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EXPERIMENTAL STUDY ON ENHANCING WELLBORE STABILITY OF COAL
MEASURES FORMATION WITH SURFACTANT DRILLING FLUID

Yuliang Zou, Xuming Zhu*, and Xiaoming Wu

The phenomenon of self-cleavage of coal and rocks leads to poor continuity and a high degree of
heterogeneity of the coal-rock matrix, causing the wellbore in the process of drilling. The problem of
wellbore stability in the drilling process of the coal strata has become one of the key scientific
problems. To solve the problem, single-agent optimization and compounding tests of surfactants have
been carried out. Based on the test results, the surfactant compounding composition has been selected,
which can effectively reduce the surface tension of the drilling fluid and increase the contact angle
between the drilling fluid and the coal and rock surface. To evaluate the effect of the drilling fluid
wettability on wellbore stability of the coal measures strata, the expansibility test, rolling recovery
test, and shale pressure transfer test have been carried out, combined with the basic performance
tests of the water-based drilling fluid. The results show that the composite surfactant can effectively
reduce the surface tension of the drilling fluid by 80.83% and increase the contact angle with coal
by 54.17%. The recovery rate of the composite surfactant water-based drilling fluid is as high
as 96.2%. The compound surfactant drilling fluid can significantly slow down the transfer rate of
shale pore pressure, reduce the invasion degree of the drilling fluid to coal and rock matrix, prevent
hydration erosion, and effectively enhance the stability of coal and rock sidewall.
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INTRODUCTION

Coalbed methane is an unconventional natural gas generated and stored in a coal-bearing formation.
With substantial global reserves and wide distribution, coalbed methane is one of the essential traditional
energy sources in the world [1-3]. Coalbed methane development technology has aroused widespread concern
in the industry. In drilling engineering, coal and rock formations are characterized by anisotropic discontinuities,
cleavages, voids, and fissures. Due to heterogeneity, sidewall collapse accidents are easy to occur [4-6]. Coal
seam sidewall instability will not only lead to drilling difficulties, sticking accident, and reduced drilling efficiency,
but also pose a severe threat to engineering safety and quality [7, 8]. The research on the sidewall stability of
coal seam in the process of coalbed methane mining has become one of the fundamental scientific problems to
be solved urgently [9]. In the process of coalbed methane development, the design of a drilling fluid system is
one of the most important key technologies, determining the success or failure of coalbed methane drilling
engineering and reservoir protection.

The interaction between the oil and water fluid and the reservoir rocks is defined by wettability, which
is usually characterized by the contact angle (#) of the liquid on the rock surface. Wettability is
generally defined as water wetting when 6 < 75 °, neutral wetting when 8 > 75 °, and oil wetting
when 6> 105 °[10, 11]. When put in contact with ordinary liquids, coal and rock matrix is easily hydrated and
destroyed. In the earlier published studies, the researchers reported that an increase in the wetting angle and
reduction of the drilling fluid surface tension can reduce the intrusive damage of the coal seam and enhance the
stability of coal measures strata [12-14].

A number of scholars have used traditional techniques to enhance the wellbore stability of coal measures
strata, including using positive glue to restrain coal seam hydration and pH control of a water-based drilling
fluid [15-17]. However, the traditional wellbore stabilization technology and methods do not provide a
comprehensive solution to the wellbore stability problem in a coal measures strata. In this paper, we have
developed the optimal formula and implementation scheme of water-based drilling fluid for ensuring the wellbore
stability in a coal measures strata.

The formula of surfactant drilling fluid which can effectively reduce the surface tension of drilling fluid
and increase the contact angle between drilling fluid and coal is optimized, combined with a basic performance
test, expansibility test, rolling recovery test, and shale pressure transfer test of the water-based drilling fluid.
To enhance the stability of the coal measures formation, the surfactant drilling fluid system is studied, and the
rheology, filtration, wettability, inhibition, and other properties of the drilling fluid are comprehensively

evaluated.

