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Preface

Oil and gas wells represent a unique channel in regard to oil and gas exploration and
production. The measurement, control, and optimization of oil and gas wells are crucial for
ensuring the safety, efficiency, and cost-effectiveness of drilling, logging, completion, stimulation, and
production operations. Indeed, the application and development of information theory, cybernetics,
system theory, and optimization theory have led to significant advancements in well-drilling,
logging, completion, stimulation, and production operations, with more scientific approaches
being utilized to help improve these areas of oil and gas production. Furthermore, numerous
advanced technologies have become significantly involved in the fields of measurement, control, and
optimization of wells. The accelerated exploration and development of deep-water, deep-formation,
and unconventional oil and gas resources has led to the continued challenges that are frequently
faced in the realm of oil and gas well engineering currently, such as high risks, low efficiency,
and high costs. These challenges are further compounded by complicated surface conditions,
complex geological conditions, high temperature and pressure (HTHP), strong vibrations, strong
corrosion, multi-physics, and multi-phase effects. Due to the rapid development and progress of
measurement and control technologies, big data, machine learning (ML), and artificial intelligence
(AI), the abovementioned issues are expected to become even more challenging, with interventions
being required in order to ensure the safety, high efficiency, and low costs of drilling, logging,
completion, and stimulation moving forward.

This Special Issue aimed to collect research papers and review articles encompassing the latest
advancements in measurement, control, and optimization technologies related to oil and gas well

drilling, logging, completion, and stimulation.

Tianshou Ma and Yuqiang Xu
Editors
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Oil and gas wells represent a unique channel in regard to oil and gas exploration
and production [1,2]. The measurement, control, and optimization of oil and gas wells
are crucial for ensuring the safety, efficiency, and cost-effectiveness of drilling, logging,
completion, stimulation, and production operations [1-4]. Indeed, the application and
development of information theory, cybernetics, system theory, and optimization theory
have led to significant advancements in well-drilling, logging, completion, stimulation,
and production operations, with more scientific approaches being utilized to help improve
these areas of oil and gas production [1-4]. Furthermore, numerous advanced technologies
have becoming significantly involved in the fields of well-measurement, control, and
optimization. The accelerated exploration and development of deep-water, deep-formation,
and unconventional oil and gas resources has led to the continued challenges that are
frequently faced in the realm of oil and gas well engineering currently, such as high risks,
low efficiency, and high costs [5-8]. These challenges are further compounded by the
complicated surface conditions [9], complex geological conditions [10], high temperature
and pressure (HTHP) [11], strong vibrations [12], strong corrosions [13], multi-physics [14],
and multi-phase effects [15]. Due to the rapid development and progress of measurement
and control technologies, big data, machine learning (ML), and artificial intelligence (AI) [16—
18], the abovementioned issues are expected to become even more challenging, with
interventions being required in order to ensure the safety, high efficiency, and low costs of
drilling, logging, completion, and stimulation moving forward.

This Special Issue, “Oil and Gas Well Engineering Measurement and Control” (https://
www.mdpi.com/journal/processes/special_issues/Oil_Gas_Well_Engineering Measurement_
Control), showcases the latest advancements in the measurement, control, and optimization
technologies related to oil and gas well drilling, logging, completion, and stimulation,
featuring a total 33 original articles authored by 167 scientists from China, Egypt, Germany,
Iraq, Kuwait, Russia, Saudi Arabia, Slovakia, Thailand, and the USA.

1. Advances in Oil and Gas Well Design and Drilling

Contribution 1 proposed a site selection model for multi-well pads of shale gas de-
velopment in mountainous areas that incorporates both surface pad and underground
wellbore construction costs, and it is based on digital elevation model (DEM) data. The
optimal site selection can help to minimize the environmental damage and total costs of
shale gas well construction.

Contribution 2 developed an optimization method for the lateral length of shale-gas
horizontal wells, integrating geological, engineering, and economic factors. The economic
lateral length was determined through a net present value model, and comprehensive as-
sessments were conducted to identify the cost-optimal lateral lengths of shale gas horizontal
wells in the Changning Block.

A mechanical specific energy (MSE)-based approach was formulated in Contribution
3, with the aim of detecting deep formation pore pressure. This new technique involved
correcting downhole torque on bit (TOB), weight on bit (WOB), and revolution per minute

Processes 2024, 12, 1034. https:/ /doi.org/10.3390/pr12051034 1
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(RPM) data in order to obtain a more accurate MSE value under the conditions of compound
drilling. This approach is anticipated to overcome the limitations of the compaction theory,
creating a significant advantage over traditional pore pressure detection methods.

A cutting-edge method for detecting gas kicks using modern drilling technology and
sophisticated software was detailed in Contribution 4. An investigation into the most
appropriate procedure for gas well control, utilizing both the “driller’s method” and the
“wait and weight method”, was conducted, and the correctness of the procedure in regard to
gas well control was verified using the reaction to a gas kick from a well drilled in Hungary.

Contribution 5 involved the establishment of an experimental device for examining
the friction between planes throughout periodic changes in normal force. The results of this
experiment were used to modify the amplitude distribution model, featuring an average
error between experiment and calculation of 3.28%. It is anticipated that this innovative
concept will be implemented to reduce drill-string drag in drilling engineering.

The authors of Contribution 6 designed a new downhole robot actuator that incorpo-
rates a planetary roller screw mechanism (PRSM). The mechanical behaviors, contact load
distribution, and fatigue life of this PRSM in the downhole robot system were investigated.
It is believed that the work of this contribution will establish a solution to the challenges of
high-accuracy and long-life transmission in downhole robot systems.

Contribution 7 discussed a discrete element model that could simulate the cutting of
pebbled sandstone via a polycrystalline diamond compact (PDC) cutter, and the influence
of composite impact load on the cutting performance and vibration behavior was also
simulated and examined. The results revealed that the composite impactor can markedly
enhance the rate of penetration (ROP), diminish vibration, and also safeguard drill bits and
measurement while drilling (MWD) instruments in gravel-bearing formations.

Contribution 8 hypothesized a thermal-hydro-mechanical coupling model capable of
investigating the bottomhole stress and rock breakage mechanism involved in deep-well
drilling. The influence of formation properties and wellbore conditions on the bottomhole
stress was also simulated and evaluated. In future, this detailed article should assist in
comprehending the bottomhole stress and rock breakage mechanisms involved in the in
deep-well drilling process.

Contribution 9 proposed a surface axial vibration technology to reduce the drag
force of the drill-string in horizontal wells. This would consequently enhance the WOB
transfer efficiency, the ROP, and the extended-reach limit of horizontal wells. The results
demonstrated that the amplitude and frequency of the exciting force are the primary factors
influencing the efficacy of surface vibration.

A stick-slip vibration model of the drill-string based on the multidimensional torsional
vibration model was put contemplated in Contribution 10, and the impact of WOB, rotary
torque, and rotary speed on stick—slip vibration was also emulated and discussed within
the article. Finally, the drilling parameters were optimized for three different types of
formations, namely those that were soft, medium-hard, and hard.

Contribution 11 conducted a comprehensive evaluation of global well-killing tech-
nology while also developing a formula for the blocking compositions that prevent the
fluid loss during well-drilling operations. The physico-chemical, rheological, and filtration
properties were subjected to rigorous testing, and the efficacy of the formula in complex
conditions was validated. The solution provides a valuable means for enhancing fluid-loss
control in carbonate reservoirs.

2. Advances in Oil and Gas Well Cement and Completion

Contribution 12 presented a potential breakthrough pressure model for the cement
matrix and interfacial transition zone in underground gas-storage wells. The proposed
model was verified by using a breakthrough-pressure-testing device and program. This
work can be employed to assess the sealing capacity and sustained casing pressure of the
cement—casing system in underground gas-storage wells.
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Contribution 13 put forward a novel elastoplastic model for the cement sheath under
acid fracturing conditions. The 3D yield state of cement and temperature stress were
taken into account. The generation and evaluation mechanisms of the microannulus were
analyzed and clarified. This study can provide theoretical guidance for the preventing of
cement sealing failure and sustained casing pressure.

Contribution 14 provided a comprehensive overview of the characteristics of casing
deformation observed in shale gas wells in the Sichuan Basin. The primary factors that
exert a significant influence on casing deformation in shale gas wells were identified. To
prevent casing deformation, it is recommended to optimize well trajectory, improve casing
strength and cementing quality, or optimize fracturing operations.

Contribution 15 proposed an improved wellbore temperature and pressure model
in offshore HTHP production wells. The implementation of the gas—liquid two-phase
separated method has resulted in a notable improvement in the accuracy of the calculations
in comparison to that of the traditional model. This model can be utilized to facilitate a
comprehensive safety assessment of offshore HTHP production wells.

Contribution 16 hypothesized an elastic-plastic assessment model of the gas sealability
of a sphere-type premium connection. The influence of make-up torque on gas sealability
and contact pressure was investigated, and the additional make-up torque exerted a
profound influence on gas sealability. This method can be utilized to optimize the structural
design and technical parameters.

Contribution 17 presented a novel 3D stress analytical solution for the casing-cement-
formation system in an inclined well. A comparative analysis of the previous models
indicates a tendency to overestimate the absolute values of stress components and the po-
tential for failure of the casing and cement in both 2D and 3D scenarios. This novel solution
provides a foundation for benchmarking numerical simulation and a rapid assessment of
wellbore integrity.

Contribution 18 proposed a transient surge pressure model for casing running. A multi-
density slurry column structure integrated with an accurate wellbore pressure calculation
and exerting annular back pressure was utilized to address the issue of casing running in a
narrow safety mud-window formation. This approach is capable of achieving the desired
outcomes of leak-proofing and pressure stabilization.

Contribution 19 developed a numerical temperature and pressure prediction model for
steam injection in shale oil wells. The utilization of this model allows for the optimization of
completion methods and injection-production parameters, thereby reducing the incidence
of casing damage and enabling the extension of the casing’s operational life.

3. Advances in Oil and Gas Well Production and Monitoring

Contribution 20 proposed a novel water holdup measurement approach, which can
be utilized for monitoring the oil—water two-phase production profile in horizontal wells.
The test prototype was used for dynamic testing on the horizontal well simulation facility.
This novel approach is anticipated to address the challenges associated with water holdup
profile measurements in horizontal wells.

Contribution 21 introduced an accurate detection system for the scale thickness in
three-phase flow inside the oil pipes based on the attenuation of gamma rays. This detection
system consists of a dual-energy gamma source and a sodium iodide detector. The system
is capable of accurately detecting the scale value with the use of a single detector, thereby
providing a solution to the problem of sediment scale settlement.

Contribution 22 conducted a computational fluid dynamic (CFD) simulation to inves-
tigate the impacts of fluid state, pressure distribution, sand volume, and particle sizes on
the erosion rate of the electric choke valve in HTHP gas wells. This study can be utilized to
optimize the layout of the electric choke valve, thereby reducing the associated costs and
the number of required switching wells.

