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GENERAL DESCRIPTION OF THE DISSERTATION

The topicality and development degree of the subject. It is
well known that the efficient drilling of oil and gas wells is carried out
with the use of drilling fluids, which require regulation of their
rheophysical and hydrodynamic properties. Those who emphasize that
drilling fluids used during oil and gas well drilling are as important as
blood circulating in the human body are not mistaken. The proper
selection of drilling fluids is of great importance for the safe and
successful completion of the drilling process. Although the
rheophysical and hydrodynamic properties of drilling fluids contribute
to several drilling parameters — such as cleaning drilled intervals from
mechanical rock particles, increasing drilling speed, controlling the
effective bottom-hole pressure during fluid circulation, reducing
pressure losses in the annulus, and preventing drilling complications
— their improper selection may lead to various problems during
drilling, including increased drilling time and even loss of the well.

The proper selection of drilling fluid parameters and
consideration of their relaxation and structural stability properties are
very important for improving drilling efficiency.

Currently, the investigation and regulation of these properties
based on the application of a new physical model for multiphase flows,
taking into account the interaction of phases, are forming new
scientific perspectives.

The physicochemical composition of various water-based
drilling fluids, as well as the effect of rock particles added to them, the
purification of multiphase drilling fluids, the assessment of their
rheophysical properties, and the causes and prevention of
complications, including loss of structural stability of the flow, are of
great relevance.

Despite the existence of numerous scientific studies in this
field, the problem still remains relevant because the characteristics of
multiphase flows and phase interactions have not been sufficiently
considered.



Purpose of the Research. The purpose of the research is to

develop new innovative methods for regulating the rheophysical and
hydrodynamic properties of drilling fluids based on multiphase
technologies.

The aim and objectives of the research. The object of the

research is water-based drilling fluids that play a vital role during well
drilling operations. The subject of the research is the regulation of the
rheophysical and hydrodynamic parameters of these fluids.

The main objectives of the research consist of solving the

following complex issues:

Characterization and analysis of the purposes of using drilling
fluids during drilling, determination of their parameters, and factors
affecting their functions;

Analysis of factors affecting the rheological parameters of drilling
fluids during drilling, including contaminants, chemical reagents
used, various ions entering the fluid from the drilled formation, and
the influence of the solid phase within the fluid;

Study of the composition of clay rocks causing sharp changes in
drilling fluid rheological parameters during drilling, and analysis
and application of methods preventing their swelling and mixing
with the fluid;

Investigation of the role of forces generated across the cross-section
in cylindrical flows during cleaning of multiphase drilling fluids
according to multiphase technology;

Evaluation of the contamination zone at the contact area during
displacement of one fluid by another or drilling fluid by cement
slurry under laminar flow conditions, taking into account
rheological characteristics;

Analysis of the influence of water-based drilling fluids being
multiphase on stuck pipe is one of the most common complications;
Investigation of the expression of water-based drilling fluids,
assumed to exhibit viscoplastic properties, by the Casson model
and development of methods for determining the relaxation time of
viscoelastic water-based fluids.
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Research Methods. The problems posed in the study were
solved using theoretical and experimental methods based on actual
drilling fluid data, rheological testing and modeling, in accordance
with the new physical model of multiphase flows, as well as through
the application of standard laboratory equipment and computer
modeling.

Main clauses defended:

e Regulation of the rheophysical properties of water-based drilling
fluids using multiphase technologies;

e The role and evaluation of the migration of mechanical particles
and rock cuttings toward the flow axis in multiphase drilling fluids
in causing stuck pipe during oil and gas well drilling;

¢ Methodology for determining the relaxation properties of water-
based multiphase drilling fluids based on diagnostics of loss of
structural stability.

Scientific innovations of the research:

e The role of phase interaction in regulating the rheophysical
properties of water-based drilling fluids has been determined;

e The cause of the displacement of mechanical impurities and rock
cuttings toward the center of the flow in multiphase water-based
fluids and its contribution to stuck pipe has been substantiated;

e A methodology for determining the relaxation time of water-
based multiphase drilling fluids based on their structural stability
during flow has been developed.

Theoretical and practical significance of the research. The
regulation and prevention of drilling complications occurring or
expected during drilling, as well as the selection and application of
prevention methods, are associated with the regulation of both
rheophysical and hydrodynamic parameters of drilling fluids. In this
regard, the methods and technologies developed and proposed in the
work are of significant importance. The main significance of these



methods lies in the fact that they are based on multiphase technologies

and consider the new physical model of flow.

Based on the proposed methods, methodological guidelines
were developed and approved by SOCAR.

