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Abstract: Construction of offshore gas wells is characterized by increased requirements for both the
technological process in general and the technological parameters of drilling fluids in particular.
Parameters and properties of the used drilling muds must meet a large number of requirements. The
main one is the preservation of the permeability of the reservoirs, in addition to the environmental
and technological concerns. At the same time, pressures in the productive formation at offshore fields
are often high; the anomaly coefficient is 1.2 and higher. The use of barite in such conditions can
lead to contamination of the formation and a decrease in future well flow rates. In this regard, the
development and study of the compositions for weighted drilling muds is necessary and relevant.
The paper presents investigations on the development of such a composition based on salts of formic
acid (formates) and evaluates the effect of the molecular weight of the polymer reagent (partially
hydrolyzed polyacrylamide) on the equivalent circulation density of the drilling fluid. The result of
the work is a formate-based high-density drilling mud with no barite added. Application of such a
mud will preserve the permeability of the productive formation.

Keywords: drilling fluid; equivalent circulation density; formate fluid; weighted mud; polymer
reagent; preservation of formation permeability

1. Introduction

The construction of oil and gas wells is currently accompanied by difficult mining,
geological and climatic conditions, as it is increasingly moving to the North, including to
the Arctic fields. When carrying out drilling operations in these regions, special attention
is paid to environmental safety, especially in sea waters [1,2]. Therefore, attention should
be paid to the technical and technological requirements for drilling fluids used for well
drilling. The main requirements are temperature stability of the solution, the rheological
and filtration characteristics necessary to preserve the reservoir properties of the formation,
high inhibiting ability of the solution and filtrate, increased transporting and flushing
ability (especially in highly inclined and horizontal sections of the wellbore), resistance to
contamination by rocks and liquids, compatibility with formation fluids and the possibility
of recirculation.

It is known that, as the depth of the well increases, pressure and temperature in the
wellbore increase. With increasing pressure, the density of the drilling fluid increases, but
at the same time, the density decreases with increasing temperature. These changes could
neutralize each other, but this does not happen due to the complexity of the processes
occurring during drilling. During underpressure drilling with a density mismatch, influxes
and blowouts from the formations can occur; during overpressure drilling, fluid absorption
by drilled-in formations. It is especially difficult to predict the pressure and, accordingly, to
select the density of the solution when drilling offshore wells, since the permissible range
of pressure change, determined by the pore pressure and the fracture pressure gradient, is
rather narrow [1,3,4]. Such a narrow window is usually the result of abnormally high pore
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pressure and/or low fracture pressure, because the rock layers are under the additional
pressure of the seawater column. This requires more casing strings compared to wells of
the same depths built onshore. Accordingly, under such conditions, one of the key success
factors for drilling operations is equivalent circulation density (ECD) management [5,6].
The working window under dynamic conditions must be accurately estimated regarding
ECD in order to avoid the circulation risks associated with the effect of fluid properties on
the wellbore walls [7,8].

The following are the factors affecting the final ECD value: type of solution (oil-based
solution/water-based solution), static density, rheological parameters of the solution, well
design and profile, drilling mode (pump capacity and rate of penetration), drill pipes and
bottomhole assembly used, bit type (number and flow area of each nozzle), temperature
profile of the well and chemical composition of the solution (salinity, solids content) [9,10].

This study aims to investigate the effect of the rheological parameters of the drilling
fluid on ECD. Understanding the relationship between the rheology of drilling fluids and
ECD is especially important for ensuring well stability while maintaining the mud density
in the well below the fracture pressure gradient, as well as minimizing non-productive
time and expenses in countering the complications.

It is feasible to use environmentally safe systems under the conditions of offshore
fields [11,12]. Therefore, a formate-based drilling fluid was selected for the study. The
solution is characterized by a high density with or without a low solids content. This, as a
rule, will provide a lower ECD and pressure loss in the well compared to the traditionally
used oil-based mud, which contributes to an increase in the efficiency of drilling, especially
in the conditions of a narrow safe corridor in terms of density [13-15]. It is also worth
noting that the analysis of the scientific literature proves that formate drilling systems are
compatible with formation fluids, which creates preconditions for an increase in ROP and a
decrease in NBHZ contamination [16-18]. In addition, such solutions in combination with
polymeric reagents have a good inhibitory ability against unstable clay deposits [19-21].

The results of [22] showed that, in comparison with silicates, glycols and potassium
chloride, solutions based on formates retain their rheological properties better and have
lower liquid losses at high temperatures. In addition, these drilling fluids have better
thermal stability at 250 °F for 16 h. Experimental tests in the mentioned work showed that
when mud was contaminated with substances such as cement and acids, the rheological
properties of the drilling fluid did not deviate much. Potassium/sodium formate fluids
retained their properties and did not lead to a sharp deterioration in the rheological
properties of the drilling fluid.