Contribution 23 conducted a CFD simulation to investigate the methane movement
in the goaf drained by a large-diameter drilling machine under “U”-shaped ventilation.
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The ideal spacing between large-diameter boreholes and the optimal distance between the
borehole and the upper corner were deliberated.

Contribution 24 saw the proposal of a dynamic model of sealing surfaces for the
premium connection, and the hysteresis features and energy dissipation mechanism of
sealing surfaces were analyzed. The results demonstrated the effectiveness of energy
dissipation theory in the analysis of the sealing performance of the premium connection,
which contrasts with the traditional static contact analysis.

Contribution 25 developed a novel perforation-creating approach for thorough hydro
jetting fracturing. This approach allows for the precise control of the perforation position,
angle, and length in true triaxial hydraulic fracturing specimens. The true triaxial acid
fracturing experiments were conducted. The perforation created by the novel approach
exhibited a high degree of similarity to that observed in situ. The acid pretreatment was
found to be an effective method of dissolving minerals, resulting in a notable reduction in
breakdown pressure of 7.7 MPa.

Contribution 26 developed a dynamic simulation system for HTHP ignition. The
system is designed to facilitate real-time monitoring and recording of oxidation parameters
during the combustion process of crude oil. The experiments were performed to determine
the ignition point of crude oil under a range of pressure conditions, heating rates, oil-water
ratios, and gas injection rates. This system can provide essential data for the implementation
of the project and numerical simulation.

4. Application of ML and Al in Oil and Gas Well Engineering

A new approach involving the combining of supervised and unsupervised ML was
postulated by Contribution 27. This method is aimed at joint predicting produced water and
natural gas associated with oil production from unconventional reservoirs. The approach
has been demonstrated to achieve an accuracy of 91% in joint prediction. Such model-
derived outlooks can assist operators in formulating management or remedial solutions.

Contribution 28 put forward a comprehensive artificial neural network (ANN) model
for the prediction of formation permeability. The ANN model was trained using approxi-
mately 500 core data points collected from the Western Desert and Gulf regions of Egypt.
The results demonstrate that the ANN model is capable of accurately forecasting core
permeability with a high degree of precision, achieving a 98% accuracy rate.

Contribution 29 presented a finite element model (FEM) for shale gas production with
free and adsorbed gas in both the matrix and fractures, and an ANN model was developed
to predict the gas rate and inflow performance in shale reservoirs. The proposed ANN
model exhibits considerable robustness and predictive capability in relation to gas rate
prediction in shale reservoirs.

Contribution 30 developed a multiscale generative adversarial network-based image
inpainting method for the treatment of formation micro imager (FMI) images. The residual
blocks were incorporated into the U-Net network with the objective of enhancing the
quality of the filled logging images. In contrast to the majority of existing filling algorithms,
the proposed method demonstrated superior performance when applied to images of
complex lithology.

Contribution 31 proposed a novel pattern-recognition-based approach to the early
detection of kick in offshore drilling. This approach integrated data filtering, pattern
recognition, Bayesian framework, and multiphase flow models. The results demonstrated
that the proposed approach exhibited a high precision in monitoring early kick while
maintaining a low false positive rate.

Contribution 32 established an integrated framework combining the sparrow search
algorithm (SSA) with the long short-term memory (LSTM) neural network. The integration
of data-driven techniques and mechanistic models has resulted in an improvement in the
precision of forecasting formation fluid-loss pressure, as well as the generation of valuable
insights for the prevention of lost circulation during drilling.
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Finally, Contribution 33 proposed a lost circulation prediction model combining the

improved whale optimization algorithm (WOA) and bidirectional long short-term memory
(BiLSTM) algorithm. In comparison to the LSTM, the BiLSTM, and WOA-BiLSTM models,
the improved WOA-BiLSTM model demonstrated superior performance in terms of lost
circulation prediction, as proposed in this study. This was evidenced by a 22.3%, 18.7%,
and 4.9% higher prediction accuracy, respectively.
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ANN artificial neural network
BiLSTM bidirectional long short-term memory
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FEM finite element method
HPHT high-temperature high-pressure
LSTM long short-term memory
ML machine learning
MSE mechanical specific energy
MWD measurement while drilling
PDC polycrystalline diamond compact
PRSM planetary roller screw mechanism
ROP rate of penetration
RPM revolution per minute
SSA sparrow search algorithm
TOB torque on bit
WOB weight on bit
WOA whale optimization algorithm
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Abstract: Drilling and completion platform construction is a fundamental part of oil and gas reservoir
development, and the location of construction directly affects the whole process of shale gas drilling
and development. Due to the complex surface conditions and fragile ecological environment in
mountainous areas, having an appropriate platform location can significantly reduce shale gas
development and environmental costs. The DEM (digital elevation model) includes geographic
elevation, surface complexity, land use type, and other data, so it can be used for rapid site selection
for shale gas multi-well pad drilling. In this study;, first, research results related to drilling platform
site selection were analyzed and summarized, and then a platform site selection method aiming to
minimize the total well construction cost was developed. Second, the well construction costs were
decomposed into the surface construction costs and the underground construction costs, and the
site selection model with the lowest total multi-well pad construction costs was established. Third,
ground feature data obtained from DEM (digital elevation model) processing were substituted into
the site selection model and solved using the genetic clustering algorithm. Finally, two practical cases
were used to verify the research method developed in this study. The results show that the platform
site selection results can be used to not only guide the formulation of development plans, but also to
reduce the scope of the field investigation in the process of site selection, reduce the intensity of field
work, and improve the work efficiency.

Keywords: shale gas; multi-well pad drilling; platform location; genetic clustering algorithm

1. Introduction

The success of the “shale gas revolution” in the United States and the rapid growth of
shale gas production in China have proven that the multi-well development mode has a
significant impact on the improvement of shale gas development efficiency [1,2]. The shale
gas production cycle has a direct impact on commercial development benefits. Shortening
well construction time, accelerating production, and improving development efficiency
are the only ways to realize commercial development, resulting in higher requirements
for shale gas development engineering technology. The location of a multi-well drilling
platform for shale gas directly affects the total drilling footage, which, in turn, affects
the total cost of drilling and completion. In addition, the location of the platform has a
great impact on the cost of the preliminary infrastructure construction, the difficulty of
drilling and completing wells, and the implementation of stimulation measures for shale
gas development. Under the current trend of the integration of geology and engineering in
shale gas development, the determination of the platform and well location in pre-drilling
engineering designs should first meet the geology and engineering requirements. When the
complex surface shape does not meet the construction requirements, the wellhead position
should be adjusted within the surface range permitted by the underground geological
targets [3]. The marine shale development area in South China is considered to be the most
promising shale gas block in existence [4-6]. However, the complex surface conditions

Processes 2022, 10, 854. https:/ /doi.org/10.3390/pr10050854 9 https://www.mdpi.com/journal /processes



Processes 2022, 10, 854

in the area impose constraints on shale gas well placement, heavy cargo transportation,
water and electricity supplies, and environmental protection, increasing the costs and
technical difficulty of shale gas development in the area. Therefore, scientific site selection
for multi-well pad drilling is an important prerequisite for the efficient development of
shale gas.

Devine and Lesso [7] established an optimal location planning model for offshore
platforms with the objective of minimizing drilling costs. Later, Frair and Devine [8]
extended the above model, taking into account factors such as the platform construction
cost and output at each stage, and optimizing the model with the goal of maximizing the
net present value. Costa [9], Dogru [10], Grimmett [11], Garcia-Diaz JG [12], and others
also conducted further studies on this problem. Rodrigues H W L [13], Walesca [14], and
Mohammed Almedallah [15] et al. established a location optimization model for offshore
drilling platforms and proposed a linear programming model that minimizes the overall
development costs of a given oilfield. It addresses the number, location, and capacity of
production platforms; the number and location of wells; where manifolds must be installed;
the interconnections between platforms, manifolds, and wells; and whether each part of
the well should be vertical or horizontal. Zeeshan Tariq [16-20], Mohamed Mahmoud [21],
Mohammad Rasheed Khan [22], and Ah-med Sadeed [23] used machine learning, particle
swarm optimization, and other methods to optimize drilling and completion plans and
injection—production plans in real time, achieving results that significantly improved their
economic indicators.

Ge Yunhua et al. [24] established an optimization model aimed at minimizing the
sum of the investment in oilfield surface engineering construction and oil and gas well
construction, studying the internal rules concerning the size, number, and position of plat-
forms and the investment in oilfield surface engineering construction and oil and gas well
construction under the technical condition of horizontal well clusters. Yan Tie [25] investi-
gated well targets, such as the objective function of minimizing the sum of the horizontal
projection distance using projection disjoint or fewer intersections as constraint conditions.
They constructed a well cluster distribution model using the ant colony algorithm, which
can be used to quickly identify the optimal distribution plan for the wellhead; however,
they did not consider that the difference between the actual well track and the projection
may lead to errors in the model. Liu Zhen et al. [26] used graph theory and the weighted
center problem of network analysis to develop an optimal selection model for choosing the
location of the central platform for offshore oil fields. Shi Yucai [27] considered the drilling
target distribution and the minimum target horizontal displacement sum of squares as
the optimization targets, basing their construction on the number of platforms. Regarding
subordinate well relations, they used a combination of several different ocean drilling
platform location optimization model scenarios. Then, they used the dynamic clustering
analysis method for the evaluation.

According to the distribution of geological targets, Li Wenfei et al. [28] established a
mathematical programming model for the location optimization of clustered well drilling
platforms, solving the model with the genetic algorithm. Based on the minimum sum
of total well depth method, Zhang Yuchen et al. [29] comprehensively considered the
influences of the different drilling costs of different well types on the platform location and
optimized the platform location. Wang Zhiyue et al. [30] used the drilling learning curve
of the “well factory” to establish and solve a position optimization model for a horizontal
well platform under the well factory mode. Huo Hongbo et al. [31] established position
optimization technology based on an economic evaluation of an integrated exploration and
development platform in the Bohai Sea through a comparison between the new production
platform based on the exploration of the well’s location and the optimization scheme
without considering the location of the exploration well platform. This was combined with
an investigation of the influence of the location of the exploration well’s building platform
on the drilling difficulty.
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Although there have been many achievements regarding the optimization of drilling
sites or platform positions, all of the developed methods have some limitations: (1) The
common site selection method uses topographic and geological mapping combined with a
field investigation to identify the appropriate location for a well drilling site. However, the
traditional method mainly depends on the person’s subjective judgment, so it is difficult to
consider the complex location factors and their influences, and China’s enriched areas of
shale gas resources located in places such as forests or mountains cannot rely on having
artificial universal coverage advantageous drilling areas in field investigations, which
eventually leads to the development of a scheme to meet the demands of drilling and the
subsequent project. (2) All of the research methods fail to take into account the restrictions
of the surface conditions in terms of their effects on platform site selection, which has
a significant impact on the construction of shale gas drilling pads (from the aspects of
construction cost and environmental protection). Based on previous research results, this
study analyzed the influence of surface conditions on platform site selection and developed
a multi-well drilling pad site selection method based on regional digital elevation data to
produce site selection results that are more suitable for the efficient development of shale
gas in areas with complex surface conditions.

