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����������
�������

Citation: Kremieniewski, M.;
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Abstract: When designing the cement slurry for casing string cementing in geothermal boreholes, the
appropriate thermal conductivity is selected. In the zone of geothermal water, where thermal energy
is collected, cement slurry is used, from which the cement sheath has high thermal conductivity.
On the other hand, the remaining part of the opening is sealed with slurry, from which the cement
sheath will reduce thermal energy losses through appropriate thermal insulation. Cement slurry
with appropriate thermal insulation includes light insulating materials. However, the use of such
additives is very problematic as they are fractionated due to their low density. Therefore, measures
should be taken to prevent fractionation of the cement slurry for sealing geothermal boreholes. This
article presents the results of research on fractionation of cement slurries for sealing geothermal
boreholes. 12 slurries were used for the tests. Six of them are based on class A cement, and six based
on class G cement. This action shows the differences in fractionation depending on the binder used.
However, the main area of research is determining the effectiveness of counteracting fractionation
by the means used for this purpose. As a result of the conducted works, a very good improvement
of the cement slurry stability is obtained after the introduction of xanthan gum, as well as filtration
perlite. These measures prevent fractionation, so that the cement slurry has a homogeneous structure,
and the cement sheath provides the required thermal insulation in the geothermal well.

Keywords: geothermal energy; geothermal boreholes; cement slurries for geothermal boreholes;
well cementing

1. Introduction

Geothermal energy shows constant availability and stability regardless of changing
weather conditions. There is now a growing trend of interest in the use of this type of
energy. Geothermal energy is a very capital intensive renewable energy source (RES) [1–4].
Due to the fact that there are many problems, they should be considered individually [5–13].
One such aspect is the proper sealing of boreholes in order to obtain geothermal energy.
When drilling holes, in order to use geothermal energy, it is necessary to properly design
the cement sheath of the borehole [14,15]. The most important thing is to ensure proper
thermal insulation of the opening. This will allow minimal losses of thermal energy during
the circulation of geothermal waters. To obtain a low degree of thermal conductivity, light
additives are used to fill the cement slurry [16–19]. This is a challenge for engineers due to
the restrictive requirements for cement slurries intended for sealing geothermal boreholes.
The biggest problem in cement slurries with the addition of light fractions is obtaining a
homogeneous structure of both the cement slurry and the cement sheath. Therefore, before
designing a cement slurry recipe for sealing geothermal boreholes, it is necessary to analyze
the possibilities of improving the cement slurry stability [16,19–21]. The fractionation of
the light additives into the cement slurry is then reduced. This allows obtaining cement
slurry that doesn’t fractionate and has a homogeneous microstructure after setting.

Cement slurry for sealing geothermal boreholes is a dispersion colloidal system. It
consists of at least two phases, one of which is a finely divided material, dispersed in
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the other continuous phase [21–24]. Such a dispersion system is stable if it maintains
the mutual arrangement of the cement particles unchanged regardless of external forces.
The inverse of the cement slurry stability is the segregation of its particles (separation of
dispersion to the primary system) or sedimentation (settlement of cement particles under
the influence of gravity) [2,20,25]. These phenomena cause fractionation, i.e., the separation
of individual fractions of the cement slurry. The reduction of cement slurry fractionation is
the main condition for the effective sealing of the geothermal borehole. The use of cement
slurry that fractionates causes a number of unfavourable phenomena. The fractionating
cement slurry tends to delaminate and release free water. The lack of this water will
weaken the setting of the hydraulic binder and cause poor or even no cementation. In
addition, the fractionating cement slurry has a reduced density in the upper part of the
borehole, and therefore creates a cement sheath structure of such cement slurry, which has
a high anisotropy. This is very disadvantageous in geothermal boreholes, because the lower
part of the borehole then has inadequate thermal insulation. Additionally, the cement
sheath made of non-homogeneous hardened cement slurry has different (depending on
the measurement point) values of mechanical strength, adhesion to steel pipes, porosity
and permeability [20,26–34]. The water-cement ratio and the amount of fluidizer have a
great influence on the fractionation of the cement slurry. The reduction of cement slurry
fractionation can be achieved by using materials that increase the viscosity of the disper-
sion system [20,35,36]. However, the cement slurry must be pump under turbulent flow
(Re > 2000), which requires adequate fluidity. As a consequence, more liquefied cement
slurry fractionates more, which requires research and appropriate modifications.

