-test cuttings returns samples prepared from the 

field-test concentrate. 

Sample # 

Water 

Mass 

(kg) 

Bentonite 

Mass 

(kg) 

Sand and Kaolinite 

Mass (kg) 

total mass 

(kg) 

Solid fraction 

(wt%/wt%) 

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 

 

Solids contents were measured by drying samples. Samples were mixed for 30 seconds 

and dispensed into 100 ml open-top 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 Oven at 80oC over 48 h.  

 

Density is a critical input in the correlations to determine the viscometric properties of 

our cuttings returns samples. Density was obtained by measuring the mass of known volumes 

using a 250 ml volumetric flask, and drying samples in an oven at 80°C overnight. The densities 

are highly correlated to the solids type and concentration.  

 

Table 4.3 includes the densities of each cuttings returns sample tested.  
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Table 4.3. Density of each cuttings returns sample. 

Sample 

# 
Sample Type Solids Fraction 

Density 

(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 power-law parameters from the measured data of 

pressure drop and flow rate from the flow loop, and from density measurements. A flow loop 

was selected rather than a conventional rheometer because: (1) the cuttings returns samples 

contain large particles (e.g, sand, gravel) that exceed the measurement gap of conventional 

rheometers, (2) the flow loop mimics the actual drilling process with similar flow rates, pipe 

dimensions, and flow regimes (turbulent flow), while conventional rheometers are best suited for 

measurements under laminar flow. 

 

The flow loop was designed and built to reach flow rates above 600 gallons-per-minute 

(0.038 m3/s) in 4-inch schedule 40 PVC piping. The average shear-rates assuming a Newtonian 

parabolic profile spanned 98-367 s-1 for flow rates from 160-600 GPM. An illustration of the 

flow loop is shown in Figure 4.2. From left to right, the flow loop consists of a holding tank (8), 

open to atmosphere, which feeds a pump (1), controlled by a variable frequency drive dictating 
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the flow rate. The pump is a self-priming centrifugal pump from Gormon-Rupp, model T4A60S-

B, with 4-inch suction and discharge, designed to handle up to 3-inch diameter solids. The 

electric motor is 3-phase, from Baldor, model ECP4110T, that can supply 40 HP and 1775 RPM. 

The variable frequency drive is from DURAPULSE, model GS3-2040. 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 transducers, and a 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 6), or bypassing the holding tank (close valve 

6, open valve 4 & 5). A National Instruments data acquisition system takes in the flow rate and 

pressure data to catalog in unison. The schematic illustration is shown in Figure 4.2. 
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Figure 4.2. Schematic illustration and image of the flow loop. Sensor port locations 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) Absolute Pressure 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 and uses a clear 4-inch 

schedule 40 PVC and capable of flow beyond 600 gallons per minute. 

Detailed information of each sensor is included in Table 4.4. Due to the high solid 

concentration of the cuttings returns samples, neither the paddlewheel flow meter nor the 

electromagnetic flow meter provided reliable measurements, thus all flow rate data was obtained 

from the doppler flow meter and paddle wheel sensor was far upstream (~ 30 pipe diameters) 
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from the measurement section of the flow loop, as shown in Figure 4.3. Pressure loss data used in 

calculating fluid properties came from the differential pressure transducer rather than the 

absolute pressure transducers because of the superior resolution of the differential sensor. 

Table 4.4. Sensor specifications include all pressure and flow rate sensors. 

 

Measurements of flow rate and pressure were performed along the highest horizontal 

section of the flow loop. The upstream 90o-bend leading into this section, labeled ñTee 5ò in 

Figure 4.2, introduces eddies in the flow that propagate downstream and potentially influence 

pressure measurements165ï169. Such flow disturbances, or ñpipe swirlò, decay with distance, and it 

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 connections can 

be made to measure the influence of pipe swirl. Pressure loss measurements with the differential 

pressure sensor (ȹP = P1-P2) were made at 5 different upstream sensor port locations (the 

downstream port location, Port#10, was held constant) for six different flow rates of water at 

approximately 25oC measured with an infrared temperature sensor. Results of those 

measurements are shown in Figure 4.3. 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 normalized by the pipe 

Sensor 

Type 
Sensor Supplier Range 

Accuracy 

(Full Scale 

Range) 

Output 

Signal 

Pressure Absolute Pressure 

Transducer, Model 

PX409-050GV 

Omega 

Engineering 

Inc. 

0ï344 kPa ±0.25% 

±.86 kPa 

Voltage 

0ï5 VDC 

Pressure Differential 

Pressure 

Transducer, Model 

PX409-001DWUV 

Omega 

Engineering 

Inc. 

0ï6.9 kPa ±0.08% 

±5.5E-3 kPa 

Digital 

Volumetric 

Flow 

Doppler Flow 

Meter, DFM 6.1 

Greyline 0ï12 m/s  

(0ï0.099 m3/s) 

±2% 

±2.0E-3 m3/s 

Voltage 

0ï5 VDC 
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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 and 5.3, respectively, 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 similar to those 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 m3/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 resolution. The distance between Port 

#3 and Port #10, the two connections of the differential transducer, was 1.89 meters. 

 

Figure 4.3. Differential pressure transducer position placement. The 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 elbow. 



 

79 

4.3.3 Viscometric characterization 

The cuttings returns samples are generally considered as non-Newtonian fluids, so the 

power law model was selected to describe their viscometric behavior. The power law model can 

be written as: 

– ά‎                                                            (4.1) 

where ‎ is shear rate, – is viscosity, and n and m are power law indices that depend on the 

viscometric properties of the fluid. n is the dimensionless flow behavior index that equals 1 for 

Newtonian fluid, n<1 for shear-thinning fluid, and n>1 for shear thickening fluid. m is the flow 

consistency index that can range from 0.001 for water and beyond 106 for malleable bentonite 

clays with water content beyond their liquid limit (the unit of m depends on the value of n).  

 

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) the density of drilling fluids 

with various cuttings returns concentrations, (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 factor, f, using170,171: 

Ὢ
Ў

                                                   (4.2) 

D is the pipe diameter and dP is the pressure drop, ȹP, over the 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, and v is the average velocity, which can be 

calculated from the flow rate. 

Another important parameter is the Reynolds number (Re) of the flow. Since the fluids 

are non-Newtonian, the expression for Re is143: 

ὙὩ                                                    (4.3) 

where ” is the density of fluid, v is the average fluid velocity, and n and m are the power 

law indices in Equation 4.3. 
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Based on Equations 4.2 and 4.3, a relation between the friction factor and Reynolds 

number is required to determine n and m from the flow loop tests. For laminar flow, the relation 

is159: 

Ὢ                                                                   (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 

reference159. In this study, two classic models were used: the Dodge & Metzner model, and the 

Bobok, Navratil, and Szilas (BNS) model144. Of the many empirical correlations relating pressure 

drop and flow rate to fluid power-law parameters, the Dodge & Metzner model is the first, and 

the most classical model used for describing a power-law fluid in turbulent flow, and the BNS 

model has been shown to be one of the most accurate142. Despite the highly non-linear nature of 

both, they are a readily fit to data with non-linear regression algorithms. The Dodge & Metzner 

model can be written as: 

Ȣ ÌÏÇὙὩϽτὪ
Ȣ
Ȣ                                    (4.5) 

The BNS model is analytically-deduced for non-Newtonian fluids144, and can be written 

as: 

ÌÏÇὙὩϽτὪ Ⱦ ρȢυρȾ τȢςτ
Ȣ Ȣ

ςȢρρτ    (4.6) 

In this work all flow was turbulent during testing, thus Equations 4.2, 4.3, 4.5 and 4.6 

were applicable. Once the flow rate and pressure drop data were obtained, the power-law indices 

(n) and (m) were calculated from the non-linear equation system above. The non-linear 

regression was performed with a custom Python script. The code is included in Appendix B.4.  

4.4 Results and Discussion 

4.4.1 Comparison between model and field-test cuttings returns samples 

There are notable viscometric differences between the model and field-test cuttings 

returns. In Figure 4.4 the model cuttings returns and the field-test cuttings returns data are plotted 

as normalized pressure drop vs flow velocity for direct comparison. Field-test cuttings returns 

yield a significantly higher pressure drop compared to the model cuttings returns at the same 

flow speed and solids concentration. Although the density for both types of cuttings returns 
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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 yield measurable differences in viscometric 

properties.  This is captured in the data in Table 4.5 where the consistency index, m, 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 account for this offset in pressure drop values related to a 

difference in the consistency index18,139. Even though these variations are well known, the 

characterization of these differences are seldom reported along with their respective power-law 

parameters. Since clay platelet interactions are known to exhibit wide variations in viscometric 

properties, we suspect that the bentonite clay variation in our model and field-test cuttings returns 

and the differences in sand particle size distribution are responsible for the differences between 

the two trends in Figure 4.4. The particle size distribution of the sand between samples indicates 

that the field-test cuttings are finer than the model cuttings (Appendix B, Figures B.9 and B.10). 