Through calculations, it was determined that multiphase water-
based drilling fluids conventionally considered viscoplastic also
exhibit viscoelastic properties. Methods for determining relaxation
time and structural stability coefficient, considered important
parameters for viscoelastic fluids, were presented and calculations
were carried out.

Dependencies between various parameters for water-based
drilling fluids were determined, and corresponding structural stability
coefficient intervals were calculated.

International Scientific-Technical and Scientific-Practical
Conferences. Dissertasiya isinin noticolori agsagidaki konferanslarda
miizakiro edilmisdir:

1. XVIII MexayHapoaHoli HayYHO-TIPAKTHYECKON KOH(EpEeHIHH,
YDA, 2023

2. Umummilli lider Heydor Oliyevin anadan olmasinin 100 illiyino
hosr olunmus“AZORBAYCAN ELMININ VO TOHSILIN
INKISAFINDA HEYDOR OLIYEV EPOXASI” adl1 beynalxalq
elmi konfrans, Baki, 2023.

3. Azorbaycan xalqimin umummilli lideri HEYDOR SLIYEVIN
anadan olmasmin 100 illik yubileyinas hasr edilmis “Neft-Qaz
yataglarinin axtaris problemlari va perspektivlari”, Respublika-
elmi konfransi, Baki, 2023.

4. XII International Scientific and Practical Conference «Modern
science: theoretical and practical view», Madrid, Spain, 2024.

5. “BYJIATOBCKUE UTEHWA” VIII MexnyHapoaHass Hay4HO-
npakTuueckas koHbepenus, KpacHogap, 2024.

6. The Fifth Eurasion RISK-2023 Conference dedicated to the 100th
anniversary of Heydar Aliyev, Reliability: Theory and
Application, November 2023.



7. Reliability: Theory and Application electronic jurnal COP — 29
side event the sixth curasian risk 2024 conference, Baku,
November 2024.

8. Doktorantlarin vo Gonc Tadqiqatgilarin XX VII Respublika Elmi
Konferansi (NASCO XXVII), Sumgayit, 10-11dekabr 2024.

Name of the Organization Where the Dissertation Was
Performed. Azerbaijan State Oil and Industry University, Department
of Oil and Gas Engineering

Volume and Structure of the Dissertation. The dissertation
consists of 203 pages and an introduction, 3 chapters, including 28
figures, 19 graphs, 8 tables, conclusions and suggestions, a list of 160
references and appendices.

The dissertation consists of 227145 characters. Including:
introduction - 11611 characters, chapter [ - 102717 characters, chapter
IT - 90052 characters, chapter III - 20853 characters, conclusion - 1912
characters.

The introduction presents the relevance of the topic, the
purpose of the work, scientific novelty, application, significance,
defended provisions, and approbation of the dissertation.

The dissertation discusses the determination and regulation of
rheological and hydrodynamic properties of drilling fluids, which are
critically important for the effective completion of drilling operations,
through the application of multiphase technologies.

In the first chapter of the dissertation, the functions and
parameters of drilling fluids, methods of their determination, the
composition of chemical reagents used for drilling fluid preparation,
selection of drilling fluids for drilling different formations, factors
affecting rheological parameters, and the influence of rheological
parameters on drilling regime parameters are analyzed.

In the first subsection of Chapter One, the functions that
drilling fluids must perform and their detailed explanations are
presented:

1. Hole cleaning;
2. Counterpressure against formation pressure;
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3. Suspension of drilled mechanical rock particles and weighting
agent particles when circulation ceases;
4. Filter cake formation — sealing porous formations;

5. Wellbore stability;

6. Prevention of formation damage — not affecting permeability
and porosity (skin effect);

7. Cooling, lubricating, and supporting the drill string;

8. Transmitting hydraulic power to drilling bit;

9. Adequate formation evaluation;

10. Preventing corrosion of the drill string;
11. Ensuring effective completion and cementing of the well;
12. Preventing environmental pollution.

In the second subsection of Chapter One, the determination
of parameters indicating whether drilling fluids properly perform their
functions, as well as the operating principles of the equipment and
chemical reagents used for their determination, are presented. The
parameters determining drilling fluid functions include specific
gravity; rheophysical parameters (plastic viscosity, yield stress, gel
strength, structural stability coefficient, and relaxation time); mud
cake thickness and filtrate volume; percentage content of the solid
phase (sand, clay, weighting agent), water phase, and oil phase; and
parameters characterizing the chemical composition of the fluid such
as alkalinity, hardness, calcium ion concentration, etc. Various
instruments are used to determine each parameter. A mud balance is
used to determine fluid density, a viscometer is used to determine
rheophysical parameters, and API and HPHT filter presses are used to
determine filtrate volume. Chemical reagents (indicators and titration
reagents) are essential for determining hardness and alkalinity.