1 EXPERIMENTAL MATERIALS AND INSTRUMENTS
1.1 EXPERIMENTAL MATERIALS

The coal samples are obtained from the Permian Shanxi formation in Jincheng, Shanxi Province
(hereinafter referred to as “Shanxi formation coal”), and the sampling depth is about 660 m. The chemical
reagents include: non-ionic surfactant FC-1, anionic surfactant ASA-1, cationic surfactant (Shanxi formation
coal surfactant) CS-1, amphoteric surfactant AMS-1, Jianping sodium bentonite, plant gum (LG), anhydrous
sodium carbonate (Na,CO,), potassium chloride (KCI), calcium sulfate (Ca,SO,), iron-chromium
lignosulfonate (FCLS), high viscosity carboxymethyl cellulose sodium salt (HV-CMC), and
polyacrylamide (PAM).
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Based on laboratory experiments, the optimized formula of the water-based drilling
fluid is: water + 5% Jianping sodium bentonite + 0.25% Na,CO,+ 0.4% Ca,SO,+ 1% FCLS + 4% KCI + 1.5% LG +
2% HV-CMC + 0.01% PAM.

1.2 EXPERIMENTAL EQUIPMENT

Scanning electron microscope ZEISS EVOI18 tungsten filament series, HKY-3 PertPRODY2198 X-ray
diffractometer, HKY-3 shale pressure transfer detector, ZNP-1 dilatometer, ZNN-D6S six-speed rotary viscometer,
ZNS-5A medium pressure water loss meter, QBZY automatic surface tensiometer, JC2000DM contact angle
meter, EP extreme pressure lubrication instrument, LabSwift water activity meter, JHP core press, LCMP-1A

metallographic sample grinding and polishing machine, and XGRL-4 high-temperature roller reheating furnace.

2 EXPERIMENTALMETHOD
2.1 X-RAY DIFFRACTION AND MICROSTRUCTURE ANALYSIS OF ROCK SAMPLES

TheX-ray diffraction method is an effective key technique for studying the microstructure of
rocks [18-20]. The mineral composition of coal and rock samples is analyzed by the X-ray diffraction test. The
test results are shown in Table 1 and Fig. 1.

The coal rocks of Shanxi formation are mainly semi-bright briquette and semi-dark briquette, with a
small amount of dull type. The coal samples have grease luster and are easily broken. The coal rocks of Shanxi
formation are mainly primary coal, showing apparent heterogeneity and anisotropy. The results of the X-ray
diffraction composition analysis show that the coal contains 11% of illite and chlorite minerals, that have a
strong water sensitivity. The quartz content accounts for 12% and the amorphous content accounts
for 68%. The brittleness index of the samples is high, the clay mineral content is medium, and the hydration

expansion effect is more pronounced.

Table 1
slelalelsle]z]li
ol 212191 °]=- g
<
Coal and rock of Shanxi formation 7 4 4 0 0 12 5 0 68
Table 2
Compound formula Contact angle, ° Surface tension, mN-m’!
Water 31.92 62.31
Water + 0.15% FC-1 46.58 36.81
Water + 0.25% ASA-1 51.66 42.56
Water + 0.35% CS-1 57.25 45.19
Water +0.45% AMS-1 42.31 39.13
Water based drilling fluid 24.42 53.45
Water based drilling fluid + 0.25% ASA-1 + 0.35% CS-1 53.71 31.87
Water based drilling fluid + 0.15% FC-1 + 0.45% AMS-1 57.69 28.56
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Fig. 1. Mineral composition of coal and rock samples.

Fig. 2. Physical diagram of coal and rock samples (a) and SEM diagram of coal and rock (b).

The coal and rock samples are shown in Fig. 2a. It can be seen, that the samples are massive in
appearance, the surface is relatively smooth, the structure of the silk group is loose, and the surface exhibits
obvious fractures and cracks. The microscopic morphology of coal and rock samples of Shanxi formation was
observed by the ZEISS EVO18 scanning electron microscope, as shown in Fig. 2b. It can be seen, that the coal
structure consists of micro-nano structure pores, fissures, and cleavages. The microfractures are mainly tensional
fissures, and the developed shear fissures can be observed. These voids and cleavages constitute fast channels
for mud invasion, causing rapid hydration and disintegration of coal and rocks and affecting the wellbore

stability of coal measures strata.

2.2 OPTIMIZATION OF COMPOUND SURFACTANT FORMULA

In order to increase the contact angle of the Shanxi formation coal and to reduce the surface tension of
the solution, the four types of surfactants were compounded by an orthogonal experiment. The surfactants
include non-ionic surfactants, anionic surfactants, cationic surfactants, and amphoteric surfactants. The
optimized formula of a compound surfactant drilling fluid system is obtained as follows: the water-based drilling
fluid + 0.15% FC-1 + 0.45% AMS-1. The compound fluid can sufficiently increase the contact angle with the coal
and rock samples of Shanxi formation, and reduce the surface tension of the solution, as shown in Table 2.
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Fig.3. Comparative diagram of coal and rock expansion of Shanxi formation.