Experience [14-16,23,24] with the use of fluids based on the salts of formic acid
(formates) is presented in Table 1.

Table 1. Experience in the use of fluids based on formates.

Name of the Field,

Number of

Location Enterprise Drilled Wells Application Result
Stability of the wellbore;
Canada 300+ High flow rate;
Brigantine, . . T
Northern Sea, Shell 3 Horizontal gas wells ~ High ROP; High flow rate
Huldra, . Horizontal wells; Stability of the wellbore;
Statoil (now . . .
Northern Sea, Equinor) 6 High temperature High ROP; High flow rate;
Norway 9 (150 °C) Low ECD
Kvitebjern, . Interlayered rocks; ~ Record drilling time; High
Statoil (now . s
Northern Sea, Equinor) 7 High temperature productivity;
Norway E! (155 °C) Low skin factor
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Table 1. Cont.

Name of the Field, . Number of -
Location Enterprise Drilled Wells Application Result
Mobil
Germany, M-I High temperature High ROP;
Germany Drilling Fluids 15+ (165 °C); Clay and High productivity;
Germany; salt formations Low ECD
ExxonMobile
;{;l(zihlfl«?gapzrllg:frlfgy: Gazpromneft, 5 Horizontal sections = Low drilling time; Stability
. yes Akros of the wells of the wellbore
Russia
Clay and . )
Dagan, China 20 unconsolidated Stability of the wellbore;

formations High flow rate

In the solutions presented, compositions of polymeric reagents were used as a structure
builder. The most commonly used agents were xanthan gum, starch and polyanionic
cellulose. This paper presents the compositions of drilling fluids based on a polymer
composition of xanthan gum, starch and polyacrylates.

The aims of the article are the development of the weighted barite-free drilling fluid
and investigations to establish the influence of the molecular weight of the PHPA (partially
hydrolyzed polyacrylamide) polymer on the rheology of the formate drilling fluid. The
optimum composition of the polymer reagent is determined by the calculated ECD. The
composition at which the value of the ECD will be minimal can be considered the most
effective and appropriate for use in a narrow operational range.

The novelty of the work lies in the establishment of the influence of rheological
parameters of the drilling mud based on formates on the equivalent circulating density, as
well as in the substantiation of the synergistic effect of polymeric reagents included in the
developed mud to improve the efficiency of drilling at offshore wells. The advantage of
the developed solution compositions with the addition of PHPA is an encapsulating and
inhibiting effect of the reagent. The encapsulating effect will improve bottomhole cutting
removal. The inhibiting effect will reduce the intensity of the swelling of clay rocks.

2. Materials and Methods
2.1. Laboratory Equipment

The study was carried out in the laboratory of drilling and cementing fluids at Saint
Petersburg Mining University. Investigations involved the development of formulations
for drilling fluids based on formates and containing polymer reagents and marble chips.
The main properties of the drilling fluid included density (specific gravity), plastic viscosity
(PV), dynamic shear stress (DSS), static shear stress (SSS) and filtration index (F30).

A mud balance Fann (Houston, TX, USA) was used to measure the density of the
drilling fluid, with a 6-speed Fann rotary viscometer, model 35A, used to determine the
rheological characteristics and an HPHT filter press used to measure the filtration rate
(Figure 1).
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Figure 1. Laboratory equipment.

2.2. Procedures and Materials of the Experiment

The procedure for determining the specific gravity of the drilling fluid [25] is as follows:

The measuring vessel is filled with the drilling fluid.

Next, the sealing cap of the vessel is installed, displacing some drilling mud through
the hole in the cap.

The outside of the vessel is cleaned and dried.

The graduated lever is placed on the base support.

The scale pointer (moving weight) is moved until the graduated arm is level, as
indicated by the position of the bubble on the balancer.

The density of the mud is measured on the divisions of the lever closest to the
measuring vessel.

A Fann model 35A 6-speed rotary viscometer was used to determine the properties of

the developed and investigated drilling muds. Compositions of the investigated formate
drilling fluids were tested by rotating the outer cylinder at 600, 300, 200, 100, 6 and 3 rpm.

The procedure for measuring PV and DSS of drilling fluids using a Fann 6-speed

viscometer is as follows:

1.

The fluid sample is placed in the beaker of the viscometer and placed on the mobile
mount; the fluid level in the beaker should coincide with the graduated line of the
outer cylinder.

The stirring mode is switched to the HIGH position, i.e., the cylinder rotation rate is
set to 600 rpm.