In the third subsection of the first chapter, the chemical
reagents required for the preparation of drilling fluids and the
functions they perform in the fluid are presented. For the preparation
of drilling fluid, it should first be determined whether the fluid will be
water-based or oil-based. In water-based fluids, the hardness of the
water must initially be reduced below 600 mg/L through the use of
caustic soda and bicarbonate. Afterwards, according to the parameters
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specified in the drilling program, carboxymethyl cellulose, xanthan
gum, glycol, and barite should be added. During the preparation of oil-
based drilling fluids, depending on the oil-water ratio and customer
requirements, diesel or base oil is added first, followed by organophilic
bentonite (its organophilic nature facilitates dissolution in non-polar
solvents), lime (Ca(OH).), emulsifiers (amino acids), brine (usually a
20% saltwater solution for oil-based fluids), weighting agents, and
gilsonite (to reduce fluid loss).

In the fourth subsection of the first chapter, the influence of
drilled formations and external factors on drilling fluid selection, as
well as the types of fluids used for efficient drilling, are discussed. The
selection of drilling fluid varies depending on the drilled formations
and drilling conditions. First of all, the effect of the formations to be
drilled is taken into consideration. For example, when drilling
limestone formations, the use of KCl/polymer fluid causes a sharp
increase in rheological parameters, while using for drilling salt domes
leads to salt contamination of the fluid and a sharp increase in
rheological parameters. Therefore, it is advisable to use lime-based
fluids for drilling limestone formations and saturated saltwater fluids
for drilling salt formations.

In the fifth subsection of the first chapter, the factors
affecting the rheophysical parameters of drilling fluids are presented.
Each component used in the drilling fluid and every mechanical rock
particle entering the fluid from the formation affects its rheological
parameters. The rheological properties of the fluid are associated with
the interaction between negative and positive charges present in the
fluid. Drilling conditions, including bottom-hole pressure and
temperature, also cause significant changes in the rheological
parameters of the drilling fluid. Although pressure has relatively little
influence on rheological properties, the effect of temperature is very
significant.

The effect of added reagents on the fluid varies depending on
its composition. For example, the addition of lignosulfonate leads to
neutralization of negative charges surrounding clay particles, which
sharply reduces the viscosity of the fluid. Under the influence of
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NaOH and KOH, ionization of the carboxyl groups in xanthan gum
polymer occurs, resulting in an increase in fluid viscosity.

In the sixth subsection of the first chapter, the influence of
drilling fluid rheophysics on drilling parameters and the determination
of these parameters for a given well interval are discussed.

The rheology of drilling fluids is one of the important factors
affecting drilling parameters during well drilling. These effects
significantly influence the efficiency and safety of drilling operations.
The drilling parameters affected by the rheological properties of
drilling fluids include:

» Hole cleaning while drilling;

» Equivalent circulating density (ECD);
» Surge and swab pressure;

» Rate of penetration (ROP);

» Friction coefficient while drilling.

In the second chapter, the issues of cleaning water-based
drilling mud from rock cuttings and mechanical particles, determining
the contaminated zone during displacement of one drilling fluid by
another, fundamentals of stuck pipe, as well as the relaxation behavior
of drilling mud depending on its composition, were examined.

In the first subsection of the second chapter, the reasons for
the low efficiency of the operation of hydrocyclones - a device used to
clean mechanical rock particles mixed with the drilling fluid from the
formation - sand - based on multiphase technologies were analyzed.
Accordingly, various forces generated inside the hydrocyclone were
investigated'. It was determined that the equipment used for solid-
phase separation (Figure 1) does not always provide the expected
efficiency.

1Zhang, Y. Understanding the Separation of Particles in a Hydrocyclone by
Force Analysis / Y. Zhang, P. Cai, F. Jiang [et al.] // Powder Technology. —
Amsterdam: — 2017. — Vol. 322. — P. 471-489
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According to the working principle of the cleaning device, the
driving centrifugal force acting on the particle is determined according
to the following expression::

F. = 1.85-1073nd>p,,n*r (2)

Here, n — number of particle cycles per minute;

r - 1s the trajectory of the particle's motion (m).

For good separation of rock particles, the centrifugal force must
be greater than the lateral-Bernoulli force. Then, taking into account
expressions (1) and (2), the following expression can be written to
satisfy the above condition:

92.8 (1 - pﬂ)g

r S pr

(3)

n2

Reports were made and graphs were shown to determine the
correct parameters in hydrocyclones (Graphs 1 and 2). The effect of
flow velocity (u), hydrocyclone radius (R) and particle to fluid density
ratio on the number of cycles (n) was investigated. For this purpose,
the calculation of the number of cycles (n=f(u) vo n=f(R)) was
obtained with the following initial data:

Flow velocity - v=0,5; 1.0; 1.5; vo 2,0 m/s.