2.3 EFFECT OF COMPOUND SURFACTANT ON THE PERFORMANCE OF THE WATER-BASED DRILLING
FLUID
2.3.1 Basic performance

For the optimized compound surfactant drilling fluid system (water-based drilling fluid + 0.15% FC-1 +
0.45% AMS-1), the apparent viscosity, plastic viscosity, dynamic shear force, filtrate loss, density, and pH
parameters were tested at room temperature. The results are presented in Table 3.
Table 3.

2.3.2 Expansibility

The coal and rock samples were crushed through a 40-mesh sieve, and the amount of 15g of coal powder
was weighed and placed in the test chamber. The coal powder was compressed in a core compactor for 60
minutes under the pressure of 8 MPa, the resulting cylindrical core samples have a length of 16 mm and diameter
of 25 mm. In the ZNP-1 dilatometer, the artificial cylindrical coal and rock samples are placed in water-based
drilling fluid and compound surfactant water-based drilling fluid, respectively, and the real-time expansion
parameters of coal and rock samples are recorded. The control time is 16 hours, and the results are shown

in Fig. 3.

2.3.3  Rolling recovery rate

The Shanxi coal and rock samples were crushed through a 40-mesh sieve, and the amount of 50g of powder
was placed in the aging tanks containing clear water, water-based drilling fluid, and compound surfactant
drilling fluid, respectively. The aging tank was heated in an XGRL-4 high-temperature roller heating furnace at
80°C for 16 h; then the sample was washed and dried at 100°C for 6 h. After cooling for eight hours, the coal

sample was weighed, and then the rolling recovery rate was calculated. The results are shown in Table 4.

2.4 SHALE PRESSURE TRANSFER TEST

The pressure transfer test is used to evaluate the characteristics and effect of drilling fluid additives on
restraining the pressure transfer. Under the same experimental conditions, when the upstream pressure transfer
to the downstream is slower, the shale inhibition ability of the drilling fluid is stronger, and the rock strata tend
to be stable. To evaluate the effect of compound surfactant on coal and rock sidewall stability, the pressure
transfer experiments of different fluids and coal cores were carried out by using the HKY-3 shale pressure

transfer experimental device. The experimental conditions are as follows: the confining pressure is 3.5 MPa, the
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Table 3

Formula AV, mPa's | PV,mPa's | YP,Pa FL, ml P pH
Water based drilling fluid 18 18.5 6.2 12.4 1.052 8
v PO A L
Table 4
Formula Pre-test mass / g Post-test mass / g Recovery rate / %
Water 50 43.7 87.4
Water based drilling fluid 50 47.6 95.2
i + 013 PO + 0459 AMS-1 50 48.1 962
Table 5
Formula Test time / permeabiﬁg/al, 1018 m? rediirt?;iagttty/ %
Water 7 47.24 —
Water+0.35%CS-1 9 6.88 84.56
Water+0.25%ASA-1 30 4.35 96.89
Water+0.45% AMS-1 33 0.113 97.56
Water+0.15%FC-1+0.45%AMS-1 35 0.109 98.74

upstream pressure is maintained at 2.5 MPa, and the data recording frequency is 1/1 min. The pressure transfer

experimental curve and calculated shale permeability results are presented in Fig. 4.

3 EXPERIMENTAL RESULTS AND DISCUSSION
3.1 OPTIMIZATION OF COMPOUND SURFACTANT FORMULA

The results of the surfactant formula optimization are shown in Table 2. The results show that when the
water-based drilling fluid contains one type of surfactant, specifically a non-ionic surfactant FC-1, anionic
surfactant ASA-1, cationic surfactant CS-1, or amphoteric surfactant AMS-1, it can enhance the
Shanxi coal wettability to some extent, but the effect is not very obvious. Through the compounding
of 0.15% FC-1 and 0.45% AMS-1, the contact angle with coal and rock surface increases
from 31.92° to 57.69°, an increase of 80.83%, and the surface tension of water-based drilling fluid decreases
from 62.32 to 28.56 mN-m!, a decrease of 54.17%.

