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Abstract

The automation of the drilling fluid propertieseasurement is a research area that has been
pursued in the last few years by the oil industry. Adequate contrahandoring of the density

and rheology of the drilling mud have bdeandamental responsibilities of the Mud Engineer and
the Derrickman; this reliance in human intervention introduces a range of error and uncertainty in
the measurements. A system thatldqurovide automated measuremeintseattime of the most

critical fluid properties, namely density and viscosipuldsignificantly improvehe control over

the fluid that goes into the well, thus reducing drilling problems associated to improper
mana@ment of the bottom hole pressure.

A setup that emulates a measurement system that could be installed in the standpipe of a drilling
rig was builtat the University of Stavanger in 20Zie basic concept is to measure the differential
pressure in two sdohs of pipe: one horizontal and one vertical; based on this pressure data, a
mathematical model is then used to estimate#msityof the fluid and subsequently thiscosity.

Last year, a first study to validate the measurements and the mathematiedlused in the
algorithm wasconducted with Newtonian and Nd&fewtonian Fluids. The resultsbtained
showed significant discrepancjgmrticularly in the density measurements arguably related to the
foam appearance in the flowlosptup.

This thesis explorefurther the applicability of the automated measurement of drilling fluid
properties using thmstrumentedstandpipe concept; a wider set of fluid formulations has been
studied extending the analysis to headensities The study habeen constrained to solifiee

fluid formulationsdue to the limitations of the current flowloop setup. It is recommended to
continue tls research in the future by modifying the system at UiS to accommodate the safe
handling and disposal of weighted nsuahd potentially even eidased drilling fluids using a nen
smooth pipe.
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Chapter 1

Introduction

1.1 The Importance of Fluid Properties Monitoring and Control

The drilling fluid fulfills a set of different functions during the well construction process, two of

the most important ones are: to provide the energy required to control the formation pressures, and
to carry out drilling cuttings out of the welThese two crucial functions of the drillimgud are

the result of two fundamental fluid properties, density and viscoShg. most widely used
techniques to measure these properties are the mud balance and the rheometer, respectively, but
they both areubject to the assessment done by the person who operates the equipment, this role
has typically been delegated to the Mud Engineer and the Derrickman in the drilling rig.

The accuracy of the measurements has improved over time with the introdactiosianceof
pressurized mud balances and digital rheometars still, data is just available whenever the
operator runs a check, which at best occurs every 15min for density and a few times per day for
rheology. Although, it is prudent here to clarify tlaatoutine viscosity check is done along with

the density measurement using a Marsh Funnel, but the results of this quick analysis are merely
for reference purposes and provide little insight of the full rheological profile of the fluid in the
well. Furthemore,when these tests are run, a small sample of fluid is collected from the active
mud pits and assumed to be representative of the considerably larger volume of fluid that is
pumped into the well.

Thus, in practice, we have limited information of th&dlproperties in thédorehole. & wdls

become ever more challenging, there is an increased demand for a system that monitors and
controls the fluid properties in a more systematic way, and that providegsmealata of the fluid

that goes into the wellThis is where automation comes into play, and wherengteumented
standpipe concept used in this experimental study fiachpplicability.The reasoning is simple,

amore thorough monitoring and control of the drilling fluid propenteziuces theisk of drilling
problems associated to inadequate wellbore pressures, which ultimately translates into safer and
less expensive drilling operations.



1.2 The Contribution of this Experimental Study

The aim of this project is to continwmgth the development an automated measurement system

of drilling fluid properties that could potentially be the basis for a-tie& monitoring
arrangement that providéhe drilling crew with a tighter control of what is actually being pumped
downhole. The basis of this styis theinstrumentedtandpipe concept and the flowloop built at

the University of Stavanger in 2016; a more detailed explanation of the system is given in
Chapter 3 of thishesis, as well ag description othe algorithm used in the data procegsin

The findings of the previous study conducted in 2017 are used as the building blocks to continue
exploring the accuracy and validity of both the pressure data acquisition system and the
mathematical model that calculates viscosity and density valuesstlily performed last year

was focused first on calibrating the pressure data acquisition system with Newtonian fluids (water)
andthenextending thecalibrated model toNon-Newtonian fluids. The results presented in the
aforementioned experimental woskowed significant discrepancies that were explored and
addressed in more detail in the current study.

The approach that was selected for the present work wegtdad further the investigation of
Non-Newtonian fluids. The starting point was the calibmaparameters generated last year; once
the flowloop was tested and verified with water measurements, several different fluid formulations
were investigatedThe issues previously encountered in the determination of accurate density
measurements were addsed by modifying the fluid formulations to include a defoamer additive
that minimizes the flow composition fluctuations in the system. Additionally, the testing matrix
was extended to include heavier fluid densities than water; imebpect, sodium chloride brine

was identified as the only viable option due to the limitations related to fluid disposal in the
laboratory. The restrictions of the current experimental setup do noteitloav totest fluids with
anyweighting materialgontent.

Chapter 4 of this document presents a detalealysis of the experimental resulf@e data
acquisition system and the mathematical model show an acceptable accuracy of the viscosity and
densitycalculatiors of NortNewtonian solidsree fluidsin laminar and transitional flow regimes.

The automated measurement system of drilling fluid properties based ansthemented
standpipe concei a promising application, and further work will havéb&performed taesolve

the applicability in turbulet flow, and furthermore, towvestigate the applicability in weighted

fluids with a high solids concentration. The limitations of the current flowloop setup have to be
addressed first prior to continue extending the scopki®fapplicationThe last Chpter of this

thesis outlines what the author considers necessary to further continue developeggtrish



Chapter 2
Drilling Fluids Fundamental Concepts

This chapter is an introduction to the basic drilling fluids concepts that are the fourafaticn
experimental studyDrilling Fluids Engineering is on its own right an essential subdiscipline in
Well Engineeringand the information contained in tlulsapter is by no means exhaustive of the
continuous research and developments conducted by the specialized service companies. Although,
it is on the judgement of the author thitthose involved in the well construction process should
have a minimum wotikg knowledge of the basic concepts herein presented.

2.1 Dirilling Fluids Functions

Drilling Fluids are designed and formulated to perform a number of functions thattalthil

and complet a well, although,not all of themareas essential as removidgll cutting from the
borehole and controlling the formatigressure. Unconventional drilling methods, such as
Underbalanced Drilling, have introduced new considerations into the subject, but they are still the
exception rather than the rutbereaftethe following list has typically been accepted as the most
common drilling fluids functions:

- Control formation pressures

- Remove drill cutting from the well

- Preserve wellbore stability

- Cool and lubricate the drill string and bit

- Seal permeable formations

- Minimize formation damage

- Transmit hydraulic energy to downhole tools
- Convey information to surface

- Minimize environmental impact

The following subsections elaborate further on the two main functions that are on the interest of
this study, the remaininglementsare not in the scope of this thesis and will not be fugbesued.
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2.1.1 Controlling Formation Pressures

As drilling progresses, the overlying rock layers are removed in order to reach the target reservoir
when this occurs, the subsurface stressesistigloed and théorce that used to be exerted by the
rock columnis partially replaced by the hydrostatic pressure exerted by the drilling fluid column.
In conventional drilling, keeping the walhder controlmeans to maintain a hydrostaticlumn

thatis at least equal or exceeds the formation pore pressure to prevent formation fluids from
flowing into the wellboreand ultimately causing lalowout

The hydrostatic pressure of the fluid column is controlled by adjusting the density of the fluid in
the welbore. The upper boundary of the fluid densitydeterminedby the formation fracture
pressurgif the equivalentmud weight exceeds this limit, the formation can break ddiurd
losses could occuand the hydrostatic pressurethe wellcould be redeed to the point than

influx of formation fluids would occur. Consequentiyaintaining an adequate fluid density in the
wellbore is critical to safely carry out any drilling operation.

2.1.2 Remove Dirill Cuttings from the Well

When the drill bit penetratebe formation, drill cuttings are generated. The circulating system in

a drilling rig is designed to pump down a fluid that carries the drill cuttipg® the annulus and

out of the well,the cuttings aréhen removedby thesolids control equipmertn surfaceand the

fluid is circulated backnto the system. From the drilling fluid properties perspective, e
critical properties that enable to remove cuttings from the well are viscosity and dalttsitygh

it is important to note that cuttings removal, in other words hole cleaning, is a function of several
different factors beyond fluid propertiescluding well inclination, hole size,ROP, RPM,
pumping rate, cuttings size and shape, cuttings density, etc.

Later in this chapter further details are given on the fundamentals of fluid density and viscosity,
for now, it is sufficient to address that density improves cutting removal by increasing the
buoyancy forces acting on the drill cuttings, whereas viscgsies the fluid the ability to suspend

solid particles in both static and dynamic conditidhis worth mentioninghat a tradeoff exists

between the fluid properties needi&dclean the hole and the Equivalent Circulating Density
(ECD); as the fluidoecomes thicker, the frictional pressure losses in the annulus increase, thus
increasing the ECD; similarly, if the fluid density increases so does the ECD. Thereatfter, the
Drilling Engineer, in close coordination with the Drilling Fluids Engineer, hadetermine the
balancepoint between mud properties and operational parameters that ensures an adequate hole
cleaning, and that minimizes the potential for drilling related problems.



2.2 Dirilling Fluid Properties

As previously noted, for the purposes of this experimental study, we shall solely elaborate further
on the twccritical fluid properties that are relevant to understand the findings of this investigation,
namely density and viscosjtpther fluid properties used to characterize the drilling fluid are
beyond the scope of this document.

2.2.1 Density

Density most commonly referred to as mud weight, is the most significant fluid property, yet the
easiest to quantify. It is defined as mass per unit volamz it is usually expressed as kiloggeam

per cubic meter [kg/A), pound per gallon [Ib/gal], or in specific gravity [SG]. The fluid density
ultimately determines thieydrostaticpressure exerted by the fluid colunmencethe importance

of accurately camolling the mud weight to be as close as posdiblhetargetvaluedefined in

the well planning stage.