It is also known in literature that particle size distribution can affect the pressure drop in pipe 

flow149. 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. Powder X-ray diffraction (XRD) confirms the mineralogy 

differences between the two bentonite clays, indicating that silica oxide is the major compound in 

the two cuttings returns bentonite clay fluid, but it exists as different SiO2-polymorphs between 

the two fluids (SI 7 & SI 8). The field-test cuttings contains an abundant amount of cristobalite in 

addition to quartz which is the dominant SiO2-polymorph in the model cuttings sample. 

Cristobalite is known to form crystals < 2ɛm that has the potential to affect gel formation and 

alter the viscosity of the bentonite dispersions138. The field-test cuttings returns bentonite clay 

fluid also contains additional silicate minerals not found in the model cuttings returns (Appendix 

B, Figures B.7 and B.8). The difference in bentonite 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 in Figure 4.4 is for turbulent pipe flow of water, using a Newtonian 

expression171. The model cuttings returns align closely with the trendline. The steady-shear 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 for this offset in pressure 

drop values across the same flow rate. The industry bentonite clay fluid of the field-test sample 

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

same flow sweep from 1 ï 200 1/s characterized in a cup and bob geometry on a TA Instruments 

DHR-3 rheometer (Appendix B, Figure B.1 and B.4).  

Figure 4.4. Comparison of pressure drop vs velocity for model and field-test cuttings returns 

samples. The trendline 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 of Figure 4.4 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 4.53 m/s. Figure 4.6 presents the results of 

the flow loop experiments for the model cuttings returns samples, and Figure 4.6 presents the 

results of the flow loop experiments for the cuttings returns samples obtained from field-test 

drilling. 
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Figure 4.5. Experimental values of pressure drop and flow rate for model cuttings returns 

samples. The red highlighted region illustrates regimes where observable solids settling occurred.  

 

Figure 4.6. Experimental pressure drop and flow rate data for each cuttings returns sample from 

field-test solids concentrate. The red highlighted region illustrates regimes where observable 

solids settling occurred. 

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 field-test cuttings returns and 

the model cuttings returns, respectively. In Figure 4.6 and Figure 4.6 there is a minimum in the 

pressure drop data for solids fractions above 20 wt% that occurs at approximately 1.7 m/s. In this 

region of flow, extensive settling of solids within the pipe occurred and significantly reduced the 

cross-sectional area available to flow. With increasing flow rate above 1.7 m/s, settled solids 

were increasingly entrained in the flow and the cross-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 with more solids content. No minimum is seen in Figure 4.6 in samples 
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1-3 where solids content was less than 15 wt%. Figure 4.7 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 of the pipe contains settled solids. 

 

Figure 4.7. Image of flowing fluid (light grey, upper part) over settled solids (dark grey, lower 

part) during flow loop testing. The fluid contained 35 wt% solids, and was at an average velocity 

of 1.73 m/s. 

In Figure 4.8 all data for the model and field-test concentrate cuttings returns is included 

and plotted as the dimensionless Shields parameter as a function of flow velocity172,173. Shields 

parameter is a ratio between wall shear stress and buoyancy forces, the magnitude indicating the 

tendency for solids to suspend in a flow or settle. In Equation 4.7, 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 stress by Equation 4.8. 

—                                                             (4.7) 

 

†  
Ўẗ

                                                             (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 pressure drop and can also be 

visually observed. Based on this analysis, all power-law parameter estimations were be done with 

data above a flow rate of 1.7 m/s for the field-test concentrate and 2.6 m/s for the model cuttings 

returns to minimize the influence of solids settling 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 where viscometric 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 can be reliably connected to settling dynamics through the 

Shields parameter in such a way that flow regimes that lead to solids-settling (and thus plugging 

concerns during drilling) can be empirically identified. 

Figure 4.8. Shields Parameter Analysis. The pressure drop data collected from the flow loop is 

converted to Shields parameter using Equation 4.7 and Equation 4.8. 

4.4.3 Power law indices analysis 

By first determining cuttings returns sample densities and the applicable pressure drop 

and flow rate data, power-law indices can now be determined with empirical correlations. The 

applicable pressure drop ï flow rate data was determined by the Shields parameter 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 field-test cuttings returns and the model cuttings returns, respectively. If we 

were interested in the settled/partially settled regime, the extent of settling could be used to semi-

quantitatively characterize the weight percent of solids suspended under each flow condition. By 

employing Equations 4.2, 4.3, 4.5, and 4.6, a nonlinear equation system with ñnò and ñmò as the 

unknown parameters, can be developed. An in-house nonlinear equation solver programmed in 

Python is used to determine power-law and consistency indices that are shear-thinning and 

increase in viscosity with solids content.  
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Using the nonlinear solver, ñnò and ñmò values for each cuttings returns sample are 

presented in Table 4.5. In the model cuttings returns sample, n decreases with increasing solids 

fraction indicating greater shear-thinning behavior with greater solids content. The 3 wt% model 

fluid sample (#1), which is pure bentonite in water at a concentration of 3 wt% has a n value of 

0.99, indicating near Newtonian behavior. With increasing solids fraction the value of n 

decreased incrementally to a value of 0.41 for the 35 wt% model fluid sample (#7), indicating 

increasingly shear-thinning behavior as would be expected for a particulate suspension. In the 

field-test cuttings returns samples there was no obvious trend in power-law index with solids 

fraction. Shear-thinning is still present in these samples, with n values in the range of 0.55 to 

0.75. The model cuttings returns samples tended to have a smaller value of n at a given solids 

concentration, potentially because of differences in particle size, clay concentration, and type of 

clay between the field-test concentrate and the model cuttings returns, although the exact reason 

for this is unknown. 

The n values obtained by the Dodge & Metzner and BNS models match closely, but 

values of m differed more. The m values from the BNS correlation are larger than from the 

Dodge & Metzner correlation. The expectation is that the value of m increases as the solid 

concentration increases, but this was not always the case for the field-test concentrate cuttings 

returns samples. The reason for this is still unclear, although the highly non-linear nature of both 

correlations means that fitting the correlation to the data can yield multiple solution values for n 

and m. 
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Table 4.5. Power law indices of each cuttings returns sample obtained from non-linear regression 

and using constraints from conventional rheometer data. 

Sample # 
D & M 

n 

D & M 

m 

BNS 

n 

BNS 

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 assess the validity of the calculated n and m indices they are then used to recreate the pressure 

drop and flow rate curves seen in Figure 4.6 and Figure 4.6. Figure 4.10 and Figure 4.10 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 data can be used to calculate the expected 

pressure drop for the drill string at data points with Shields parameter values greater than one. 
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Figure 4.9. Projected pressure drop ï velocity curve with the BNS and Dodge & Metzner model 

based on the experimental data for the model fluid, samples 1-7. Data points are the experimental 

data, dashed lines are the BNS model, and dotted lines are the Dodge & Metzner model. 

Figure 4.10. Projected pressure drop ï velocity curve with the BNS and Dodge & Metzner model 

based on the experimental data for the field-test concentrate, samples 8-12. Data points are the 

experimental data, dashed lines are the BNS model, and dotted lines are the Dodge & Metzner 

model. 

Pressure drop data from drilling pipes have been used for over a decade to parameterize 

hole cleaning and quantify drilling fluid viscosity under in-situ temperature and pressure 

conditions146,148,174. Flow loops have also been used to explore the major parameters driving 

hole-cleaning149ï152 but both hole-cleaning 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 material175ï177. 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 flow149, but the viscometric characterization of these 
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complex fluids with dispersion is either left out or smeared by the addition of concentric or 

eccentric pipes that contribute to the pressure drop174,178,179. 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 the power-law 

parameters of complex fluids with partially suspended particles or bed formation. Power-law 

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 negligible (Appendix 

B.1). Mixer-type rheometers have also been used to characterize dispersion viscosity178, but they 

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 currently done124. 

4.5 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 materials: a model 

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 the drill site. Two different correlations relating friction factors 

to flow rate for power-law 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 the power-law index 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 power-law parameters 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 between the model 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 

sand-to-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 that the Shields 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 

quantitative tool in predicting flow rates where the onset of flow problems 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 5 CONTRA-ROTATING PROPELLERS IN SERIES AS AN AXIAL PUMP TO 

INCREASE SPEED AND BOREHOLE LENGTH IN UNDERGROUND DRILLING 

Modified from a paper to be submitted to Underground Space Construction & Tunnelling 

Benjamin A. Appleby,10,11 Rakshith Shetty,12 Michael A. Mooney12, and Joseph R. Samaniuk10,13 

 

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 counter-act the goals of this research, drilling underground 

at high-speeds, 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 they would provide and how many would need to be 

installed for a project to be beneficial. The work of Williams et al.180, Samora et al. 181, and 

Alexander et al.181 provides the groundwork for designing simple turbines to generate energy at 

high flow rates. Guided by this work, Shetty et al. designed propellers to act as pumps, providing 

a pressure boost during high flow rates182. Notable pressure boosts have been shown from 

propeller/turbine 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 investigating a contra-rotating 

propeller design that incorporates two propellers in series that have mirror-image blade designs 

so that the flow profiles of one fed into the other, reducing the rotational motion of the fluid 
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while maintaining the axial motion to minimize energy loss from turbulence to improve pressure 

boost.  

