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Abstract. Improved drilling and reservoir penetration efficiency is directly related to the quality of the drilling
mud used. The right choice of mud type and its components will preserve formation productivity, stability of the
well walls and reduce the probability of other complications. Oil and gas operators use barite, less often siderite
or hematite weighting agent as a weighting component in the composition of drilling muds for the conditions of
increased pressure. But the use of these additives for the penetration of the productive formation leads to the
reduction of filtration characteristics of the reservoir, as it is almost impossible to remove them from the pore
channels. Therefore, barite-free drilling mud of increased density based on formic acid salts with the addition of
carbonate weighting agent as an acid-soluble bridging agent is proposed. The results of experimental investiga-
tions on rheological parameters of barite-free solutions are given and the obtained data are analyzed. Based on
the comparison of results it is recommended to use high-density drilling mud on the basis of formic acid salts
(sodium and potassium formate) and with the addition of partially hydrolyzed polyacrylamide with molecular
mass of 27 million.

Keywords: drilling; barite-free mud; rheology of drilling fluids; polymer reagents; rheological model; viscometer;
weighted mud; reservoir penetration
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Introduction. Well drilling and development of oil and gas fields often takes place under com-
plicated mining, geological and climatic conditions. In addition to ensuring environmental safety in
the area of drilling operations, the technical requirements on the choice of an optimal drilling mud
must also be met: high temperature stability; required rheological and filtration characteristics for
preserving the reservoir properties; effective inhibiting capacity; high transport ability (especially in
inclined and horizontal wellbore sections); resistance to contamination; compatibility with formation
fluids and recirculation capability.

Offshore wells are characterized by specific complications associated with the narrow al-
lowable pressure window, defined by pore pressure and fracturing pressure gradient. This narrow
window is usually the result of abnormally high pore pressure and/or low fracturing pressure due
to rock layers being additionally pressurized by the seawater column, which requires a larger
number of casing strings than wells of similar depth constructed onshore. Therefore, under such
conditions, one of the key factors for drilling success is equivalent circulation density (ECD)
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management [1-3]. Factors influencing the final ECD value include: static density; rheological
parameters of the fluid; well design and profile; drilling mode; drill pipes used and bottomhole
assembly; bit type (number and cross-section of each hydraulic nozzle); temperature profile of
the well; chemical composition of the mud [4-7].

If flushing fluids containing barite as a weighting agent are used, a thick filter cake will form on
the wellbore wall. If circulation is stopped for a long period of time and the static shear stress (SSS)
1s not adequate, barite may be precipitated and, consequently, the backpressure in the wellbore de-
creases (increasing the probability of gas and water influx) [8-10].

High ECD of the circulating drilling mud weighted with barite can be a cause of fracturing,
especially if there is a narrow operating window between pore and fracturing pressure. Inorganic and
organic salts (chlorides, bromides, formates) are used as bases to create barite-free drilling mud with
high density. Values of density for technological fluids based on salts may vary — density of potassium
chloride brine is 1160 kg/m?, sodium chloride — 1200 kg/m>. With bromides density of 2500 kg/m’
can be achieved (for zinc bromide) and with sodium and potassium formate up to 1320 and
1590 kg/m’ respectively [11-13].

Zinc bromide based solutions can provide the highest density among other salts (up to
2520 kg/m?), but are more corrosive than chloride and formate based solutions and have disposal
limitations [14-16]. Brine flushing fluids are a good alternative to clay solutions and solutions
containing significant amounts of solids. The formulation usually consists of a base brine, a pH
control additive, a structure former (usually a biopolymer), a filtrate reducer and a bridging agent.
Such combination of reagents provides beneficial rheological and filtration characteristics. Salt
solutions allow the creation of a drilling system with high density and low solids concentration,
which minimizes damage to reservoir properties and leads to a reduction in plastic viscosity.
Application of barite-free water-based drilling fluids ensures lower ECD in the well, which im-
proves the drilling efficiency [11, 17].