Fluid density is commonly increased by adding weighting agents such as barite or hematite, and
typically decreased by means of dilution using theelffuid of the mud system, namely base oil

or water. In the present study, the density of the different formulations was achieved by adjusting
the salt content of the sodium chloride brine, this is the preferred method for reserwair drill
fluids and ceonpletionsbrines since the conventional weighting agents significantly increase
formation damage.

One important consideration thataften disregarded is the effect of temperature and pressure in
the fluid density. All fluids expand as temperature insesaand compress as pressure increases;
these competing effects tend to offset each other but there is always one dominating characteristic.
When the netesult is a decrease in the Equival8tdaticDensity(ESD) at downhole conditions,

it is said that the well ilemperature dominate@onversely, if the net result is an increase in the
ESD, it is said that the well ipressuredominated The degree of the effect is directly dependent

of the type of base fluidsed in the mud formulatiomeing oitbased fluids the most affected due

to their higher compressibility. In critical applications such as HPHT or ERD wells, it is of utmost
importance to thoroughly evaluate the effect of pressure and temperature udhaefisity to

prevent any potential drilling problems.

The selection of the adequate fluid density is the result of a comprehensive examination of the
formation and well characteristiogcludingformation pore pressure, collapse pressure, horizontal
stresses, formation fracture presswete. For our intendit sufficesto say that a insufficient fluid

density can lead to well control and wellbore stability issues, whereas an excessive mud weight
may result in lost circulation and stuck pipe incideotsisequently, it is vital to understand the
basic mechanisms affecting the drilling fluid density in the well.



2.2.2 Viscosity

Viscosity can be described as the resistance of a fluid to flow. We freqeentiyntethe term
thicknesslescribing how viscous a fluid is, wheréhack fluid refers to a higtviscosity mud, and
contrarywise, dhin fluid indicates a lowviscosity formulation. When reviewing a drilling fluids
report, you may find several terms denoting viscosity, so géessary to always clarifyhat the
value represents; some of the common headings are:

- Marsh Funnel Viscosity
- Plastic Viscosity (PV)

- Apparent Viscosity

- Low Shear Rate Viscosity (LSRV)

- Effective Viscosity

Thefunnel viscositys measuredising the Marshrunne] further details of the testing procedure
are given in the next subsectidfunnel viscositys used as a relative indicator of fluddndition.

It does not provide sufficient information to determine theological properties or flow
characteristis of a fluid it is onlyusedto detect relative changésthe fluid propertie$l].

The other terms for viscosiganbe described in terms of the ratiototh e

shearrat¢ 0) . By

definition:

Shear (8)ress

Vi s coesd 4
Shear onat e

shear

(2.1)

stress

This relationship between shear rate ahear stress for a fluid defines how thatd flows.
Figure2.1 is a simplified depiction of two fluid layers (A and B) moving past each other when a

force haseen appliedWhen a fluidis flowing, a forceexists in the fluid that opposes thew;

this force is known as the shesiressand t can be thought of as a frictional force that arises when
one layeof fluid slides by another. Since iteéssier for shear to occur betwéayers of fluid than
between the outermost layer of fluid and the wall pipe, the fluid in contact withalhdoes not
flow. The rate at whiclne layer is moving past the ndayer is the shear ratthus theshear rate

is a velocity gradienfl].

B

Flowing
force —= v
2
/ A
! ./
L

—

t Opposing force
(shear stress)

Figure2.1. Shear rate and shear strgids
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The formula for the shear rate[iq:

2 s elc= VaVa

(2.2)

Where:

9 Shear ratgs]

V2 Velocity at Layer Bm/g

V1 Velocity at Layer Aim/g

d Distance between A and[Bn]

The testing method tetermine rheology will be discussed later in this chapter, but for illustrative
purposes it is convenient to introduce at this point the rekatlat are commonly used in the
oilfield to calculateshear rateand shear stress from thwscometerdata obtained with the
methodology to be presented.

The shear rate can be found by multiplying the viscometer rotational §pelg a factor given
by the specifications of the rheometeairticularlyby the geometry of thetor-bob-torsion spring
combinatia; the most common configuration of these elements is referredR@®B%F1. The
endorsedvalues by the APl Recommendé&dactice 13B2 Recommended Practice for Field
Testing OBased Drilling Fluidsare given below [2].

osele= 1. 7023 x (2.3)

Likewise, to calculate shear stress we use the following expression, stiearestresis reported
in standard oilfield unitgs the pounds of force per hundsgliare feet (Ihboft?) required to
maintain the shear ratand wherel r e p r e s e rstometer diakreadingd Vv i

Ul befét= 1. @65 X (2.4)

A word of caution to the reader, the values preseaibegeare the same when testing wabased
drilling fluids, they can be consuled in the APl RecommendeBractice 13BL Recommended
Practice forField Testing Watebased Drilling Fluids[3]. You are also encouraged to explore
further the details of the rheometer configurations and specifications in the following reference for
the Fam® Model 35 Viscometer [4].



The concepts of shear rate asttkarstress apply to all fluid flowWithin a circulating system,
shear rate is dependent on the average velocity of tharilthe geometry in which it is flowing.
Thus, shear rates are higher in snga@bmetrieqe.g.inside thedrillstring), andlower in larger
geometriesd.g.casing and riser annuli). Higher shear ratesally cause a greater resistive force
of shear stress. Therefore, shear stresse drillstring- where higher sheaates exist exceed
those in the annuluswhere lower shar rates existThe sumof pressure losses throughout the
circulating systemin other words th@ump pressutas oftenassociated with shear stress while
thepump rate is associated with shear faie

The viscosity of &on-Newtonian fluidchanges with shear. Tiig#fectiveViscosity(ue) of a fluid
is a fluidds vi s c o s;ithesgconditiousencludes gheacratd, pressamelo n d i t i
temperaturgl].

The effective viscosity is sometimesferred to as thé\pparent Viscosity{ea). The apparent
viscosity is reporteds either the mud viscometer readin@@® RPM (00) or onehalf of the

meterreading at 600 RPMdog). It shouldbe noted that both of these appanéstosity values
are consistent with thellowing viscosity formula[1]:

300d x
e ¢ P= - (2.5)

Plastic Viscosity (€p) can bedescribedas that part of resistance to flaamused by mechanical
friction. Mostly, it is affected bythe solids concentratioin the fluid, the size and shape dhose
solids and the iscosity of the fluid phas The plastic viscosity is also calculated from the
viscometer data using the relation presented below, which is given ByPthBecommended
Practice 1382 Recommended Practice for Field Testing-Baised Drilling Fluidg2].

€, CP=ds 00000 (2.6)

Drilled solidsadverselyaffect rheological properties of the fluahd are undesirable. They are
continually being added to the fluwhile drilling, causing an increase in solidsncentration. If
the solids are natemoved pomptly, they continue tdreak up into smaller pieces as they are
circulated and recirculated through gystem.

Viscosity problems will occur idrilled solids are not controllethere are thremainwaysto cope
with them namely,solids controlequipment, sttling, and dlution or displacementChanges in
plastic viscosity caresult in significant changes in pumppessurevhile drilling; this is extremely
critical in wells where ECD management is of utmost importatics.imperativeto minimize

plastic viscosityn these situationdecause a lowV can result in greater energy at lthie greater
flow in the annulus fohole cleaning, as well as less wear seat on the equipmefit].
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2.3 Conventional Testing of Drilling Fluids

The AmericanPetroleum Istitute (API) is widely recognized as the entity that develops the
standards and recommended practices in many aspects of the petroleum industry value chain. The
APl has compiled the recommended standard testing procedures to ewilliage fluid
propertiesin the APl Recommended Practed3B-1/13B-2 Recommended Practice for Field
TestingWaterOil-Based Drilling Fluidg[3] [2], respectivelyThe following section summarizes

the testing procedures relevant for this experimental study, namely, determining density and
viscosity, you can consult the references provided for any other tests.

2.3.1 Determination of Drilling Fluid Density M ud Weight)

The mud balance is the instrument generally used for drilling fluid density determinatsans

Figure 2.2. It should be @ufficient accuracy to measure within 0.1 Ib/geie mud balance is
designed such that the drilling fluid holding cup, at one entiebeam, is balanced by a fixed
counterweightt the other end, with a slidingeight rider free to move along a graduated scale.

A level-bubble is mountedn the beam to allow for accurate balancifige instrument should be
calibrated frequently with &sh water, e.g. fweekly or weekly[2]. It is vital that the user
understands that any density measurement generated with a mud balance shall be referenced to the
temperature at which the reading was takbe reason behind this is that any future dgnsit
comparisons have to take into consideration the thermal effects affecting the mud weight, as
previously described in section 2.2.1 of this document.