In this work, we determine that separation distance between propellers is a major factor in 

their performance as axial flow pumps, more important than the design of propeller blades. 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 between propellers used in air and propellers used for water, to generate new 

fundamental knowledge on designing contra-rotating propellers to function as axial flow pumps.  

5.1 Abstract 

A new axial flow pump design has been proposed and tested implementing contra-rotating 

propellers 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 over-pressurizing drilling fluid which leads to soil fracture, 

creating void spaces that drilling fluid readily escapes to. The over-pressurization of the drilling 

fluid is caused by drilling 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 pressure, a series of pumps placed along the drill string could instead be employed 

to provide pressure boosts to convey the drilling fluid and cuttings to reduce high fluid pressures 

locally. By providing pressure boosts along the drill string, over-pressurizing the fluid becomes 

more difficult, and the length of the drilling job can be theoretically extended indefinitely. This 

method of fluid pressure management will be termed distributed pumping. In this work, we design 

and built a set of contra-rotating propellers to act as an axial distributed pump and explore the 

parameters that control its efficacy as a pump. The effects of propeller rotation rate, separation 

between propellers, and flow rate on provided pressure boost from the pump are systematically 

characterized. In comparison to a singular propeller, contra-rotating propellers provide an added 

pressure boost benefit, but the reason why remains unclear and design principles from singular 

propeller design do not apply to contra-rotating propellers.  
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5.2 Introduction  

Figure 5.1 Illustration of the contributions distributed pumping can have on underground drilling 

to redistribute drilling fluid pressure from a point-source to along the drill string to mitigate frac-

out and fluid circulation loss. 

Axial pumps are a potential solution to addressing high point pressure sources at the 

cutterhead that can lead to frac-out by distributing pressure boosts throughout the borehole, 

allowing drill strings to reach greater lengths without fracturing the ground and losing drilling 

fluid182. Figure 5.1 illustrates this concept. The light grey lines are the piping of the drill string, 

with a cutterhead at the far right end, and distributed pumps in green along the inner pipe. In 

Figure 5.1, 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 result in frac-out. 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. Shetty et al. tested out multiple propeller designs to operate as axial flow 

pumps that were able to provide a notable pressure boost under expected HDD operating 

conditions, providing a proof-of-concept that distributed pumping could be a feasible solution182. 

The challenge with their work is that the pressure boosts provided by their propellers 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 reach the desired fluid pressures 

and lowering both capital and operational costs for their use. 

Within turbomachines, propellers are the main component of focus in axial pumps ï and 

propellers have been well-studied in aviation and underwater space in open systems and in series. 

Series propeller designs came about with a contra-rotating configuration so that they can more 

efficiently provide thrust. This is done by reducing the turbulence caused by the rotational 

motion imparted to a fluid from a propeller. A single propeller spinning will impart rotational 

and axial motion in one direction. A second propeller is incorporated with a contra rotation to 

impart rotational motion in the opposite direction and additional motion in the axial direction. 

This serves to cancel out rotational motion rather than adding to it, reducing energy loss caused 

by turbulence from excessive rotational motion. The design of each contra-rotating series 

propeller is also dependent on the system of application. For example, underwater propellers in 

series have been designed with a trailing propeller that is smaller than the leading propeller 

because water is so viscous it reduces the radial size of the flow streams. In contrast, contra-

rotating propellers in 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 pipeline, the propellers 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 contra-rotation propellers used as axial flow pumps, whether in propeller theory 

or pump theory. For centrifugal pumps, there exists semi-theoretical expressions relating flow 

rate to pressure drop derived from breaking down the velocity components of fluid moving off of 

a centrifugal pump blade but these relationships have their limitations94. The 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 flipped exponential curve, shown by Eqn. 2. In comparison, the 

flow rate and pressure drop curve for axial flow pumps using contra-rotating propeller do not 

share the same qualitative description and have a flipped logarithmic curve. With the differences 

in characteristic curves, the theory used for centrifugal pumps do not adequately describe contra-

rotating propeller systems.  

The semi-empiricism used for centrifugal pumps is in Equation 5.194. 

Ўὖ ὥ ὦὗ                                                         (5.1) 

Like the centrifugal pump, contra-rotating propellers have a sustained pressure boost over 

a wide-range of flow rates. This is beneficial compared to single propeller systems that have 

characteristic curves in the shape of a steep parabola, with a higher pressure boost, but greater 

variability in that boost across flow rates183.  Breaking down the velocity components of 

propellers is more challenging than centrifugal pump blades, because blades used in aerospace 

propellers have both a camber and twist angle component to them. When looking axially down 

the blade of a propeller, 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 distribution of lift 

across the blade. These additional complexities mean that propeller blade 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 theory184. 

The addition of contra-rotation propellers also adds complexity, where the flow profile of the 

front propeller is feeding into the rear propeller and 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 first-principles exist, but their development is based on physical and 

simulation evaluations. 

Semi-empirical theory can be derived for axial flow pumps 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 connected to the rotational operation of axial flow 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 applicability will be evaluated. 

5.3 Materials and Methods 

5.3.1 Materials/Design 

The propellers are designed following the work of Williams et al. who have provided an 

excel sheet and guide to capture the challenges of designed curved propellers for applications in 

micro-hydraulic turbines180, and configured as pumps by Shetty et al.182. Using the same 

propeller design framework presented by them and exploring whether those same design 

principles could be applied to contra-rotating propellers180,181. Shetty et al. used design principles 

summarized by Williams et al. to design turbines for axial flow pumps180,182. Propeller design is 

challenging and often done using computational fluid dynamics software to evaluate their 

efficacy, but the set of empirical relationships aggregated by Williams et al. has guided our 

propeller designs 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 blades180. This is best shown in Figure 5.2, 

where the left most propellers are designed for a lower pressure head and the right most 

propellers designed with a higher pressure head. 
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Figure 5.2. a) Comparison between propellers designed for low and high pressure to determine 

whether design principles for single propellers can be applied to contra-rotating propellers in 

series. The left propeller is designed for half the pressure head as the right propeller. b) 

Illustration of two propellers along the same axis operating in counter-rotation to impart axial 

flow but mitigating rotational flow caused by the rotation of the propellers. 

In Figure 5.2, two propeller designs came about from constraining each to have the same 

hub to blade diameter ratio but to maximize or minimize fluid pressure. In Figure 5.2a the left 

propeller was designed for a pressure head of 3.5 meters and the right propeller designed for a 

pressure head of 7 meters, and both at the same flow rate.  The low pressure propeller has a 

greater reduction in blade width moving from the outer edge blade to the hub of the blade. The 

low pressure propeller also has a greater curvature than the high pressure propeller, looking along 

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 the material out of plastic. Both 

propellers are made of ABS plastic, but they used different coloring agents because the low-

pressure propeller was printed using additive manufacturing with filament while the high 

pressure propeller used resin The low pressure propeller is made of ABS while the high pressure 

propeller is made of ABS resin using stereolithography. Inset within each one is a roller bearing 

that allows a bob connected to the mirrored propeller pair to fit inside, allowing them to rotate in 

opposite directions. The mirrored pair of each propeller is curved in the same direction, but the 
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angle that it attached to the hub of the propeller is mirrored. This means that the fluid in contact 

with the propellers will feel momentum in the same axial direction but opposite rotational 

directions. This is illustrated in Figure 5.2b, where the contra-rotating propellers are setup along 

the same axis while drilling fluid flows into the first propeller, leaving with rotational and axial 

motion while the second propeller rotating 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 contra-rotating series propellers as axial 

flow pumps, specifically the efficacy of contra-rotation and exploring how the flow profiles 

generated by the two propellers would interact with one another to create a meaningful pressure 

boost to mitigate high fluid pressures that could lead to frac-out scenarios during underground 

drilling. 
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Figure 5.3. A schematic of the contra-rotating propellers in series. 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 rates within 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 bearings. The internal series propellers, 

blown up on the top-right, arrangement is defined by their center-to-center separation distance, L, 

and the propeller blade diameters, D.  

The experimental setup is shown in Figure 5.3. A 4 inch PVC pipe assembly makes up 

the body of the setup with a 2 inch PVC section that connects the ends to form a loop. The 

contra-rotating propellers are inside the 4 inch section of the assembly mounted along two 

separate axles, one for each propeller and connected by bearing that allow for contra-rotation 

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 of each propeller while 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 sides of the propellers, 

and an Omega absolute pressure sensor is mounted upstream of the propellers. 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 setup from user inputted pipe diameter dimensions. To 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 fluid does not impact the fluid flow within the system. More 

information on the sensors and motor are provided in Table 5.1.  

Table 5.1 Sensor and motor specifications. 