Thus, the relevant trend in deepwater drilling is the development of water-based mud formula-
tions, which should have not only high density, thermal stability, low corrosivity, but also optimal
rheological properties. Modernization of the formulation should be based not only on reducing the
concentration of solids in high-density mud, but also on finding a combination of polymeric reagents,
providing pseudoplastic and transporting properties.

Rheology is the science of studying the deformation and flow of fluids, which is necessary for
solving various theoretical and practical problems [18-20]. Rheological properties of drilling fluids
influence almost all processes and indicators related to well construction, so they are among the most
important [21-23].

Most drilling muds are non-Newtonian fluids [24-26]. Therefore, this study aims at investigating
non-linear behavior of rheological parameters of the mud (how the rheological curve changes when
polymers of different molecular mass are added to drilling mud) and the influence of component
composition of high-density drilling mud on this change.

In the conditions of offshore fields, it is necessary to use environmentally friendly flushing sys-
tems [27-29]. For this reason, a formate-based drilling mud, characterized by high density without or
low solid phase content, has been selected for the investigation. It will provide lower rheological
parameters, EDC and pressure losses in the well compared to traditionally used hydrocarbon-based
mud. This contributes to improved drilling efficiency*, especially in conditions of a narrow safe range

* API RP 13B-1-2019. Recommended Practice for Field Testing Water-based Drilling Fluids: Second Edition. Washington,
USA: Norm of American Petroleum Institute, 2019, 132 p.
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of density [1, 30]*. The analysis of scientific literature proves that formate drilling systems are com-
patible with formation fluids, and it creates prerequisites for increasing mechanical penetration rate
and decreasing near-bottomhole zone contamination due to low filtration index [31, 32]. Such solu-
tions in combination with polymer reagents have good inhibiting ability in relation to unstable clay
sediments [21, 33, 34].

The aim of the study is to determine the effect of the molecular mass of partially hydrolyzed
polyacrylamide (PHPA) on the rheological properties of the developed formate drilling mud and sub-
stantiate its optimum composition, taking into account the non-linearity of the rheological parameters
of the fluid.

Methodology. Rheological models of modern drilling muds. Drilling muds can be classified ac-
cording to their rheological behaviour. Fluids whose viscosity remains constant as the shear rate
changes are called Newtonian. But most drilling muds are non-Newtonian-their shear stress is not
directly proportional to the shear rate.

The rheological parameters of drilling mud are used for [35, 36]: calculation of friction loss
in the pipe or annular space; determination of ECD; determination of flow regime in annular
space; evaluation of wellbore cleaning efficiency; determination of drilling cuttings sedimenta-
tion rate in vertical wells. The selection accuracy of drilling mud rheological model minimizes
the errors of calculated technological parameters during oil and gas wells drilling. This is why
the problem of optimal model selection is especially relevant. However, it should be taken into
account that there is no rheological model that would give the necessary accuracy of approxima-
tion over the whole range of shear rate corresponding to circulation of drilling mud in the well
[11, 37, 38].

A large number of rheological models (more than 30) are available to predict the rheological
behaviour of modern drilling systems over a wide range of shear rate. The most commonly used by drill-
ing fluid engineers are the following models: Newton, Bingham — Shvedov, Ostwald — de Waale (power
law), Herschel — Bulkley (modified power law) and Schulman — Casson [20, 39, 40]. The equation
of Bingham rheological model is as follows:

G =G0+ N7,

where o — shear stress; 6o — ultimate dynamic shear stress; npi — plastic viscosity; y — shear rate.

The flow of these muds begins only after the tangential stress exceeds a threshold value,
which is called the dynamic shear stress (DSS). For tangential stresses exceeding the threshold
stress, the stress is proportional to the shear rate with a coefficient of proportionality called plastic
viscosity [41, 42]. The common use of the Bingham — Shvedov model is justified by its simplicity,
however, a significant drawback is that it describes the rectilinear part of the rheological curve,
which does not allow predicting the actual behaviour of the fluid at low shear rates. Also the yield
point is often overestimated by several times.