Radius of trajectory - R=0,2; 0,4; 0,6; 0,8; 1.0 vo 1.5 m.

Density ratios p,,,/pgr=1,3; 1.5; 2.0; 2.5.

As can be seen from Graph 1, the number of cycles increases
proportionally with increasing flow velocity. At the same time, the
number of cycles decreases monotonically with increasing radius (R)
of the hydrocyclone (Graph 2). With the help of the established
dependencies, it is also possible to eliminate the negative effect of the
Bernoulli force on the operation of hydrocyclones based on the
selection of the above parameters.
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The second subsection of the second chapter shows the
basics of displacement of drilling mud with another one or cement
with drilling mud and the rheotechnological characteristics of
displacement in laminar mode.

During drilling, it is often necessary to displace one type of
mud with another type of mud or to displace cement with drilling mud
during cementing of a given interval. In this case, contamination
occurs as a result of mixing of the two fluids at the contact area. The
contamination area varies depending on the parameters of the
displaced and displacing mud.

It is known that the maximum velocity (when r=0) along the
cross-section of a pipe with radius (R) and length (1) is determined as
follows:

AP x R
Umax = 4—,ul (4)

Here, AP — diffferential pressure (Pa);
u — drilling fluid viscosity (Pa-s).

Taking into account the irregular - parabolic distribution of
velocity across the cross section in the laminar motion mode and using
the maximum flow velocity, it is possible to solve important, practical
problems (displacement of the mud with cement, cleaning of pipes,
etc.). In such cases, ensuring the optimality of technological processes
depends on how the fluids are displaced, the degree of their
displacement. Suppose that drilling fluid is displaced with cement in a
pipe with a radius R. For a simple version, let's assume that the
viscosities are the same - (1) and the displacement is carried out at a
pressure difference AP = P, — P, (Fig. 2).

The time it takes for the displaced fluid to reach the final point
in a vertical pipe can be calculated as follows according to Figure 2:

l 4ul?
W APR? ®)
max

t]_:
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Then, according to Poiseuille's formula, the volume of drilling
fluid displaced from the pipe during time t; is as follows:

nR*AP  4ul*  mR?

V=0+tu=—3r " gz~ 72 ®)

In the case under consideration, if we consider that the volume
of the bore in length [ is V, = wR2I, the volume of the compressed
drilling mud will be 50%. That is, half of the drilling mud in the pipe
of length [ will be compressed.

V/V,
!
d/fluid
0.75
5 ! 0.5
g
[P]
Q
0.25
1 2 3 /1,
a) b)

Figure 2. Displace of cement in a vertical pipe

If we assume that the viscosities of the displacing and displaced
fluid are p; and p,, respectively, then it is clear that the dependence
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Vl =f (% is directly proportional and that the contamination zone
0 2

occurs according to this law. That is, for full displacement, the
viscosity of the displacing fluid must be at least 2 times higher (Figure
2b). It should also be noted, since the displacement of various
multiphase fluids belong to cylindrical flows, it is important to take
into account the lateral force formed in accordance with the new
physical model of the flow and directed towards the center along the
cross section.

In the third subsection of the second chapter, possible
causes of stuck pipe while drilling, methods for eliminating them, and
the effect of the side force directed towards the center of the flow
cross-section on the compression of the drilling tool are investigated.

Mechanical stuck caused by changes in the wellbore occurs
during tool movement. Examples of such stuck include keyseat,
undergauge holes due to abrasive formations, and mobile formations
— the movement of formations into the wellbore due to high rock
pressure. Differential stuck occurs when the differential pressure
between the hydrostatic pressure of the drilling fluid and the formation
pressure forces the drilling tool into the formed filter cake. Differential
stuck usually occurs when the tool is stationary — during the
connection of a drill pipe or logging. There are two possible cases for
differential stuck’:

a. The hydrostatic pressure of the drilling fluid must be higher
than the formation pressure;

b. The reservoir must have high permeability in that section — this
causes the formation of a filter cake.

In such stuck, circulation is usually observed. The high filtrate
of the mud and the high solid phase content in it cause the resulting
thicker filter cake, which further increases the risk of stuck pipe.