2. Problem Statement and Formulation

Of the total reservoir development costs, drilling and fracturing costs account for a
large proportion. Since the fracturing costs are not affected by the location of the platform,
the impact of the fracturing costs is not considered when the optimization goal is to
minimize the well construction costs. After determination of the reservoir development
plan, the more drilling and total footage of the drilling pad there is, the more land area
is required, the greater the surface construction costs for the drilling pad and for moving
and installing the rig are, and the greater the total well construction costs of the platform
are. Therefore, for a certain number of drilling pads, the total cost of well construction
should be the lowest possible to achieve the maximum development benefit. On the basis
of geological modeling, the locations and number of target points are known, and the
optimization objective is to minimize the total well construction costs of the horizontal
pad. A multi-objective optimization model was established for the location of the shale gas
platform to optimize the location of the multi-well drilling pad.

Based on the known coordinates of the underground well pattern, the surface mor-
phological characteristics, the land use, and various cost standards, investment in shale gas
development and construction can be divided into two aspects. On one hand, there is the
investment in drilling pad construction, including the construction costs of the platform
or well site and the cost of moving or installing drilling rigs. On the other hand, there are
the costs related to underground well construction, mainly drilling and completion costs.
Thus, the total investment in shale gas multi-well drilling pad construction is

C=CG+CD 1)

where C is the total investment in platform development and construction (in 10* $), CG is
the ground construction investment of the platform (in 10* $), and CD is the investment in
the underground well construction of the platform (in 10* $).

2.1. Ground Construction Cost Model

The amount of land required for shale gas development depends on the density of the
well cluster, the size of the well cluster, the number of wells in each well cluster, and the
specific conditions of the shale reservoir being developed. Shale gas development typically
uses the factory drilling model with multiple horizontal wells on a single tablecloth. This
significantly reduces the land use demand, especially in mountainous areas of southern
China and in places with complex surface conditions. The area of the multi-well drilling
pad for shale gas is determined by the number of wells on the platform, the well layout,
and the rig configuration. The platform wellhead arrangement can be divided into single
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layout and double layout wells. Drilling operations can be completed by single or double
drilling rigs. Commonly used drilling rig models can be divided into “ZJ50” and “ZJ70”
drilling rigs. The “Z]J50” drilling rig is suitable for drilling operations with depths of less
than 5000 m, and the “ZJ70” drilling rig is used for drilling operations with depths of more
than 5000 m. In addition, the “ZJ70” drilling rig is equipped with more equipment than the
“ZJ50” rig, and the cost of rig installation and relocation is also more than for the “ZJ50” rig.
Therefore, it is necessary to select a suitable type of rig to complete the drilling project at
the lowest possible cost.

In addition, the area of the well site should also meet the requirements of drilling and
fracturing operations. According to the demands of the well site for shale gas development
and construction, a calculation model for the drilling platform area was established:

SZ[XR—F(N/A—:[)XS}XYA 2)

where S is the area of the platform well site (in m?); Xy is the length of the well site which
drilling with different rig, such as a single drilling rig (Xg = 65 m), double “ZJ50” drilling
rig (Xg = 105 m), or another drilling rig combination (X = 115 m); and Y4 is the width of
the well site which set with different layout wells. For single-layout wells, this is Y4 = 50 m;
for double-layout wells, itis Y4 = 80 m. N is the number of platform cloth wells and A is
the platform wellhead arrangement, where a single well has a value of A = 1 and a double
well has a value of A = 2.

The Digital Elevation Model (DEM) is a digital simulation of a topographic surface or
a digital representation of a topographic surface form developed with limited topographic
elevation. The DEM is equally spaced in the horizontal and vertical directions, and the
plane coordinates of the grid dot are hidden in the column number, which is usually stored
in the matrix structure; that is, the elevation values of the grid cells are recorded one-by-one
according to the row (or column). When adopting the DEM for site selection optimization,
the accuracy of the DEM in the study area is € (in m). Then, the regional DEM can be
divided into grids with a size of ¢ X ¢, and platforms with different well layouts and rig
configurations can be transformed into a region composed of X/e x Y/e DEM grids.

The costs involved in well site construction include the land requisition costs, well site
leveling costs, and infrastructure construction costs. The land requisition fee is determined
by the local government according to the area occupied and the type of land requisitioned.
It can be expressed as

Cog = S X Cygs XK 3)

where C,; is the platform land acquisition cost (in 10* $), C,ys is the unit price of the land
acquisition cost (in 10* $/m?), and K is the land type coefficient occupied by the platform.

The cost of well site leveling is determined by the level and area of land occupied by the
well site: the smaller the elevation difference is, the flatter the land will be, and the less basic
engineering needed to level the well site. Therefore, in terms of site selection, a location
with the flattest surface possible, a gentle slope, and a small degree of cutting should be
chosen. DEM raster data are used to extract the raster average elevation difference to
represent the land flatness, which can be specifically expressed as

Cpz =S % Y 18 Gi X Cpzs. (4)

where Cp; is the cost of well site leveling engineering (in 10* $), Cp, is the unit price for
well site leveling in (10* $/m?), N, is the number of grids that make up the platform, and G;
is the elevation difference in grid i (in m). G; is calculated using the average elevation of a
single grid minus the average height of all grids in the well site. It is a single grid elevation
difference that levels a well site to the same elevation throughout the grid. Above average
heights can be extracted from the DEM data. The quantity of the well site can be determined
from the composition of the well site elevation difference for all grids multiplied by the
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area of the corresponding grid, where positive values indicate excavation and negative
values indicate filling, both of which are included in the engineered area.

Multi-well drilling pad infrastructure engineering mainly involves leveling the well
site, tamping the foundation, laying the ground of the well site, and building the foundation
conditions before drilling. Thus, the cost of the multi-well drilling pad infrastructure project
is mainly determined by the area of the well site. It can be expressed as

Cpe = S % Cpes ()

where C is the cost of infrastructure construction projects (in 10* $) and Cps is the unit
price of the infrastructure project cost (in 10* $/m?).

Multi-well pad drilling for shale gas can significantly reduce rig moving and installa-
tion costs. In general, the fewer platforms there are in the block, the less the rig moves, and
the lower the rig moving cost is. The moving and installing costs of the platform rig are
determined by the number of wells on the platform, the method of well placement, and the
configuration of the rig. They can be expressed as

Cn=Cm +Cpa x (N=1)/A+Cpz/A (6)

where Cy, is the cost of moving and installing the rig (in 10* $), Cp1 is the initial installation
cost of the rig (in 104 $), Cin2 is the cost of translating the well within the same row (in 10% $
per unit of time), and C,,3 is the cost of moving the drill well between rows (in 10* $ per
unit of time).
Based on the above analysis, the surface construction cost of a multi-well drilling pad
can be expressed as
CG = Cyy + Cpz + Cpc + Cpr + Ciy (7)

2.2. Drilling and Completion Cost Model

The costs of drilling and completion are determined by the well structure, borehole
trajectory, drilling construction procedure, and drilling and completion technology. When
the drilling and completion plan for the block have been determined, the main factors
affecting the drilling and completion costs are the shape of the well track and the length of
footage. Once the reservoir engineer has determined the well location, the target position,
vertical depth, and horizontal section length of the horizontal well are all fixed. When the
platform position changes, the wellbore trajectory and well depth change with the wellhead
position, resulting in changes in the drilling and completion costs.

The well trajectory design generally follows the following principles: (1) ensuring
that the purpose of drilling directional wells is achieved; (2) consideration of the ground
conditions; (3) correct selection of the deflection point, borehole curvature, and maximum
deviation angle; and (4) a profile design that is conducive to safe and fast drilling whilst
also reducing drilling costs [32]. Under the premise of satisfying the drilling purpose,
the vertical section should be kept as long as possible, and in order to adjust the vertical
depth at the end of the deflection section and improve the hit target rate, we adopted the
three-dimensional profile of the “vertical section + increasing deviation section + steady
deviation section + torsional azimuth section + horizontal section” to determine the well
trajectory. When calculating the trajectory parameters of a 3D horizontal well, it is necessary
to first provide some trajectory parameters and then determine the rest of the trajectory
parameters and the total footage.

In Figure 1, O is the wellhead position, K; is the deviation building point, K}, is the
initial point in the stabilized section, K, is the end point in the stabilized section, T4 is the
first target in the horizontal section, and Tp is the end target in the horizontal section. R;
and R, are the curvature radii of the deflection section and the torsional azimuth section,
respectively. L1, Ly, L3, and Lj, are the length of the building section, the length of the steady
slope section, the length of the torsion bearing section, and the length of the horizontal
section, respectively.
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v

Figure 1. Drilling section design (projection of the plumb plane).

The known conditions include the T4 coordinates of the first target in the horizontal
section (X}, Y4;,Z;;), the K, coordinates of the deflection point (X;,Yy;,Zy;), the well inclina-
tion angle a3, the azimuth angle ¢3, and the deflection slopes K; and K, of the deflection
section and torsional azimuth section. According to the analytical method used in [33,34],
the building section length L1, the steady section length L,, the torsional azimuth section
length L3, as well as the well inclination angle &, and the azimuth angle ¢, in the steady
section were obtained through the following steps.

The solution to the 3D borehole trajectory design model was transformed into three
dimensional nonlinear equations:

2(Ts 4 Ly) Ly +2(T; + Ly) Ly +2(1 — cos @)Ly, L, = H> — Ly?
K1?Ly?[Ts + (1 —cos @)Ly + Ly] = 2Ly + (1 + cos )Ly + Ly — Ts 8)
Ko?Ly?[T; + (1 — cos0) Ly + L] = 2Ly + (1 +cos0) Ly + Ly — Tt

where H is the straight distance between the building angle and the first target (in m); T
and T are the projection lengths of the straight segment K4T4 on the direction vector of
the skew point and the horizontal segment, respectively (in m); and 6 is the angle between
the borehole direction vector at the deflection point and the borehole direction vector in the
horizontal section.

H=/(x = 0)? + (e — y)? + (a1 — 20 ©)
Ts = Zt — Zj (10)
T = [(Xt — xk) cos @3 + (yt — yk) sin §03] sinag + (Zt — Zk) COSs i3 (11)
=g h=% [Kx=5
Suppose that { y = L—H” ,and x,y,z € (0,1); meanwhile, { ! H, ! e
_ L tr=q ky = 3¢
zZ = ==
H
a=1-cosf Thus, the ternary nonlinear equations can be transformed into
b=1+cosf ° ’ y q

ki2x?(h +ay +z) =2x+by+z—H
kp?y?(ty+ax+z) =bx+2y+z—t (12)
2(t +z)x +2(tr +2)y +2axy =1 — 22
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The nonlinear equations can be quickly solved by the quasi-analytical method, and the
design parameters of borehole trajectory were obtained. The values of the central angles 64
and 6, of the two arc segments can be calculated using the following formula:

cos 01 = cos ap (13)

cos 0 = cos &y cos ag + sin & sin g cos(@3 — @3) (14)

After solving the track design parameters, the calculation expression of the total track
footage of a single well hole can be obtained as follows:

Li=Ly+Li+Ly+L3+Ly (15)

In summary, the total well depth of the horizontal well on the platform is

N
Lr=) ., L. (16)

The drilling and completion cost is a function of the well depth and the drilling and
completion cost, expressed as

N
CD = 21:1 (Lyp;i X Pys + Lgi X Py + Lpi X Pp). (17)

where Py is the unit price of drilling and completion in the vertical section (in 10* $/m),
Py is the unit price of drilling and completion in the deflecting section (in 10* $/m), and
Py is the unit price of drilling and completion in the horizontal segment (in 10* $/m).