The power model is another widely used rheology model for shear-thinning drilling muds.
The model uses a power relationship between shear stress and shear rate; hence, in logarithmic
coordinates, the relationship is plotted as a straight line. The values of parameters n and K of this
law can be determined from observations at any two values of velocity. The power law equation
is as follows:

* APIRP 13D. Rheology and Hydraulics of Oil-well Drilling Fluids. Washington, USA: Norm of American Petroleum Institute,
2006, 98 p.
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The Herschel — Bulkley model is
also widely used in the oil and gas in-
dustry to describe thinning or pseudo-
plastic solutions. This model is called a modified power law because it is a combination of the
Bingham and power law models, i.e. the relationship between shear stress and shear rate is ex-
pressed as a power function, taking into account the ultimate dynamic shear stress that must
be exceeded for the fluid to begin to flow. The equation of the Herschel — Bulkley rheological
model is:

Shear stress ¢

Shear rate y

Fig.1. Flow curves of fluids obeying different
flow models [39]

c=oco+KYy".

The American Petroleum Institute (API) recommends predicting fluid behaviour using a
modified power model (Herschel — Bulkley). One part predicts fluid behaviour at low shear rates
and the other at high shear rates. Figure 1 shows a graphical representation of the described
rheological models [39].

The object of the study is a basic ecologically clean, barite-free drilling mud with high density
(1.45 g/cm®) based on formic acid salts (sodium and potassium formate) for drilling a directional well
with a horizontal ending, located on the Arctic shelf of the Russian Federation. The composition of the
base mud is shown in Table 1.

Table 1
Component composition of the formate-based solution
Component Concentration Functions
Xanthan, g/l 4 Structure former
Starch, g/l 12 Filtration reducer for normal and high temperature
HTHP (high temperature and high pressure)
HPAN, g/l 4 Filtration reducer HT
K2COs (potassium carbonate), g/l 10 Buffer pH
HCOONa (sodium formate (dry), g/l 800 Mud base
HCOOK (potassium formate (liquid), % 30 Mud base, inhibitor
CaCO3; MEX-CARB F, g/1 50 Bridging agent
CaCO3; MEX-CARB M, g/l 20 Bridging agent
CaCO3; MEX-CARB VF, g/l 10 Bridging agent

Complicated conditions are associated with a narrow safe drilling window in terms of mud den-
sity and the presence of unstable clay deposits in the geological section, causing problems with well-
bore stability.
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Experimental investigations were carried out by the authors of the
article in laboratory of drilling fluids at Saint Petersburg Mining
University. To establish a rheological flow model for various developed
formulations, an experiment has been carried out on a Fann 35A six-
speed viscometer (Fig.2), at rotor rotational speed of 3, 6, 100, 200, 300
and 600 rpm. The results have allowed to define the rheological
parameters of studied solutions and to construct rheograms in Cartesian
coordinates.

The plastic viscosity in centipoise is calculated as the difference
between the Fann viscometer reading (6) at 600 and 300 rpm:

PV = 0600 — 0300,

where 0600, 6300 — values of the viscometer scale angles at rotor rotation
Fig.2. Rotational speed, equal to 600 and 300 min ' respectively, degrees.

viscometer Fann The dynamic shear stress in 1b/100 fi* is calculated from Fann
viscometer data using the formula [17, 43]:

YP = 0300 — PV,

where 0300 — device readings at 300 rpm.
According to API standard, Gel,; ¢ min (Or SSS) system values are obtained on a rotary viscometer,

at a speed of 3 rpm after 10 s and 10 min.

For further analysis it is necessary to convert the results obtained to a standard form: rpm con-
verted to shear rate (s!), shear stress converted from 1b/100 ft> to Pa. Viscometer speeds are
standardized, therefore 3, 6, 100, 200, 300, 600 rpm in shear rate will be 5.1, 10.2, 170, 340, 511,
1021 s7!, respectively. The conversion coefficient to convert 1b/100 i to Pa is 0.48.

