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Abstract: This paper discusses problems associated with water-based drilling fluids used for drilling
formations with abnormally high pressure. The available solutions are suitable for a narrow range of
applications, especially when weighted muds should be used. This paper reviews the experience of
searching and developing a new type of drilling mud based on saturated brines. With the referenced
papers as the basis, the authors developed compositions of such brine-based drilling muds. A
distinctive feature of the considered compositions is the absence of barite, which is often used as
a weighting agent. The paper presents a methodology for creating and investigating the proposed
drilling fluids. The rheological properties and thermal stability of the muds at various temperatures
were studied. The results show that proposed drilling fluids can be efficiently used for drilling
formations with abnormally high pressure. It is assumed that the developed muds have greater
versatility than analogues.

Keywords: drilling-in; brine-based drilling fluids; weighted drilling muds; wellbore stability;
inorganic salts; reservoir bridging

1. Introduction

Drilling in difficult geological conditions can be challenging; hence, it is necessary to
consider various approaches to improve drilling efficiency [1]. With increasing depth of
operations, a higher density of the drilling muds is required. Obtaining high-density muds
is most often achieved by adding barite in significant quantities (≥500 kg/m3) [2,3].

One of the challenges is to keep barite particles suspended. The longer the mud is in a
static state, the more barite particles are deposited, which leads to problems such as pipe
sticking or hydraulic fracturing [4,5]. Increasing the rheological parameters to keep the
barite particles suspended in the mud usually results in increased hydrodynamic loads on
the wellbore and increased equivalent circulating density (ECD) of the drilling mud [6,7].
In addition, barite leads to the formation of a filter cake with poor qualities that can cause
pipe sticking. Creating drilling fluids for drilling through a pay zone requires a deep
understanding of the reservoir [8,9]. Damage mechanisms of the productive formation
during drilling include fine-solids migration, clay swelling, incompatibility of the drilling
mud with formation fluid, and the use of formation-damaging reagents that can reduce
average formation permeability, resulting in lower flow rates [10–12]. Barite cannot be
dissolved in acid and this characteristic leads to a decline in reservoir properties when it is
filtered into the pay zone [13].

The existing situation has led to the search for and investigation of new ways to
design weighted drilling muds. Weighting with salt has become such a method [14–16].
Increasing the density of drilling fluids by salts is more effective when using water-based
muds (WBMs).

WBMs are used to drill approximately 80% of all wells. The base fluid may be fresh
water, seawater or brine [17–19]. The type of fluid depends on the expected conditions in
the well or the specific interval to be drilled. For example, the upper intervals are usually
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drilled with a low-density freshwater or seawater-based mud with few reagents. During
drilling operations, natural clays are produced in such muds. Bentonite or attapulgite
may also be intentionally added to control mud loss or to enhance wellbore cleaning.
After running and cementing the surface casing, the drilling operator often continues to
drill with the WBM unless conditions in the well require replacing it with an oil-based or
synthetic-based mud. For abnormally high pressure, it is reasonable to use muds based on
brine saturated with heavy salts (bromides or formates) [20–22].

The WBMs fall into two broad categories: non-dispersed and dispersed. Simple
water–gel systems used for drilling of upper intervals in the well are non-dispersed, unlike
many advanced polymer systems with low or zero bentonite content [23,24]. Natural clays
that enter undispersed systems during drilling are subjected to dissolving, encapsulation
and/or flocculation. The low-colloid solid phase is encapsulated and flocculated for more
efficient removal at the surface, which reduces the need for dilution [25–27].

Dispersed systems are treated with chemical dispersants and designed to deflocculate
clay particles to be able to control the rheology of high-density drilling fluids. Commonly
used dispersant additives include lignosulfonates, lignins and tannins. Dispersant systems
typically require the addition of caustic soda (NaOH) to maintain a pH of 10 to 11. Com-
monly used dispersed drilling fluids contain lime and other cationic systems. However,
a dispersed system containing solids can significantly reduce the rate of penetration and
contribute to wellbore damage.

Drilling fluids based on salt water are often used to prevent dispersion in shale
formations and for drilling in salt formations. They are also known to prevent the formation
of hydrates that can accumulate around subsea wellheads and x-mas trees, plugging
pipelines and interfering with critical operations. High-density brines, such as calcium
chloride, calcium bromide, zinc bromide, potassium and cesium formate, can be included
in the formulation of low-solids and no-solids systems [28–30].

The solids content of low-solids drilling fluids should not exceed 6–10%. Low-solids
muds typically use polymer reagents as a thickener or bentonite filler. These muds are
non-dispersed. The main advantage of the drilling fluids with low solids content is their
significantly increased rate of penetration [3,6,31].