It shows that the effect of compound surfactant on improving the wettability of drilling fluid is excellent.
The main reason is that the non-polar group of fluorocarbon surfactant is fluorocarbon chain, that is, the
hydrogen atoms of the hydrocarbon chain are partially or entirely replaced by a fluorine atom, which leads to
the characteristics of high electronegativity, difficulty to be polarized, and large atomic radius of the fluorine
group in FC-1. The fluorine-carbon bond energy is high, it is difficult to be destroyed, and the fluorine atom has
a shielding effect on the carbon-carbon bond. The fluorocarbon chain has a more substantial hydrophobic
effect than the hydrocarbon chain, resulting in a neat and stable hydrophobic layer on the coal surface. At the

same time, the amphoteric surfactant AMS-1 mainly gives a synergistic effect.
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Fig. 4. Pressure transfer test results of rock samples under different solutions.

3.2 EFFECT OF COMPOUND SURFACTANT ON THE PERFORMANCE OF WATER-BASED DRILLING FLUID

The effect of composite surfactant on the fundamental properties of water-based drilling fluid is shown
in Table 3. It can be seen that after adding 0.15% FC-1 + 0.45% AMS-1 composite surfactant, the apparent
viscosity, plastic viscosity, dynamic shear force, filtrate loss, density, and pH of water-based drilling fluid do
not change significantly. The changes in viscosity and test water volume are moderate, indicating that the
composite surfactant has good compatibility with water-based drilling fluid. As can be seen from Fig.3 and
Table 4, the expansion of coal and rock is only 1.63 mm after soaking in water-based drilling fluid for 16 h, while
the expansion of coal and rock in compound surfactant water-based drilling fluid is only 0.72 mm, indicating
that in the compound surfactant the expansion of coal and rock samples decrease by 55.83%.

In the rolling recovery test, the results show the presence of micro-nano pores and cracks in the coal
structure, and there are different degrees of debris filling in the cracks. The hydration characteristics are
apparent and the recovery rate in water is only 87.4%. However, the recovery rate in composite surfactant
water-based drilling fluid is 96.2%, indicating that composite surfactant can improve the inhibition ability of
water-based drilling fluid, reduce the water lock effect, and reduce the water contact between coal and

water-based drilling fluid, thus inhibiting the hydration expansion of shale.

3.3 COAL-ROCK PRESSURE TRANSFER EXPERIMENT

As can be seen from Figs. 4 and 5, when using clear water, the upstream pressure is completely transferred
to the downstream within 7 h, and the calculated shale permeability is 4.72x 107 m? Using a single surfactant
formula - water + 0.45% AMS-1, the upstream pressure is completely transferred to the downstream
within 33 h, and the calculated shale permeability is 1.13x 10-" m2 Using a compound surfactant
formula - water + 0.15% FC-1 + 0.45% AMS-1, the upstream pressure is completely transferred to the downstream
within 35 h, and the calculated shale permeability is reduced to 1.09% 10-' m?,

The results show that compared with a single surfactant, the optimized composite surfactant formula is
more effective in retarding pressure transfer and enhancing coal-rock sidewall stability. Due to the synergism
between composite surfactants, the effect can enhance the hydrophobicity of coal and drilling fluid, hinder
pore pressure transfer, reduce the invasion degree of drilling fluid to coal and rock, and achieve the purpose of

enhancing shale wellbore stability.

4 CONCLUSIONS
(1) Through the hydrophobic action of fluorocarbon surfactant and the synergistic effect of amphoteric

surfactant, the compound surfactants (0.15% FC-1 and 0.45% AMS-1) can effectively reduce the surface tension

185



of coal-rock water-based drilling fluid, increase the contact angle between drilling fluid and coal-rock, and
change the wettability of water-based drilling fluid.

(2) The apparent viscosity, plastic viscosity, dynamic shear force, filtrate loss, density, and pH
parameters of the composite surfactant water-based drilling fluid change insignificantly, and the viscosity and
test water volume are moderate, indicating that the composite surfactant and water-based drilling fluid have
good compatibility, can increase the inhibition of water-based drilling fluid, and can more effectively restrain
the hydration and expansion of shale.

(3) The synergism between surfactants can enhance the hydrophobicity of coal and drilling fluid,
hinder the transfer of pore pressure, reduce shale permeability, reduce the invasion of drilling fluid into coal
and rock, and prevent hydration and erosion of coal and rock. Therefore, it can effectively enhance the stability

of coal and rock sidewall.
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