Plastic Carring Case
Level Bubble Vial

Arm Rider

Shotwell

Knife Edge
Base
Lid
Figure2.2. Metal mud balancecomplete withcarryingcase[5]
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In recent years, an improved method density determination has gained populapidyticularly

in field applications where ECD control is of critical importanitet of the pressurized mud
balance, see Figure®.The pressurized mud balance provides a more accurate method for
determining thelensity of arilling fluid containing entrained air or gas than does the conventional
mud balance. The pressurized niatance is similar in operation to the conventional mud balance,
the difference being that the drilling flushmple is placed in a #®dvolume sample cup under
pressureThe purpose of placing the sample under pressure is to minimize the effect of entrained
air or gasupon drilling fluid density measurements. By pressurizing the sample cup, any entrained
air or gas islecreased to a nigjble volume, thus providing a drilling fluid density measurement
more closelyn agreement with that obtained under downhole condif@s

Figure2.3 TRU-WA T E Huid densitybalance6]

The pressurized mud balantas been selected as the standard mdtratensity measurements

in the course of this investigation. It is recommended that any future work to be done using the
flowloop system is correlated with laboratory density measurements using solely the peessuri
mud balance. Needless to say, both density values shall be accompanied by the corresponding
reference temperature at which the test is performed; for the present work, all testing was
conducted at room temperatubeit still this has to be clearly note

A detailed testing procedure to operate the pressurized mud balance has been excerpted from the
APl Recommended Practice 1-2BRecommended Practice for Field Testing-Beélsed Drilling
Fluid, and it is presented in Appendixof this thesis.
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2.3.2 Determination of Viscosity Using the MarshFunnel

TheMarshfunnel provides eapidindication of relative changes in theud viscosity.tis asimple
testroutinely run by the Derrickmarwhile drilling or circulating usually evey 15 minutes or
whenever the density check is ddaéthough this varies depending on the Drilling Contracter
and Operat@r s r e g V. iTlre Marshfiurinel is named after Hallan N. Marsh who published
in 1931 the design and use of this viscometer.

Funnel viscositys the ratio of the speed of the fluid as it passes through the outlet tube (shear rate)
to the force (weight of the fluid) causing the fluid to flow (shear stress) [i8]ekpressed as the

time in seconds required for a volume of fluid equdl tuat (one quarter of gallon ~ 946nit)

flow through theoutlet tube othe Marsh funnel. As referene&d calibration valueone quart of

fresh water should be collected in 26@®its(+0.5) at a temperature of 70 {E5).

The Marshfunnel see Figure 2, is a conicalshaped funnel o in. (152.4 mm) diameter at the

top and 12 in. (304.8 mm) long. At the bottom, a smduatte tube 2 in. (50.8 mm) long having

an inside diameter of 3ul6 in. is attadhed
Wi r e scr e e-in opgerings, cogerinfore®d!l f of the funnel, i s
(19 mm) below the top of the funrtel remove large particles that might plug the t{ie

Figure2.4. Marshfunnel andneasuringcup [7]

Funnelviscosity is used as a relative indicator of fluid condition. It does not provide sufficient
information to determine the rheological properties or flow characteristics of gffjuidlis only

used to detect relativand oftersudden changes in tlokilling fluid viscosityso thatcorrective
actioncan be adequately takbey the Mud Engineer.

11
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2.3.3 Determination of Viscosity Using aDirect-ReadingViscometer

Directreadingviscometersarerotationaltypes of instruments poweréy an electric motoor a
hand cranK8], they are also known as Couette viscometers, and haveheesrost widely used
method to determine the rheological profile of a drilling flsiltce their introduction to the market.

In this viscometer, mlling fluid is contained inthe annular space between two concentric
cylinders the mechanism is illustrated Fagure 2.5 The outer cylinder or rotor sleeisedriven

at a constantotationalvelocity (RPM). The rotation of the rotosleevecauses a viscous drag
exerted by the fld, this dragproduces a torquen the bob or inner cylinder. A torsi@pring
restrains the movement of theb, and a dial attached to the boicatests deflection[8].

TORSION SPRING
—

DIAL READING

\

T
ROTOR SLEE\--’EI

BOB

\,:-JH\;

Figure 2.5. Concentricylinder viscometef8]

Several models oflirectreadingviscometers aravailable in the market, they differ on the
availablerotationalspeeds, driving mechanism, eiblemost common type is tHel 5volt version,

see Figure 2.6, whicis powered by a twspeed motor to obtaireadings a600, 300, 200, 100,

6 and 3 RPM.This model operates with the standaador-bob-torsion spring combinatign
referred to as RB1-F1, this geometry of the arrangement allows to obtain Plastic Viscosity and
Yield Point values directly from thesoo anddsoo readings. Otherrotor-bob-torsioncombinations

may be used to evaluate different shear rates, but they are almost never used in field applications.
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Figure2.6. Fann®model 35SAviscometef4]

Once more, it is important to emphasize that the rheologicalaldiganed with the rotational
viscometer has to be referenced to the temperature at which the test was conducted. The standard
temperaturéo perform this tegtroposedy theAPI Recommended Practice 1-2BRecommended
Practice for Field Testing OiBased Dilling Fluid is 120 °F(£2 °F); although it is not uncommon

for Mud Engineers to carry out the test at two additional temperatrés; ahd150 °F, this is
particularlyinstructedn deepwater wells andMHT developments.

The present experimental study was performed using a conventi@tdieading viscometdike

the one shown above, neverthelésis beneficial to bring to the attention of the reader that some
other viscometers are availalite special applicationgpr example the FaffhModel 70 which
works under the same principle as doaventionalotationaltype but with anoperatingimit of
20,000 psi and 50@€F, and which is predominantly used to test mud formulataesgned for
HPHT wells.

A detailed testing procedure to operate tineatireading viscometdras been excerpted from the
APl Recommended Practice 1-ZBRecommended Practice for Field Testing-Baised Drilling
Fluid, and it is presented in Appendix B of this thesis.
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2.4 Fundamentds of Fluid Mechanics

Rheology isthe studyof flow and deformation of mattemder the effect of applied forces. The
measurement ofheologicalproperties of a drilling fluid has been described on the previous
subsectionof this documentthese heological propertiesre directly connected to the flow
characteristics antlydraulic behavior in the welMeasurement of rheological properties also
makes possible mathematical descriptions of circulating fluid flow important for the following
hydraulics related determinations:

- calculating frictional pressure losses in pipes and annuli,

- determining ECD of the drilling fluid under downhole conditions,

- determining flow regimes,

- estimating holeleaning efficiency,

- estimating swab/surge pressures, and

- optimizing the drilling fluid circulating system to improve drilling efficier{&y.

Thenotionsof shear rate, shear stress and viscgsgentednh subsection 2.2,are fundamental

to understand the flow characteristics of the drilling fluid in tled.\&n understanding of rheology
is essential if wellsite engineering of the drillifigid is to cost effectively complement the
objective of drilling the well. Rheology and hydraulicgatfling fluids are not exact sciences, but
are based upon mathetical models that closely descritiee rheology and hydraulics of the fluid
and do not conform exactly to any of the mod€@ensequently, different methods are used to
calculate rheology and hydraulic paramefé&fy, the specifics of those methods presented in
the following analysis.

2.4.1 Classification of Fluids

Based on their flow behavior, fluids cée classified into two different typebtewtonian and
Non-Newtonian.The simplestype of fluid is calledNewtonian The base fluids of most drilling
muds (freshwater prines diesel oil, mineral oilsetc) are Newtonian. In these fluids, tebear
stresg Uk)directly proportional tthe shear rateé 9as shown in Figur2.7. Thecurve is astraight
line commencing athe origin of thegraph onrectangular coordinated/iscosity ( € 9df a
Newtonian fluid is theslope of this sheatress/s shearrateline. The yield stress (stress required
to initiate flow) of a Newtonian fluiavill always be zerg1].

14



) Constant slope
CR(C] EEECEELEERPETT EEERE .
= 4 |
_ = T |
)] R !
S ' '
8 | |
2 35F------ Viscosity (1) = slope
= |
& | : :

| i i

| | |

100 200 300

Shear rate (y) (rpm)

Figure 2.7 Schematic representation oNawtonianfluid [1]

Newtonian fluids will not suspenclttings and weigltig material undestatic conditions. When
Newtonianfluids are used for drilling, the hokhould be circulated or swept clepariodically

and before trip§l], as is often the case in subsea wells when drilling riserless the conductor and
surface casing sectionsofFaNewtonian fluid only oneshear stressieasurement is necesséoy
characterize the fluidinceit is directlyproportional to the sheartea

Non-Newtonianfluids exhibit ashearstress( Uvs shearrate ( orglationship asshown in
Figure 2.8. Most drilling fluids fall into this categoryThe ratio of sheastress to shear rate is
different at each shear rate. This metrat aNon-Newtonian fluid does ndbtave a single or
constant viscosity thatescribes its flow behavior at all sheares[1].

--------- Effective viscosity
(p) lines

Shear stress (1)

Shear rate (y)

Figure2.8. Effect of shear rate on effective viscosiya Non-Newtonian fluid[1]
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To describe the viscosity ofMon-Newtonian fluid at a particular sheate, areffective viscosity
is usedEffective viscosity is defined as the rafgdope) of shear stress to shear rateparacular
shear rate, and is illustratedthe slope of a line drawn from the shettesscurve (at the shear
rate of interestpack to the originsee Figure.8[1].

Most Non-Newtonian fluidsexhibit shearthinning behavior sothat the effective viscosity
decreasewith increasing shear rat&s shown in Figur@.9, when thesffectiveviscosity is plotted

alongsidethe sheastressvs shearrate curve, it iasy to see the shreinning naturehat most

drilling fluids exhibit[1].

Shear stress (t) and effective viscosity (n)

Shear rate (y)

Figure2.9. Shearthinning effect inNon-Newtonian fluidq1]

Sheatthinning characteristichave very important implicationsn drilling fluids as it provides
what wedesire most:

- At high velocities (high shear rates) in the drillstring and through the bit, the mud
shearthins to low viscosities. This reduces the circulapngssure and pssure losses.

- Atlower velocities (lav shearates) in the annulus, the mud laasigher viscosity that aids
in holecleaning.

- At ultra-low velocity the mud hags highest viscosity and when noirculating will
develop gel strengthkat aid in suspendiweightmaterial and cuttingdl].
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2.4.2 Rheological Models

A rheological model is a description thfe relationship between the shear stegss shear rate.
Newt ondos | aistherheologica madal descyibing thew behavior of Newtonian
fluids. It is also called theNewtonian model However, since most drilling fluids are
Non-Newtonian fluid, this model doesot describe their flow behavigt]. In fact,there is no
generalized expression to describe all NNewtonian fluid, several rheological models have
been developed instead, but none of them describes exactly the behaviomMdéwonian fluids,
consequently the models to be presented next, ameadiclose approximations

We focus the following discussion on theahets that are most widelysed to characterize drilling

fluids behavior, namelythe Bingham Plastic Power Lawand Modified Power Lawmodels
Contrarywise to what was established for Newtonian fluids in the previous subsection, the models
to be describetienceforth require a minimum of two measurements of shear stress vs shear rate;
from this informationthe shear stress at any otsbear rate can lmetermined.