Potassium chloride is added to drilling fluids to stabilize water-sensitive clays through
the inhibition created by potassium ions. Due to the inhibiting abilities of solutions that
contain potassium chloride, clay hydration is reduced to a minimum, leading to a reduction
in cavernosity, less sealing of the bit and stabilizer, less clay caving, and the preservation
of reservoir properties [12,32,33]. Potassium chloride salt is used as the main source of
potassium ions in the muds. The system acts most effectively in the presence of poly-
mers providing encapsulation. For this purpose, either polyanionic cellulose or partially
hydrolyzed polyacrylamide are used [17].

These polymers encapsulate the drilled-out particles and opened clays, limiting their
interaction with water. Due to the fact that clays have different degrees of sensitivity to
water, different KCl concentrations are required to inhibit different types of clays [17,34].

The rheological properties and filtration rates of the fluids are controlled by the
addition of polymeric materials that are unstable to temperatures above 149 ◦C; hence, the
temperature limit for this system is not greater than 149 ◦C. Drilling muds saturated by
potassium chloride are very sensitive to solids and calcium contamination, and are also
more expensive than other WBMs.

There are many other chlorine-free sources of potassium in addition to KCl, such as
potassium formate, potassium carbonate, potassium sulfate, potassium acetate, KOH, and
others. All of the above potassium-containing materials are used to create both inhibiting
systems for drilling fluids and potassium-based formation drilling-in fluids [35,36].

It is necessary to pay attention to the works where new compositions of solutions
based on other brines and their application in practice have been proposed [17,22].

It was impossible to use a WBM at the field described in [17], due to the long nonpro-
ductive time as a result of accidents. Salt and gypsum formations contaminated the drilling
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fluid; as a result, the mud lost its original characteristics, which led to influxes. For this
reason, the company switched to oil-based mud (OBM). However, the negative impact on
the environment does not allow its use and prompted the company to begin research to
find a new type of the drilling fluid [17].

The researchers conducted a number of important investigations: evaluation of rhe-
ological characteristics, thermal stability, fluid loss and resistance to contamination. As
a result, they proposed a drilling fluid based on zinc bromide brine with a density of
4.22 g/cm3. With this brine, they were able to create a mud without weighting agent with
a density of 2.34 g/cm3. This composition of the drilling mud was successfully applied
at well KC 8-5. According to the results of the mud tests the rock retains 62.8% of ini-
tial permeability, which is 32% more than polysulfonate mud and slightly less than the
OBM (73.75%).

The second paper describes a study on brines of two salts: CaBr2 and CaCl2 [22]. An
important work was conducted in it to evaluate the thermal stability of the solution.

To determine thermal stability, the samples were aged at 149 ◦C (biopolymer sample)
and 232 ◦C (synthetic polymer sample) for 16 h. After aging, the sample with the biopoly-
mer showed a clear degradation of the polymer, while the second sample showed only a
slight color change.

To evaluate the thermal stability of the solution with the synthetic polymer over an
extended period, the sample was placed in an oven at 204 ◦C for 3 days. No separation or
deposition of the solid phase was observed. The rheology remained stable and the sample
also maintained a low water loss. Thus, the researchers proposed a number of solutions
with excellent thermal stability and rheological characteristics.

The analyzed data show that bromide-based muds can supplement or replace the
widely used potassium chloride.

The purpose of the work is to develop and study a weighted barite-free drilling mud
and compare its parameters with the commonly used compositions based on
potassium chloride.

It is necessary to solve the following tasks in order to achieve the goal:

1. Conduct a theoretical and experimental review of weighting salts.
2. Present justification for possible compositions of weighted barite-free drilling muds.
3. Perform experimental investigations of the received compositions and evaluate the

possibility of their application in drilling practice.

Practical significance of the work—obtaining barite-free NaBr-based weighted muds
with properties comparable to those of widely used KCl-based muds. The scientific nov-
elty is in the determining the dependence of rheological parameters of the developed
drilling mud based on bromides on borehole temperatures, typical for fields located in the
Arctic region.

Because the developed fluid is also intended for high-pressure conditions, the main
goal was to reduce the percentage of solid phase (barite) in the mud that, when in-
troduced into the pay zone, reduces permeability and porosity characteristics of the
formation [8,18,19,25].

2. Materials and Methods

During the works on the creation of a mud with high density and low solid-phase
concentration in the laboratory of the well-drilling department at Saint Petersburg Mining
University, chemical reagents by Baroid, MI Swaco and Polycell were used.