3Reid, P. L. Differential-Sticking Mechanisms and a Simple Wellsite Test for
Monitoring and Optimizing Drilling Mud Properties / P. 1. Reid, G. H. Meeten, P.
W. Way [etal.] // SPE Drilling & Completion. — Richardson: — 2000. — Vol. 15, Ne2.
—P.97-104.
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In the fourth subsection of the second chapter, the selection
of suitable rheological models (Bingham plastic (BP), force model
(GM), Herschel-Bulkley (HB) and casson model?) for expressing the
rheological parameters of drilling mud and the determination of
relaxation properties of water-based fluids were considered.

Initially, various models for the expression of the drilling fluid
were investigated. For this purpose, water-based drilling mud samples
with different compositions (table 1) were prepared and their
parameters were determined. The mud samples are samples used
during drilling wells in different fields - Neft Dashlari, Guneshli fields
and prepared in laboratory conditions.

Graphs were constructed for the fluid samples according to the
models. The graph of fluid samples 6 and 7 according to the casson
model is shown in Graphs 3 and 4. The expression of drilling fluid 7
with different models is shown below:

T = 5.6504 + 0.03337Y (7)
T = 1.854y04114 (8)

T =3.577 + 0.152Y078% (9)
795 = 1.7085 + 0.1417y°° (10)

Here, T — shear stress (Pa);
Y — shear rate (s).

For each drilling mud, the equations shown in expressions (7),
(8), (9) and (10) were determined and the values of the shear stress for
different shear rate were calculated (table 2).

4Casson, N. A Flow Equation for Pigment Oil Suspensions of the Printing Ink Type
//' Rheology of Disperse Systems Conference, — Oxford: Pergamon Press, —
September 1957, — 1959, — p. 84-102.
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Table 1
Composition of prepared water-based mud samples

Ippb caustic soda (NaOH), 2ppb soda ash (Na>CO3), 6ppb Pac
LV (polyanionic cellulose), 1ppb Xhantan gum, 8ppb KClI,
0.2ppb Ultracap (PHPA), 2% Glydrill, 74ppb barit (BaSO4)

1.5ppb caustic soda (NaOH), 3ppb soda ash (Na>2COs3), 6ppb
Pac LV (polyanionic cellulose), 1ppb Xhantan gum, 8ppb
KCl, 0.2ppb Ultracap (PHPA), 2% Glydrill, 74ppb barite
(BaSO4)

1ppb caustic soda (NaOH), 2.5ppb soda ash (Na>COs3), 6ppb
Pac LV (polyanionic cellulose), 0.6ppb Xhantan gum, 8ppb
KCl, 0.6ppb Ultracap (PHPA), 2% Glydrill, 74ppb barite
(BaSQ4)

1ppb caustic soda (NaOH), 2.5ppb soda ash (Na2COs), 4ppb
Pac LV (polyanionic cellulose), 2ppb PolyPac R, 0.8ppb
Xhantan gum, 8ppb KCl, 0.2ppb Ultracap (PHPA), 2%
Glydrill, 20ppb barite (BaSO4), 68ppb sand (7%)

1ppb caustic soda (NaOH), 2.5ppb soda ash (NaCO3), 4ppb
Pac LV (polyanionic cellulose), 2ppb PolyPac R, 0.2ppb
Xhantan gum, 8ppb KCl, 0.2ppb Ultracap (PHPA), 2%
Glydrill, 54ppb barite (BaSO4), 24ppb sand (3%)

1ppb caustic soda (NaOH), 2.5ppb soda ash (Na>COs), 5.5ppb
Pac LV (polyanionic cellulose), 0.5ppb Xhantan gum, 8ppb
KCl, 0.2ppb Ultracap (PHPA), 2% Glydrill, 56ppb barite
(BaSQy4), 20ppb drilled shale

1ppb caustic soda (NaOH), 2.5ppb soda ash (Na>COs), Sppb
Pac LV (polyanionic cellulose), 0.4ppb Xhantan gum, 8ppb
KCl, 0.2ppb Ultracap (PHPA), 2% Glydrill, 64ppb barite
(BaS0O4), 10ppb drilled shale

Ippb caustic soda (NaOH), 2.5ppb soda ash (Na>COs), 6ppb
Pac LV (polyanionic cellulose), 0.6ppb Xhantan gum, 8ppb
KCl, 0.2ppb Ultracap (PHPA),2% Glydrill, 5ppb barite
(BaS0s4), 20ppb drilled shale, 68ppb sand (7%)
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Table 2
Results obtained for the 6th and 7th drilling fluids sample at
various shear rates ()

Ne | y,s71 z,Pa
’ Vgmeter value | BP GM HB Casson
5.11 5.62 8.03 4.98 5.66 5.73
10.2 6.13 8.25 6.56 6.10 6.45