Several test methods are distinguished to determine the fractionation of the cement
slurry. Very precise methods rely on laser measurement of the distribution of the number
of particles in the tested liquid [20,37,38]. It is very popular to measure the amount of water
released over the tested dispersion system, which in the technology of cement slurries is
referred to as water separation (Figure 1). Sometimes the cement slurry shows fractionation
and the cement grains fall due to the force of gravity, but the cement slurry will not have a
water separation. Then, the measurement of fractionation is carried out using a column for
testing the fractionation or sedimentation of the cement slurry. It allows you to determine
the density of the cement slurry at individual points (top, middle, bottom). It is a very
important measurement on the basis of which necessary modifications can be made to the
composition of the cement slurry. This action makes it possible to reduce the fractionation
of the cement slurry. As a result, cement slurry of reduced density is designed, which is
homogeneous and suitable for sealing geothermal boreholes.

Figure 1. Free water in highly fractionating cement slurry.
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2. Materials and Methods
2.1. Imput Material

In order to determine the reduction of fractionation of the cement slurry to geothermal
boreholes, tests are carried out for various anti-settling agents. The influence of the tested
materials on the reduction of fractionation due to the improvement of the production of
a homogeneous suspension in the cement slurry by the increase of the viscosity of the
mixing liquid is determined. The following compares cement slurries based on class A
Portland cement and class G HSR drilling cement. This is necessary due to the difference
in the specific surface area of these cements. The standard water-cement ratio was used.
For cement of class A w/c = 0.46, and for cement of class G w/c = 0.44.

The base cement slurry consists of cement (class A or G), water and a defoaming agent
which is a mixture of unsaturated fatty acid esters and refined hydrocarbons.

The following materials are introduced into the base cement slurry in subsequent
recipes, which affect the fractionation of the cement slurry: Dispersant, it’s a modified
naphthalene lignosulfonate agent, with a bulk density of approx. 500 ± 50 kg/m3, and its
pH is in the range of 6.6 to 8.5. Bentonite-special type of modified bentonite used to prepare
water-based drilling fluids. Its bulk density is 800 to 1000 kg/m3 and a maximum moisture
content of 10%. Particle residue >75 µm is max 4%. The aluminosilicate microspheres are
spherical aluminate-silicate particles with a diameter of 20 to 500 µm. They are filled with
carbon dioxide and nitrogen. They are characterized by a high content of SiO2 and Fe2O3
and a smaller, for microspheres, content of Al2O3. Amine polymer, which is Hexahydro-
1,3,5-tris (2-hydroxyethyl)-sym-triaazine. Soda water glass, which is an aqueous solution
of sodium silicate. Transparent, viscous liquid with a density of 1400 kg/m3. The XCD
xanthan gum is an agent to increase the viscosity of the drilling fluid. Expanded/filter
perlite EP 100F, which is a sodium potassium aluminum silicate. Its bulk density is
60–140 kg/m3, and its thermal conductivity is in the range of 0.045 to 0.059 W/m·K.

2.2. Course of Research
2.2.1. Slurry Preparation

To determine water separation, the cement slurry is prepared in accordance with
point 15.6 of PN-EN ISO 10426-4 [39]. The required amount of water is measured with a
measuring cylinder and poured into the mixer. It is mixed at a speed of 1600 rpm. Next,
agents modifying the parameters of the cement slurry are added and the mixture is stirred
for 10 min. After this time, loose additives are added to the water with the agents. The
cement slurry prepared in this way is intended for further research

2.2.2. Experimental Procedures

The properties of the cement slurry are tested in accordance with the standard:

3 PN-EN ISO 10426-2. Oil and Gas Industry. Cements and materials for cementing
boreholes. Lot 2: Tests for drilling cements [40].