After waiting for the arrow to stabilize at this rotation rate, the measured parameter
is recorded at 600 rpm.

The stirring mode is switched to the LOW position, i.e., the cylinder rotation rate is
set to 300 rpm.

After waiting for the arrow to stabilize at this rotation rate, the measured parameter
is recorded at 300 rpm.

The procedure for determining the SSS of drilling fluids using a Fann 6-speed vis-

cometer is as follows:

1.

The viscometer is switched to the “STIR” mode by setting the switch to the “HIGH”
position, i.e., cylinder rotation rate is set to 600 rpm.

Thorough agitation of the fluid is carried out at 600 rpm, and the viscometer is
switched off for 10 s.

After 10 s, the device is switched on, and the maximum deviation of the arrow before
gel destruction is recorded at a rotation rate of 3 rpm (S551¢s)-

Steps 1 and 2 are repeated; at this stage the unit should be switched off for 10 min.
The device is switched on, and the maximum deviation of the arrow before gel
destruction is recorded at a rotation rate of 3 rpm (SS551¢ min)-

Drilling fluid engineers use the API methodology to estimate the filtration rate of

the drilling fluid at ambient temperature and 100 psi (690 kPa). Analysis consists of
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determining the velocity of fluid flow through the filter paper. The result is the volume of
filtrate produced (mL) in 30 min.
The measurement procedure on the API filter press is as follows:

1. The filter press cell is assembled using the filter paper supplied with the device.

2. Asample of the drilling fluid to be tested is poured into the cell, approximately 1.5 cm
short of the cell top.

3. The cell is placed on the frame support of the filter press. The gas valve is set in the
operating position.

4. The measuring cylinder is positioned to receive solution filtrate, the pressure relief
valve is closed, and the pressure is set as 100 = 5 psi and is maintained for 30 min.

5. The pressure is released after 30 min, and the volume of filtrate in the measuring
cylinder is determined (in milliliters).

2.3. Research Object

The research object is an environmentally safe, high-density, barite-free drilling fluid
(1.45 g/cm?®) based on sodium formate and potassium formate. The solution is used for
drilling a directional well with a horizontal ending, located in the Arctic gas offshore field
of the Russian Federation. Its composition is presented in Table 2.

Table 2. Component composition of formate-based solution.

No. Component Concentration Function
1 HCOONa/sodium formate (dry) 800 g/L Mud basis
5 HCOOK/ potassium formate 30% Mud basis,

(liquid) (0 =157 g/cm?) inhibitor
4 K,CO3 /potassium carbonate 20g/L pH buffer
5 Xanthan 4¢g/L Structurant
6 Starch 10g/L Filtration reducer
v VPRG (Hydrolyzed Lo/L HT Filtration
polyacrylonitrile) & reducer

8 CaCO3; MEX-CARBF 50 g/L Bridging agent
9 CaCO3; MEX-CARBM 20g/L Bridging agent
10 CaCO3; MEX-CARB VF 10g/L Bridging agent

Complicated conditions are associated with a narrow safe drilling window in terms of
mud density and with unstable clay deposits in the geological section, causing problems
with the stability of the wellbore. The characteristics of the well selected for the study are
presented in Table 3.

Table 3. Characteristics of the selected well.

Well Type Directional Well with Horizontal Ending
Design well depth 4918.65 m (well length) 2506.70 m (well depth)
Wellhead deviation 3597.44 m
Formation type Carbonate, organogenic-detrital limestone
Possible complications Problems with wellbore stability
Expected formation pressure 34.0 MPa
Expected temperature 63 °C

2.4. Measurement of the Main Parameters for the Developed Solutions

In order to determine the rheological parameters of the developed formulations, an
experiment was carried out on a Fann 35A 6-speed electronic viscometer at rotor rotations
of 3, 6,100, 200, 300 and 600 rpm.
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Plastic viscosity in centipoise (cP) or millipascal multiplied by second (mPa-s) is calcu-
lated as the difference between the Fann viscometer readings (8) at 600 and 300 rpm [25]:

PV =800 — 0300 [cP],

where 009 and 0390—values for rotation angles of the viscometer scale at rotation frequen-
cies of the sleeve equal to 600 and 300 rpm, respectively, in degrees.

Dynamic shear stress in Ib/100 ft? is calculated from the Fann viscometer data using
the following formula [25]:

YP = 0399 — PV [Ib/100 ],

where 0390—scale reading at 300 rpm, PV—plastic viscosity.

In order to convert the value obtained into SI units, a coefficient of 0.478 is used.

API Gel 10 s/10 min (or SSS) values of the system are obtained on a rotary viscometer
with a rotation of 3 rpm after 10 s and 10 min [25,26].