Equipment Type Measurement Range 

Pressure Gauge Ўὖ 0-103 kPa (15 psi) [0-5V] 

Flow Doppler ὗ 0-500 L/m (132 GPM) [0-5V] 

Motor Brush Ὑὖὓ 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 ratio, where ñLò is the center-to-center separation distance between propellers, and 

ñDò is the blade diameter of the propellers. For every L/D separation distance tested, the amount 

of throttling is also adjusted, at positions of 100, 75, 25, and 0% open to cover a breadth of flow 

rates the contra-rotating propellers 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 in real-time. 

The experimental setup used in this work is an updated version based on the original 

design of Shetty et 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 

measured182. The modifications made to the setup from Shetty et al. include replacing the inner 

fluid loop with external motors instead182. Rather than having a system using a flow loop to 

provide flow to an inner loop to power the propellers and circulate flow in an outer loop, motors 

replace the flow loop and provide control on both rotational speed and contra-rotation. External 

motors also allow for finer control of each propeller to further explore the effects of contra-

rotation that would be difficult to capture if they were instead controlled by fluid flow rate. The 

motors are permanent magnet direct current brush motors operating at 24VDC and 15A from 

ElectroCraft (Model#: DPP685-185V24). These modifications result in a more simplistic setup 
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that requires less operational time, total fluid volume, and control over each propeller 

individually.  

Each experiment is run 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 test 

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 and running through a range of rotation rates (500, 1000, 

1500, 2000, 2500 RPM) for every propeller separation 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 consistent but has more volatility compared to the higher rotation rates, and 2500 

RPM was the upper limit because at higher rotation rates mechanical issues occurred more often 

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 between the propellers 

spans L/D = 0.5, 0.75, and 1. These values are distances normalized by the diameter of the 

propellers. A L/D = 1 separation distance means that the center to center distance between 

propellers is one propeller diameter 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 the propeller blades will push fluid in the same direction. 

The following set of experiments is performed in this manner by increasing the rotation rate of 

each propeller and matching the two propellers as best as possible and recording the flow rate 

and differential pressure change across the two propellers. Figure 5.4 illustrates the operation of 

the axial pump test assembly, where the system is setup with a designated separation distance 

between the propellers and then the rotation rate of each setup is applied, and the corresponding 

pressure drop and flow rate are measured. This was intentionally designed to explore the 

relationships between flow profiles developed by the contra-rotating propellers 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.  

Figure 5.4. Response of single propeller and series contra-rotating propellers to varying rotation 

rate and then spacing between series propellers. Each 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 differential pressure data graphed onto the primary y-axis and orange is flow rate 

graphed onto the secondary y-axis. The top left of each figure has a L/D ratio which is the center-

to-center separation distance 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 and at 0% the ball valve is closed.  

Figure 5.4 gives the general trend of propeller operation as an axial pump. With 

increasing rotation rate, the pressure and flow rate increase in a logarithmic manner and the 

values level off. This is not the case at the L/D = 0.5 separation which has different trends at each 

throttle valve opening. For the L/D = 0.5 separation distance when 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 increase in pressure. Besides the singular propeller, it is seen that flow rate and 

pressure have a negative relationship ï when one increases then the other decreases. At the same 
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operating rotation rates the amount of energy the propellers imparted to the fluid should be the 

same but the distribution of that energy between pressure and flow rate is controlled by the 

throttling ball valve.  

In trying to understand the factors most influencing pump performance for contra-rotating 

propellers, the design principles behind propellers was first investigated. As seen in Figure 5.5 

and following the work of Williams et al. Samora et al., and Alexander et al., singular propellers 

can be designed by iteratively applying empirical relationships between desired operation and 

blade shape180,181,184. Propeller blades can be designed for greater or lesser pressure head, and 

Figure 5.5, showcases those two designs. Figure 5.5a is the propeller designed for lower pressure 

and Figure 5.5b is the propeller designed 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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Figure 5.5. Pump curves developed for each propeller set and configuration (spacing). Each 

figure graphs the differential pressure drop across both contra-rotating propeller(s) as a function 

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

b) is the set of contra-rotating propellers designed for a pressure head of 7 meters. Each figure is 

the data collected at a rotation rate both propellers are operating at, the symbol for each data set 

represents the L/D separation distance, and the color is to distinguish between data sets. The flow 

rate of each data set is controlled by throttle valve opening ï the 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 application. While 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. 

 

Figure 5.5, explores the connection between singular propeller design and then their 

performance as contra-rotating propellers in series. Figure 5.5 presents the flow rate and pressure 
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curves developed for each series propeller configuration with each separation indicated by a 

different data symbol and each figure is a different operating rotation rate. Figure 5.5a is the low-

pressure head propeller and Figure 5.5b is the high-pressure head propeller. Besides the ability to 

reach a greater pressure at no flow, the high-pressure head propeller achieves similar pressures as 

the low-pressure head propeller along 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 single propellers does not 

result in a notable difference for contra-rotating propellers in series. 

 

Even if singular propeller design principles do not apply to contra-rotating propellers in 

series, the presentation of data in Figure 5.5 does give a glimpse at the complex interplay 

between system variables. Seen in Figure 5.5, the L/D = 1 separation distance amongst both 

propeller designs reaches a low pressure value gradually with increasing flow rate. Whereas a 

L/D = 0.75 separation distance has the pressure falling 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 the propellers and the extent of throttling employed by the systemôs 

ball valve. The pressures produced by these contra-rotating propellers depends on the separation 

between the two and the flow imposed on them, a convolution of many variables. 

 



 

106 

Figure 5.6. Effects of separation distance on pump performance. Each figure graphs the 

differential pressure drop across both contra-rotating propeller(s) as a function of flow rate. The 

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 each data set is controlled by throttle valve 

opening ï the throttle valve is opened more to increase the flow rate while the separation distance 

and rotation rate of the propellers remain the same. 

The mechanical understanding of why contra-rotating propellers have an added benefit 

compared to singular propellers is that the contra-rotation reduces the systemôs energy loss from 

contributions to rotational flow183,185. As one propeller rotates it imparts an axial and rotation 

trajectory to a fluid and the added rotational trajectory adds to the systemôs turbulence and thus 

energy loss from energy dissipation. A second propeller reduces the systemôs turbulence by 

contributing a rotational trajectory to the fluid in the opposite direction, cancelling out the 

trajectory of the first propeller while applying greater energy to fluid flow in the axial direction. 

The systemôs independent variables: separation distance, flow rate throttling, 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 

turbulence. Figure 5.6 explores this further by allowing a range of flow rates but systematically 
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evaluating input energy into the system, propeller rotation rate. The energy of the fluid system is 

dictated by the rotation rate of the propellers and transfer of energy from the propellers to the 

fluid can be improved or hampered by the flow profiles generated by the system configuration 

and operation. For the contra-rotating propellers, it can be seen in Figure 5.6, 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 between propellers but remains 

qualitatively similar between rotation rates. The L/D = 0.5 separation distance shows 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 

propeller can 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-

rotating propellers. 

While the contra-rotating propellers 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 data to be fitted to the empiricism, Equation 5.1, the pressure value needs 

to grow increasingly smaller with flow rate, because of this only the L/D = 1 and 0.75 separation 

distance for the contra-rotating propellers can be used for the fitting analysis. For these two 

separations the fittings represent the data well with R2 values of 0.97 or greater but each trendline 

needs to be fitted for ever rotation rate. This is useful when data is known at the desired operating 

rotation rate but remains limited when data has not been collected for a specific rotation rate. 
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Figure 5.7 Efficiency evaluation for the three L/D separation distances measured with the contra-

rotating propellers as a function of rotation rate. Efficiency 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 distance indicated in the top right of each figure and the gradation of shading is a 

function of throttle valve opening. At 100% the valve is completely open and at 25% the valve is 

25% open to flow. 

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

throttling variation, their respective efficiencies are evaluated in Figure 5.7. 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 that the efficiency 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 data, which is neither the greatest flow nor 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. Across Figure 

5.4, Figure 5.5, and Figure 5.6 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 and 1 in Figure 5.7.  

5.5 Conclusions 

In this work we have provided insights into applying the design concepts of contra-

rotating propellers to axial flow pumps. This system will provide a needed pressure boost in 

underground drilling to prevent over-pressurizing the drilling fluid and overcoming the 

surrounding ground strength that would lead to ground fracture and create a frac-out scenario. 

We have fabricated an experimental setup representative of fast horizontal directional drilling 

specifications that include two propellers operating in contra-rotation to drive water in a closed 
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loop to assess its performance under varying rotation rates, separation distances, and flow rate 

conditions. The data collected supports the claim that contra-rotating propellers will provide a 

greater pressure boost to the drilling fluid than a singular propeller system. Separation distance 

between propellers were shown to be an important factor for performance, where the trend 

between pressure drop and flow rate persists across rotation rates and throttling of the flow. The 

empirical design principles from singular propellers were also found to not apply to contra-

rotating propellers, where propellers designed for different pressure boosts achieved similar 

performances at the same operating conditions. Semi-theoretical modelling from centrifugal 

pump theory was also shown to not capture the physics of contra-rotating propellers, not fitting 

well to the additional variations in the datasets when the data diverged from flipped logarithmic 

behavior. Contra-rotating propellers are different from centrifugal pumps in their blade 

complexity, interactions between flow profiles of the front and rear propellers and constraining 

the flow around propellers to a pipe, all of which is not accounted for in centrifugal pump theory. 