6 170.3 17.89 15.02 | 20.19 15.74 16.67
340.6 24.02 2222 | 26.62 | 24.17 | 24.30
511 31.19 29.43 | 31.30 | 31.93 31.13
1022 49.06 51.05 | 41.28 | 53.22 | 49.64
5.11 4.09 5.82 3.63 4.13 4.12
10.2 4.60 5.99 4.82 4.53 4.67

7 170.3 12.78 11.39 | 15.35 12.37 12.66
340.6 18.40 17.13 | 20.41 18.78 18.69
511 25.04 22.87 | 24.12 | 24.52 | 24.12
1022 38.33 40.09 | 32.08 | 39.78 | 38.92

For each results, errors - mean absolute error (MAE), root
mean square error (RMSE), mean absolute percentage error (MAPE),
Symmetrical Mean Absolute Percentage Error (SMAPE), and
correlation coefficient (R?) - were calculated (Table 3).The calculated
errors clearly indicate that, for five drilling fluid samples, the lowest
error was obtained using the Casson model, whereas for three samples
the Herschel-Bulkley (HB) model produced the lowest error. The least
suitable model for describing the drilling fluids was the Power Law
model. This is explained by the fact that the Power Law model does
not take into account the yield stress. The performed calculations
demonstrate that the Casson model is the most appropriate model for
representing drilling fluids. This is due to the close agreement between
the results obtained using the Casson model and those measured by
the viscometer.

20



Table 3

Results of the calculated errors (%) for the models

No | Model MAE | RMSE | MAPE (%) | SMAPE (%) R2?
BP 1.676 1.681 33.41 26.81 0.9524
| PL 0.545 0.782 4.76 4.44 0.9897
HB 0.509 0.864 4.03 4.02 0.9874
Casson | 0.804 0.957 9.43 8.71 0.9846
HB 2.168 2.288 15.71 13.96 0.9685
5 PL 2.551 2.784 16.62 14.95 0.9537
HB 1.078 1.273 7.06 6.81 0.9889
Casson | 0.990 1.143 6.62 6.33 0.9914
BP 1.281 1.332 8.91 8.52 0.9880
3 PL 0.923 1.022 6.51 6.25 0.9926
HB 0.516 0.648 3.84 3.71 0.9965
Casson | 0.533 0.691 3.92 3.79 0.9958
BP 2.487 2.564 14.58 13.67 0.9652
4 PL 2.306 2.468 12.19 11.56 0.9714
HB 1.642 1.838 9.21 8.94 0.9857
Casson | 4.359 5.187 22.67 20.41 0.9031
BP 1.254 1.326 7.93 7.58 0.9891
PL 1.348 1.560 8.61 8.09 0.9864
S HB | 0658 | 0.801 | 437 422 | 0.9962
Casson | 0.615 0.764 4.11 3.98 0.9967
BP 1.853 1.954 8.49 8.10 0.9859
PL 3.509 3.781 16.05 15.21 0.9598
6 MHB | 1213 | 1384 | 5.9 561 | 0.9932
Casson 1.143 1.295 5.33 5.18 0.9941
BP 1.504 1.602 8.32 7.89 0.9884
7 PL 2.962 3.221 15.48 14.36 0.9627
HB 1.208 1.346 6.78 6.55 0.9931
Casson | 0.934 1.071 5.24 5.06 0.9954
BP 2.065 | 2.214 8.94 8.52 0.9872
g PL 5.172 | 5.721 19.63 18.44 0.9538
HB 1.789 | 1.994 7.31 7.02 0.9916
Casson | 1.128 | 1.276 4.88 4.69 0.9957
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Since the Casson model is a structure-based model for
representing viscoelastic fluids, and because the Casson model error
is least in drilling fluids, this suggests that they also possess
viscoelastic properties.

In the third chapter, the diagnostics and regulation of the
structural stability of water-based drilling fluids, as well as the
determination of the Bernoulli force, were presented taking into
account the characteristics of multiphase flows.

In the first subsection of the third chapter, the role of the
side (Bernoulli) force as one of the factors causing drill string stuck
was investigated and evaluated through corresponding calculations. In
accordance with the new physical model of multiphase cylindrical
flow, and taking into account the viscoelastic properties of the drilling
fluid, the force formed by the velocity-gradient field across the pipe
cross-section during fluid flow in the pipe was analyzed. As can be
seen from Equation (1), the particle diameter of the dispersed phase
has the greatest influence on this force directed toward the center of
the flow. In addition, such parameters as the flow velocity (v), drilling
fluid density (pg4r), and the radius of the pipe through which the
drilling fluid flows (R) also have significant effects.