2.3. Constraint Conditions

In order to avoid fishhook boreholes and reduce the drilling difficulty, the center of
the platform should be located in the polygon area composed of all targets, that is, the
boundary of the area where all well targets are selected for the platform:

{ Xmin < X < Xmax (18)
Ymin < Y < Ymax

According to the requirements of oil drilling HSE, the selected platform site should be
no less than 500 m away from the plane of residence:

2 2
(s ) e (e ) 20 19

where (x5,y,) are the grid coordinates of human settlements (in m).

The selected position of the platform should not occupy agricultural land or a river
water source. Based on the DEM grid data of land use in the block, unsuitable site selection
areas such as agricultural land and river water source areas were removed, and the feasible
region R for the platform’s location was determined:

(X,Y) € R (20)

In order to obtain the range of R, different types of DEM data (such as elevation data,
land use type data, etc.) are used for a Boolean operation, and the intersection is obtained
as the area in line with the site selection requirements.

3. The Method and Process Used to Solve the Optimization Model

Because the subordination relationship between the platform and the well is known,
the exhaustive method can be used to solve the optimization problem; however, because
of the large amount of calculations involved, the genetic algorithm is used to solve the
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location problem. The genetic algorithm is a simulated evolutionary process of the random
search algorithm. First, randomly generated values that satisfy the restrictions of the actual
problem are used as the initial solution set (parent), and then through genetic coding,
genetic operations such as selection, crossover, and mutation determine the offspring
solution from the parent solution to better adapt to the given fitness function and determine
the optimal solution to the problem, or to approximate the optimal solution [35]. The basic

process of solving the genetic algorithm is shown in Figure 2.

| Model initialization

)

| Random generation of populations and coding |

| Chromosome decoding

Determine the well layout made, rig configuration and platform
center coordinates corresponding to chromosome

Calculate L and
obtaine the total well

I}

Calculate the length and
width of the platform

L

depth of horizontal
drilling platform L,

The grid corresponding to chromosome coding is used as
the platform center, and the grid within a certain distance is
clustered with the central grid to form the platform

W

| Calculate CD

|

| calculate Czd,CpzCpeCmCG |

|

L

[ Calculate and sequence the fitness of chromosomes I

|
|

W

Chromosomal replication with
high fitness

Chromosomal crossover
with low fitness

i

Form a new
offspring
population

The algorithm terminates, and outputs the
optimal chromosome and decodes it

Determine whether the
onstraints are mel

Randomly generate an
integer between 1 and 4 as
the mutation paosition

g

If No.1:the first gene codes for
1(2), it mutates to 2(1).

If No.2:The second genetic code
mutates to a randomly generated
integer between 1 and 5.

If No.3(4).The random variation is
the central coordinate of the grid
within the range of site selection.

\

1 Chromosome decoding

Figure 2. The process of determining the genetic algorithm solution.
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As shown in Figure 2, firstly, the model is initialized, and the chromosome encod-
ing and decoding rules are determined. Secondly, a population is randomly generated,
and the chromosomes in the population are taken as the primary solution. Thirdly, the
required length and width of the well site are determined according to the well layout
method corresponding to the initial solution, and the location of the well site is obtained by
grid clustering based on the center coordinates of the initial solution according to certain
rules. Fourth, the platform construction cost model and drilling cost model are used to
calculate the platform construction and drilling costs, respectively, which are put into the
site selection model to obtain the platform location and the total cost of well construction
corresponding to the initial solution. Fifth, the fitness of individuals in each initial popula-
tion is calculated according to the fitness function, and the fittest individuals are selected to
pass on to the next generation. All of the other chromosomes randomly generate mutation
and crossover positions for the offspring solution set and retrieve the level of fitness. Sixth,
the fitness of the new generation of individuals is recalculated. The best chromosome
is selected to move to the next generation, whilst the remaining the chromosomes cross
and mutate. The third step is performed until the condition indicating the end of the
algorithm is reached. Finally, the optimal solution decoded is used as the optimal site
selection scheme.

3.1. Initialization and Encoding

The initial population size is generated by random selection. The encoding method is
mixed, and the chromosome form is “well layout + rig configuration + well site location
(the grid position of the center of the well site)”. The specific encoding method is as follows:

In terms of the well layout code, a single layout well is indicated by “1”; double-
arranged wells are indicated by “2”.

The drilling rig configuration codes are as follows: “1” for “ZJ50”, “2” for “Z]70”, “3"”
for “ZJ50 + Z]50”, “4” for “ZJ50 + Z]70”, and “5” for “Z]70 + Z]70".

In terms of platform center position coding, the grid number is coded from any vertex
in the feasible site area. For example, in the double-layout well mode, the “ZJ50 + Z]70”
drilling rig is used, and the grid number of the platform center is (113,230), so the chromo-
some code is “1301130230”.

3.2. Cluster

The length and width of the platform were calculated according to the well distribution
mode corresponding to the chromosome and rig configuration. The grid corresponding
to the chromosome code was taken as the platform center, and the grid within a certain
distance was clustered with the central grid to form the platform. Then, the grid covered
by the platform was

(21)

OR:E(X/28+1) OR:E(Y/ZE-‘rl)
Oc+(Y/2e+1) '\ Oc+(X/2e+1)

where Og and Oc are the row and column numbers of the platform’s center grid, respectively.

3.3. Selection

Taking the grid corresponding to the platform center position as the platform center,
the length and width of the platform, the platform construction cost for all grids within
the platform range, and the drilling and completion costs from the target point to the
platform center position were determined to form the fitness function. Optimal preservation
strategies were adopted to ensure that the chromosome with the highest fitness function
value in each generation could be further inherited:

fi=M—CG; —CD; (22)

where f is the fitness of the chromosome and M is an infinite number.
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3.4. Crossover

The crossover operation can randomly exchange some genes from two chromosomes
and generate new chromosomes. After crossover of the genes, it may appear that individu-
als do not meet the constraints of site selection. Therefore, the strategy of partial matching
crossover is adopted. The specific method used to determine the intersection position is
as follows:

P. = random(1, 4) (23)

where P, is the cross location and random(1, 4) represents the random generation of an
integer between 1 and 4.

3.5. Mutation

The mutation operation can randomly change the selected chromosome genes, which
can avoid the solution process falling into local convergence. For every part of each
offspring in the cross offspring set, a random number is generated. If the random number is
less than the mutation probability, the location of the mutant gene is determined according
to Equation (23), and the corresponding mutant gene is randomly determined within the
corresponding gene boundary range to form a new chromosome.

3.6. Calculated Fitness

The fitness levels of all chromosomes were recalculated. The chromosomes with
the greatest fitness levels in the father generation were copied to the offspring, and the
chromosomes with the least fitness in the offspring generation were eliminated, forming a
new offspring population. We then returned to step (3.2).

3.7. Termination of the Algorithm

The value of the chromosome fitness function in the population tends to be stable,
which represents the convergence of the algorithm, and the algorithm terminates.

4. Results and Discussion

According to the established site selection model, the location of the multi-well drilling
pad, the arrangement of the platform wellhead, and the configuration of the drilling rig can
be obtained with a minimal well construction cost by solving the site selection model under
the conditions of the known target coordinates of the horizontal section, the coordinates
of the building deviation point, and the relevant parameters of the directional well. The
parameters involved in the model solution are shown in Table 1.

Table 1. Basic calculation parameters obtained from experience.

Parameter Value Parameter Value
Cogs ($/m?) 0.01 Pys ($/m) 500
Cpzs ($/mp) 150 Pis ($/m) 1500
Cpes ($/m?) 160 Pys ($/m) 2500
Cm1 ($)—ZJ50 120,000 Cu1 $)—2J70 160,000
Cn2 ($)—2J50 19,000 Cm2 ($)—2]70 28,000
C3 ($)—Z]50 33,000 Cms ($)—2]70 45,000
K (barren land) 1 K (forest) 1.2

4.1. The First Case

The Y well group is located in Xuyong County, Luzhou City, Sichuan Province, which
is located in the southern margin of the Sichuan Basin. The highest altitude in this area
is 1304 m; the lowest altitude is 480 m. These altitudes represent a mountain landform
with a deeply local topography cut. The area has convenient transportation and lush
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trees throughout. It is an environmentally sensitive area. There are five horizontal wells
in the well group. The target layer is the Lower Silurian Longmaxi Formation, which is
generally distributed in a comb shape on the plane and has a horizontal section length of
1000-1200 m, a well spacing of about 340 m in the horizontal section, and a depth of 500 m
for the inclination point. Table 2 shows the specific drilling design of the Y well group.

Table 2. Y well group drilling design.

Target Coordinates

Npw Ly
X Yi Zi
Y1 1664 1456 909 1200
Y2 1393 1247 934 1030
Y3 1084 1145 961 1000
Y4 763 1089 986 1100
Y5 396 1141 1016 1100

According to the geological design data from the well group, a single well arrangement
mode was adopted, and the length and width of the well site were determined to be 85 m
and 50 m by the platform area model. The center coordinates of the platform are (1207,1483)
and the corresponding rig model is “ZJ50” under the condition of the lowest cost obtained
by the genetic algorithm. As shown in Figure 3., the selected location is easily accessible
for engineering vehicles and is nonagricultural, which meets the HSE requirements for
shale gas drilling. The drilling design data show that the actual drilling platform centers
are located at (1496,1223), and the center of the selected platform is 388 m away from the
actual drilling platform center; however, there are many farmers around the actual drilling
platform, and the nearest farmer anomaly platform is only 80 m, which proves that the site
selection method in this paper is feasible and effective.

—— The actual platform location
Optimized platform location
—— The feasible area in the center of the platform

T
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0 o

Figure 3. Y well group drilling platform optimization.
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4.2. The Second Case

The J59 well group is located in Fuling District, Chongqing City in China, which is
located in the transition zone between basins. The terrain is mainly low mountains and
hills and is generally high in the southeast and low in the northwest, with the highest
elevation being 1977 m and the lowest being 138 m, mostly ranging from 200 to 800 m. The
surface conditions are extremely complex. A total of six horizontal wells were deployed
and designed in the well group. The target layer was shale gas intervals of Upper Ordovi-
cian Wufeng Formation-Lower Silurian Longmaxi Formation, and the drilling rig was
configured as a dual drilling rig. The specific design is shown in Table 3.

Table 3. The drilling design of the J59 well group.