TheBingham Plastienodelhas beemsed most often to describe the floaracteristics adrilling
fluids. It isone of the older rheological modelarrently in use. This model describefitad in
which a finite force is requirett initiate flow ( - yield point) and whichthen exhibits a constant
viscosity withincreasing shear ratey(- plastic viscosity)The equatiorof this models [1]:

U Grrefo (2.7)
Where:

Shearstresglb/100t7]

Yield point or shear stress at zero shear|[thateooft?]

€p Plastic viscosity or rate of increase of shear stress with increstsdag rat¢cP]
2 Shear ratgs™]

N R

It is worth to note that the rotational viscometer described in subsection 2.3.3, along with the
selection of the standardtor-bob-torsion spring combinatio(R1-B1-F1), were initially devised

to provide direct measurements of §ield point and plastic viscosityalues used in thBingham

Plastic rheologicaho d e | b a seeadn deoredinds.€Thud, it is prudent to introduce herein
the expression to calculayesld point from the viscometer data, given by:

G 1 bdfdt= (Bo)xdsoo (2.8)
or

G 1 béfdt=cso0e, (2.9)
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Most drilling fluids are not tru®ingham Plastic fluidsFor mostmuds, the true yield stress is
actuallyless than the Bingharyield point Figure 2.10illustrates an actual drilling fluid flow
profile with the ideaBingham Plastic model. It shows nmly the comparison of thteue yield
pointto the Bingham yield point, batlso shows the deviation in viscositylalv and highshear
rate as comparedd the Bingham Plastic viscosify].

£ | Bingham
L] . -

g yield point
-

f

3 |r.

=

7]

[~ True vield point

Shear rate (y)

Figure 2.10Bingham model and typical Nelewtonian fluid [1]

The Power Law modehttempts tasolve the shortcomings of the Binghdttastic model at low
shear rates. Theower Law model isnore complicatethan the Bingham Plastic model in thtat
does not assume a linear relationdbepwveen shear stress and shear ratgh@sn in Figure.11
However, likeNewtonian fluids, the sheatress vs shear ratarvefor Power Lawfluids depars
from the originof the graph on rectangular coordindts

Typical mud

pingha Plastic

Shear stress (1)

Shear rate (y)

Figure 2.11Power Law model comparison [1]
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In the Power Law modethe shear stress increases as a functidhe shear rate raiseéd some
powern, the expression that defines this madadiven by:

U ksh" (2.10)
Where:
U Shear stresgb/100t?]
K Consistency indefdb-sec¢"/100ft?]
9 Shear ratgs]
n Power Law indexdimensionless]

If we dot a PowerLaw fluid sheaistressvs shearrate relationshipn a loglog scale we obtain a
straight lineas showron Figure2.12 In this schematic, it is easier to illustrate both indices, where
theslope ofthe curves n, andK is the intercepon the vertical axis.

Qo0

-

Log shear stress

[~

Log shear rate

Figure 2.12. Log plot of Power Law modé]

The consistency inde is the viscosity at a shear rate of one recipreeabnd (séé), so it can
be said thaK is related tathe viscosity of the fluid at low shear rates he hole-cleaning and
suspension effectiveness$ a fluid can be improved by @reasing théK value. The consistency
indexK is usually reportedh Ib-sec¢"/100t2, butmay be reported in other un[ty.

The Power Law inderindicatesa f | u i d oNonNewetgnrarbehavmifover a given shear
rate rangeThe lower then value the more shed#hinning a fluid is over that shear rasnge and
the more curved the shestresss/s shearrate relationships, as showrn Figure2.13[1].
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Figure 2.13. Effect of Power Laiwdexn on shape of flow profil§l]

Depending on the value of three different types of flow profileand fluid behavior exist:

- n<1 The fluid is sheathinning
- n=1 The fluid is Newtonian
- n>1 The fluid is dilatanbr sheasthickening (drilling fluids are nanh this category)

A comparison of a typical drillinfjuid to a sheathinning, Newtoniarand dilatant fluid is shown
in Figure2.14 [1].

Shear stress (t)

Shear rate (y)

Figure 2.14. Effect of Power Lawwdexn on fluid behavior [1]
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The Power Law indicels andn can be obtained from the rotational viscometer readings using the
following expressions:

Where:

K
n
ch
o)
Y1
¥2

d.
| o
n —= gf (2.11)
¥2
| o
1
K & (2.12)
" '

Consistency indefdb-sec¢"/100t?]

Power Law indexdimensionless]

Viscometer dial reading &wer shear ratfFann]
Viscometer dial reading at higher shear [&f@ann]
Viscometer rotational speed at lower shear [rge]
Viscometer rotational speed at higher shear[rata]

The Power Law modehowever, does not fully describieilling fluids because it does not have a
yield stress and underestimates LSRY,shown previously in Figu211 Themodified Power
Law or HerschelBulkley modelcan be used to accoufdr the stress required to initiate fluid
movementthat isyield sress[1].

Figure 2.15demonstratsthedifferences between the models discussed thus far, namoelified
PowerLaw, thePower LawandBingham Plastic model$:rom this diagram, it is clear that the
modified Power Law modés the one that more closely resembles the behavior of a typical drilling
fluid, thereforethe most widely usetb characterize a fluid in hydraulics optimization anedys

Bingham Plastic model

Shear stress (t)

Modified Power Law

Power Law

Shear rate (y)

Figure2.15.Rheological modalcomparisorfl]
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In Figure 2.15the modifiedPowerLaw is between the Bingham Plastiodel, which is highest,
and thePower Law, which is lowest. The modified Power Law is a slightly ncoraplicated
model than either thBingham Plastior the PowelLaw model However, it can approximate
more closb the true rheologicabehavior of most drilling fluidsMathematically the Herschel
Bulkley model isgiven by[1]:

U t= KA" (2.13)
Where:
U Shear stresgb/100ft?]
¥ Yield stress fi practicejt has been accepted to be the valud fér greading
K Consistency indefdb-sec¢"/100t?]
9 Shear ratgs™]
n Power Law indexdimensionless]

A word of caution to the reademrae other rheological models have been develayed the

years such as thédeinzCasson (1959) anRobertsorStiff (1976), but we have deliberately
selected the most widely used in the industry as the terms of reference for the comparison with the
experimental results of this investigation.

We have now enough tools tmderstandhe fundamentals of flowaehavior prediction and its
relation to hydraulics calculationshave purposely decided to elaborate further on those concepts
in next chapter, athey will be central ideas to understand liasic functioningpf the flowloop
system, and why they arestbasis oAutomaedmeasuremerdf drilling fluid properties using the
instrumentedtandpipe concept.
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Chapter 3
Automated Characterization of Drilling Fluids

This chapter is intended to explain in detail the principles behind the automated characterization
of drilling fluids using the instrumented standpipe concept. The first section is dedicated to an
overall description of the flowloop setup build at the Ursitg of StavangeiThen, the reader will

be presented with a review of the basic hydraulics concepts upon which the flowloop functioning
is basedLastly, | shallprovide you with a thorough discussion of the mathematical models and
algorithms used toalculate fluid properties based on teta acquired with the flowloop setup

3.1 The Instrumented Standpipe Concept

The reasoning behind the instrumented standpipe concept it to use accurate pressure sensors
installed in the surface connections of the cirtntasystem in a drilling rig, in order tmeasure
differential pressures in retime that would then be used to calculate density and viscosity of the
fluid being pumped into the holeThis would allow the Driller to monitor closely the fluid
properties like any other drilling parameter. In drilling rigs where a density meter is installed in
the flowline, for examplevherea coriolis meteris available a continuous automated comparison

of the fluid properties in and out of the wedluld then be feasible.

The automatic measurement of drilling fluid properties based on the instrumented standpipe
concept does not intend to eliminate the periodic mud checks conducted by both the Derrickman
and the Mud Engineer; it should be conceived as a tool to allovimeaimonitoring of whats

being pumped downhole. Nonetheless, in-notical applications that do not demand such a tight
control over the ECD, we could rely on the system to provigd properties monitoring and
reduce theneed for manual checks.
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Figure 3.1 illustrates a simplified schematic of the instrumented standpipe cdarreptare four
pressure sensors installed, twotie horizontal section, and two ithe vertical setion. The

pressure sensors could be installed at any point between the discharge of the mud pumps and the
rotary hoseAlthough, one caveat in this experimental studpésassumptiothat in this segment

of the surface connections, there aré&astwo sections, one vertical and one horizontal, with the

same pipe diameter, the same length, and the same pipe roughness.

o S
T
;_.;

Figure 3.1. Simplified schematic of the instrumented standpipe cdidégpt

In the schematiche horizontal differential pressure between pressure sensors 1 and 2 is given by
DP1, from now on referred to aor; whereas the verticdifferential pressure between pressure
sensors3 and4 is given byDP2, correspondinglydenoted aslPyr. Theworking principle of the
instrumented standpipe concept is to measure firstifhg, andsince there is no gravitational
effect on the horizontal section of the pipe, all pressure lassbs segmenare presumed to be
caused by friction. Now, the digrential pressure in the vertical sectidRyer, is the result of both
frictional and gravitational pressure losses; but as stated before, the assumption is that the pipe
size,length,and roughnesarethe same in botkections, thus the frictional psege losses are
equal in both pipe segments. Consequently, weneaboth valuesdPyer - dPhor, to obtain the
gravitational pressure losses, which result is then used tedaémiate the fluid density. Once

the first fluid property is determined, wailize the algorithm described later in this chapter to
finally obtain the fluid viscosity.
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3.2 Experimental Flowloop Setup