Taking into account the expressions for the distribution of
velocity and velocity gradient across the cross section and the

dependence (pp, — pm)g = z—i = PV %, expression (1) can be
written as follows:
Fyan = 4195p,d3vy,*a(1 — a®)/R (11)

Here, v,,, — avarage flow rate (m/s);
R — pipe radius (m);
a= % —is a relative coordinate (¢ = 0 + 1).

As can be seen from expression (11), the Bernoulli force is equal
to zero at the center of the flow (r=0) and at the edges — at the pipe
wall (r=R) and takes a maximum value when r=0.577R (Figure 3).
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migration phenomena are gravitational, buoyancy (Archimedes), and
Bernoulli forces, while frictional and inertial forces play secondary

roles.

orientations are schematically illustrated in Figure 4.

Lral —F;FPL

I

-2

—
e

I

The directions of these forces under flows of different

J,,.,

. _ i _ i
horizontal flow vertical (bottom toup)  vertical (up to bottom)

Fs — Bernoulli force, Fa — Archimed force, Fp — Gravitation force

Figure 4. Direction of active forces in multiphase flows with
different directions

As can be seen from expression (12), despite the high degree
of dispersion, the migration of the dispersed phase, even with small
diameters of rock fragments to the center of the flow is inevitable.
Therefore, due to the intensive migration (transportation) of the
excavated rock particles to the center of the flow under the influence
of the Bernoulli force created by the changing pressure gradient, the
local resistance arising from friction can significantly increase and
cause the stuck. The emergence of the Bernoulli force is explained by
a new physical model of the flow, and according to this model, even
if the static and velocity pressure changes, the total pressure remains
constant (Figure 5). During the reports, it was determined that the
phenomenon of pipe stuck during the drilling process is often closely
related not only to mechanical and geological factors, but also to the
hydrodynamic properties of the drilling fluid. In particular, the
pressure gradient formed in the velocity-gradient field causes the
migration of dispersed phase particles to the central zone of the flow,

24






e The flow regime should be selected in such a way that both the
transport of particles is ensured and the pressure gradient does
not exceed the critical limit.

e With a decrease in particle diameter, the effect of the pressure
gradient weakens and the migration of particles to the center is
limited

e As a result of partial weighting of the drilling fluids, the
difference p,,, — pm decreases, which weakens the relative
effect of the pressure gradient. As a result, the migration of
particles to the center decreases.

e In addition, the rheological and structural properties of the
drilling fluid are of particular importance. The large relaxation
time of the fluids creates conditions for migration of particles.
High structural stability, on the other hand, ensures that the
particles are kept in a network-like structure within the drilling
fluids, limiting their free movement.

e Optimization of parameters such as cutting concentartion index
(CCI), percentage of particles in the annulus (CC), and cutting
transport ratio (CTR) prevents local accumulations by ensuring
uniform distribution of particles within the flow.

The second subsection of the third chapter shows the
determination of the loss of structural stability during the movement
of water-based drilling fluids. Results from tests conducted on various
heterogeneous systems with non-Newtonian properties using the
Cross method have shown that in a number of cases, the interpretation
dependencies [@? = f(7?)] are non-linear rather than linear. The
existence of such dependencies can also be explained by structural
changes occurring in the system. For the rheological description of
systems associated with such structural changes, an extrapolation of
an exponential-type rheological model was used:

T? P — @
Inpg =—; p=—— 13
- P (13)
Here: e — structural stability coefficient;;
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@ = % fluid fluidity (T] - viscosity);

T — shear stress (Pa);
Qo V3 Yo - flow at 7= 0 and at the shear stress (7,)

For the determination of the & coefficient from expression (13),
the values of the ¢, and ¢, parameters must also be known.

These parameters are determined from the graph by fitting the
¢ = f(t?) dependence for each tested system. The rheological tests
were conducted on eight water-based drilling fluids with different
compositions (Figure 5). The compositions of the fluid samples are
given in Table 1. Based on the rheological testing of the
aforementioned drilling fluids at 120°F or 49°C, the resulting 7 =
f (y) flow curves for each water-based fluid are shown in Figure 5.

As can be seen from Graph 5, despite the tests being conducted
at a relatively high temperature (49°C), the T = f(y) flow curves for
all fluids are non-linear and differ significantly from one another.
These curves intersect the ordinate (stress) axis, with almost none
passing through the origin. At first glance, it can also be assumed that
the water-based drilling fluids possess pseudoplastic rheological
properties. Based on the results of the rheological test, the
interpretation using the Cross method [@? = f(72)] for each drilling
fluid determined that the observed dependencies for the tested systems
were not linear but non-linear.