Target Coordinates

Npw Zk Ly
X Yi Zi

J59-1 1000 3427 79 2533 1300
J59-2 1500 3427 679 2860 1300
J59-3 1450 3427 1279 2478 1300
J59-4 1700 1730 1279 2548 1700
J59-5 1600 1550 679 2566 1500
J59-6 900 1230 79 2618 1200

In order to avoid complex wellbore orbits and reduce the difficulty of drilling engi-
neering, different well layout methods in the feasible platform location regions can be
preliminarily determined according to the drilling design data. The area of the following
platform is then determined according to the actual demands of the well site, as shown in
Table 4.

Table 4. Possible wellhead alignment, combined with the rig configuration.

No. Nyw A DM S (m?) Xg(m)  Ya(m)  Feasibility
1 6 1 ZJ50 + ZJ50 6500 130 50 Infeasible
2 6 1 ZJ50 + ZJ70 7000 140 50 Feasible
3 6 1 ZJ70 + ZJ70 7000 140 50 Feasible
4 6 2 ZJ50 + ZJ50 9200 115 80 Infeasible
5 6 2 ZJ50 + ZJ70 10,000 125 80 Feasible
6 6 2 ZJ70 + ZJ70 10,000 125 80 Feasible

As shown in Figure 4., the maximum designed drilling depth of the J59 well group
is 4710 m. According to the principles of drilling rig selection, “ZJ50” and larger drilling
rigs should be selected. The load capacity and configuration of drilling rig equipment
should meet the required well drilling depth of 5000 m, so the “ZJ50 + ZJ50” drill rig
configuration scheme was deleted. According to the above model, the length of the well
site was determined to be 125 m and the width was determined to be 80 m. Combined with
the DEM of the well area, the feasible platform site selection area was determined. Based
on the model of minimum well construction costs for the platform, the central coordinate
of the platform (the grid position of the center of the well site) with the double-layout
well and “ZJ50 + Z]J70” rig configuration was determined to be located at (2475,949), with
civil houses located 580 m southeast of the selected location. Transportation in the area is
convenient, the nonagricultural land is nearly 350 m away from the actual drilling platform
center, and the area meets the HSE requirements for shale gas drilling.
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—— Optimized platform location
The actual platform location
—— The feasible area in the center of the platform

Figure 4. ]59 well group drilling platform optimization.

5. Conclusions

Shale gas development is a capital-intensive project, and well construction investment
accounts for the largest proportion of total oilfield construction investment. Rapid site
selection under complex terrain conditions can effectively shorten the time required to
formulate development plans, and making shale gas to be rapidly developed and put into
production. From the perspective of the time value of capital, rapid well construction and
initiation of production can significantly improve development benefits.

By analyzing the factors influencing well construction cost, a construction cost model
of the shale gas factory multi-well pad and a drilling cost model were established and a site
selection scheme with minimum construction costs for the pad was proposed. The drilling
data from the first case were used to determine the location of the drilling platform, which
was 388 m away from the platform’s location; the selected location was found to meet
the requirements of drilling engineering and HSE, proving the feasibility of the location
selection model. In the second case, a quick site selection method was used to determine
the characteristics of the single pad and double layout well, where the length and width
of the well field were 125 m and 80 m, respectively. The selected rig configuration was
“ZJ50 + ZJ70”, and the selected wellsite location was 350 m away from the actual location.
The analysis shows that the method is not only applicable to platforms with known well
group relations, it is also applicable to symmetry relations of unknown situations, as it is
able to quickly choose a platform under complex initial position surface conditions on the
basis of further evaluation of the multi-well drilling pad position, and it can greatly reduce
the exploration field work required, thereby improving productivity.

This paper discussed the feasibility of rapidly identifying the location of a shale gas
multi-well drilling pad using the DEM, but there are still some factors that have not been
fully considered, such as the different angle penetration lengths in the strata, complex
geological structures, the sensitivity of the factors that affect costs, and the speed analysis
and comparison of algorithms. Moreover, the location methods for the resolution of terrain
data used in the article have a higher level of demand, and if the resolution increases,
the corresponding lattice grid number increases four-fold. Thus, the algorithm should be
improved to improve its speed and accuracy.
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Abstract: Horizontal wells with extended lateral lengths and large-scale hydraulic fracturing are a key
technology for shale gas development. Lateral length is the key factor in determining the production
and economic benefits of horizontal wells. Therefore, based on geology—engineering-economy
integration, a method for optimizing the lateral length of shale-gas horizontal wells is established.
Through fracture-shape prediction, productivity simulation and input-output analysis, the net
present-value model of the technical-economic evaluation of the economic lateral length is established.
A comprehensive evaluation of lateral lengths in Changning Block is then conducted. The results
show that, under the current geological, engineering, and economic conditions in Changning Block,
a horizontal well with a lateral length between 175 m and 3508 m is economically viable, and the
optimal economic lateral length is 2000 m. The porosity and thickness of the reservoir matrix,
the production time, the drilling investment, and the price of the natural gas wellhead in the first year
have a great impact on the economic lateral length. On one hand, we can increase the drilling rate by
increasing the technical research and development efforts. On the other hand, we can improve the
construction management level to reduce investment and reasonably increase the price subsidy to
optimize the lateral length of shale-gas horizontal wells.

Keywords: shale gas; horizontal well; economic lateral length; geology—engineering—economy
integration

1. Introduction

Energy is the blood of modern society and industrial civilization. China is gradually
transforming into a green, low-carbon-energy society, taking steps towards human devel-
opment as its economy is in a period of steady development. However, at this stage, fossil
energy remains the pillar of China’s energy consumption, with coal, oil, and natural gas
accounting for 85.7% of its primary energy consumption [1]. Natural gas is a relatively
clean, low-carbon fossil fuel. It is a practical alternative to low-carbon sources. According
to the resource evaluation results, China’s shale-gas resource endowment is outstanding,
with 21.8 x 102 m? of technically recoverable resources. However, the current proven rate
is only 4.79%. The industrial exploitation of shale gas cannot be realized because of its
ultra-low porosity, low permeability, and a lack of production capacity depending on the
natural energy of the formation. The horizontal well, combined with large-scale hydraulic
fracturing technology, has enabled the industrial exploitation of shale gas, which resulted
in the shale-gas revolution in the U.S.A. and demonstrated the great value of shale-gas
development in China.

After more than ten years of technology tracking, technology transplantation, and
independent research and development, China has mastered a series of technologies for
shale-gas development using horizontal wells and large-scale hydraulic fracturing. Hori-
zontal wells are a core technology utilized to realize the commercial development of shale
gas. The lateral length, which determines the contact area with shale-gas reservoir and the
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effective length of hydraulic fracturing, is an important technical parameter in determining
the productivity of a horizontal well [2,3]. Therefore, it is necessary to determine the
economic lateral length of horizontal wells in shale-gas development. Most existing studies
focus on the limited technical length of a shale-gas horizontal well from the perspective
of drilling or oil production, considering wellbore stability, pump pressure and wellbore
friction. Few studies focus on the economic lateral length of shale-gas horizontal wells.

Based on a genetic algorithm, Liu Yusong et al. [4] optimized the lateral length of a
horizontal well using the coupling model of the horizontal wellbore and reservoir, taking
into account the flow state of fluid in the wellbore, the friction pressure drop, and other
factors. Guo Xiaole et al. [5] established the hydraulic extension limit model of extended-
reach wells, which showed that the formation safety density window and the maximum
allowable total pressure loss were objective constraints on the hydraulic extension limit
of extended-reach wells in the Liuhua Oilfield in the South China Sea. Under the existing
equipment conditions, the hydraulic extension limit was mainly limited by the pump
pressure in the slope-stabilizing section, and the hydraulic extension limit length of the
slope-stabilizing section was 6500~7200 m. The horizontal extension length of horizontal
wells were determined by different factors and could be divided into three parts, including
the acceptable cutting bed height, cutting lifting efficiency, pump pressure, total circu-
lation pressure loss, well bottom pressure, and formation fracture pressure [6]. Based
on the established calculation model of the circulating pressure loss of horizontal wells,
Xu Kunyji et al. [7] studied the lateral extension ability of horizontal wells and found that the
hydraulic extension ability of horizontal sections was affected by factors such as drilling
fluid density, the rated pressure of drilling pumps, the height of cutting beds, and the
drilling-fluid displacement. Jin Xiuju et al. [8] suggested that the lateral length of horizontal
wells in the Puguang Gas Field should be maintained within 400-600 m according to the
productivity data obtained from a single-well geological model simulation and the analysis
of factors such as reservoir thickness and productivity requirements. Yuan Junliang et al. [9]
conducted an integrated-rock mechanical study to evaluate the wellbore stability of a shale
horizontal well. The results showed that wellbore instability was related to the bedding
plane and azimuth angle.

Based on the horizontal-well productivity model, Chen Yaohui et al. [10] built an
equation demonstrating the relationship between the cost of the lateral section and the
production of a horizontal well to determine the optimal lateral length of a horizontal well
in a block in Daqging, combined with economic indicators such as the investment payback
period and net present value. Zhou Yingjie [11,12] proposed that the optimal lateral length
of oil wells in the area should be 200~250 m, determined via statistical analysis, numerical
simulation, analyzing actual data from the Shengli Oil Region, as well as a comprehensive
economic evaluation. T. Ariadji et al. [13] established the relationship function between
the cumulative gas production and the lateral length to quickly determine the economic
lateral length of a horizontal well, combined with the economic evaluation method. Based
on the model proposed by Fan Zifei, Zeng Xiaojing et al. [14] reasonably assumed and
simplified the flow of fluid in a reservoir to establish a new model to determine the optimal
lateral length of a horizontal well, with the impact of various drilling costs and oil prices
fully considered. Hu Junkun et al. [15] established the relationship curve between the net
present value and the lateral length of a horizontal well by determining the reasonable
production of the gas well and using numerical simulation software to dynamically predict
the production capacity of the gas well. They then determined the optimal economic value
of the lateral length of the horizontal gas well and conducted a sensitivity analysis of
factors such as the formation coefficient, natural gas price, and operating cost. Rammay
et al. [16] pointed out that the NPV of a shale-gas horizontal well can be maximized by
optimizing the lateral length and hydraulic fracturing operation parameters. Dosummu
et al. [17] determined the optimal lateral length and well parameters of a specific reservoir
based on the net present value method. They also discussed the impact of crude-oil
viscosity, horizontal permeability, and well diameter on the productivity of horizontal
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wells. Kalantari et al. [18] studied the effects of porosity, permeability, reservoir pressure,
production layer thickness, horizontal well length, natural fracture length, and density on
shale-gas production by using a numerical simulation method. The above parameters were
prioritized with the net-present-value theory and method. Lu Honglin et al. [19] built a
model for evaluating the technical and economic limit of the lateral length of a horizontal
well in a low-permeability gas reservoir based on the input—output analysis method and
discussed the influence of production parameters, gas reservoir parameters, and economic
parameters. Based on the productivity prediction of horizontal wells, Wang Dawei et al. [20]
and Sun Huachao et al. [21] built a model for evaluating the economic lateral length of a
horizontal well under specific parameters, taking into account fixed investments such as
drilling and completion, operating costs, and oil and gas sales revenue. The simulation
results of an integrated geological and engineering model and the calculation results of
economic limit production showed that only gas wells with a horizontal section length
of 2000 m could realize economic development, and a single-well EUR had to be more
than 154 million cubic meters [22]. He Chang et al. [23,24] used historical production data
from the Weiyuan Shale Gas Field to predict future production by analyzing empirical
production decline, and then carried out an input-output analysis to obtain the economic
lateral length of the horizontal well in the Weiyuan Gas Field. Zhang Jijun et al. [25]
optimized the drilling-platform location of a shale-gas multi-well pad based on a digital
elevation model and construction cost analysis.