In these tests, the following were measured: free water (at angle of 90◦ and 45◦),
cement slurry density (at top, middle, bottom of fractionation test column at angle of 90◦

and 45◦) and rheological parameters of the tested cement slurries.

3 PN-EN ISO 10426-4 Oil and Gas Industry. Cements and materials for cementing
boreholes. Part 4: Preparation and testing of cement slurries under atmospheric
pressure [39].

The adhesion test is carried out according to the standard.

3 PN-EN 196-1: 2006 Cement testing methods. Strength determination [41].

The tests are performed to perform fractionation analysis. The tests consist in deter-
mining the amount of free water and measuring the fractionation of the cement slury.



Energies 2021, 14, 3686 4 of 11

2.2.3. Free Water

The cement slurry is prepared in accordance with point 15.6 of the standard [40]. The
cement slurry is mixed for 20 min in a consistometer and poured into a 250 cm3 cylinder.
The cylinder seals at the top to prevent water evaporation. After 2 h, the amount of water
above the cement slurry is measured, which is called free water.

2.2.4. Cement Slurry Fractionation

The cement slurry is prepared in the same way as for free water testing. The cement
slurry is then placed in the fractionation test column (Figure 2). After 2 h, the sliders are
closed and the individual cement batches are distributed (top, middle, bottom). The slurry
from each part of the cylinder is mixed separately and the density is measured with a
baroid mud balance. From the obtained results, the fractionation of the cement slurry is
determined. Cement slurry, which doesn’t fractionate, is sedimentation stable and has the
same density values at all measurement points. If the difference in density is greater than
60 kg/m3, the cement slurry excessively fractionates.

Figure 2. The column for testing the cement slurry fractionation.

2.2.5. Rheological Parameters

Research on rheological properties is based on the determination of shear curves. Tests
are performed for the following rotational speeds: 600, 300, 200, 100, 60, 30, 20, 10, 6, 3, 2
and 1 rpm. These values correspond to the following shear rates (γ): 1022; 511.2; 340.8;
170.4; 102.2; 51.1; 34.08; 17.04; 10.22; 4.11; 3.41; and 1.70 s−1. The tests were carried out at
a temperature of 20 ◦C ± 2 ◦C. The dosed liquid was tap water, free of impurities. The
Viscometer-Model 35 FANN with coaxial cylinders was used in the study of rheological
properties. The numerical software “Rheo Solution” was used to facilitate the calculations.
The software is owned by the Faculty of Drilling, Oil and Gas of the AGH University
of Science and Technology and is used in research and development. The rheological
parameters of the tested cement slurries later in the tekst.

3. Results and Discussion

The first to be tested is the control cement slurry. It consists of cement and water.
Subsequently, fractionation reducing agents are introduced into this cement slurry. Their
main activity is to increase the viscosity of the liquid. The cement slurries recipes, quan-
titative contents of individual additives and admixtures are shown in Table 1 for class A
cement and Table 2 for class G cement. The main parameters of the cement slurries are
summarized in Table 3 (class A cement) and Table 4 (class G cement).



Energies 2021, 14, 3686 5 of 11

Table 1. Compositions of cement slurries based on class A cement.

Composition Action No. 1 No. 2 No. 3 No. 4 No. 5 No. 6

Water-cement ratio 0.46 0.46 0.46 0.50 0.50 0.50

Defoaming agent It prevents the aeration of the
cement slurry 0.15 0.15 0.15 0.15 0.15 0.15

Dispersant Liquefaction of the cement slurry 0.25 0.25 0.25 0.25 0.25
Bentonite Eliminate fractionation 1.0 1.0

Aluminosilicate
microsphere

Density reduction, thermal
insulation 10.0 10.0 10.0

High-molecular
polymer Eliminate fractionation 4.0

Class A cement
(CEM I 42.5R) It sets the cement slurry 100.0 100.0 100.0 100.0 100.0 100.0

The share of all measures is given in relation to the weight of cement (BWOC).