The following laboratory equipment was used for the investigations of the drilling
muds: mud balance Fann (Houston, TX, USA) was used to measure the density; viscometer
Fann 35SA was used to determine the rheological characteristics; filter press HTHP 175
was used to measure the filtration rate; and oven was used to heat the samples.

Before developing the drilling fluid compositions, it was necessary to perform the
following: determine the maximum density of the used brines, select polymers that will
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regulate rheological and filtration parameters of the fluid, and optimize the method of the
mud preparation.

Density of brines used as the basis of drilling fluids was estimated in the first stage.
The following salts and their combinations were investigated: NaBr, KBr, NaCl, and KCl.
Chlorides are common additives in drilling fluids and bromides allow obtaining muds
of high density. The obtained data show that the density of NaBr and KBr brines is
1.60 and 1.33 g/cm3, respectively. Combinations of salts allow varying densities of brines,
e.g., KCl/NaCl—1.31 g/cm3, KCl/KBr—1.34 g/cm3, and NaCl/NaBr—1.65 g/cm3.

The second stage of the investigation considered the development of weighted-drilling-
mud compositions without adding barite. Potassium chloride and sodium bromide were
used as weighting agents. The investigated WBMs consisted of:

• Structure-forming agent—xanthan gum;
• Water loss control and rheological regulator—starch;
• pH regulator—NaOH;
• Weighting-bridging agent—chalk of different fractions;
• Salt base—KCl and NaBr.

Saturating the water with salt is the initial step in preparing the drilling fluid, as was
shown in the works examined in the introduction section. After that, chemical reagents
such as filtration-controlling agents, structure-forming agents, and others are added to
the brine. The analysis of drilling muds produced by this method showed its inefficiency.
Chemical reagents cannot work properly in such drilling muds due to the absence of free
water. Therefore, the authors modified the existing process of preparing the drilling mud.

In order to achieve better solubility of salts, water heated to 40 ◦C should be used. This
can also be easily carried out in the field conditions. Once the water is heated, caustic soda
is added to create an alkaline environment with a pH of 10–11. This alkaline environment is
necessary for the effective operation of the polymers that will be injected in batches. After
the whole volume of polymers has been injected, inorganic salts are introduced into the
mud and stirred until they are completely dissolved. The final step is the introduction of
multi-fractional calcium carbonate.

Thus, the experiments were conducted as follows. First, the density of the prepared
mud was measured with a mud balance. If the density coincided with the requirement,
the rheology was measured with a 6-speed viscometer. The next step was to investigate
the filtration index and measure the rheological properties of the drilling fluids at different
temperatures. The drilling fluid temperature distribution in the drill string and annular
space during circulation was simulated in the ANSYS software. This is important for
evaluating the stability of the drilling fluid at increased temperatures. The following step
consisted of a comparative evaluation of the parameters of the KCl mud and the developed
sodium bromide mud.

ANSYS was used to simulate the flow mode of the considered drilling muds in the
well in addition to laboratory experiments. Input data included information about the
bottomhole assembly, formation temperature and the rheological parameters of the drilling
fluids. Parameters of investigated compositions based on KCl (with density of 1.18 g/cm3)
and NaBr (with density of 1.56 g/cm3) were used for modeling. Detailed data on the
simulation are given in the Appendix A.

The rheological properties of the drilling muds are defined by a power law, also known
as the Ostwald–de Waele equation.

The equation of the power law model has the form:

τ = K
.
γ

n

where τ—shear stress, Pa;
K—consistency index;
n—nonlinearity index.
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The model can be applied to viscous shear fluids at n < 1, to Newtonian fluids at n = 1,
or to shear-thinning fluids at n > 1. The more the nonlinearity index n differs from the 1,
the greater the degree of difference between the fluid and the Newtonian fluid.

3. Results

Under laboratory conditions, it was possible to acquire stable drilling mud using
xanthan gum and starch, with a density of 1.18 g/cm3 for KCl-based mud and 1.56 g/cm3

for NaBr without using barite, and rather low resistance to fluid flow, thus reducing the
load on equipment while drilling. Multi-fractional calcium carbonate with concentration of
100 kg/m3 was chosen as a solid phase and weighting agent to create a thin and low-
permeable filter cake with a stable and sliding surface. Table 1 shows reagent concentrations
and obtained values for the main technological parameters of drilling muds.

Table 1. Reagent concentrations and values for parameters of drilling muds.