In order to improve the basic formulation, a partially hydrolyzed polyacrylamide
(PHPA) of various molecular masses (from 12 M to 27 M) was proposed as a replacement
for VPRG. The concentration of PHPA in each solution is 1 g/L. With an increase in the
concentration of PHPA to 2 g/L, the Weissenberg effect was observed (solution was wound
on a stirring element). Therefore, it was decided to reduce the amount of PHPA. The main
parameters of the developed drilling fluids are presented in Table 4.

Table 4. Parameters of the investigated drilling fluids.

Parameter Solution 1 Solution 2 Solution 3 Solution 4 Solution 5
(VPRG) (PHPA 12) (PHPA 15) (PHPA 20) (PHPA 27)
Density, g/cm? 1.45 1.45 1.45 1.45 1.45
Specific viscosity, 45 40 40 A1 4
s/quarter
600 rpm 49 43 46 49 52
300 rpm 30 27 30 33 36
100 rpm 15 14 17 18 17
3 rpm 3 3 3 3 3
Plastic viscosity, mPa-s 19 16 16 16 16
DSS, Pa 5.3 5.3 6.7 8.1 9.6
SSS (10 s/10 min), Pa 24/3.8 24/3.8 24/3.8 24/3.8 24/3.8
Filtration, mL /30 min 3.8 3 2.7 2.6 2.2

2.5. Calculation of Equivalent Circulation Density

The correct selection and control of mud properties are necessary for ensuring efficient
drilling of high-inclined and horizontal wells. Because a riser string is used in deep water
drilling, the hydrostatic pressure of the mud column can reach or exceed the fracture
gradient, especially when circulation is resumed after a static period, tripping in the
borehole or running the casing string. In this case, catastrophic losses of the solution can
occur, which can lead to problems of pressure control in the well [6,27,28]. ECD control
is critical for maintaining borehole stability. Thus, it is one of the key success factors
for drilling operations, especially in deep-water areas, where the permissible pressure
variation range, determined by the pore pressure and the fracture pressure gradient, is
quite narrow [29,30].

Understanding the relationship between the rheological properties of drilling fluids
and ECD is essential for its control. The control is needed to ensure well stability while
maintaining the mud density in the well below the fracture pressure gradient, as well as to
minimize non-productive time and costs for mitigation of complications [31,32].
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According to AP, the rheological coefficients that are used for calculations within the
drill pipe are determined by the following formulas:

log(Re00/R300) Re00
_ 298\ R600/R300) _ 5 35 10 600 1
"= Tog(1022/511) o2 198 R )
_ 5.11-Reno
Kr = ooam @

where
Reop and Rzgp—viscometer readings at 600 and 300 rpm, respectively;
1022 and 511—shear rates corresponding to 600 and 300 rpm, respectively.
For annular calculations, the non-linearity index and the consistency index are deter-
mined using the following formulas:

log(R100/R3) Rygo
M= fog(170.2/5.01) 057108 R % ®)
_ 511-Rygp
Ke = T702m - @

where

Ripp and R3—viscometer readings at 100 and 3 rpm, respectively;
170.2 and 5.11—shear rates corresponding to 100 and 3 rpm, respectively.

ECD calculation consists of several sequential steps, which must be performed for
each of the various annulus geometries.
Flow velocity of the drilling fluid in the annulus is determined by the following

formula [33]:

_ 0408Q
T D - (o) ?

where

Va,—fluid velocity for a given interval (ft/s);
Q—flow rate (gal/min);

D,—wellbore diameter, inches;

D1—drill pipe outer diameter, inches.

Calculation of the effective viscosity (peq) in the annulus has the following form:

144V, ]"ﬂ‘l [Znu + 1}"“, ©)

— 100K
fhea Ooﬂ[DQ—Dl 31,

where

Hes—annular effective viscosity (cP);
n,—drilling fluid non-linearity index;
K;—drilling fluid consistency index.

Effective viscosity of the solution will be lower at high shear rates in the nozzles or
drill pipe, and vice versa, higher at low shear rates in the annulus. In the first case, there
will be lower hydraulic resistance, and in the second, the lifting capacity of the solution
will be higher, which will facilitate the removal of sludge [34].

The formula for calculating the Reynolds number for the annular interval is as fol-
lows [33]:

Re, = 928VH(D2 — Dl)p, %
Hea

where

Re;—annular Reynolds number (dimensionless value);
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0.8

0.7

0.6

0.5

0.4

0.3

0.2

drilling fluid non-linearity index

0.1

p—solution density (Ib/gal).