Table 2. Compositions of cement slurries based on class G cement.

Composition Action No. 7 No. 8 No. 9 No. 10 No. 11 No. 12

Water–cement ratio 0.46 0.46 0.46 0.50 0.50 0.50

Defoaming agent It prevents the aeration of the
cement slurry 0.15 0.15 0.15 0.15 0.15 0.15

Dispersant Liquefaction of the cement slurry 0.25 0.25 0.25 0.25 0.25
Bentonite Eliminate fractionation 1.0

Sodium water glass
(Aqueous dispersion

of sodium silicate)
Eliminate fractionation 3.0

Xanthan gum Eliminate fractionation 0.15

Filter perlite Density reduction, thermal
insulation 2.0

Class G cement
(G HSR) It sets the cement slurry 100.0 100.0 100.0 100.0 100.0 100.0

The share of all measures is given in relation to the weight of cement (BWOC).

Table 3. Selected parameters of cement slurries based on class A cement.

Parameter
Composition No.

1 2 3 4 5 6

Free water
Angle 90◦ 0.3 1.1 0.1 1.8 0.2 0.0
Angle 45◦ 1.8 3.5 0.2 4.3 1.1 1.5

Density [kg/m3] 1880 1780 1880 1620 1560 1600
Fractionation Density in the part of the column

[kg/m3]
Angle of 90◦

Top 1800 1610 1860 1530 1540 1580
Middle 1870 1770 1870 1600 1550 1590
Bottom 1920 1830 1880 1720 1550 1600

Fractionation Density in the part of the column
[kg/m3]

Angle of 45◦

Top 1770 1590 1860 1500 1530 1570
Middle 1875 1750 1870 1580 1540 1590
Bottom 1945 1810 1880 1690 1560 1610
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Table 4. Selected parameters of cement slurries based on class G cement.

Parameter
Composition No.

7 8 9 10 11 12

Free water
Angle 90◦ 1.1 4.7 0.1 0.3 2.4 0.1
Angle 45◦ 3.5 5.3 1.7 1.3 4.9 1.7

Density [kg/m3] 1900 1910 1910 1810 1840 1740
Fractionation Density in the part of the column

[kg/m3]
Angle of 90◦

Top 1880 1810 1910 1800 1830 1730
Middle 1900 1870 1910 1810 1840 1740
Bottom 1920 1900 1910 1810 1840 1740

Fractionation Density in the part of the column
[kg/m3]

Angle of 45◦

Top 1860 1760 1890 1790 1840 1700
Middle 1890 1840 1910 1810 1840 1720
Bottom 1930 1910 1920 1820 1850 1740

In the first group, No. 1 to No. 6 cement slurries are made with class A cement, and
contain 0.15% defoaming agent. The second cement slurry has a dispersant. The difference
in the successive cement slurries is the presence of fractionation reducing additives. In
the group of cement slurries presented in Table 1, bentonite, aluminosilicate microsphere,
mixture of bentonite and microsphere, and mixture of microsphere and high-molecular
polymer are used. The detailed test results of the cement slurries from this group are
presented in Table 3. Whereas the cement slurries of the second group presented in
Table 2 are made with the use of G HSR cement. They also contain 0.15% defoaming agent.
To reduce fractionation, bentonite, sodium water glass, xanthan gum and filter perlite are
used. The detailed results of the research on cement slurries based on G HSR drilling
cement are presented in Table 4.