Greater understanding of the effects of flow profiles between propellers is needed before their 

performance as axial flow pumps can be predicted. In this work, a L/D = 0.75 separation distance 

was shown to produce the greatest pressure boost and be the most efficient because of the fluid 

interplay between the contra-rotating propellers, more important than the blade design of the 

individual propellers.  

5.6 Major Findings and Conclusions 

The L/D = 0.75 separation distance between contra-rotating propellers used as axial flow 

pumps has been shown to play a major role in producing the highest pressure boost and greatest 

efficacy, more important than the blade design of the individual propellers.  
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CHAPTER 6 FLUID-DRIVEN CLOGGING TO PREVENT FLUID CIRCULATION LOSS IN 

UNDERGROUND DRILLING 

Modified from a paper to be submitted to Granular Matter 

Benjamin A. Appleby14,15, Michael A. Mooney16, Alexander J. Pak14, and Joseph R. 

Samaniuk14,17 

Figure 6.1 Illustration 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 porous media like a gravel 

deposit is encountered and fluid pressure management alone was not enough to prevent fluid 

circulation loss (Figure 6.1). Initially, this work was going to focus on non-Newtonian 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 ( ρ άά) would require more than a bentonite slurry to stop flow. Preliminary 

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 drill string without much issue. After the first experiment, 

it became apparent that sand would readily clog gravel even under moderate flow conditions ï 

opening the door for additional questions on how fluid-driven clogging could be achieved 

intentionally. In this work 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 particles could bridge 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 beyond bentonite 

concentration or the addition of polymers. 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 fluid-driven 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 drilling because of the potential for 

the drill string to 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, but granular 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 fluid-driven clogging in porous media so that knowledge of this 

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 system while fluid pressure and flow rate are 
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controlled and measured to quantify clogging events. Experiments showed that a 1.5wt% bentonite 

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 gravel ï indicated by a 

recovery of fluid pressure. Applications for this work includes underground drilling and broadly 

solid processing where granular particles in fluids encounter an orifice whether to promote or 

mitigate separation of the two phases. 

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 fluid-driven clogging. As theoretical and empirical efforts continue there 

still lacks a model able to predict results or control fluid-driven clogging in porous media78,186. 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 without sand flowing into the permeation 

cell while fluid pressure drop and flow rate are measured with time to quantitatively 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 packed into a clear PVC tube, 

represented by part 11 in Figure 6.2, 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 is introduced to the pipe by a pressure vessel, represented by part 4 in Figure 

6.2, while pressure drop and flow rate is measured across the porous media cylinder. More 

details are covered in section 6.3.2. 
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Figure 6.2. Permeation cell set-up. From left to right, an in-house 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 the porous media cylinder (11a-c) will be measured with inlet flow 

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

Two cells were used for experiments, a 25.4 mm (1 inch) diameter cylinder thatôs 607 mm (2 

feet) long and a 203 mm (8 inch) inner diameter cylinder thatôs 911 mm (3 feet) long. The cell is 

sealed with mesh (10) on both ends to only allow fluid in and out of the system. One end of the 

cell has a removeable mesh 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 soil formations. 

Outflow from the cylinder is collected in a bucket (13, V-Outlet, Scale) connected to a force 

transducer to measure the outlet flow 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% Wyoming Bentonite slurry. 

Wyoming bentonite is a well-used industry term to specify sodium montmorillonite mined from 

Wyoming and used as a drilling fluid in underground drilling because of its ability to remove soil 

cuttings, pump easily, and lubricate the cutterhead10. Since Wyoming bentonite is mined it has 

variations in chemical makeup and composition that result in a wide range of fluid properties 

when added to water. Table 6.1 is a comparison of Wyoming bentonite slurries, Black Hills Bond 

LLC (BHB) at 1.5wt% and 3wt%. Each of these slurries features slight shear-thinning behavior 
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where viscosity decreases with increasing shear-rate, characterized by a TA Instruments DHR-3 

Rheometer (Appendix C, Figure C.10).  

Table 6.1. Summary of relevant material properties of bentonite slurries, gravel, and  sand. The 

fluid properties M and n represent the power-law parameters to quantify the viscous and shear-

thinning behavior. BHB is Black Hills Bond Bentonite. 

  
Fluid Properties 

Material Particle Size [mm] M n 

Water N/A 0.001 1 

1.5 wt% BHB ~ l,000 and less 0.0026 0.1033 

3 wt% BHB ~ l,000 and less 0.0026 0.11 

Gravel 9.5 N/A N/A 

 Sand 1.19-0.590 N/A N/A 

 

The sand size is 16/30 mesh size (0.0469-0.0232 inch, 0.59-1.19 mm), obtained from 

Sierra  Sands. This size was the finest particle size distribution that could be found and the 

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 porosity was determined 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 D2434.32844187, to prevent 

preferential flows along a cylinderôs walls the cylinder holding the particle material should have 

an inner diameter 8-12 times larger than the particle size. The goal of the design was to model the 

worst-case scenario for fluid circulation loss, so the goal was to have the largest gravel size 

possible. An 8-inch inner diameter permeation cell was the largest size that could be obtained 

before becoming exorbitantly expensive to obtain the cylinder and appropriate fittings. Following 

the ASTM standard, 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 bulk density to 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 ( ρπ άὈ) 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 millimeter-length particles85ï

87,188. Clay cuttings are assumed to dissolve into the drilling fluid and modifying the drilling 

fluidôs rheology189. Based on experimental 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 transport from erosion does 

not occur.  
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Figure 6.3. Permeation cell build. From the left, a holding tank(1) is connected to an air 

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

Ĳò hose to the permeation cell(3) (3ò and 1ò inner diameter cylinders  at the top picture and 8ò 

ID cylinder at the bottom picture). A force transducer(4) holding a bucket to capture the effluent 

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

(8 inch) cylinder. The differential pressure 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) measures inlet flow velocity into the cell. The LabJack data 

acquisition device(8) sits above the setup. 

As seen in Figure 6.3, the permeation cell consists of a clear PVC pipe that is the porous 

media cylinder(Figure 6.3(1)), with mesh covered ends to hold porous material in place during 

flow. There are three options for the size of the pipe, 1.5-inch, 4-inch, or 8-inch 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 8ï12 times larger than the particle size diameter to reduce the effects of preferential 

flow along the side walls187. This limits the size of the permeation cell used to an 8-inch 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 the cylinder specifications, the coarse soil testing will be limited to gravels and 

smaller-sized soils that fall within the specified size range of 1 in. or smaller. Gravel will be used 

in the 8-inch cylinder while sand can be used in any of the three sizes of cylinders but is kept to 

the 1-inch and 3-inch inner diameter cylinders due to limited material. Larger cylinders will 

require more sensitive measurements 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 sizes. The doppler 

sensor(Figure 6.3(7)) can be seen mounted on the hose leading into the porous media cylinder to 

measure the inlet flow velocity, with a red knob. To measure the outlet flow velocity a force 

transducer(Figure 6.3(4)) holding a bucket has been installed to catch the effluent stream coming 

out of the porous media cylinder and converted to volumetric flow rate by density and scale to 

velocity by the hose diameter. An absolute pressure transducer(Figure 6.3(6)) is upstream of the 

porous media cylinder and a differential pressure transducer spans the porous media cylinder. 

The holding tank(Figure 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 disperse particles as 

well as possible before flowing through the system and into the porous media cylinder. The 

mixer is not pictured in the figure but sits at the top of the tank where the plug is. A LabJack data 

acquisition (DAQ) system(Figure 6.3(8)) is used along with a LabJack graphic user interface 

(GUI) made on LabView to record the flow velocity and pressure data in real-time during the 

experiment. 

The system is run by first priming with water to remove air trapped in the system. Once 

primed the permeation cell is sealed off with a ball valve and the holding tank(Figure 6.3(1)) is 

charged with the desired drilling fluid (and solids as necessary). The pressure head of the holding 

tank is modulated with air to provide the driving force introducing the drilling fluid and solids 

into the porous media cylinder. A tank size of 30 gal was selected based on price point, flow 

regimes obtainable, and ability to hold sand. Vessels greater than 30 gal become twice or more 

expensive, and larger tank sizes become cumbersome to operate and transport. Vessels smaller 

than 30 gal will have openings that become easier to clog with sand. Drilling fluid is allowed to 

flow by releasing the holding tank into the system and allowed to reach steady-state. Drilling 

fluid of 1.5wt% bentonite slurry was selected because it exhibits non-Newtonian behavior similar 

to that of 3wt% bentonite slurry, but requires less material, and they are both at representative 
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concentrations that would be used in practice. The system independent variables are particle size, 

drilling fluid rheology, and drilling fluid inlet 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 a 1-inch O.D.; therefore, solids sizes should be less than 0.1 

in. to prevent blockages92. 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 D2434-19187.  