Reagent Concentration, kg/m3 Values

NaOH Xanthan
Gum Starch KCl/NaBr Chalk Density,

g/cm3
PV,

mPa·s DSS, Pa SSS 10 s/10 min, Pa F30, mL/30 min

KCL
based
mud

1 3 10 320 100 1.18 11 5.75 2/2.4 7

NaBr
based
mud

1 4 10 1100 100 1.56 15 6.70 2.4/3.3 6

Figure 1 shows the rheological curves of the drilling fluids obtained from Fann 35SA
viscometer data.
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Figure 1. Rheological curves of the created drilling fluids.

After the samples with appropriate practical rheological characteristics were created,
experiments to study the thermostability of the solutions (third stage of the research)
were carried out. The results of these investigations are shown in Figures 2–5. Although
biopolymers were used, the thermal stability was acceptable.
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different temperatures.

The results for the simulation of temperature distribution for the drilling muds in
the annular space are shown in Figure 6. To simulate temperature change, the following
conditions were set: initial temperature of the fluid was 40 ◦C and formation temperature
was 80 ◦C.
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4. Discussion

Changes in the rheology of the drilling fluids with increasing temperature are clearly
visible. The decrease in plastic viscosity can be attributed to the fact that increasing tem-
perature causes the salt to dissolve in the dispersion medium, but it can also be attributed
to the fact that a small portion of the inorganic salt may have crystallized during the time
the mud has cooled. However, while reducing PV will not adversely affect the process
of drilling an oil well, reducing DSS affects the carrying capacity of the mud. It is worth
noting that the change is insignificant: about 10% when moving from 60 to 80 ◦C. The
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recommended DSS value, according to the literature review, should not be less than 4 Pa.
This condition is fulfilled for both solutions. At the same time, the PV of the drilling fluid
ranges from 9 to 15 mPa·s, which can be considered a satisfactory result considering the
density, especially for the NaBr-based fluid [5,20,37].

A comparison of the results for the thermal stability of the KCl- and NaBr-based muds
shows that, although the fluids contain regular starch, they do not show any degradation
and, on the contrary, have greater resistance to high temperature. This can be explained by
the following factors. The change in plastic viscosity by almost twofold is explained by the
fact that sodium bromide starts to crystallize at a given temperature. In spite of that, the
DSS remained practically unchanged, which is a sign of stable rheological parameters. Due
to the fact that the basic parameters do not change during heating, the drilling process in
deep wells will be efficient and safe [18,38,39].

Simulation of the temperature distribution in ANSYS (Figure 6) showed the thermal
changes in the drilling fluids occurring at the nozzles of the bit. The KCl weighted solutions
with lower density heat up gradually, unlike the NaBr weighted solutions. However, the
KCl solutions reach higher temperatures with a maximum of 106 ◦C, while the NaBr-based
fluid keeps a temperature of 91 ◦C in the whole interval. The value and rate of such a
change in temperature are attributed to the higher density of the solution.

5. Conclusions

This paper deals with the issue of weighting-agent application other than barite, which
is the most common weighting agent used. Despite its prevalence in practice, barite has
a number of disadvantages. This led to the idea of finding and investigating alternative
solutions. Such a solution is drilling fluids based on saturated brines. These compositions
can achieve a density of up to 2.3 g/cm3 without solids. Moreover, K and Na ions will
inhibit clays, and this will keep the wellbore stable. In addition, the reservoir may retain its
original permeability due to the absence of insoluble solids that clog pores.

The paper presents the data on the research and creation of the authors’ formulation
for weighted drilling mud based on sodium bromide. The developed compositions of fluids
are fully suitable for practical application. The resulting drilling mud has the necessary
technological parameters, which is confirmed by theoretical investigations. These KCl-
and NaBr-based muds are suitable for drilling deep wells with possible abnormally high
pressure due to their density of 1.18 and 1.56 g/cm3, respectively, and their thermal stability.

Considering the practical relevance presented, it can be concluded that the proposed
composition of the drilling fluid can replace widespread KCl-based compositions. Bromide-
based mud has acceptable rheological parameters, whereas its density is high enough.
These values show that in the process of drilling, such a solution will not increase the
ECD significantly.

Further research should be directed towards studying the ECD of this fluid in different
wells, as well as the possibility to reduce water loss and evaluate the inhibiting ability.
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Nomenclature

DSS Dynamic Shear Stress
ECD Equivalent Circulation Density
OBM Oil-Based Mud
PV Plastic Viscosity
SSS Static Shear Stress
WBM Water-Based Mud

Appendix A

Initial data for the simulation in ANSYS are shown in this section. Figure A1 presents
the base scheme of the well design used for simulation of the mud circulation. Figure A2
gives the characteristics of the mesh used in the modelling. Figure A3 shows the interface
section, which specifies the properties and parameters of the drilling mud.
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