The rules for calculating the Fanning coefficient of friction (f;) are as follows [33]:
If Re, < 2100, then the laminar flow equation is used to determine the friction coeffi-
cient:

24
fo= o ®)
If Re, > 2100, then the equation for the turbulent flow is used:
a
= 9
fo= ©)

where a = (logn, +3.93)/50;b = (1.75 — log n,) /7
Pressure drop (P;) is calculated for each of the different annular geometries, and the
total annular pressure loss (P,) is determined by summing the individual Pa values [33]:

- quuzp
Fa= 25.81(D, — Dy) L (19
Pir =) P, (11)

where L—interval length (feet).
The results are used to calculate the ECD [33]:

PaT

ECD = Gosa(rvp) TP

(12)

where ECD—equivalent circulation density of the solution (Ibm/gal).

3. Results

The non-linearity index (1) and the consistency index (K) were calculated for the stud-
ied drilling fluids according to Formulas (1)—-(4). The diagram was constructed (Figure 2)
according to the obtained values, presented in Table 5.

8
] — — 7
6 3
o
£
5 &
[~}
3
k7]
4 2
1]
o
3 3
-
Qo
=
2 =
=
©
1
Solution1 Solution2 Solution3 Solution4 Solution5 g
Np || K, K, N,

Figure 2. Comparison of the values for the non-linearity index and the consistency index inside the drill pipe and

the annulus.
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Table 5. Calculated coefficients of the studied drilling fluids.

Solution 1 2 3 4 5
Coefficients for calculating pressure loss in the drill string
1y 0.643 0.671 0.616 0.569 0.530
Ky 2.957 2.102 3.284 4.823 6.742
Coefficients for calculating the pressure loss in the annular space and ECD
Mg 0.459 0.439 0.478 0.495 0.511
K, 7.244 7.481 7.029 6.834 6.831

All the necessary values to determine the annular pressure drop and ECD are cal-
culated according to Formulas (1)-(9). Annular pressure drop and ECD are calculated
according to Formulas (10)—(12). Results are shown in Figure 3.

M Annular pressure loss , MPa W ECD, g/cm3

1.474 1.472 1.475 1.476 1.4775

0.631
0.569 0.545 0.593 0.614
Solution 1 Solution 2 Solution 3 Solution 4 Solution 5

Figure 3. Calculation of pressure loss in the annulus and ECD.

4. Discussion

Analysis of the results obtained shows that the replacement of the VPRG with the
PHPA helps to reduce the filtration of the drilling fluid. At the same time, with an increase
in the molecular weight of the PHPA, the filtration index decreases, which helps to reduce
the likelihood of differential sticking. Furthermore, such drilling fluid is capable of forming
a thin impermeable filter cake that will prevent filtrate from penetrating the formation. An
increase in the molecular mass of RHPA facilitates an increase in DSS but does not affect
the value of plastic viscosity. Obtained SSS values indicate that the structure of the studied
solutions manifests itself already after 10 s of being at rest and changes on average by
1.44 Pa after 10 min of being at rest.

Analysis of the data obtained should also consider the rheological model of the drilling
fluid presented. Convergence of the rheological model with the properties of the actual
drilling fluid minimizes errors in the calculated technological parameters used in oil well
drilling. However, it should be taken into account that, to date, there is no rheological model
that would give the necessary accuracy of approximation over the entire interval of change
in shear rates corresponding to the circulation of drilling mud in the well [35,36]. The
authors previously published the results of rheological investigations of these fluids [37].
When selecting the optimal model, a statistical approach was used, in which the rheology
of the drilling fluid was characterized by indicators of the model under consideration,
which describes its rheological behavior most adequately (with less error). From received
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dependencies and results, it was concluded that the Herschel-Bulkley model describes the
rheological behavior of investigated drilling agents more accurately than the Ostwald-de
Waele model and Bingham-Schwedow model.

It was determined that the modified power law describes the rheological behavior
of the studied drilling fluids with the smallest error. However, there is currently no
methodology for calculating pressure losses in the well circulation system for the Herschel-
Bulkley model. The American Petroleum Institute (API) recommends calculating the
annular pressure loss and then the ECD using the rheological parameters (n and K) of
the power law (Ostwald-de Waele model), the values of which are calculated from the
rotational viscometer data. Higher accuracy will be obtained by using n and K in the shear
rate range of 5 to 200 s~ ! for the annulus and in the shear rate range of 200 to 1000 s~
inside the pipe. However, the power law has a significant drawback—it does not take into
account the yield stress of a structured solution, i.e., it does not describe the behavior of the
solution at the beginning of circulation (at shear rates lower than 3 s~ 1).