6.4 Results and Discussion 

The data collected for this system encompass four rheological different fluids, water, 

1.5wt% bentonite slurry, and both fluids with sand; two flow regimes, Darcy and inertial; and 

two porous media materials, gravel and sand. These parameters will be used to explore the 

effects of fluid rheology, fluid pressure, and particle to orifice ratio on clogging. 

Table 6.2 summarizes the experiments performed with the permeation cell setup. All tests 

that used sand as the bed material were performed using a 25.4 mm (1-inch) inner diameter 

porous media cylinder. The tests with gravel as the bed material used the 203 mm (8-inch) inner 

diameter cylinder. Water and bentonite 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 rapidly in the gravel bed - reducing fluid flow rates by an order of magnitude.  

Table 6.2. 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 (1-inch) cylinder and all gravel experiments are performed in the 203 mm (8-inch) 

cylinder. 

Test # Bed Material Fluid Material 

1 Sand Water 

2   1.5wt% bentonite Slurry 

3 Gravel Water 

4   1.5wt% bentonite Slurry 

5   Water - Sand (17 vol%) 

6   Bentonite Slurry - 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. The flow regimes of this system spanned from 1 to 400 pore 

Reynolds numbers, where the lower range was captured by the sand bed while the gravel bed 

captured higher pore Reynolds numbers. This range of pore Reynolds numbers span Darcy and 

inertial190.  

Figure 6.4. Darcyôs law evaluation of pressure drop versus flow velocity for water flow through  

sand and gravel. a) is the 25 mm (1-inch) ID cell filled with  sand, b) is the 203 mm (8-inch) ID 

cell filled with gravel. The green data points are data values collected for flow velocity over a 

range of pressure drop values corresponding to the left green axis. The trendline is Darcyôs law 

estimation of pressure drop versus flow velocity using the low flow velocity 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 Figure 6.4a, pressure drop across the 1-inch cylinder filled with  sand is graphed as a 

function of discharge velocity with the green dots as the data collected, the trend-line is Darcyôs 

law, Equation 2.14, using the low discharge velocity data to calculate  sand permeability, and the 

black dashes are the pore Reynolds number which are graphed on the secondary y-axis. Figure 

6.4b is the same plot as Figure 6.4a but using data collected from water flow through the 8-inch 

cylinder filled with gravel. The data in 3a closely matches up with the theoretical curve predicted 

by Darcyôs law even though the pore Reynolds number exceeds 25, the upper limit of the laminar 

regime190. However, in Figure 6.4b the data in the green dots have a much lower pressure drop 

than predicted by Darcyôs law. In flow through gravel, the pore Reynolds number spans from 50 

and up to 400 which is well beyond laminar flow and inertial contributions will play a larger role 

in the flow. The inertial contributions will lead to additional instabilities and turbulence leading 

to energy loss and will result in a lower flow velocity than predicted by Darcyôs law as a function 

of pressure drop. Both bed materials also have similar porosities 0.36 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 widely. Since the gravel pore spaces are larger, there is a larger length-scale 

meaning a greater tendency for turbulence to develop, as seen in the pore Reynolds number, 

Equation 2.15 and Figure 6.4. 

Figure 6.5. Pressure drop versus flow velocity data of water data collected in the 8-inch porous 

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

experimental parameters to determine the effects unaccounted for in Darcy flow. Darcyôs law 

expression is from calculating discharge velocity from the measured differential pressure of the 

system. Forchheimerôs Equation and Ergunôs Equation are from fitting to the experimental data. 

Figure 6.5 presents pressure drop versus flow velocity data of water data collected in the 

8-inch cylinder. The experimental data are the grey dots and the colored trendlines used Darcyôs 

law, Ergunôs equation, and Forchheimerôs equation, equations; 2.14, 2.16, and 2.17 respectively. 

Darcyôs law overpredicts the expected flow velocity for each corresponding pressure-drop 

because laminar flow, where energy loss is minimized is the major assumption. Darcyôs law is 

determined from calculating the discharge velocity from an input of measured differential 

pressure drop of the system. In Ergun's equation, A and 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 data. Forchheimerôs equation fits the experimental data well 

because its fittings parameters can adjust for both pressure drop and fluid discharge velocity. The 

fitting parameters were ‖ and Ὂ, they are the Kozeny-Carman (or Kozeny) constant and the 
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Forchheimer constant73,191. The Kozeny-Carman 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 

structure of the porous media, which is caused by the packing resulting from the surface 

roughness of the gravel and aspect ratio73. The takeaways from this model fitting is that the flow 

regime in gravel is beyond laminar flow and contain inertial contributions caused by the flow 

rates and internal structure of the porous media, which is well captured in the Ergun and 

Forchheimer porous 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 porous media cylinders filled with gravel, clogging happens within 2-3 

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 range from 5-25 

vol% and the field test application for this work has cuttings dominated by sand so an extreme 

scenario would be 70% of the 25vol% soil cuttings were all sand.  
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Figure 6.6. Real-time data of permeation cell tests comparing colloidal deposition to clogging. 

The left-hand side panels were tests performed in the 1-inch cylinder and the right-hand side 

panels were tests performed in the 8-inch cylinder. a) is water flowing through  sand, b) water 

flowing through gravel, c) 1.5wt% bentonite slurry flowing through  sand, d) 1.5wt% bentonite 

slurry flowing through gravel, and e) water and 17vol% (7wt%)  sand flowing through gravel. 

The data collected in Figure 6.6 is the real-time progression of pressure and discharge 

velocity change in situations with and without clogging. The absolute pressure upstream of the 

cylinder is in orange, the differential pressure across the cylinder is in blue, the flow into the 

cylinder is in yellow, and the flow out of the cylinder is in green. With each experiment the 

cylinder is filled with fluid and pressurized and isolated while sand particles and bentonite clay 

are added to the holding tank and mixed while pressurizing then introduced into the system 

through a ball valve. In Figure 6.6a and Figure 6.6c, water and bentonite clay respectively are 
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flowed through a sand bed, and each data set remains at a constant steady-state value because no 

clogging occurs. In Figure 6.6b and Figure 6.6d water and bentonite clay are respectively flowed 

through a gravel bed where at time 70 and 100 seconds the pressurized fluid flows into the 

porous media cylinders. The pressure drop decreases as the system reaches a steady-state because 

of the competition between inlet air pressure regulation and outlet fluid flow. Figure 6.6c and 

Figure 6.6d show that bentonite slurry alone cannot reduce fluid loss compared to their water 

equivalent experiments in Figure 6.6a and Figure 6.6b, which exhibit nearly identical pressure 

profiles. 

In Figure 6.6e, pressurized water with sand at a concentration of 17vol% (7wt%) flows in 

at 80 seconds and the pressure drops to reach a steady-state value with flow but increases at 120 

second as clogging occurs, providing a resistance to flow, allowing pressure to build and 

stabilize, after 180 seconds the system reaches a steady-state pressure because of clogging and at 

a lower pressure because some flow is still allowed to occur and confirmed visually. Clogging is 

indicated by the peak in flow when the  sand is sensed by the doppler sensor then precipitously 

drops off as flow becomes restricted. The differential and absolute pressure values also follow 

this trend and reach a steady-state higher than without clogging. In all experiments of clogging, 

no sand flows out of the permeation cell and depositions occur within the first 2-3 gravel 

diameters. A drastic reduction of flow velocity and a rebuild of the fluid pressure happens in 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 pressure and reduce fluid loss. 

 

The  sand size is between 0.59-1.19 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 ¼ the size of the orifice, while in our study the 

particle size is an order of magnitude smaller than the orifice192. As seen in Table 6.3, 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 Fell89,92. 
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Table 6.3. 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 Ὀ ȾὈ  Ὀ ȾὈ  

Early Terzaghi <10 10.67 

Late Terzaghi <4 
 

Casagrande <6 
 

Foster & Fell ρπȢτυ 
 

To 2 
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6.4.3 Exploring clogging 

Figure 6.7. Real-time data comparisons of clogging before and after particles are introduced into 

the system. All panels are using the 8-inch cylinder filled with gravel. The left-hand side panels 

are flow of fluid without granular particles and the right-hand side is 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 pressure, d) 17vol% (7wt%)  sand in water flowing through gravel 

starting at 4 psi of static pressure, e) 1.5wt% bentonite in water flowing in gravel starting at 8 psi 

of static pressure, f) and 17vol% (7wt%)  sand  in 1.5wt% bentonite in water flowing in gravel 

starting at 8 psi of static pressure. 

Knowing that water-laden with  sand will result in clogging, additional variables were 

investigated ï including fluid pressure and rheology. In Figure 6.7, three scenarios of clogging 

were investigated. The left-side panels are experiments of only fluid flowing through gravel and 

the right-side panel are the same experiments but with 17vol% (7wt%)  sand added to the fluid. 