Previous studies have laid an excellent foundation for this study, but there are several
problems. (1) The research on the lateral length of shale-gas horizontal wells mainly focuses
on two aspects of the technical length: drilling engineering and gas production. (2) Only a
few studies focus on the economic lateral length of shale-gas horizontal wells, and they aim
to obtain the economic lateral length of horizontal wells in specific gas fields through the
statistical analysis of historical production data and economic evaluation, which usually
ignore the influence of different hydraulic-fracturing designs [15] and require historical
production data from the block [23,24]. This study establishes a universal method for
determining the economic lateral length of shale-gas horizontal wells, which considers the
impact of hydraulic-fracturing design based on the geological parameters of the blocks.
This method does not need to use historical production data and can be used in new
shale-gas production areas.

2. Problem Statement and Formulation

In the context of the dual-carbon strategy, oilfield enterprises should accelerate the
establishment of a method for optimizing shale-gas development based on geology—
engineering—economy integration [26], which will not only reduce the cost but can also
keep the energy supply safe and stable [27]. However, scholars have not yet established
a clear method for evaluating the economic lateral length of horizontal wells in different
shale-gas blocks from the perspective of geology—engineering—economy integration [28],
so it is necessary to carry out targeted research to realize the economic development of
shale-gas fields, especially new production blocks.

Integrated development is focused on geological research, optimizing the quality
of drilling and completion and pursuing optimal economic benefits. Based on previous
studies [15,18,23], this paper proposes a method of optimizing the lateral length of shale-
gas horizontal wells based on geology—engineering—economy integration. The process
(Figure 1) is as follows. Firstly, the geological stratification and formation mechanics pa-
rameters are obtained by interpreting the logging curves of the target well with logging
software. Secondly, based on the geological and mechanical parameters of the reservoir
in the target work area, the Stimplan software developed by NSI is used to simulate the
hydraulic-fracture distribution with the actual fracturing process parameters, so the hy-
draulic fracture half-length and conductivity values under certain fracturing operation
parameters can be obtained. Thirdly, the dynamic productivity of shale-gas horizontal
wells is predicted using the CMG software developed by the Canada Computer Simulation
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Software Group. Fourthly, an input-output analysis of shale-gas horizontal wells is con-
ducted to build a technical-economic evaluation model for the economic lateral length of
shale-gas horizontal wells. The economic lateral length is then calculated under specific
reservoir, technical, and economic parameters. Lastly, the influence of reservoir geological
parameters, technical parameters, and economic parameters on the economic lateral length
of horizontal wells is further analyzed and corresponding optimization strategies are given.

Calculation Of economic
lateral length

Impact analysis of

4.Economic | factors | _ 1.Geological
evaluation | " 'modeling !
A ‘ R |
Geological
stratification
Dynamic
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Figure 1. Flow chart detailing the process for the optimization of the lateral length of shale-gas
horizontal well based on geology-engineering—economy integration.

3. Model for Evaluating the Economic Lateral Length of Shale-Gas Horizontal Well

In order to establish a model for evaluating the economic lateral length of shale-
gas horizontal wells, an input-output analysis is required. The investment in shale-gas
horizontal wells mainly refers to the fixed-asset investment in well construction before
production, as well as the operation cost and taxes paid after production. The output refers
to the revenue from the sales of natural gas, not including the revenue from natural gas
by-products.

3.1. Input Analysis

Shale-gas horizontal wells mainly have fixed-asset investments such as drilling,
hydraulic-fracturing construction, and surface-engineering construction, as well as op-
erating costs and taxes after production. Drilling and hydraulic fracturing have a great
impact on the economic viability of shale-gas horizontal wells [29].

3.1.1. Drilling Investment

For convenience of calculation, referring to previous studies [19,30], the drilling invest-
ment is expressed as the drilling length, which is divided into the vertical section, inclined
section, and lateral section. The drilling investment of horizontal well is

Ca = Cyg +Csg + Cpa (1)

where C; is the horizontal well-drilling investment, C,; is the drilling investment in the
vertical section, C,j is the drilling investment in the inclined section, and Cy; is the drilling
investment in the lateral section.

Each investment in Formula (1) can be given as an expression related to length.
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The drilling investment in the vertical well section can be expressed as Formula (2)
and the drilling investment in the inclined section can be expressed as Formula (3).

Coa = GoLy )

Csd = CsLs (3)

where C; is the drilling investment per unit length of the vertical well section, L, is the
length of the vertical section, C; is the drilling investment per unit length of the inclined
section, and L; is the length of the inclined section.

The drilling-rig rental fee, wage cost, and rotary steering cost increase with the growth
of the lateral length of a shale-gas well, as larger lengths require bigger drilling rigs and
longer construction periods, leading to an increase in the drilling investment per unit length
in the lateral section. To facilitate this calculation, the investment in the horizontal section
is expressed as the linear quadratic equation of the length of the horizontal section, namely:

Chd =ag+ Llth + athz (4)

where ag, a1 and a; are coefficients and Ly, is the lateral length.

Combined with the drilling investment data from 16 typical horizontal wells in the
Changning Block with a well depth below 5000 m and expert suggestions, the vertical
length is determined to be 3000 m, the unit investment is determined to be 3600 CNY/m,
the inclined length is determined to be 1000 m, and the unit investment is determined to be
6000 CNY/m. The values of three constants are fitted using the least-square method, so the
relationship between the horizontal section investment and lateral length is as follows:

Cpa = 1039.78 + 0.21L;, + 0.0005L;,2 (5)

Since a 50-type drilling rig is generally used for drilling horizontal wells less than
5000 m in depth and a 70-type or even 90-type drilling rig is required for drilling the
other ten horizontal wells greater than 5000 m in depth, the investment is increased when
compared with a 50-type drilling rig. In this study, the vertical length and inclined length
are fixed, so different lateral lengths determine different types of drilling rigs. When
Ly < 900 m, a 50-type drilling rig is selected; when 900 m < L, < 2500 m, a 70-type
drilling rig is selected; and when L;, > 2500 m, a 90-type drilling rig is selected. Through
investment data fitting, it is found that the investment of a 70-type drilling rig is 1.1 times
that of a 50-type drilling rig, and the investment of a 90-type drilling rig is 1.3 times that of
a 50-type drilling rig. Therefore, the final relationship between horizontal well investment
and lateral length is as follows:

Cj = (Cyog+ Csy + Cpy) x 1.0,L;, < 900 m
Ci=(Cog+Csy+ Cpy) x 1.1,900 m < Lj, < 2500 m (6)
Ci=(Cog+Csy+Cpyq) x 1.3,L;, > 2500 m

3.1.2. Investment in Hydraulic Fracturing

The number of hydraulic-fracturing sections, sand consumption and liquid consump-
tion will vary with the lateral length. Additionally, the economic lateral length will vary
with the half-length and conductivity of the hydraulic fracture. Therefore, referring to the
research results of Guo Jianchun et al. [31], the hydraulic-fracturing investment is expressed
as the relationship between sand consumption, liquid consumption, and other parameters,
as follows:

Cr = CuVL + CpQsy + Cez 7)

where C b is the fracturing investment, Cy, is the unit price of the fracturing fluid, V, is
liquid consumption, Cy, is the unit price of the proppant, Qs is sand consumption, and Ce,
is the cost of the fracturing truck set, packer, perforating gun, and personnel.
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In order to facilitate the calculation, using the hydraulic-fracturing investment data of
26 typical wells in Changning Block, the relationship between C.; and fluid consumption is
derived so that the hydraulic-fracturing investment can be expressed as

Cr = 0.0223V;, +0.0713Q,4 + 0.85 x 1070V, % + 61.82 8)

3.1.3. Other Investments

The operation cost is directly related to the output, so the operation cost is expressed
considering its the relationship with the output. Considering the change in the oper-
ation cost per unit output of horizontal wells over time and the benchmark discount
rate, the present value of the operation cost of fracturing horizontal wells [19] can be
expressed as

t .
Co(t) = Y QiCng (1 + 7)1 — 1

T i

where Cy (t) is the net present value of horizontal well operating cost from year one to year
t, t is the production life of the horizontal well, Cy¢ is the unit operating cost in the first
year, Q; is the annual output of the horizontal well, 7, is the annual growth rate of the
operating cost, and i is the benchmark discount rate.

Comprehensive tax on a shale-gas horizontal well mainly includes the value-added
tax, urban maintenance and construction tax, education surcharge, resource tax, and income
tax. For the sake of convenience, the comprehensive tax in this paper is expressed as the
natural-gas sales revenue multiplied by the comprehensive tax rate, so the net present
value of the comprehensive tax for horizontal wells is

Ce(t) = CI(t)rtax (10)

where C;(t) is the net present value of comprehensive taxes required for horizontal-well
production from year one to year t, CI(t) is the net present value of natural-gas sales
revenue from year one to year ¢, and 7,y is the comprehensive tax rate.

According to the estimation of surface-engineering construction investment in Changn-
ing Block, the surface-engineering construction investment shared by a single shale-gas
well is CNY 1~3 million.

3.2. Output Analysis

In the process of natural-gas production, considering the change in the horizontal well
production, natural-gas sales over time, and the benchmark discount rate, the net present
value of horizontal-well sales income is

1

— 11
(1+i) ! v

t .
CI(t) =Y QP(1+Cp) "
j=1

where CI(t) is the net present value of natural-gas sales revenue from year one to year t,
Qj is the annual output of the horizontal well, P is the natural-gas wellhead price in the
first year, and Cy, is the annual growth rate of the natural-gas sales.

3.3. Evaluation Model of Economic Lateral Length

The cash inflow and outflow of the shale-gas horizontal well are clarified through
input-output analysis. The cash inflow is the sales revenue from natural gas produced
by the horizontal well. The cash outflow, which is the sum of the fixed-asset investments,
operating costs, and the comprehensive taxes of the horizontal well, is as follows:

CO(f) =C;+ Cf + Cam + Cp(t) + Ct(f) (12)
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The NPV is the difference between the cash inflow and the cash outflow of the hori-
zontal well, which is
NPV = CI(t) — CO(¥) (13)

The productivity numerical simulation model, established using the CMG software,
can accurately simulate the dynamic productivity of horizontal wells with different lateral
lengths under specific hydraulic-fracture half-length and conductivity conditions. Com-
bined with the established model for evaluating the economic lateral length of a shale-gas
horizontal well, it can calculate and analyze the change law of the net present value of
shale-gas horizontal wells with different lateral lengths. On this basis, the sensitivity analy-
sis method is used to analyze the influence of reservoir geological parameters, technical
parameters (production time), and economic parameters on the extreme economic lateral
length and the optimal economic lateral length.