Further analysis of the results obtained shows that the calculated values of the non-
linearity index and the consistency index for the annulus and drill pipe are different from
each other in the case of solution 2. This indicates that this system is characterized by
ideal rheological behavior—with high shear rates at the exit of the bit nozzles, the solution
acquires a viscosity value close to that of water, and when moving in the annulus at lower
shear rates, it increases its viscosity in order to lift the cuttings. This phenomenon is called
“shear thinning”. Liquefaction is explained by alignment and orientation of suspended
unsymmetrical solid particles of suspensions or unfolding of polymer chains in such a way
that the flow is at minimal resistance [38,39]. With an increase in the molecular mass of
PHPA, the difference between the calculated values of n and K for the annulus and drill
pipe decreases. In the case of solutions 4 and 5, the effective viscosity at high shear rates (in
the drill pipe) and at low shear rates (in the annulus) will have similar values. In the case
of solutions 1, 2 and 3, the effect of “shear thinning” is more visible. At high shear rates, a
lower effective viscosity will result in lower hydraulic resistances. At low shear rates, an
increased effective viscosity will improve the lifting ability of the drilling fluid, which will
ensure the complete removal of cuttings. The rheology of these solutions contributes to an
increase in the rate of penetration.

5. Conclusions

The data obtained show that the rheology of the studied drilling fluids does not
contribute to a significant increase in ECD; accordingly, these systems are feasible to use in
a narrow safe drilling window.

Wellbore cleansing is a priority for large diameter wells (e.g., 311 mm), i.e,, if an
inclined wellbore is considered, it is necessary to ensure that the wellbore is cleaned
efficiently. This will prevent sticking and reduce non-production drilling time and the cost
of eliminating complications. Under such conditions, it is advisable to select a drilling
mud with a high K, value, which characterizes viscous adhesion, needed to transfer the
sludge into the mud stream. ECD is more important in a well with smaller diameter (for
example 216 mm). In this case, it is necessary to choose a solution with lower viscosity
characteristics, which will provide a lower ECD value.

Further research will be aimed at studying the effect of temperature on the rheological
properties of the developed drilling fluids. It is also necessary to evaluate their inhibitory
ability, since reservoirs of complex structure are often accompanied by interlayering of
easily hydrating, swelling clay rocks.
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Abbreviations

The following abbreviations are used in this manuscript:
ECD equivalent circulation density

ROP rate of penetration

NBHZ near-bottomhole zone

PHPA  partially hydrolyzed polyacrylamide

PV plastic viscosity
DSS dynamic shear stress
SSS static shear stress

References

1.  Ahmadi, M.A; Shadizadeh, S.R.; Shah, K.; Bahadori, A. An accurate model to predict drilling fluid density at wellbore conditions.
Egypt. ]. Pet. 2018, 27, 1-10. [CrossRef]

2. Buslaev, G.; Morenov, V.; Konyaev, Y.; Kraslawski, A. Reduction of carbon footprint of the production and field transport of
high-viscosity oils in the Arctic region. Chem. Eng. Process. Process. Intensif. 2021, 159, 108189. [CrossRef]

3.  Zheng, X,; Duan, C,; Yan, Z.; Ye, H.; Wang, Z.; Xia, B. Equivalent Circulation Density Analysis of Geothermal Well by Coupling
Temperature. Energies 2017, 10, 268. [CrossRef]

4. Tananykhin, D.; Palyanitsina, A.; Rahman, A. Analysis of Production Logging and Well Testing Data to Improve the Development
System for Reservoirs with Complex Geological Structure Procedia. Environ. Sci. Eng. Manag. 2020, 7, 629-648.

5. Alcazar, L.A; Cortés, I.R. Drilling Fluids for Deepwater Fields: An Overview. In Recent Insights in Petroleum Science and Engineering;
Zoveidavianpoor, M., Ed.; IntechOpen: London, UK, 2017.

6. Dokhani, V.; Ma, Y.; Yu, M. Determination of equivalent circulating density of drilling fluids in deepwater drilling. J. Nat. Gas Sci.
Eng. 2016, 34, 1096-1105. [CrossRef]

7.  Erge, O.; Ozbayoglu, E.M.; Miska, S.Z.; Yu, M.; Takach, N.; Saasen, A.; May, R. Equivalent circulating density modeling of Yield
Power Law fluids validated with CFD approach. J. Pet. Sci. Eng. 2016, 140, 16-27. [CrossRef]

8. Blinov, PA.; Dvoynikov, M.V. Rheological and filtration parameters of the polymer salt drilling fluids based on xanthan gum. J.
Eng. Appl. Sci. 2018, 13, 5661-5664.