The results of the tests in Table 3 show the fractionation of the control cement slurry
No. 1 in Figure 3. The difference in density between the top and center of the frac-
tionation column is 70 kg/m3, and 50 kg/m3, between the middle and bottom, when
measured at 90◦. These are acceptable values. However, when measuring at an angle of 45◦

(Figure 4), the differences in density are much stronger. The difference in density between
the top and middle parts of the column is 105 kg/m3 and 70 kg/m3 between the middle
and bottom parts. The addition of a dispersant in cement slurry No. 2 causes a significant
increase in fractionation. The difference in density in cement slurry No. 2 between the
upper and middle measurement points in the column is 160 kg/m3 (measured at 90◦ and
45◦, Figures 3 and 4). In cement slurry No. 4 there is an aluminosilicate microsphere.
This addition without modifying the viscosity of the mixing water by the addition of
bentonite causes a very strong fractionation of the cement slurry, which is shown in
Figures 3 and 4. The strongest fractionation-retaining effect has bentonite and high-
molecular polymer (sample No. 3 and 6). It can be seen that the addition of bentonite
increases the rheological parameters. The HB consistency index is 72.71 Pa·sn, and the
yield pointHB is 275 Pa (Figure 5). In the technology of pressing cement slurry, such pa-
rameters are not good. High values of the plastic viscosity and the yield point may cause
an increase in pumping pressure, which causes the risk of depressurization of the deposit
zone. Bentonite reduces the fractionation of the cement slurry, but increases the rheology of
the cement slurry. A high-molecular polymer is therefore a much better anti-sedimentation
agent. It keeps the rheological parameters at a good level and at the same time the cement
slurry does not fractionate. It can be seen in cement slurry No. 6, the difference in density
is from 10 kg/m3 to 20 kg/m3, Figures 3 and 4.
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Figure 3. Density difference between the top and middle and middle and bottom of the column for
the fractionation test. The measurement angle is 90◦.

Figure 4. Density difference between the top and middle and middle and bottom of the column for
the fractionation test. The measurement angle is 45◦.
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Figure 5. Values of rheological parameters of the tested cement slurries. Tests at a temperature of
20 ◦C and atmospheric pressure.

Cement slurries from the second group (Table 2) are made with G HSR drilling cement.
The same as in the first group, all cement slurries have 0.1% defoaming agent. From the test
results in Table 4 and in Figures 3 and 4, a slight fractionation of the control cement slurry
No. 7 can be seen. The difference in density is from 20 kg/m3 to 40 kg/m3. The use of a
dispersant in cement slurry No. 8 increases fractionation. The difference in density is from
70 kg/m3 between the top and middle of the column to 80 kg/m3 between the middle and
bottom for measuring sedimentation at an angle of 45◦ (Figure 4). These values are slightly
above the limit value, which is 60 kg/m3. This result means that the dispersant has no
effect on reducing the fractionation of the cement slurry. On the other hand, the use of the
remaining additives does not cause a large difference in density in individual parts of the
fractionation column. During the tests, the difference in density does not exceed 20 kg/m3.
When analyzing the rheological parameters of the cement slurries, a significant increase in
the value can be seen after the use of water glass in sample 10 (Figure 5). In this case, as
when using bentonite, the water glass should be carefully dosed to reduce fractionation.
Optionally, a small amount of dispersant can also be used. The obtained results confirm the
beneficial effects of xanthan gum in cement slurry No. 10 and filter perlite in cement slurry
No. 12. It is also possible to use the addition of sodium water glass, but the rheological
parameters should be reduced.

Analyzing the fractionation of the control cement slurries, it was observed that the
cement slurry based on G HSR class G drilling cement was much smaller. This is due
to the lower standard water-cement ratio. The tested agents with the effect of reducing
fractionation increase the rheological parameters. As a result, it is possible to keep fine
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fractions in the entire volume of the cement slurry and reduce fractionation. However,
too strong an increase in the consistency coefficient and the yield point is not good and
it should be taken into account when designing the cement slurry. Materials with the
effect of reducing fractionation also reduce the amount of free water (Tables 3 and 4). This
can be explained by the interaction of fractionation and free water separation from the
cement slurry. The increase in the amount of free water is caused by the aluminosilicate
microsphere and xanthan gum.