An experimental setup was built at the University of Stavanger in 2016 to replicate in scale the
instrumented standpipe concept. Thawlloop was developed as part oBaa ¢ h ethesig[18]s
project, and ever since it has been used to further investigate the applicability of the concept. The
description to be presented nexbased on theriginal document

| Valve I‘" 'F
Ps
p; dprer
‘Vertical Pipe
.
i
" )
dp}xor P;

| Horizontal Pipe I P;

Figure3.2. Schematic ohe experimental flowloop setu UiS [12]

Thesetup is a flowloop system that consists of a suction/return tank, a pump, one discharge line
of 24mm inner diameter, one return pipe of 50mm inner diametetwandifferentialpressure
sensors distributed as shown in Figure 3.2. Other components not shown in the schematic above
include: aluminum support structugeflowmeter on the pump dischargee additional pressure
sensor to monitor pump pressuremperature and fluicel’el sensors inside the tank, and all the
electrical installation to power up the system and to transmit data to/from the computer.
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Transparent acrylic pipeonnected with PVC fittingare used in the setuihe pipesarefixedto

the aluminum structurevith clamps The return pipe was purposely selected to be of a larger
diameter (50mm) in order to reduce the pressure losses in the system [12]; this has been identified
as an area of improvement in the design, since the difference in diameter caupesiedeee of
turbulence and bubblés the vertical section of the return limdaen first filling the flowloop with

fluid, this is particularly difficult to deal with the more viscous the fluid is.

Acrylic Pipe

Figure3.3. Section of discharge pipe (24mm) attacteethe aluminum support structure [12]

A 200 liters ectangular tank witttonical bottomstores the fluidn the systemThe tank is
equipped with an agitatdalthough it was everusedduringthe exgrimental runs), a temperature
sensor and a fluid leVsensor, both of which are connected to the data acquisition sy&tem.
suction is on the bottom part, and the return line is connected as shown in Figure 3.4. It is worth
to mention that a pipe extension was installed inside the tanktmize the tubulence generated

when the fluid is discharged; in spite of this, some air bubbles are stitictgated through the
flowloop. One further opportunity to optimize the system design is to install one additional
interconnectedank to have independent siect and return @ntainers which emulates closer the

pit system in a drilling rigAlternatively, some kind of divider can be installed in the current tank

to allow air bubbles to be released before the fluid spills over to the suction compartment.
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Return Pipe

Figure3.4. Rectangular tanksed in the flowloop setup [12]

The pump is anono progressing cavity screw pumth a maximum output of ®liters per
minute, see Figure 3.5. It was selected because albiiity to pump at very low rateselatively
low pressure pulsesind because obgitive experiences from past projects in the labordidt)y

A magneticflow meteris used to accuratelyeasure thgolumetric flow delivered by the pump.
In addition, a pressure sensor is installed close to the puhgtto monitor the pump pressure
which is limited to 2 bar [12].

Figure3.5.Mono progressing cavity pump, type C1XKS81RNIZ]
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Two differential pressure sensors are installed as illustrated in Figure 3.2. The distance between
the sensors in the hadntal and vertical sections is the same, 3.Bhe sensor usedn the
horizontalsectionhas a measuring range of 600 nbar, whereaghe onein the verticakection
has a higher range of 1@600 nbar to measure thedditionalgravitationalpressurdosses [12].

dP Transmitter

Rolled Capillary Tube

Spare Signal Cable

Figure3.6. Differential pressure sensor mounted in the horizontal section of the flowloop [12]

The interfacebetween the instrumentation amlde dedicatedccomputeris establishedvia a
communication cartype NI PCle-6321Multifunction Data Acquisition Devicehe details of the
connections and configuration can be accessed in the reference herein providdAT124B ©
and Simulink® are used for data acquisiticand processingthe results to be presented in
Chapter 4 of this thesis have been obtained fronviWELAB ® andSimulink® tools designedbr
the control systenA flow chart of thedata acquisition system presentedn Figure 3.7.
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Horizontal dP
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Computer
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Figure3.7.Flow chart of the data acquisition systfifi]

Figure 3.8 shows the main window in Simulifik Desired flowrate can be set with a constant
varying from 0- 90 liters per minuteBased on the sgtoint and the measurements from the flow
meter, a Rtontrolleris actively regulating the pump. It is algossible to select a ramp function,
where the pump rate is increasing linearly over timern@aximum[12].

Warimetal aF

Agtatar oot
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Pumg iz
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Frictie Factor

Aaynaios i smber - >

Calnutatens Scogel

Figure3.8.Main user interface in Simulifi{12]
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Figure3.9shows how thdlultifunction Data Acquisition Deviaeceives signals from the sensors
and how this information is then received by SimulinEachsensor installed in the flowloop
setup has an associatealv-Pass filtethat aids to the data processing.

off

L,

Analog

Input

Analog Input

Fi i LT
PCle-8321 [auto]

DL e D)
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=1 ko ’ Vertical &P
Filter on/of3 Gaint
Transfer Fonsd
off L’
, Ne »{1000
— ——»- -
5+1 ) Freswes
Filter onioif2 GainZ
Transfer Fend
off L’
i ™ b1 @
=1 = . Tempersiure
Filter on/oif1 Gain3
Transfer Fond
off L’
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1 — Flow
5% B
Fiter ervieft Gaind

Trarsfer Fon2

Figure3.9. Simulink diagram showdata transferring and processing frire sensors [12]
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3.3 Dirilling Fluid Hydraulics

Once the rheological propertied a fluid have beerdetermined using the testing procedures
discussed irsulsection 2.3andsubsequentlynodeled to predict flow behaviaccording to the
concepts presented gulsection 2.4, it is possible then to perform thalraulics calculations
necessaryo determinewhatthe effectof the fluidwill be onthe overall pressures in the system.
The central notion that has to be fully comprehended by those involved in a drilling operation, is
that ofpressure losse$rom the drilling optimization perspective, we are particularly interested
in the total pressure losses in the system (pump peIsquressure losses across the bit, and
pressure losses in the annulus (ECD).

This experimental study uses the concepprefssure losseas the starting point to determine
density and viscosity of the fluid in the system. This section is intended ta@ravintroduction

to better understanty the algorithm used in the automated measurement of drilling fluid
properties using the instrumented standpipe concept.

3.3.1 Flow Regimes

In 1883, Osborne Reynolds conducted experiments with various liquids flowmggth glass
tubes He introduced a dye into the flowing stream at various points. He found that when the flow
rate wasrelatively low, the dye he introduced formed a smooth, thin, straight streak down the
glass. There wasssentially no mixing of the dyend liquid. This type of flow in which all the

fluid motion is in thedirection of flow is calledaminar flow[10].

Reynolds also found with relatively high flow rates, no matter where he introduced the dye it
rapidly dispersed throughout the pipe. A rapitiaotic motion in all directions in the fluid caused
thecrosswise mixing of the dyéhis type of flow is calleturbulent flow Reynolds showed further

that under some circumstances, the flow can alternate back antdomien being laminar and
turbulent when that happens, it is callé@nsitional flow Therefore, we can describe a fluid's
flow as being either laminar, turbulent, or transitidaii].

In laminar flow, aNewtonian fluid flowingin a circular pipe moves as concentric layers asvah
in Figure 3.10. Each layer represents a differamg of velocity vectors, meaning that the fluid
velocity is dependent of the position in the creastion of the pipe.
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Figure 3.10. Thredimension view of laminar flow in a pipe for a Newtonkoid [10]

The variation of velocity as a function of position is better illustrated in adimensional
representation of the fluid flow in the pigetypical velocity profileof aNewtonian fluidis shown
in Figure 3.11The flow profile is in theform of a parabolar bullet shapeThe rate of change of
velocity with distance (shear rate) is the slope ofvihlcity profile at any point in thpipe. At
the pipe wall, the slopef the velocity profile is parallel to th@pe wall and has an infiratslope
(maximum). In the center of thepe, the slope of the velocity profilepgrpendicular to the pipe
wall and has zero slope (minimunfl]. Considering thator a Newtonian fluigdthe shear stress
and shear rate adbrectly proportional, the shear stress is atswximumat the wall and zero at
the center of the pipe.

/ *~ Twan ___...H
R ~ ; :}\1 [
R — E:j ...... — - — i Pipe Centerline
i e
Shear stress T Velocity Profile

Figure3.11. Twedimensionview of laminar flow in a pipdor a Newtonian Fluid

It is prudent at this point to introduce some additional definittbas will beused at the end of

this Chapter and that are related to the discussion presented above. The following has been taken
from [13] and originally referenced to [14h fully developed laminar flow, each fluid particle
moves at a constaakial velocity along a streamline and the velocity profile remaimshanged

in the flow direction. There is no motion in the radial directemg thus the velocity component

in the direction normal to flow isverywhere zero. There is no acceleration sincédihes steady

and fullydeveloped14].