9. Hui, Z.; Chesnee, D.; Jay, D.; Bill, S.; Ryan, S.; Tim, B.; Rob, V.; Carbajal, D. Hydraulic Modeling Helps Designing Ultralow ECD
Nonaqueous Fluids to Meet Narrow ECD Windows. In Proceedings of the Abu Dhabi International Petroleum Exhibition &
Conference, Abu Dhabi, United Arab Emirates, 12-15 November 2018.

10. Grigoriev, B.S.; Eliseev, A.A.; Pogarskaya, T.A.; Toropov, E.E. Mathematical modeling of rock crushing and multiphase flow of
drilling fluid in well drilling. J. Min. Inst. 2019, 235, 16-23. [CrossRef]

11. Iinova, A.A.; Chanysheva, A.F. Algorithm for assessing the prospects of offshore oil and gas projects in the Arctic. Energy Rep.
2020, 6, 504-509. [CrossRef]

12. linova, A.; Chanysheva, A. The future of russian arctic oil and gas projects: Problems of assessing the prospects. . Mar. Sci. Eng.
2021, 9, 528. [CrossRef]

13. Howard, S.K. Formate Brines for Drilling and Completion: State of the Art. In Proceedings of the SPE Annual Technical
Conference and Exhibition, Dallas, TX, USA, 22-25 October 1995.

14. Ryabtsev, P.; Khomutov, A.; Korolev, V. The First Experience of Formate Based Drilling Fluids Application in Russia. In
Proceedings of the SPE Russian Petroleum Technology Conference, Moscow, Russia, 15-17 October 2018.

15. Howard, S.K.; Downs, J.D. Formate Brines for HPHT Well Control—New Insights into the Role and Importance of the Car-
bonate/Bicarbonate Additive Package. In Proceedings of the the SPE International Symposium on Qilfield Chemistry, The
Woodlands, TX, USA, 20-22 April 2009.

16. Byrne, M,; Patey, L; Liz, G.; Downs, J.; Turner, J. Formate Brines: A Comprehensive Evaluation of Their Formation Damage
Control Properties Under Realistic Reservoir Conditions. In Proceedings of the SPE International Symposium and Exhibition on
Formation Damage Control, Lafayette, LA, USA, 20-21 February 2002.

17. Howard, S.; Downs, ]. Formate Fluids Optimize Production Rate. In Proceedings of the AADE 2005 National Technical Conference

and Exhibition, Houston, TX, USA, 5-7 April 2005.


http://doi.org/10.1016/j.ejpe.2016.12.002
http://doi.org/10.1016/j.cep.2020.108189
http://doi.org/10.3390/en10030268
http://doi.org/10.1016/j.jngse.2016.08.009
http://doi.org/10.1016/j.petrol.2015.12.027
http://doi.org/10.31897/pmi.2019.1.16
http://doi.org/10.1016/j.egyr.2019.11.110
http://doi.org/10.3390/jmse9050528

Energies 2021, 14, 7639 12 of 12

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Bishop, S.R. The Experimental Investigation of Formation Damage due to Induced Flocculation of Clays within a Sandstone Pore
Structure by a High Salinity Brine. In Proceedings of the SPE 38156 presented at the 1997 SPE European Formation Damage
Conference, The Hague, The Netherlands, 2-3 June 1997.

Davarpanah, A.; Mirshekari, B. Effect of formate fluids on the shale stabilization of shale layers. Energy Rep. 2019, 5, 987-992.
[CrossRef]

Dvoynikov, M.V.; Kuchin, V.N.; Mintzaev, M.S. Development of viscoelastic systems and technologies for isolating water-bearing
horizons with abnormal formation pressures during oil and gas wells drilling. |. Min. Inst. 2021, 247, 1-9. [CrossRef]
Litvinenko, V.S.; Nikolaev, N.I. Development of the weighted biopolimer drilling mud for workover. . Min. Inst. 2012, 199, 375.
Kakoli, M.; Davarpanah, A.; Ahmadi, A.; Jahangiri, M.M. Recommendations for Compatibility of Different Types of Polymers
with Potassium/Sodium Formate-Based Fluids for Drilling Operations: An Experimental Comparative Analysis. | Mater. Sci.
Eng. 2017, 6, 311. [CrossRef]

Gao, C.H. A Survey of Field Experiences with Formate Drilling Fluid. Society of Petroleum Engineers. SPE Drill Compl. 2019, 34,
450-457. [CrossRef]

Berg, P.C.; Pederson, E.S.; Lauritsen, A. Drilling and Completing High-Angle Wells in High-Density, Cesium Formate Brine—The
Kvitebjorn Experience. SPE Drill Completion 2009, 24, 15-24. [CrossRef]

APIRP 13B-1. Recommended Practice for Field Testing Water-Based Drilling Fluids, 2nd ed.; American Petroleum Institute: Washington,
DC, USA, 2000.