The first scenario, Figure 6.7a and Figure 6.7b, is the base case of 8 psi static starting pressure 

using water where clogging occurs in less than 2 minutes. Scenario 2, Figure 6.7c and Figure 

6.7d, is 4 psi static starting pressure using water where clogging occurs in under 5 minutes ï a 
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longer time and with a stick-slip appearance of clogging and unclogging until clogs stabilize. 

While an interesting phenomenon, it is unclear whether this is an artifact of the permeation cell 

or the transitions between suspension settling and flow within the system before reaching the 

porous media cylinder. Scenario 3, Figure 6.7e and Figure 6.7f, 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 content, comparisons between the 3 scenarios can be challenging to 

differentiate. 

6.4.4 Dynamics of clogging 

Figure 6.8. 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 the 3 scenarios, 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 presented in Figure 6.7, Figure 6.8 

directly compares each scenario by time in Figure 6.8a and by solids entering the permeation cell 

Figure 6.8b. Absolute pressure is used to shed light on clogging between the 3 scenarios. In 

Figure 6.8a, the absolute pressure change with time between the water-sand and bentonite-sand 

(scenarios 1 and 3) closely match each other ï indicating that clogging is not influenced by the 

addition of bentonite slurry. This is expected because as seen in Appendix C, Figure C.3, the 

fluid rheology of 1.5wt% bentonite slurry closely resembles that of water and any differences 

diminish with increasing shear-rate so any contributions should be negligible. In Figure 6.8b, 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 inlet flow velocity 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 density, Equations 6.1 and 6.2. 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. 

ὠ ” ẗὗ                                                  (6.1) 

 

ὠ                                                         (6.2) 

The assumption of homogenous solid suspensions fails quickly because as seen during 

the experiment and collected videos, once clogging starts to occur or a slow flow velocity is 

imposed, the  sand settles in the system, building up a bed that builds or erodes depending on the 

system flow 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 fluid-driven particulate clogging of orifices, there is a clear 

connection between pore and particulate diameter and the probability of clogging80,84. The fluid 

flow velocity also plays a role in clogging as well83. 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 collected in Figure 6.7, in Figure 

6.7, and Figure 6.8 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 settling needs to be further explored. We hypothesize that fluid-driven clogging is a 

combination of particle to pore size ratio and the Shields parameter, where fluid-driven clogging 

becomes gravity-driven clogging when Shields parameter is less than 1. Shields parameter is 

defined in Chapter 4 with Equation 4.7 and states that the shear stress to buoyancy ratio 

determines whether particles settle or remain dispersed in the fluid. When Shields parameter is 

less than 1, settling occurs and will lead to an increase in particle density near the pores. Shields 

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 explore fluid-driven 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 flow velocity, 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 seconds and fluid pressure can rebuild. Higher fluid pressures were also shown to clog faster. 

The fluid rheology of bentonite slurries was shown to not impact the dynamics of clogging but 

could require less sand to induce clogging. These experimental parameters were challenging to 

control and observe so future work could use Discrete Element Method (DEM) simulations that 

can handle large particle numbers ( ρπ) and be computationally inexpensive to explore the 

systemôs major parameters including the force ratio between fluid drag and gravity and the 

system geometry that affects particle bed formation near the pore. Similar to gravity-driven 

clogging of orifices, a critical particle density around an opening needs to be reached to 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 through porous 

media and particle rheology can be included in the problem.  Fluid-driven clogging of porous 

media with granular particles, like gravity-driven clogging, require a particle density approaching 

the maximum packing fraction around the pore to clog. But unlike gravity-driven clogging, bed 

formation becomes a crucial part of the dynamics and clogging can occur with particle sizes 

smaller than typically seen in gravity-driven clogging.  

6.6 Major Findings and Conclusions 

Fluid-driven clogging of porous media with granular particles has been shown to have 

dynamics similar to gravity-driven clogging, but with particle bed formation and can be done 

with particle sizes smaller than expected compared to gravity-driven clogging. Once 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 7 FUTURE 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 physics of each 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 geological conditions and how that translates to knowing 

what those changes are and how to operationally prepare for them. This chapter represents the 

work I have identified as the most interesting from a fundamental or practical perspective using 

the tools and techniques developed from this work.  

7.1 Soil Viscometer 

7.1.1 How to include a Herschel-Bulkley constitutive expression instead of a Bingham 

Plastic expression so that the thin-gap approximation is satisfied? 

The effective inner radius approach is the calibration procedure of focus for this 

manuscript, as determined by the expected flow profiles of the measurement geometry. Our work 

then uses these developed procedures to apply to soil materials assuming a Herschel-Bulkley 

constitutive relationship193. 
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‎ὔ                                                           (7.6) 

The calibration procedure is taking the Herschel-Bulkley constitutive equation, Equation 

7.1, and plugging it into the momentum balance using Navier-Stokes in the —-direction, Equation 

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

Equation 7.3. The expression for torque is shown with Equation 7.4 and will be used to 

determine the effective inner radius calibration constant, Ὑ. Using torque and rotation rate from 

the mixer to be calibrated and experimental data of the Herschel-Bulkley parameters found on a 

TA Instruments DHR-3 rheometer, the calibration constant can be solved for. The Herschel-

Bulkley model generates a geometric series when the velocity profile is solved for, and  Matlabôs 

geometric series function is used to determine the Ri value. Ri will be used as the measurement 

geometryôs calibration constant and be used to solve for the effective shear-rate and viscosity 

measured in the soil viscometer, using Equations 7.5 and 7.6. The particle size that can be 

measured by the system is constrained to granular material that does not approach the gap size, 

<0.1*(Re-Ri) . The calibration fluid of choice was bentonite clay because of its high viscosity 

and low cost. 

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

The calibration of the soil rheometer and the process to calibrate left many unanswered 

questions and one major open question. The open question is that in clays, at lower water content 

the material will transition from fluid-like to more plastic-like, characterized qualitatively by the 

material breaking. At 16.7wt% bentonite the sample in the soil rheometer will still flow but at 

higher concentrations, like 33.3wt% then the clay breaks apart and reforms by cohesion, history 

becomes an important characteristic of the material. Seeing Figure 3.6 of 33.3wt% 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 history is important 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 properties of materials at a representative shear-rate 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, turning the angled 
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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 of the soil rheometer, or more likely be 

deforming a plastic-like 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 face many 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 in unique modelling and theoretical challenges not yet addressed by the rheological or 

granular physics communities. Much fundamental theoretical work is still needed before plastic-

like clay rheology can yield universal quantities. 

There is precedent in biomass literature 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 time-scale to erase shear history. Granular fibers are at 

a larger length-scale which Brownian motion no longer effects so there is no means of erasing 

the shear history and how these materials are deformed affects their measured viscometric 

properties. Clay materials with low water content do not have as clear a distinction with particle 

size but rather 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 in modifying the 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 wide range 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 influence viscometry 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 lab-scale instruments because particles match or 

exceed the measurement gap, leading to jamming and producing torque values non-

representative of the sample but rather the sample interacting with the instrumentation194. To 

exploit now the ability of measuring samples with granular particles the first tests should be in 

determining whether Einsteinôs relationship for the contribution of particles at low volume 

fraction (particle collisions are negligible) and extending that characterization to higher volume 

fractions (particle collisions are non-negligible). This would initially be done with smooth 

spheres, then the influence of anisotropic particles, and then real particles with a wide 

distribution employing granulometry to 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 particles195ï198. 

7.1.4 What micromechanical modifications are additives making to soil materials to 

ñimproveò 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 and do not use 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 be performed 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 Chapter 4, fully dispersed particles were needed to capture the 

viscometric properties of the drilling fluid slurry with soil cuttings. This 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 drilling fluid which reduces hydrodynamic interactions between 

particles and will alter the viscometric properties 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 flow rate. 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 intentionally chosen because of its high sand 

and silt content ( χͯπύὸϷ)but low clay content ( σͯπύὸϷ). While in practice, the geological 

breakdown of a location cannot be so easily chosen, and clay is a commonly encountered soil 

material. The flow loop setup constructed in this 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 corresponding power-law 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 clay, silty clay, clay 

loam, and many other variations. 

7.3 Series Distributed Pump 

7.3.1 Is separation distance important when the rear propeller is operating at a lower 

rotational speed in contra-rotating propellers? 

The literature on contra-rotating propellers functioning as axial pumps is fairly limited, 

but the work that is there focuses on the rotation rate of each propeller. When operated at the 

same rotation rate then the rear propeller is overloaded and requires a significant amount of work 

inputted into it183. To address this, the rear propeller is operated at a lower rotation rate, and the 

rate is é. Because é The work covered in Chapter 6 explored the separation distance between 

propellers 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 determine whether one parameter is 
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more important than the other, whether it depends on operating conditions, or whether they are 

equally crucial and provide a significant improvement to performance. 

7.3.2 Does propeller design play a larger role in pressure boost when the two propellers 

are not operating at the same rotational rate? 