Now, aonsider a ringshaped differential volume element of radiuthicknesglr, and lengthx,
oriented coaxially with the pipe, as shown ind¥gy3.12 [14].
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Figure 3.12. Frebody diagram of a ringhaped dferential fluid elemenf14]

In fully developed laminar flow he volume element involves only pressure and viscous effects
andthus the pressure and shear forces must balance each other. The poessweting on a
submerged plane surface is greduct of the pressuretae centroid of the surface and the surface
area. A force balance on tlielume element in the flow direction givest]:

2 FAUFAP - 2FAIrAP , , g 2 FAXAD, - 2 FAXAD, & O (3.1

This indicates that in fully developddminarflow in a horizontal pipe, theiscous and pressure
forces balance each other. Dividingdy A dandkedurxangind14]:

(A x+vd'xPx + r'A1~Jr+vdrriAUr:

0 (32)
Uix ar
Taking the limit aglr, dxY ,@jives
P U rAU
Uix ur
Rearrangingwe obtain that [13]
aP Y
— A Alr - BAr (34)
Uix



Integrating with respect g we get

uP

J =_— 35
U ZijN (3.5)

The equality must hold for any valuerodndx. Considemowthe element of radiuR and length
dxin thefully developed regioras shown irFigure 3.13 below [13]:

wTR2(P + dP)

1"

x

Figure 3.13Freebody diagram of a fluid disk element in fully developed laminar flof}

The force balance ithe disk element is given by
“ARPAP - ARPAP UP - 2 ARAIXAL = O (3.6)
Simplifying
= _ (3.7)

Wherelllis the shear stress at the wall, which is constant since the viscosity and the pedditity
are constants in the fully developed laminar flow in a horizontal Ppipes,we have the following:

4 = — AR (38)

Combining Equations 3.5 and 3.8, we finajit this expression fdully developed laminar flow

r

R (3.9)

S c
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In the case of laminar flow &fon-Newtonian fluidsthe difference lies on the fattat the velocity
profile depends upon thelationship between shear stress and shear trasecan be clearly
illustrated referring to the effect die¢ Power Law inder on the relationshipetween shear stress
and shear ratpresented in Figure 2.13ccordingly, the effect ofthe Power Law indexn is
extended to the velocity profild dlon-Newtonian fluidgn laminar flowasshownin Figure3.14.

The flattening of the velocity profile implies that the fluid velocity is higher over a larger area of
the pipe, which results in a higher sweep efficiency and better ability of a fluid to carry larger
particles,and consequentlyielding animproved hole cleaning.

n=1.0
- n = 0.667
- n=0.35
- n=025
- n=0.125

Velocity

Figure3.14. Effect of Power Lawndexn onthevelocity profileof Non-Newtonian fluids [1]

Turbulent flowoccurs when a fluid is subject to random, chaotic shearing motions that result in
local fluctuations of velocity and direction, while maintaining a mean velocity parallel to the
direction offlow. Only near the walla thin layer of orderlghear exist; thus,the velocity profile

is very steep near the walls, but essentially flat elsewlit®¢ as shown in Figur&.15. The
schematic also portraysansitional flow which occurs when the flow igot fully laminar nor
completelyturbulent.

3 B e
PR "’/O ) : Turbulent
- () Y - region
A ) Y1) O —
RIS T R e —-
e . \_/f*\ R Ty, T A —~ ——»

g L A T A~y ey T : }Viscous
> . sublayer
hY

l=— Laminar —><—— Transition > Turbulent

Figure3.15. Two-dimension view of transitional and turbulent flow in a pipe sedtiéh
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3.3.2 Determination of Flow Regime

The flow regime is determined using a dimensionless parameter known as Reynolds Tibisber.
factor takes into consideratighe fluid properties and the geometry of the flow conduit. The
general definition is given by the following expression

| A3AD
Re —= (3.10)
€

Where:

Re  Reynolds numbddimensionless]
J Fluid densitylkg/m?]

3 Average fluid velocityfm/s]

D Pipediametefm]

€ Fluid viscosity[Pa-s]

The calculations performed in this experimental study follow the guidetinggestedy the

APl Recommended Practice LRecommended Practice on the Rheology and Hydraulics of
Oil-well Drilling Fluids [9], wherethe flow regime aredefinedbased on the following values of
the Reynolds number.

- Re< 2100 Laminar flow
- 2100<Re <4000 Transitional flow
- Re>4000 Turbulent flow
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3.3.3 Pressure Loss Calculation for Newtonian Fluids

Different factors determine thpressure lossegh a systemi.e. fluid density and viscosity,
geometry and roughness of the flow conduit, changes in elevation, distance that the fluid has to
travel, etc.lt is generally accepted, that ttetal pressurdossesin a system are given by three
different physical componentgictional, hydrostati¢ andkineticeffects. This is expressed as:

P 1ot @Prrictti #alydrodt @ kenetic (311

As previously statedhe concept of pressure lossgghe starting point to determine density and
viscosity of the fluidusing the instrumented standpipe concept. The kinetic effgetneglected
as the pipe diameter is constant in the setup, thus this effect will not be further pursued in this text.

The @ncept offrictional pressure lossederives from the resistance experienced by fluids flowing
through pipesaused by friction against the pipe wdlhe frictional pressure loss determined
from theDarcy-Weisbachequation given below.

FALA A

& Eric A TIADA (312
Where:
f Friction factor[dimensionless]
L Pipe lengtiim]
J Fluid density[kg/m?]
3 Average fluid velocityfm/s]
D Pipe diametejm]

It is worth to introduce an additional definition used to determine the average fluid velocity based
on the measured parameters in the flowloop setup, namely pump rate argbctiossl area:

>, O

(3.13)

Where:

Pump ratgm?/s]
Pipecrosssectional inner arefan?]

> O
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Thecalculation of thdriction facta f depends on the flow reginaad the conditionsf the surface

of the wall pipe givemy thepiperoughnessOnce the flow regime has been determined based on
the Reynolds number asgsieibed in the previous subsection, the expression to determine the
friction factor can be selectedhe friction factor inlaminar flowfor a Newtonian fluid is given

by the following expression:

o
N

(3.14)

—
i

Py
(¢

In turbulent flow thefriction factor is not only a functioof the Reynolds number, it also depsnd

on whether it isa smoothor rough pipe. Generallyn turbulent flow the friction in the vall
becomes larger, sintlee velocity profileés more uniformcausing darger velity fall-off towards
thepipe wall[13]. Several models have been proposed to determine the friction factor in turbulent
flow, the solution used in this experimental study is the one developefgssor S.E. Haaland

of theNorwegian University oScience and Technology 1983, it is expressed as follows:

1.11

1 _ D 6.9
—4&-1. — + — 31
et 3T 7 tre (319
Where:
a Absolute pipe roughness
D Pipe diameter
a/ D Relatve pipe roughness

The second component of thetal pressure lossexpression is thaydrostatc effect. They are

also commonly referred to gsavitational pressuréossesand depend on the fluid density and the
vertical distance that the fluid has to travel. The calculation is not a function of viscosity; hence
the folowing expression is applicable to both Newtonian and-Newtonian fluids.

@Hydroft’fg?&chﬁ (3-16)

Where:

J Fluid density[kg/m?]
g Gravitational constarjm/s?]
nh Vertical distancg¢m]
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3.3.4 Pressure Loss Calculation for NorNewtonian Fluids

Additional considerations have to be made in order to determinttilepressure lossef®or
Non-Newtonian fluids. As previously noted, thgdrostaticcomponent is not a function of the
fluid viscosity, thus it can be calculated usiBguation 3.16 Now, for thefrictional pressure
losseswe start the analysis from the sabarcyWeisbachmodel given in EquatioB.12 but we
introduce a generalized Reynolds number that is only valid for Power Law fluids, and which was
first put forward byMetzner and Reefd 6]:

} A3 AD, f,

Re = ——— (3.17)
€
a
Given that
4 n _
= 3.18
De tprL 3N 1AP (3.18)
and
8 3A"!
e.= K (3.19)
2 De tpiL
Where:
RerL Reynolds number fdPower Law fluids
3 Average fluid velocity
Deft-pL Effective pipe inner diametéor Power Law fluids
n Power Law index
€a Apparent viscosity
K Power Law consistency index

We need to make a further consideration to replicate closer the real behavior of a drilling fluid; as
discussed in section 2.4.2 and referring particularly to Figure 2.15, most drilling fluids behave like
a Modified Power Law Fluid, thus the effect of theld stress (the force required to initiate flow)

has to be taken into consideration. The model presentédialiener, Freyand Ciezki(2009)
addressed this consideration by formulating a generalized Reynolds number valid for
HerschelBulkley fluids. The equations are given as folld3g]:

_ 1 B ADe e
Ree="—

a

(3.20
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Given that

an,
De tHB= 3.+ (3.20)
and
_ 8 3A fo!
e = K (3.22
a De tHs
The generalized flow index is given by
n
nAK A %
Ng = — 3 T (3.23
U+ Ko
We obtain the following
} AD" A3 S &
RﬂB:Q)AD n+ A(3na+1 nﬁ8“°"p (3.29
87 3 4n,
Where:
Reis Reynolds number fdderschelBulkley fluids
Defi-HB Effective pipe inner diametéor HerschelBulkley fluids
g Yield stress

Once the appropriate expression to determine the Reynolds numbbésrsahelBulkley fluids

has been defined, we can finally describe the flow regime in the pipe based on the guidelines given
for Newtonian fluids in subsection 3.3.2. Using the same dieinsi given for Newtonian fluids,

we can then estimate the corresponding friction factor for the given flow regime as per the
expressions below. Finally, the friction facfazan be substituted in th2arcyWeisbach model

given in Equation3.12 to calculde the frictional pressure lossedor Non-Newtonian
HerschelBulkley fluids.

6 4
f o= (3.25
Res
or
5 1.116 .
De tr8 :
— 4-1.18dg 3e 2 +R¢|B (3.29



3.3.5 Rabinowitsch-Mooney Equation

The RabinowitsciMooney Equation permits to calculate viscosityof a Non-Newtonian
HerschelBu | k | eiylanpnariflevby converti ng p[A8. Thedotowingt o s he
section describes the model that will be used at the end of this Chapter to calculate viscosity of
Non-Newtonian fluidgn laminar flow analyzeth the flowloop setup.