Moradi, S.S.T.; Nikolaev, N.I; Chudinova, I.V. Geomechanical Analysis of Wellbore Stability in High-pressure, High-temperature
Formations. In Proceedings of the Eage Conference & Exhibition, Paris, France, 12-15 June 2017.

Nutskova, M.V,; Rudiaeva, E.Y.; Kuchin, V.N.; Yakovlev, A.A. Investigating of compositions for lost circulation control. Youth
Technical Sessions Proceedings. In Proceedings of the 6th Youth Forum of the World Petroleum Council-Future Leaders Forum,
Saint Petersburg, Russia, 23-28 June 2019; pp. 394-398.

Raupov, LR.; Shagiakhmetov, A.M. The results of the complex rheological studies of the cross-linked polymer composition and
the grounding of its injection volume. Int. |. Civ. Eng. Technol. 2019, 10, 493-509.

Islamov, S.; Grigoriev, A.; Beloglazov, I.; Savchenkov, S.; Gudmestad, O.T. Research risk factors in monitoring well drilling—A
case study using machine learning methods. Symmetry 2021, 13, 1293. [CrossRef]

Nguyen, V.T,; Rogachev, M.K.; Aleksandrov, A.N. A new approach to improving efficiency of gas-lift wells in the conditions of
the formation of organic wax deposits in the Dragon field. ]. Pet. Explor. Prod. Technol. 2020, 10, 3663-3672. [CrossRef]
Al-Hameedi, A.-T.T;; Alkinani, H.H.; Dunn-Norman, S.; Amer, A.S. Insights into the Relationship between Equivalent Circulation
Density and Drilling Fluid Rheological Properties. In Proceedings of the SPE Oil and Gas India Conference and Exhibition,
Mumbai, India, 9-11 April 2019.

David, K.; Roman, B.; Cameron, I. Defining Fragile—The Challenge of Engineering Drilling Fluids for Narrow ECD Windows. In
Proceedings of the SPE/TADC Dirilling Conference and Exhibition, London, UK, 17-19 March 2015.

API RP 13D. Rheology and Hydraulics of Oil-Well Drilling Fluids; Norm of American Petroleum Institute: Washington, DC,
USA, 2006.

Naganawa, S.; Okabe, T. Comprehensive Studies on Hole Cleaning and ECD Management in Long Extended-Reach Geothermal
Well Drilling. In Proceedings of the Thirty-Ninth Workshop on Geothermal Reservoir Engineering Stanford University, Stanford,
CA, USA, 24-26 February 2014.

Bui, B.T,; Tutuncu, A.N. A Generalized Rheological Model for Drilling Fluids with Cubic Splines. SPE Drill Compl. 2016, 31, 26-39.
[CrossRef]

Kelessidis, V.C.; Maglione, R.; Tsamantaki, C. Aspirtakis Optimal determination of rheological parameters for Herschel-Bulkley
drilling fluids and impact on pressure drop, veloc-ity profiles and penetration rates during drilling. J. Pet. Sci. Eng. 2006, 53,
203-224. [CrossRef]

Leusheva, E.; Brovkina, N.; Morenov, V. Investigation of Non-Linear Rheological Characteristics of Barite-Free Drilling Fluids.
Fluids 2021, 6, 327. [CrossRef]

Akpan, E.U.,; Enyi, G.C; Nasr, G.G. Enhancing the performance of xanthan gum in water-based mud systems using an
environmentally friendly biopolymer. J. Petrol. Explor. Prod. Technol. 2020, 10, 1933-1948. [CrossRef]

Pashkevich, M.A.; Petrova, T.A. Assessment of widespread air pollution in the megacity using geographic information systems. J.
Min. Inst. 2017, 228, 738. [CrossRef]


http://doi.org/10.1016/j.egyr.2019.07.016
http://doi.org/10.31897/PMI.2021.1.7
http://doi.org/10.4172/2169-0022.1000311
http://doi.org/10.2118/195699-PA
http://doi.org/10.2118/105733-PA
http://doi.org/10.3390/sym13071293
http://doi.org/10.1007/s13202-020-00976-4
http://doi.org/10.2118/169527-PA
http://doi.org/10.1016/j.petrol.2006.06.004
http://doi.org/10.3390/fluids6090327
http://doi.org/10.1007/s13202-020-00837-0
http://doi.org/10.25515/pmi.2017.6.738

	Introduction 
	Materials and Methods 
	Laboratory Equipment 
	Procedures and Materials of the Experiment 
	Research Object 
	Measurement of the Main Parameters for the Developed Solutions 
	Calculation of Equivalent Circulation Density 

	Results 
	Discussion 
	Conclusions 
	References