Discussion of the results. Partially Hydrolyzed Polyacrylamide (PHPA) of different molecular
mass (12 000 000-27 000 000) has been proposed to improve the basic formulation as a substitute for
hydrolyzed polyacrylonitrile (HPAN). The concentration of PHPA in each solution is 1 g/l. When
increasing PHPA concentration up to 2 g/l, the Weissenberg effect was observed (the mud was coiled
up on the stirring element), so it was decided to reduce the amount of PHPA. The main parameters
of the developed drilling muds are presented in Table 2.

Table 2
Parameters of the investigated drilling muds
Parameters

Solution Density, Conditional viscosity, | Plastic viscosity, DSS, SSS (10 /10 min), Filtration,

g/em’ s/quarter cP 1b/100 ft? 1b/100 ft? ml/30 min
1 (HPAN) 1.45 47 19 11 5/8 3.6
2 (PHPA 12) 1.45 40 16 11 5/8 3.0
3 (PHPA 15) 1.45 41 16 14 5/8 2.6
4 (PHPA 20) 1.45 43 16 17 5/8 2.4
5 (PHPA 27) 1.45 44 16 20 5/8 2.1

The analysis of the results shows that by replacing HPAN with PHPA, it was possible to reduce
the water loss of the mud, and with increasing molecular mass of partially hydrolyzed polyacryla-
mide, the filtration index decreases, which helps to reduce the probability of differential pipe sticking.
This mud is also capable of forming a thin, impermeable filter cake (0.2 mm), which will prevent
filtrate penetration into the formation. Increasing the molecular mass of the PHPA increases the DSS,
but does not affect the value of plastic viscosity. Obtained values of SSS show that the structure of
studied solutions is evident after 10 s of staying at rest and changes by 3 1b/100 ft* after 10 min of
staying at rest.
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Fig.3. Selection of rheological models for solutions:
a—1;b- 2, MM PHPA = 12 min;
c¢— 3, MM PHPA = 15 min;
d— 4, MM PHPA = 20 mln;
e— 5, MM PHPA =27 min
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Selection of a rheological model for the drilling mud. Experimental data were analysed by approxi-
mation. Accuracy of approximation for flow curves of real water-based fluids by these models does not
exceed 10-11 %, which is enough for engineering practice solution. Obtained dependencies of shear stress
on shear rate and method of optimal rheological model selection are shown in Fig.3 and Table 3.

The statistical approach is applied to the choice of optimal model, in which rheology of drilling
mud is characterized by indicators of the model that describes its rheological behaviour most accu-
rately (with less error). On the basis of the obtained dependencies and results, it is possible to conclude
that the Herschel — Bulkley model describes rheological behaviour of the investigated drilling mud
more accurately than the Ostwald — de Waale model and the Bingham — Shvedov model. Analyzing
graphical materials, it is possible to state, that the modified power law reflects the behaviour of in-
vestigated muds in all range of shear rate with 99 % reliability.
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Table 3

Rheological parameters
of drilling muds

Rheological model

Bingham — Shvedov |

Ostwald — de Waale

Herschel — Bulkley

Regression equation
R2
Ty, Pa
u, mPa-s
n
K, Pa-s"

Regression equation
R2
Ty, Pa
u, mPa-s
n
K, Pa-s"

Regression equation
R2
Ty, Pa
u, mPa-s
n
K, Pa-s"

Regression equation
R2
Ty, Pa
W, mPa-s
n
K, Pa-s"

Regression equation
R2
Ty, Pa
u, mPa-s
n
K, Pa-s"

Note. R? — approximation reliability; 1, — dynamic shear stress, Pa; p — plastic viscosity, mPa-s.