Consider onalirectional flow of fluid through gipewith radiusR, seeFigure3.16 As previously
stated,a fluid flowing in laminar flowin a circular pipe moves as concentric layehere ech
layerrepresents a different ring of velocity vectors

Figure3.16. Schematic anedirectional flow of fluid through a pipe with radi&g19]

Now, the volumetric flow ratepassingthroughone of this rings of widthi ris given by the
following expressiorjil9]:

0Q = A Adr s (3.27)

Integrating on the entire crasectionthe flow rate through thgipeis given by

R
Q Z=A s3AAIr (3.28)
0
Integrating by parts we obtain:
zp R ", A U8y (3.29)
Q 2 20w ™M '

0

Providingthere is no slip at the pipe wall, thest term in Equatio.29vanishesandwe obtain

U3
Q =" r’A o A (3.30)
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Now, from the definition of shear rate presented in Equation 2.2, we can generalize the expression
for a fluid flowing in a cicular pipe as follows

2 lj—: (3.31)
dr
Thus, Equation 3.30 can be rewritten as
Q <= r’MAr (3.32)
If the fluid is timeindependent and homogeneous, the shear &fiseagunction of shear rataly.
The inversalso holds trughe shear ratg is a function of shear stressly [19]; and thevariation

of shear stresBlwith respect ta is known fromthe previously derived Equation 3\@hich can
be reformulated as follows:

i o 333
W (333)
Combining Equations 3.32 ai3d33, we obtain:
WoeR. G
= - A= A1 U (3.34)
° T, TN
Simplifying
AR W
Q = VE A GoAi U (3.35)
0

The shear rate, is now a function ohear stres§linstead ofr. Now, Equation 3.35 can be
expressed as follows:

Q . 1 Ai6mmu (336)
© AR® 2 0 .

Theleft-hand side of Equation 3.36 canwettenin terms of the flow characteristi@s follows:

Q 3 23

Thus, we can reformulate Equation 3.36 as:
8 3A. W o
- Ajc= 4 AGMAIU (3.38)

0
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Forflow in a pipe the shear rateis negative so the integral Equation 3.3%ecomegositive.

For agiven relationship betweeshear stresgandshear rate, the value of the integral depends

only on the value afhear stress in the pipe wall Thus, forbothNewtonianandNon-Newtonian
fluids, the flowcharacteristic & / D is a unique function of the wall shear strelsfl9].

The shear rate can beremovedfrom Equation3.38 by differentiating with respect tihe shear
stressU Moreover, if a definite integral is differentiatedth respect tahe upper limit(l), the
result is thantegrand evaluated at the upper limit. It is convenient first to mulglyation3.38
by U2 throughout, then differentiatingith respect tdy,to obtain [19]:

o 3A
~5-8 3 D -
3 (RA—  + (}3A utgv) = 4 (AR, (3:39)
Solving Equation 3.39 with respect to wall shear sate
83A3 1_ (g U 8 3A
3 z i D
= — -+ -A A :
W= A2t B A W, (349
D
Now, based on the relation given below
dln 1 Ux
— =— O gl n = — (341)
Ux X X

Combining Equations 3.40 ai3d41, the RabinowitsciMooney Equations given as follows:

- 8 3A
8 3A 3 10U | Ay
=—A -+ A——— 342
R S RN I IR TR} (342)
It can be reformulated as
0_8 3AA 3+1 8 3%3na+ 1 3.3
wo D 4 4n, D an, (343)
Wheren, is a generalized flow index given R3]:
_al g,
=78 3A (3.44)
Ul A5
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3.4 Algorithm sto Calculate Fluid Properties

The followingsection describes in detail the algorithused to calculate density and viscosity of
the fluids examined in the flowloogetup. The sequential steps were translatedVIAGLAB ©
scriptsin theMa s t EBhes sleveloped in 2016 [12] and 2313]; howeveradditionalscripts
were required and developed to address the caveats found in the approach-Ievwiaman
fluids sug@sted in these past works. The codes used to analyze the experimentalaresults
presented iAppendix C of this document.

It is important to mention that additional offset functions were introduced to calibrate the
experimental results to the theoreticalues for Newtonian fluids, this will be discussed in detalil

in Chapter 4of this thesis For now,the readers advised tapproach this section purely te
theoretical steps to be followed in order to implement the instrumented standpipe cotticept in
automaed measuremeiaif drilling fluid propertiesWe start the discussion with the information
set available from the experimental setapdthenwe move into the specifics of the calculations
for both Newtonian and NeNewtonian fluids.

The information available from the flowloop setup is compiled in the following té&khkeworth
to emphasize that we have marked the parameters that are known and those that are measured and
transmitted intdMATLAB ® by the data acquisition system.

Table3.1.Information set available for the calculation of fluid properties

Parameter Value Notes
Pipe Length L= 3.5m Known
Vertical Distance ph :35m Known
Pipe Diameter D= 24 mm Known
Absolute Pipe Roughness a= 0.0015 mm Assumed
GravitationalConstant g= 9.81 m/$ Known
Pump rate Q variable Measured
Vertical differential pressure dRer  variable Measured
Horizontal differential pressure | dR,r  variable Measured
Temperature T variable Measured
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3.4.1 Calculations for Newtonian Fluids

Thefirst step is to calculate the fluid density based on the assumptions presented in section 3.1.
The reader is advised to review the aforementioned fragment and the corresponding Figure 3.1 as
a refreshment of the basic functioning of the instrumented @@@doncept. Given that the pipe
characteristics, flow properties, and distance between sensors are the same in both the vertical and
horizontal sections, we state the following:

& Hydr o FdaRevd Ror (345

Combining Equatios3.16 and 345, we obtain

— d l?e'rd E’or

S he (3.46)

The parameters involved in Equati®d6 are all known, thus the first fluid property, density, can
be determined. Next, we move on to determine the fluid viscosity usinDaterWeisbach
relation given in EquatioB.12; bear in mind the other basic assumption in our experimental study,
namely that the horizontal differential pressure in the flowloop setup is caused solely by frictional
pressure losses. Therefore, we can rearrange Equatidto define the following:

2 DAd R,

f A (347)

Now, from the basic definition given in Equati8ri3, and in terms of the known parameters, we

can state that
2 fp° Ad
8 LA AQ

All parameters in EquatioB8.48 are known, thusa friction factor carthen be calculatecand
subsequentlysedto determine the adequate Reynolds nuraberflow regime.n order todo so,
Equations3.14 and 315 are rearranged as follows:

(3.49)

6 4
REaT—nT
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Reuéb 1 X 1. 11 (350)

10L.8f A =D

w
~

Now, a question arises on which is the appropiate expression to determine the Reynolds number.
The first step is to evaluatéquation3.49 with the known value of friction factor found in
Equation3.48, if the resultant value is less than 2100, then Equa&i@was correctly selected;
conversely, if the resultant value is more than 4000, Equatktrhas to be evaluated to find the
correct Reynolds number. Once this is completed, we can firatiylate the fluid viscosity by

rearranging EquatioB.10 as follows:

) fe /D (351)
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3.4.2 Calculations for Non-Newtonian Fluids

For NonNewtonian fluids, the determination of fluid density follows exactly the same procedure
asfor Newtonian fluids, thus Equations 3.45 and 3.46 shall be used to calculate the first fluid
property. However, the procedure to compute fluid viscosity is entirely diffetlemtmethod
selected isa combination ofthe RabinowitschMooney Equationfor lamina flow that was
presented in subsection &3and theThomas(1960) correlation used to determine an adequate
friction factor for turbulent flow, which is then used to calculate the fluid viscosity.

First,the samédasic assumptioholds true for NorNewtonian fluids namely, that the horizontal
differential pressure in the flowloop setup is caused solely by frictional pressure Wesstart
thediscussion witlthe approach used for laminar flow which has been excerpted from fit8&]; o
we have obtainedhe horizontal pressure lossgsP ) for different flow ratesQ(i) from the
experimental runs in the flowlodpote thai refers to each flow rate data pointle can alculate
the shear stress thte pipewall U,(i) with Equation 3.8 which has been reformulateébdews,

. _DAdRoi
Wi=—7Tx (3:52)

Then,to calculate the generalized flow ind@xminarfor each horizontal differential pressure value,
we have to establish two additional paramejte:

ai =1 iy, i (353)
and

(3.54)

Furthermore, from the definition of the generalized flow index given in Equation 3.44, we can
approximate the solution by the following expression:

. ai+l ai
nLamiha:rbi+1 b|

(355)

Subsequently, with the approximated values of the generalized flow index, we can then compute
the wall shear ratay using Equation 3.48s follows:

8 3A _3n b 1
OWi — A Lamlhff\r
D 4nLamil‘]ar

(3.56)
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Finally, we can calculate apparent viscositiaminar flowby combining Equations 3.52 and 3.56
to obtain the following basic definitigi 3]:

™

1
‘—+
Q

(357)

o)

During the experimental work, it was identified that the methodology above described is valid
solely for laminar flow, further detailsf the analysisre provided in Chapter 4, but at this stage

it suffices to list theorocedureselected to describe thiew characteristics when the fluid flow is

in the turbulent regionThe reader may find convenient at this point to review the concepts
developed in subsection 3.3.4.

Given that Equation 3.5@as develope@xclusively for fully developed laminar flow, i$ no

longer applicable to model the fluid characteristics in the turbulent region, thus, we require a way
to correlate the information obtained from the experimental runs in the flowloop setup with the
concepts that have been presented so far. The sosgiected was to use of a numergtaoting
method to try to approximate the solution by finding the adequate friction factor that models more
accurately the horizontal pressure losses recorded with the experimental setup.