For example, the [@? = f(7?)] dependence for the Ne6 water-
based drilling fluid is shown in Graph 6. An example of the results of
the calculations performed on the provided drilling fluid samples is
given in Table 4. Subsequently, the ¢ = f(t?) dependence was
established for each drilling fluid tested (graph 7). This table shows
the calculated viscosity (I]), fluidity (¢) and the shear stress (1) of the
drilling fluid.
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The values of the ¢y, ¢4, & and 8 parameters, from the graphs
showing the obtained nonlinear dependencies, are given in Table 5. As
can be seen from the table 5, depending on the composition of the
drilling fluids, their structural stability and relaxation time also vary
significantly. Thus, when it is not possible to determine the relaxation
time by the Cross method, it has been shown that the relaxation time
can be determined based on the determination of the structural stability
of such multiphase and multicomponent fluids.

Table 5

Calculated values for water-based drilling fluids
fﬁrlglstnﬁg 0o, (Pa-s)™ 1 | @, (Pa-s)1| e, Pa? 6,s
1 6,0 45,0 100,30 0.12
2 2,0 35,0 218,90 0.39
3 4,5 43,0 135,26 0.16
4 9,0 23,0 336,19 0.02
5 6,5 29,5 279,80 0.05
6 1,5 22,5 572,57 0.29
7 5,0 29,2 256,60 0.08
8 3.8 17,5 576,97 0.06

It is possible to determine the relaxation time during the
movement of water-based drilling fluids, taking into account the
structural stability of the water-based drilling fluids, based on its
extrapolation, such as the Maxwell-type equation for linear
viscoelastic fluids, which is an exponential-type generalized
rheological model that takes into account the structural stability.

The third subsection of the third chapter shows the method
of selecting the parameters of water-based drilling fluids taking into
account the structural stability coefficient. In order to determine the
relationship between the parameters of drilling fluids and their
structural stability coefficients, all the parameters of drilling fluid
samples prepared in different compositions and their structural
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stability coefficients were determined and dependencies were
established between them. The measured parameters for various
water-based drilling fluid samples are shown in Table 6.

Table 6

Parameters of water-based mud Ne§
Density (q/sm’) 1.20
Funnel viscosity (s/1) 103
Reology temperature (°C) 50
R600/R300 123/78
R200/R100 57/40
R6/R3 14/13
Plastic viscosity (sPz) 45
Yiled point(1b/100ft%) 33
10s/10d/30m Gels (1b/100£t?) 13/19/31
API fluid loss (ml/30m) 6.8
Filter cake thickness (ml) 8
pH 9.8
Solid (%) 29
Glycoll (%) 2.5
Water (%) 71
Water/solid phase ratio (%) 71/29
Alkalinity (Pm) 1.3
Pf/Mf in filtarte 1.4/3.2
Chlorides (mg/l) 42000
Total hardness/ Ca>* (mg/1) 520/ 160
Sand % 7
MBT kg/m? 20
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. The composition of shale rocks that causes a sharp change in the
rheological parameters of the drilling fluid during drilling was
studied, and methods for preventing their swelling and mixing into
the fluid were presented, methods for determining the rheological
parameters of the drilling fluid for a given well interval have been
proposed, and the feasibility of effectively cleaning drilled
mechanical rock particles has been analyzed [5, 7, 19].

. The negative influence of the side force generated by the gradient-
velocity field across the flow cross-section on the operation of
equipment used for drilling fluid cleaning and rheological
parameter regulation was substantiated, and methods for reducing
this influence were proposed [1, 2, 3].

. The parameters affecting the displacement of the drilling fluid by
another one and by the cement slurry during well drilling were
investigated, and a method for determining the contamination zone
at the interface of the two fluids was presented, taking into account
their rheological characteristics in the laminar flow regime [6].

. The methods for preventing and overcoming stuck pipe, one of the
most common complications during drilling, were studied, and the
force generated by the gradient-velocity field across the cross-
section was determined to be the cause of the stuck pipe [10, 12,
15, 16, 18, 20, 22].

. It was established that, depending on their composition, water-
based drilling fluids exhibit not only viscoplastic but also
viscoelastic properties, and the relaxation time was determined
using the Cross method [8, 9, 11].

. As a result of rheological testing of numerous water-based drilling
fluids, it was determined that drilling efficiency can be improved
through evaluation of their structural stability and relaxation time
[11, 13,14, 17];

. Taking into account the physicochemical compositions of water-
based drilling fluids and the interaction of phases, the possibility of
regulating their rheophysical and hydrodynamic parameters was
demonstrated [21, 22].
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