4. Calculation Results and Discussion

Due to space limitations, this paper only calculates the economic lateral length of
one horizontal well: Well A. It is particularly important to point out that changes in
various input parameters will cause changes in the economic lateral length, which can
lead to other changes. Well A in Changning Block is a horizontal well in a county in
southern Sichuan, located in the south wing of the Ordovician top structure in the Changn-
ing anticline structure. The completed well depth is 5000 m, and the artificial bottom is
4950 m, completed with casing and the completed horizon located in the Longmaxi For-
mation. Table 1 presents a list of geological parameters such as porosity and permeability.
Table 2 provides a list of technical parameters such as horizontal-well parameters and
production parameters. Table 3 presents a list of economic parameters such as the drilling
investment, hydraulic-fracturing investment, and operation cost.

Table 1. Geological stratification results.

No. VD (m) MD (m) Formation
Top Bottom Top Bottom Property

1 3333.7 3336.6 3590.2 3600.7 Gas

2 3336.6 3338.7 3600.7 3608.3 Gas

3 3338.7 3339.7 3608.3 3611.8 Gas

4 3339.7 3341.2 3611.8 3615.3 Gas

5 3341.2 3342.8 3615.3 3622.2 Gas

6 3342.8 3345.1 3622.2 3631.5 Gas

7 3345.1 3347.0 3631.5 3645.4 Gas

8 3347.0 3349.9 3645.4 3657.5 Gas

9 3349.9 3351.5 3657.5 3670.0 Gas
10 3351.5 3353.6 3670.0 3789.3 Gas

11 3353.6 3355.9 3789.3 3818.2 Gas
12 3355.9 3358.0 3818.2 3832.5 Gas
13 3358.0 3360.3 3832.5 3975.0 Gas
14 3360.3 3363.8 3975.0 4975.0 Gas
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Table 2. Reservoir geological parameters of the shale gas horizontal well.

No. Parameter Name Quantity Sign Unit Value
1 Matrix permeability K mD 0.0005 0.0010  0.0015
2 Matrix porosity ¢ Dimensionless  5.0% 5.6% 6.2%
3 Reservoir thickness h m 30 40 50
4 Reservoir temperature T K 365.15

5 Deviation factor of Z Dimensionless 0.87
natural gas

Relative density of

Di ionl .
natural gas g imensionless 0.6

7 Viscosity of natural gas U mPa.s 0.025

Table 3. Technical parameters of the shale-gas horizontal well.

No. Parameter Name Quantity Sign Unit Value

1 Production time t year 6 8 10
Production

3 differential pressure AP MPa 3 > 7

4 Vertical length Ly m 3000

5 Inclined length Ls m 1000

6 Lateral length Ly, m 100~3600

7 Cluster spacing Lc m 20
Number of

8 perforating clusters Spf cluster 3

9 Well control radius R, m 400

4.1. Calculation Example
4.1.1. Geological Modeling

Logging software is used to interpret the density (DEN), compression wave (DTC),
shear wave (DTS), and natural gamma ray (GR) logging curves of Well A so that geological
stratification can be conducted, which is shown in Table 1. The static Young’s modulus (E),
Poisson’s ratio (PR), and in situ stress (STRESS) are calculated using a built-in program,
which will be used in subsequent fracturing simulations.

4.1.2. Fracturing Simulation

The lateral length of the horizontal well is 1250 m, 1200 m of which will be fractured,
and the thickness of the reservoir is approximately 20 m. The Stimplan software is used
for fracturing simulation. The length of a single fracturing section is 60 m, the number
of fracturing sections is twenty, the number of perforation clusters in each section is
three, and the cluster spacing is approximately 20 m. The average half-length of the
fracture is 180 m and the conductivity is 300 mD - m under the pumping procedure condi-
tions of 1364.7 m? liquid consumption and 467.1 t sand consumption in a single section.
The hydraulic-fracture morphology in a single fracturing section is shown in Figure 2.
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Figure 2. The hydraulic-fracture morphology in a single fracturing section.

4.1.3. Capacity Simulation

The CMG software is used to simulate the productivity of shale-gas horizontal wells
with a horizontal lateral length ranging from 100 m to 3600 m.

4.1.4. Calculation of the Economic Lateral Length

The net present value of a shale-gas horizontal well with a specific lateral length is
calculated using the methodology shown in Figure 3, with the second parameter in the
“parameter value” field in Tables 2—4 [16,19]. The above process is repeated to obtain
the relationship curve between the NPV of the shale-gas horizontal well and its lateral
length, as is shown in Figure 4. The average half-length of the fracture is 180 m and the

conductivity is 300 mD - m.
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Figure 3. Calculation methodology used to find the net present value of a horizontal well with a

specific lateral length.
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Table 4. The economic parameters of the shale-gas horizontal well.

No. Parameter Name Quantity Sign Unit Value
1 Natural-gas wellhead price P CNY/m3 1.159 1.275 1.402
2 Annual growth rate of natural-gas wellhead price Cp Dimensionless 5% 10% 15%
3 Benchmark discount rate i Dimensionless 6% 8% 10%
4 Investment in surface engineering construction Cam 10* CNY 100 200 350
5 Unit drilling investment in vertical section Cy 10* CNY/m 0.36
6 Unit drilling investment in inclined section Cs 10* CNY/m 0.60
7 Unit drilling investment in lateral section Cy 10* CNY Equation (6)
8 Unit operating cost in the first year Cing CNY/m? 0.125 0.138 0.152
9 Annual growth rate of operating cost Tm Dimensionless 5% 10% 15%
10 Comprehensive tax rate Ttax Dimensionless 8% 10% 12%
11 Hydraulic-fracturing investment Cr 10* CNY Equation (8)
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Figure 4. Relationship curve between the NPV and lateral length when the half-length of the fracture
is 180 m.

Figure 4 has three points: Pyin, Popt, and Pmax. The NPV corresponding to the Ppin
point is 0, and the corresponding lateral length is the minimum extreme economic length
Lmin, which is 175 m. The NPV corresponding to the Ppax point is 0, and the corresponding
lateral length is the maximum extreme economic length Lyax, which is 3508 m. The NPV
corresponding to the Popt point is the largest, and the corresponding lateral length is the
optimal economic length Lopt, which is 2000 m. The selection range of the actual lateral
length is 175 m < L < 3518 m under the parameters used in this example. The lateral
length of the 336 production wells in Changning Block range from 800 m to 3500 m [32],
which confirms the accuracy of this study to some extent.

The optimal lateral length is largely dependent on the hydraulic-fracturing design.
Therefore, the effects of a change in the economic length of the horizontal section are
investigated, when the half-length of the hydraulic fracture is 300 m and the conductivity is
300 mD - m, as is shown in Figure 5. The optimal lateral length is still 2000 m long, but the
minimum extreme economic length decreases and the maximum extreme economic length
increases. The increase of the half-length of the hydraulic fracture increases the optional
range of the economic lateral length.
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Figure 5. Relationship curve between the NPV and the lateral length when the half-length of the
fracture is 300 m.

4.2. Sensitivity Analysis and Discussion

The control variable method is adopted to study the influence of six factors on the
economic lateral length, including reservoir matrix porosity, thickness, production time,
drilling investment, natural-gas wellhead price, and benchmark discount rate. The results
are shown in Figure 6.
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Figure 6. Relationship curves between the NPV and lateral length of a shale-gas horizontal well with
six changing factors. (a) the relationship curve between the NPV and lateral length with different
matrix porosities; (b) relationship curve between the NPV and lateral length with different reservoir
thicknesses; (c) relationship curve between the NPV and lateral length with different production
time; (d) relationship curve between the NPV and lateral length with different drilling investment
values; (e) relationship curve between the NPV and lateral length with different wellhead prices;
and (f) relationship curve between the NPV and lateral length with different benchmark
discount rates.
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4.2.1. Sensitivity Analysis of Reservoir Matrix Porosity

Generally speaking, the production of a shale-gas horizontal well increases with an
increased reservoir matrix porosity, which means that a shorter lateral length is more
economical. At the same time, the maximum extreme economic lateral length will also
increase because the increase in production is enough to offset the increase in drilling
and completion investment. Figure 6a shows that, with an increase in reservoir matrix
porosity, the curve moves to the upper right, the minimum extreme economic lateral length
decreases, the maximum extreme economic lateral length increases, and the economic
benefits of a horizontal well with the same lateral length improve.

4.2.2. Sensitivity Analysis of Reservoir Thickness

There is a strong positive correlation between the productivity of a shale-gas horizontal
well and its reservoir thickness. Therefore, an increase in reservoir thickness improves
the economic benefits of horizontal wells with a shorter lateral length. Figure 6b shows
that, with an increase in reservoir thickness, the curve moves to the upper right, the
minimum extreme economic lateral length decreases, the maximum extreme economic
lateral length increases, and the economic benefits of a horizontal well with the same lateral
length improve.

4.2.3. Sensitivity Analysis of Production Time

Both production practice and academic research show that 20 years is a reasonable
evaluation period for a shale-gas horizontal well [33]. The economic viability of a horizontal
well with the same lateral length increases with production time, which leads to a larger
range of lateral length. Figure 6¢ shows that, with an increase in production time, the curve
moves to the upper right, the minimum extreme economic lateral length decreases, the max-
imum extreme economic lateral length increases, and the economic benefits of horizontal
well with the same lateral length improve.

4.2.4. Sensitivity Analysis of Drilling Investment

Production is certain for a horizontal well with a specific lateral length. An increase in
drilling investment indicates worsening economic benefits, leading to a smaller range of
lateral length. Figure 6d shows that, with increasing drilling investment, the curve moves
to the lower left, the minimum extreme economic lateral length increases, the maximum
extreme economic lateral length decreases, and the economic benefits of a horizontal well
with the same lateral length worsen.

4.2.5. Sensitivity Analysis of Natural-Gas Wellhead Price

For a horizontal well with a specific lateral length in a specific reservoir, the production
is certain. An increase in the natural-gas wellhead price means an increase in the gas sales
revenue, which makes the horizontal well more economical and leads to a larger range of
lateral length. Figure 6e shows that with an increase in production time the curve moves to
the upper right, the minimum extreme economic lateral length decreases, the maximum
extreme economic lateral length increases, and the economic benefits of horizontal well
with the same lateral length improve.