The first step is to determine a generalized flow indgxuentfor each pump rate valugsing
Equation 3.23 which has been reformulated as follows:

a2\ N
nik A 8.3R)
r]Turbull-%nt 8D > N
G+ K—St(‘)

(358)

Note thatn, K, and{ are calculatedrom therheological readings obtained with the F&ra%
Viscometerbased on the definitions given in Equations 2.11, 2.12, and i243ectivelyThen,

we shall recall two additional definitions introduced in Equations 3.21 and 3.56, which have been
correspondinglyrewritten as follows:

. 4r’|Turb6Iie
D ) = .
e el | Brrurpliiehr + 1

(3.59)

and

8 3A _3n i 1
OWi - A Turbul-é'nt (3.60)
D 4'nTurbullent
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In order to calculate the fluid viscosity using Equation 3.57, there is one additional piece of
information that is required, namely, tebear stress at the pipe wali), but as previously
mentioned, this can no longer be determined with Equation 3.58, &hthis point, we make use

of anumerical method to approximate the solutistartingby guessingone initial value ol(i)

in order to calculate an initiguessedviscosity at each pump rate. Hence, we can reformulate
Equation 3.57 as follows:

. _Qv guiess

€a guess o j (361)
w

Then, by combining Equations 3.59 and 3.61 with the definition of Reynolds number, we obtain
that:

4 (A8 i(ADe gee i)

a gbles

Now, based on thealculated value of the Reynolds number, we can define the flow regime
corresponding to the initigluessingf G(i). We recall from subsection 3.3.2 the following:

- ReyB guess< 2100 Laminar flow
- 2100 < Reés guess< 4000 Transitional flow
- ReyB guess> 4000 Turbulent flow

Henceforth, we are now able to select the adequate expression to determine the friction factor for
those patrticular flow characteristics. First, recalling Equation 3.14 for the laminar regkmowe
that:

6 4

f L(aimi):n RrﬂB gs(Jé-s)

(363)

Furthermorewe have mentioned earlier thaffdrent modelso calculate the friction factor for
Non-Newtonian fluids in turbulent flow were analyzed; further details of the comparison are
described in Chapter 4, but for the sake of the present explanation, it is sufficient to state that th
Thomag(1960) correlation was selectes the best approximation. The expression is as follows:

NMurbul ent

1 _ .0, . . s .
WUTQLL{FbGIQI ?@ﬂB g(jé'%f)s T(.ulb)ulenzt O-MTur bﬂl'e (3.64)

49



One more challenge became apparent, how to combirfadtien factorcorrelatiors in order to

get a smooth transition from laminar to turbulent flow regions. The solution was to include a
weight function in theMATLAB ® scripts, and by trial and error, find the most adequate
combination of values that would yield the best approximation of the fluid viscosity; refer to
Appendix C for details of how this was implemented/iATLAB ©.

Once the adequate expression to deterrtiadriction factor is selected, and the corresponding
resultis computed,te next steps to calculate the pressure loss associated to the estimated friction
factor using théarcyWeisbachmodel given in Equation 3.12 which has been rewritten as:

. VT VT Y.
&Pgue(sis )f( t:a)mi naélD‘?;uAblsmélr(t) (3_65)

Now, we can compare thestimatedhorizontal pressure lossesth the valuesecordedwith the
flowloop setup in order to calculate tegor of the approximation:

er roredjg(uiegs'&%low(léo)p (3-66)

If the error is greater than a certafolerancevalue, the process isstartedby selecting a new
guessingof the shear stress at the pipe wall(i), and repeating the calculations from
Equations 3.61 to 3.66 until thelerancevalue is met. Theisectionmethod was selected to solve
the numerical approximation of the problem. Refer to Appendix C for details of how this was
implemented irMATLAB ©.

Once the numerical approximation of the friction factor is solved, and the geradralized
Reynoldsnumber is defingdEquation 3.20 can be reformulated to obtain the apparent viscosity
of aNon-NewtonianHerschelB u | k | eiryturjulent fibwas follows:

e (i 4 (28 i(ADe g 1)
@7 Redi)

(3.67)
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From thepreviousdiscussion, the question arises on how to compardparent Viscosityesults
obtained with the flowloopsetup to the rheological values generated with the rotational
viscometer. The answer lies on the relationship presented in Chdgaation 2.5, which can be
reformulated in a more general form as:

e = KA (3.68)

Where:
k Viscometer gerallinstrumentonstan{dynesec/cni]
f Viscometer orsionspring factor
d Viscometer dial reading
¥ Viscometer rotational speed

The values ok andf depend upon the selection of ttwdor-bob-torsion spring combinatigrior
the standardR1-B1-F1 used in this experimental study, the product of both factors eg08|s
hence the form of the expression presented in Equation 2.5. For angotbindiob-torsion spring
combination refer to the Instruction Manual provided in the relevant referencdlpis, for our
purposesEquation 2.5can be usetb calculateApparent Viscositfrom the rotational viscometer
readings, the relationship is listed again below.

e = 360 A (3.69)

Additionally, it is recommended to further extend the comparison ofxperimentatesults to

the Apparent Viscosityvalues calculated from the rheological models presented in
subsection 2.4.2. The following expressions are derived frongeheral form of each of the
models given inEquations 2.7, 2.10 and 2.13 respectively, by dividing each side of the
aforementioned expressions by thear rates, which ultimately translates into the basic definition
of viscosity given irEquation 2.1Furthermore, thelescriptiorof each of the parameters involved

in the expressions is listed again for convenience of the reader.
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Bingham Plastic model

Y
€= > te, (3.70)
where
€, CP=ds00ds00 (3.71)
and
Q | b QSf&t = dg 0 'osp (372)
Power Law model
e,= PR (3.73
HerschelBulkley model
Y =
8,= S+ A (3.74)
Where
n = M o%—%o (3.79)
300 '
5. 1dl, oA
= —e0 3.76
1021 ( )

A wary reader may identify that Equations/3.and 376 are presented in a different form
compared tovhat was originally introduced in Equations 2.11 and 2.12, respectivedyis
because in this experimental study we have standardized the calculation of the Power Law
indexn and the Power Law consency indexK to adhere to the guidelines suggested byAiRe
Recommended Practice 13D Recommended Practice on the Rheology and Hydrauliegetif Oil
Drilling Fluids for fluid flow calculations inside a pid8].
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Thus, with the values calculated from both the basic relationship of the rotational viscometer, and
the rheological models, a comparison table can be constructed similar to the one shown below.
The relevant Equation numlisare listedfor ease of reference

Table 3.2Comparison tablef apparent viscosity values

Eq 2.3 Eq 24 | Eq.369 Eq. 374 Eq. 3.67
Viscometer H-B Flowloop
¥ 2 d U €a €a €a
(rpm) | (sect) | (deg) | (Ib/100ft?) (cP) (cP) (cP)
600 1021
300 511
200 340
100 170
6 10
3 5

The discussion presented in this Chapter provided the reader with the details upon which the
experimental results to be shown in Chapter 4 have been obthsiedl. dedicate the remainder

of this text to present the findings of the experimental runs conducted with the flowloop setup. The
reader is advised to review the information included in Appendix C to understand how the
algorithms to calculate fluid propaties were deployed in MATLAB, this will aid to better
comprehendhe presentation and discussion of results in the forthcoming section.
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Chapter 4

Experimental Study Results and Analysis

The objective of this section is to provide a detailed explanation of how the experimental study
was conducted, the results obtained, and the suggested framework upon which this study should
continue to be developed in future works. The first part of thep@r is dedicated tealidating

again the accuracy of the flowloop setup and theoretical models for Newtonian fluids; then we
move into the description of the Ndfewtonian fluids analyzed, tiinally provide a thorough
explanation of the testing resuted analysi®btained for NorNewtonian fluids.

4.1 Newtonian Fluids

The evaluation of properties of Newtonian fluids was included in this study as a necessary
reference benchmark prior to investigate the accuracy of the flowloop setdptemmining
properties of NofNewtonian fluids.Thepar amet er s recommended i n
developed in 2017 [18)ere used as starting point for the configuratiorthef data acquisition
system inSimulink® andMATLAB ©.

It was identified that no standard procedure was in place to operate the flowloop setup nor to
collect data for the subsequent analy#isis, before moving any further, | shall list the steps
followed in this studywhich should be considered hereafterths recommended standard
procedure to ensure repeatability and comparability of futoré&s using the flowloop setup.

Fill up the tank with 90 liters of fluidnd set the pump controlleritoca mode.
Start up the pump manually at approximately 50%hefdutput capacity.

Stageup the pumpateto 90 Ipm and circulate until the entire setup is filled with fluid.

A w0 Dd P

The horizontal section of the return pipe will have some air trapped, this can be removed
by increasing and decreasing the pump rate manudilynuwst of it has been released.
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Stop the pump manually and switch the pump controll&aimotenode.
Set a sample time MATLAB ® using the following commansample_time = 0.01
Using theSimulink® interface set the pumping rate to 90 |pstart up the pmp and

circulate for 10 minutes before collecting any data

8. Prepare a spreadsheet similar to the one showahfe D.1to collect the measured data.

9. Stop the pump through tigimulink® interface

10. Set the pump rate to 90 Ipm, start up the pumpcandlate for 60 seconds, the pump rate
will overshoot at first, but it should stabilize afteb 3econdsstop the pump.

11.Run theMATLAB ® script namedneasure_viscosity

12.Using the relevanmMATLAB ® command, plopump ratevs timeto verify that the pump
output has been stable throughout the sample period. The user should be warned that for

pump rates lower than 10 Ipm, the controller is unstable as shown in Figure 4.1, hence no
data shall be collected for this low flow rates.
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Figure4.1. Pump rate oscillations circulating water at 5 Ipm in the flowloop

13.0nce the pump rate stability has been verified, use the releMsRtAB ® commands to

calculate the mean values of pump rate, horizontal differeptedsure,and vertical
differentialpressure.

14.Record theéhreemean values in the spreadsheet as showalite D.1.

15.Repeat steps 10 14 every 2 Ipm in decreasing order until reaching 10 Ipm. Note: the

repeatability of the results in decreasing and ascending order has been assessed, so thi
an arbitrary suggestion to collect the flowloop data.
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