Solution 1 (HPAN)

3 =0.024x +3.2401
0.9787
2.985
235

Solution 2
y=0.0199x +3.2356
0.9735
2.889
19.88

Solution 3
y=0.0212x +3.7829
0.9535
3.511
21.46

Solution 4
y=0.0226x + 3.6466
0.9523
3.9964
22.51

Solution 5
y=0.0247x +3.9506
0.9483
3.6169
24.71

y =0.7813x04906
0.9799
1.416
9.68
0.506
0.717

(PHPA 12)

y =0.8389x04368
0.9778
1.471
6.71
0.472
0.761

(PHPA 15)
¥y =0.8177x047%3
0.9866
1.402
9.74
0.496
0.741

(PHPA 20)
y =0.7129x0-5072
0.997
1.178
12.94
0.536
0.704

(PHPA 27)
y =0.7653x0-503
0.9873
0.821
13.92
0.534

0.578

y=0.541 + 0.1654x"708
0.9991
1.279
18.53
0.722
0.163

y =123 +0.1218x"712
0.9989
1.354
14.69
0.734
0.148

y=0.992 + 0.3431x06%
0.9988
0.985
13.71
0.619
0.318

¥ =0.689 + 0.559x%58
0.9993
0.715
14.91
0.596
0.415

y=0.289 + 0.441x0575
0.9992
0.294
16.13
0.587
0.439

Experience in directional and horizontal well construction shows that flushing fluids exhibiting
pseudoplastic properties have ideal rheological behaviour — at the exit from bit nozzles the fluid
acquires viscosity close to that of water, and when moving in the annular space it increases its
viscosity to retain the drilled rock.

The indices of non-linearity n» and consistency K of the drilling mud characterize the behaviour
of the system both at low and at high shear rate. When xanthan polymer is added to the mud, the fluid
acquires pseudoplastic properties. Xanthan helps to increase viscosity of drilling muds due to its long
branched structure and relatively weak hydrogen bonds of side groups. The functional groups are
represented by hydroxyl (-OH), carboxyl (-COH), carbonyl (C = O) and other groups, which give
this polymer its thickening properties.
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The pseudoplasticity of the solution is evaluated by a non-linearity index in the range from
0 to 1. All solutions are characterized by a non-linearity index in the range of 0.587-0.722. At the
same time, there is a decrease in n with increasing molecular mass of PHPA, i.e. solution 5 exhibits
pseudoplastic properties to a greater extent. Low value of non-linearity index will assist in equaliza-
tion of flow velocities in annular space, thus avoiding undesirable migration of cuttings to the well
walls. In addition, solution 5 has the lowest value of ultimate shear stress, which will reduce the
amplitude of pressure fluctuations when starting and stopping pumps and performing tripping opera-
tions, as well as the probability of formation of dead zones with accumulation of drilled rock in them.

The consistency index K represents the viscosity of the fluid (the higher the K value, the more
viscous the mud), which can be increased to achieve complete cuttings removal with a simultaneous
reduction in the non-linearity index. When drilling mud is treated with PHPA, the consistency index
increases with increasing molecular mass, which is due to the elastic properties and increased viscos-
ity of the partially hydrolyzed polyacrylamide.

Conclusion. PHPA of different molecular mass, which is not only an inhibitor but also an
encapsulant (creating prerequisites for improved cleaning quality), is proposed as a replacement
for HPAN, and its optimum concentration is determined.

Based on the results of the experimental data approximation and the comparison of the results
obtained, it is recommended to use a high density, barite-free drilling mud on the basis of formic acid
salts (sodium and potassium formate) and PHPA additive with a molecular mass of 27 million.

Different rheological models are considered. Modified power law reflects the behaviour of in-
vestigated solutions in the whole range of shear rates with high reliability, which allows to calculate
pressure loss in annular space and ECD more accurately in the next stage of the research. High-
density formate drilling muds are a good alternative to polymer flushing fluids with barite as a
weighting agent. But further research is needed, including full evaluation of filtration, inhibiting and
lubricating characteristics of these muds.
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