The conducted research on the means to reduce the fractionation of the lightweight
cement slurry is necessary in the technology of drilling geothermal boreholes. The selection
of appropriate fractionation reducing agents allows to obtain a homogeneous structure
of the cement paste that does not undergo fractionation. As a result, the cement sheath
has the required thermal conductivity. Otherwise, the opening would not have adequate
thermal insulation. The thermal energy would be dissipated in the cement sheath which
would show an anisotropic structure. Therefore, the appropriate selection of fractionation
reducing agents contributes to the achievement of the required parameters of the cement
sheath. Thanks to this, it is possible to minimize thermal energy losses in the borehole
during the circulation of geothermal waters, during the recovery of geothermal energy.

4. Conclusions

• Bentonite in lightweight cement slurries for geothermal boreholes reduces fractiona-
tion of the cement slurry, but also causes a significant increase in rheological parame-
ters. The HB consistency coefficient for the slurry with bentonite is 72.71 Pa·sn, and
the yield point of HB with bentonite is 275 Pa, where for the sample without bentonite
the HB consistency index is 0.32 Pa·sn, and the yield point of HB without bentonite is
8.42 Pa

• Introducing a dispersing agent into the cement slurry reduces the rheological param-
eters. But by reducing the value of the intermolecular forces of the cement grains,
the fractionation of the cement slurry increases. Therefore, the mutual amounts of
dispersing agent and bentonite in the cement slurry should be optimized. The consis-
tency coefficient is reduced from the value of 6.41 Pa·sn to 0.32 Pa·sn, and the Casson
viscosity from the value of 0.03 Pa·s to 0.02 Pa·s after introducing the dispersant

• Water glass is used to significantly reduce fractionation. But because of the high
concentration of the mixing water, a dispersant must be added additionally.

• A cement slurry for sealing geothermal boreholes (surface casing, intermediate casing)
that is prepared using class G cement has greater fractionation resistance. It is related
to the lower water-cement ratio required by the standard.

• Xanthan gum has a beneficial effect in reducing the fractionation of the cement slurry
to geothermal boreholes. This material doesn’t cause a strong increase in rheological
parameters, which is beneficial from the point of view of the technology of pressing
the cement slurry into the borehole.

• Filtration perlite has the best properties in reducing the fractionation of the cement
slurry to geothermal boreholes (surface casing, intermediate casing). The introduction
of fine fractions of this material into the cement slurry results in a uniform structure
of the liquid slurry while maintaining low consistency coefficient 0.03 Pa·sn and the
yield point 0.8 Pa.

• The materials tested in order to reduce fractionation of the cement slurry for sealing
geothermal boreholes increase the consistency coefficient and the slurry yield point
and reduce the amount of free water. Thanks to this, it is possible to design a homoge-
neous cement sheath. Such cement slurry has the same values of the tested parameters
at all measurement points, so it can be used for sealing geothermal boreholes (surface
casing, intermediate casing).
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Nomenclature

Symbol Explanation
w/c Twater–cement ratio—expresses the amount

of water per cement unit
Casson viscosity the liquid is described by Casson’s rheological model
HB (yield point, con-sistency coefficient) the liquid is described by the

Herschel–Bulkley rheological model
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sedymentacyjną. Nafta-Gaz 2020, 76, 446–473. [CrossRef]

http://doi.org/10.18668/NG.2019.12.04
http://doi.org/10.3390/en13123124
http://doi.org/10.3390/app11020767
http://doi.org/10.1016/j.energy.2017.04.091
http://doi.org/10.7494/geol.2018.44.4.379
http://doi.org/10.1016/j.rser.2015.04.057
http://doi.org/10.3390/app11073063
http://doi.org/10.3390/en13030570
http://doi.org/10.3390/ma13204674
http://doi.org/10.1016/j.renene.2019.04.049
http://doi.org/10.1007/s12665-014-3832-2
http://doi.org/10.1016/j.renene.2016.07.028
http://doi.org/10.3390/en13071754
http://doi.org/10.3390/min8080352
http://doi.org/10.18668/NG.2020.07.05


Energies 2021, 14, 3686 11 of 11
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