The other question addressed in Chapter 6 was the effects of singular propeller design on 

their performance as contra-rotating propellers 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 operating the propellers at different rotation rates will generate 

flow profiles that are more dependent on propeller design rather than the separation distance 

between propellers. 

7.3.3 How well do any of these empirical design principles hold up with non-Newtonian 

fluids, like a bentonite slurry? 

All of the work covered in Chapter 6 was using water with a rheologically insignificant 

amount of bentonite present but the application for these axial flow pumps is with drilling fluids 

of bentonite slurries and with soil cuttings. The general micromechanical model of contra-

rotating propeller benefits on performance is dependent on the flow profiles generated by each 

propeller and their interaction between the two. But from a basic understanding of non-

Newtonian fluid flow through pipes tells us that the profiles can be severely different between 

fluids, transitioned from a fully-developed velocity profile thatôs quadratic in nature to plug-flow 

with the bulk of the flow moving as a front while the fluid nearest the pipe walls shear-thins and 

lubricates the bulk of the flow. Due the complex fluid dynamics of propellers, they already 

require computational fluid dynamics to evaluate, the addition of non-Newtonian fluids creates a 

challenging system that will need to be interrogated by an experimental exploration to support 

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 axial pump uses rotor-

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 be collected with 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 the fluid-driven 

clogging can result in drilling fluid pressure recovery, but the understanding of how fluid-driven 

clogging occurs, 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 particles and their relationship to clogging, Discrete Element 

Method (DEM) is the standard method199. DEM can also be coupled 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 

cost-effective and precise option to further explore this system.  

7.4.1 Simulation proposal 

DEM simulations are a more accessible and cost-effective tool to explore the interactions 

between system geometry and forces affecting particles that lead to fluid-driven clogging in 

porous media. Large-scale Atomic/Molecular Massively Parallel Simulator (LAMMPS) is 

proposed to model a simple version of the developed experimental system. 
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Figure 7.1. LAMMPS system setup 

These LAMMPS simulations are composed of stationary blue particles representing 

gravel that geometrically constrain the system dimensions 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 is 2-dimensional and built by setting up the blue-gravel particles to form a 

boundary capturing the red-sand particles and on the far left there is an open space representing 

the gravel pore with a boundary that removes any red-sand particles that passes through the pore. 

Within the system the controlled independent variables are the deposition rate of the red-sand 

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 horizontal and 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 particle density 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 this system, a parameter 

sweep is performed with the independent variables to capture expected dimensionless parameters 

that would be experienced by our experimental system. As discussed in Chapter 6, section 6.4.4, 

the dominant parameters will be both the particle to pore size ratio and Shields parameter 

because it is hypothesized that fluid-driven clogging will become gravity-driven clogging once 
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particle settling occurs and particle density increases to that of gravity-driven systems while 

maintaining a driving stress to move particles to the pore. 

7.4.1.1 Work done to-date 

A model system has been developed in LAMMPS that runs at the appropriate time-scales 

to capture the physics that are occurring within the system and with the interactions 

representative for granular particles. The model system has also been generalized so that the 

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 simulations and 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 post-process the density values of the system so that figures can be made of the 

data to quantify when clogging occurs and under which geometric and force conditions 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 whether a great 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 clogging and provide guidance in applying that to mitigate fluid circulation loss in 

underground drilling when porous media is encountered underground. Both fundamental and 

practical information will be learned in the operation of underground drilling to control particle 

density and 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 distributions in between? 

 

The simulation work performed in Chapter 6 is only granular particle interactions and 

does include fluid dynamics, yet it is well-known that behind the flow of each particle is a wake 

that results in flow profiles that will affect the flow of particles around it in a local area8,9. 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 then hydrodynamics 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 would be a large Ph.D. project. 

Currently fluid-driven clogging has been captured by probabilistic models and does not 

incorporate physics from first-principles. The effects of hydrodynamic contributions remain 

unclear and need to be further explored to expand our understanding of fluid-driven clogging to 

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

7.4.3 What are the effects of non-Newtonian 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 same200. 

Packed beds are a common chemical unit operation with flow 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 a non-Newtonian fluid to this 

system lead to artifacts in the flow rate to pressure drop data that could not be explained until 

recently with elastic turbulence201. 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 would bentonite slurries leave similar 

artifacts in the data; two, how would instabilities translate to larger length-scales with larger pore 

sizes like those seen in gravel and larger porous media? The pressure drop to flow rate 

relationship models for non-Newtonian fluid flow through porous media has 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 and measures clogging, 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 up knowledge that can be used to generate models to 

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

bed formation and couple that with fluid-driven clogging. 
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CHAPTER 8 CONCLUSIONS 

In underground drilling there are many challenges, and 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 understanding how 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 material processing challenges require specialized 

fundamental knowledge. The aim of this thesis work was in identifying and filling in 

fundamental knowledge gaps for material processing. Chapters 3-6 have 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 one of these steps. 

In the breakdown of in-situ 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 by technology to break down these soil 

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 testing additives 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 that historically have been ineffective with clay materials. The sub-phase 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 that would stabilize 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 

foam conditioners. 

The fluidization of soil cuttings were covered in Chapters 4-6, with chapter 4 quantifying the 

effects of soil cuttings on viscometric properties of drilling fluid returns. The expected viscosity 

and shear-thinning properties of drilling fluids will increase 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 due to frac-out 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 contra-rotating propellers along the drill string to distribute the pressure drop and theoretically 

extend the length of a 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 continue fluidizing soil 

cuttings. 

In summary, the findings from this thesis identifies material processing challenges in 

underground drilling and explores the tools and physics 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 drill strings. 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 

 

Figure A.1 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 wt% bentonite samples. 
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Figure A.2 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 wt% bentonite samples + Encapsul. 
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Figure A.3 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 wt% bentonite samples. 
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APPENDIX B    FLOW LOOP 

B.1 Bentonite dispersion viscosity and yield stress characterization 

3wt% Wyoming bentonite (Pondseal-200) 

All rheological characterizations are performed in a cup and bob geometry on a TA DHR-3 

rheometer. 

 

Figure B.1 Flow sweep data of 3wt% bentonite, performed from 1 ï 200 1/s, with increasing 

shear-rate.  

 

Figure B.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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Figure B.3 Flow ramp loop using shear stress as the independent variable but plotting in terms of 

shear-rate and shear stress. 

 
 
MaxGel ï Wyoming bentonite 

3wt% Wyoming bentonite (Michels industry-used Wyoming bentonite) 

All rheological characterizations are performed in a cup and bob geometry on a TA DHR-3 

rheometer. 

 

Figure B.4 Flow sweep data of 3wt% Michels bentonite, performed from 1 ï 200 1/s, with 

increasing shear-rate. 
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Figure B.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. 

Figure B.6 Flow ramp loop using shear stress as the independent variable but plotting in terms of 

shear-rate and shear stress. 

 
To determine the greatest effect of yield stress on the pressure drop for the system, a simple force 

balance of plug-flow between the the pressure drop of the pipe and the fluid yielding is 

demonstrated. 

      Ўὖʌ2 †ς“Ὑὒ                                                     (B.1) 
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Ўὖ  χπȢπ ὖὥ 
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 (Figure 4.3). 
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B.2 XRD analysis of bentonite samples 

Wyoming bentonite (Pondseal-200) 

Figure B.7 Powder X-ray diffraction data collected over a 2— from 10-80 with a step size of 0.02 

and 120 seconds per step. The setup was operated with a divergence slit of 1/8ò, beam attenuator 

(mask) of 10mm, and anti-scatter slit of 1/2ò and set at conditions of 45 kV tension and 40 mA of 

current. Bragg-Brenato geometry was used for the incident beam optics and Xcelerator optics 

were used for the diffracted beam optics. Only SiO2-polymorphs were investigated for the data 

analysis to focus on the mineralogical differences between the bentonite used in the field-test and 

model cuttings samples. 
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MaxGel ï Wyoming bentonite supplied by Michels 

Figure B.8 Powder X-ray diffraction data collected over a 2— from 10-80 with a step size of 0.02 

and 120 seconds per step. The setup was operated with a divergence slit of 1/8ò, beam attenuator 

(mask) of 10mm, and anti-scatter slit of 1/2ò and set at conditions of 45 kV tension and 40 mA of 

current. Bragg-Brenato geometry was used for the incident beam optics and Xcelerator optics 

were used for the diffracted beam optics. Only SiO2-polymorphs were investigated for the data 

analysis to focus on the mineralogical differences between the bentonite used in the field-test and 

model cuttings samples. 

 
The two Wyoming bentonite samples both have high silica oxide contents, but the structure 

between the two differ as variations in SiO2-polymorphs. In the Wyoming bentonite sample the 

SiO2-polymorphs  is quartz while the MaxGel, Wyoming bentonite used by Michels during the 

interim drill test is Cristobalite. The MaxGel, Wyoming bentonite also has strong signatures of 

Quartz presence but not as much as the Wyoming bentonite 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 sample are then 

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


















































