4.2.6. Sensitivity Analysis of Benchmark Discount Rate

The benchmark discount rate represents the expected return on investment of the
project. In terms of the investment in a shale-gas horizontal well, a high-benchmark
discount rate will lead to a smaller range of lateral length, while a low-benchmark discount
rate will lead to a larger range of lateral length. Figure 6f shows that, with an increase in
the benchmark discount rate, the curve moves to the lower left, the minimum extreme
economic lateral length increases, the maximum extreme economic lateral length decreases,
and the economic benefits of the horizontal well with the same lateral length worsen.
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Table 5 shows the minimum extreme economic lateral length, the maximum ex-
treme economic lateral length, and the optimal economic length under different factors.
The influence of the natural-gas wellhead price in the first year, the reservoir thickness,
matrix porosity, production time, drilling investment, the benchmark discount rate on the
economic lateral length, and the economic benefits of the horizontal well are weakened
in turn.

Table 5. Economic lateral length of the horizontal well with six changing factors.

No Parameter Value Minimum Extreme Maximum Extreme Optimal Economic
) Economic Length/m  Economic Length/m Length/m
5% 189 3373 1993
1 Matrix porosity 5.6% 175 3508 2000
6.2% 165 3633 2004
R , 30 m 238 2972 1875
2 }f.se’fk:"“ 40m 175 3508 2000
thickness 50 m 142 3962 2009
Producti 6 years 203 3143 1957
3 roduction 8 years 178 3350 1984
time 10 years 175 3508 2000
Drilli 90% of the standard value 159 3635 2015
4 | oriung Standard value 175 3508 2000
mvestment 119, of the standard value 191 3398 1980
Natural-as 1.159 CNY/m® 201 3229 1986
5 & 1.275 CNY/m? 175 3508 2000
wellhead price 3
1.402 CNY/m 154 3787 2012
Benchmark 6% 165 3626 2014
6 g enchmar 8% 175 3508 2000
iscount rate 10% 186 3408 1987

5. Conclusions

The lateral length of horizontal wells is an important parameter in shale-gas devel-
opment. Advances in engineering technology, the optimization of management measures,
and changes in the natural-gas wellhead price will alter the economic lateral length and
the economic benefits of horizontal wells. Therefore, it is necessary to adhere to the idea of
geology—engineering—economy integration and take the following measures to optimize
lateral length.

Applying the theory of technical economics to conduct interdisciplinary research
with the aim of achieving optimized engineering technical parameters and management
measures is a practical way to reduce costs and increase the efficiency of oil and gas enter-
prises, especially as drilling technology and reservoir-stimulation technology in petroleum
engineering have peaked and revolutionary breakthroughs are rare. The optimal lateral
length of horizontal wells in Changning Block is 175~3508 m and the optimal economic
length is 2000 m under the current geological understanding, engineering technology and
production-management level. The R&D of drilling technology and management opti-
mization should be a point of focus to further improve drilling engineering and to reduce
drilling investment. On one hand, we should actively pursue the continuous improvement
of technology to achieve technical breakthroughs and continue to tackle the key prob-
lems that long horizontal sections present to drilling technologies, especially issues with
geological-steering and rotary-steering technologies, environmentally friendly anti-collapse
drilling fluids, the reduction of drilling accidents, and an improvement in penetration rates.
On the other hand, the batch drilling mode of well plants should be further promoted,
and the construction links should be optimized according to the drilling investment list.
We should promote the marketization reform of natural-gas prices and reasonably increase

36



Processes 2023, 11, 249

the price of natural gas in non-livelihood areas through the reasonable evaluation of the
contribution of shale gas to the “dual-carbon” strategy. Subsidies should be established
considering the price of shale gas in high-risk blocks or upstream production blocks to
maintain competitive shale-gas wellhead prices and a certain annual growth rate.

This article discusses a method for optimizing the economic lateral length of shale-gas
horizontal wells. However, there are still several factors that have not been considered,
such as reservoir heterogeneity, early exploration investment, and workover investment.
Moreover, only a single-factor sensitivity analysis has been carried out, which cannot fully
meet the actual requirements on-site. The estimation of drilling investment and hydraulic-
fracturing investment is relatively rough, affecting the accuracy of the economic length of
the horizontal section. Therefore, a multifactor sensitivity analysis should be conducted
and the drilling investment and hydraulic-fracturing investment should be refined in the
next step to further improve engineering practices.
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Abstract: The detection of the formation of pore pressure while drilling is of great importance to
ensure safe drilling operations. At present, the dc-exponent concept is mainly used to detect pore
pressure while drilling. The dc-exponent concept is based on the theory of shale compaction, which is
limited when used in carbonate rocks. A mechanical specific energy (MSE)-based method is proposed
to detect pore pressure in deep, complex intervals. The method is based on the theory that the energy
consumed by the bit to break and remove a unit volume of rock can reflect the effective stress and
pore pressure of the rock in situ. In this paper, a torque and weight on bit (WOB) transfer model is
proposed for estimating the downhole torque and WOB using drill string mechanics. Meanwhile, the
rotary speed and torque of the positive displacement motors under compound drilling are considered,
and the model of total MSE under compound drilling is modified. The MSE-based method was used
to estimate the pore pressure in a region in western Sichuan, and there is a good agreement between
the detected and measured pore pressure. The results demonstrate that the accurate computed
MSE-based method is useful in detecting pore pressure in deep complex intervals.

Keywords: formation pore pressure; mechanical specific energy; drill string mechanics; effective
stress; compound drilling

1. Introduction

Pore pressure is the pressure of the formation fluid within the pores of the soil or
rock. In drilling engineering, accurate knowledge of pore pressure changes can provide
a basis for the optimization of drilling fluid density and well structure design to avoid
drilling incidents (e.g., well kicks/blowout and borehole collapse). There are three aspects
of pore pressure analysis: pre-drill prediction, detection while drilling, and post-drill
analysis [1]. The pre-drill prediction of pore pressure is usually based on seismic data
combined with logging data from the offset wells. Detection while drilling mainly relies on
logging while drilling (LWD), measurement while drilling (MWD) and drilling parameters.
Post-drill analysis summarizes pore pressure in a developed region using logging data from
drilled wells, which is an after-the-fact technique that can be used for pre-drill prediction
in future wells.

Hottmann and Johnson [2] were probably the first to use logging data (sonic and
resistivity) to make predictions of overpressure in shales. They found a linear relationship
between the common logarithm of sonic transit time or resistivity and depth in hydrostatic
pressure intervals, which they called the normal compaction trend (NCT). When entering
anomalous pressure intervals, the sonic transit time or resistivity trend will be deflected.
Pennebaker [3] was the first to apply seismic interval velocity data to the prediction of pore
pressure. Under normal conditions, interval velocity increases with depth, and when an
overpressure interval appears, it is often accompanied by a decrease in interval velocity.
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Based on data provided by Hottmann and Johnson, Gardner et al. [4] proposed an empirical
equation that can be expressed as a direct form of pore pressure (Equation (1))

(A —BInAt)*(OBG — Pyg)

Pp:(Tv_ 72 1)

where P, is the formation pore pressure (psi); oy is the normal overburden pressure (psi);
At is the sonic transit time (us/ft); OBG is the overburden pressure gradient (psi/ft); Png is
the normal fluid pressure gradient (psi/ft); Z is the depth (ft-TVD).

Eaton [5] proposed three sets of prediction equations for pore pressure based on resis-
tivity, sonic transit time and the dc-exponent, respectively (Equations (2)—(4)). Estimation
of pore pressures using Eaton’s model requires an accurate NCT and reliable input data, so
that accurate pore pressure can be obtained.

R, 1.2

Pog = OBG — (OBG — Pog) x (13) ®
Aty \?

Ppg = OBG — (0BG — Pog) x ( 1% ®)
deo |

Ppg = OBG — (OBG — Pog) x { o 4)

where Ppg is the formation pore pressure gradient (psi/ft); R, is the observed shale resistiv-
ity at a given depth (ohm-m); Ry, is the normal compaction shale resistivity at a given depth
(ohm-m); At,, is the observed shale transit time at a given depth (us/ft); Aty is the normal
compaction shale transit time at a given depth (us/ft); d, is the computed dc-exponent
from the measured data at a given depth; and d, is the dc-exponent from the normal
compaction trend at a given depth.

Fillippone [6] proposed an empirical equation for predicting pore pressures through
a comprehensive study of seismic, logging and drilling data in the Gulf of Mexico region
(Equation (5)). The new empirical equation does not rely on the NCT and can be used as an
effective pre-drill pore pressure prediction method [7].

Umax —
Ppg = —"—"_0BG ()

where v is the seismic interval velocity (ft/s); Umin is the seismic interval velocity when
rock rigidity is O (ft/s); and vmax is the seismic interval velocity when formation porosity is
0 (ft/s).

Bowers [8] derived the empirical equations between effective stress and sonic velocity
based on the effective stress principle. In this way, the pore pressure can be estimated
from the sonic velocity. He considered the relationship between effective stress and sonic
velocity from soil mechanics for different overpressure genesis. When the overpressure is
caused by uncompaction, the relationship follows the original curve (Equation (6)), while
when it is caused by the expansion of the fluid, the relationship follows the unloading
curve (Equation (7)). The values of parameters A and B can be calibrated with offset sonic
velocity versus effective stress data.

V = 5000 + AcP (6)
19B
U
V = 5000 + A amax<”e> ] @)
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1
~( Vinax — 5000\ B
o = (L 20 ®
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where V is the sonic velocity (ft/s); Vimax is the velocity at the onset of unloading (ft/s); oe
is the vertical effective stress (psi); and omax is the vertical effective stress at the onset of
unloading (psi).

Most current pore pressure prediction methods are applicable to shale intervals,
where there is a strong relationship between porosity and pore pressure. In contrast,
carbonate rocks are harder, and overpressure has a weak effect on porosity. Atashbari and
Tingay [9] and Azadpour et al. [10] derived the relationship between the pore pressure
and compressibility to estimate pore pressure in carbonate rocks (Equation (9)). By further
studying the numerical empirical relationship between compressibility correlations and
porosity, a simplified approximation of Equation (10) with only porosity and effective stress
was obtained [11]. This new method requires sufficient logging and core data to obtain
regional formation porosity and pore volume compressibility.

(1 =9)Goe
P~ (- #)Co — 4>cp) ©
(A =)oeg\”
=) (19

where ¢ is the formation porosity (fraction); G, is the bulk compressibility (psi’l) ; Cpis
the pore compressibility (psi~!); and o is the effective overburden pressure (overburden
pressure-hydrostatic pressure) (psi).

Due to complicated geological factors and variable causes of overpressure, the de-
velopment of deep and ultra-deep wells makes it difficult to accurately predict the pore
pressure simply by pre-drill prediction. Therefore, during the drilling process of deep and
complicated formations, it is inevitable to carry out the detection of pore pressure while
drilling. Real-time detection of pore pressure usually uses LWD and drilling parameters.
LWD generally offers more accurate results than methods based on drilling parameters.
However, the real-time performance of the LWD is not ideal because the LWD tool is
positioned before the drill collar, slightly far from the bit. Moreover, there is a time delay
in bottom hole data transmission [12]. Conversely, drilling parameters are real-time field
data that are easily obtained in the drilling process. This paper is concerned with drilling
parameter-based pore pressure detection.

Jorden and Shirley [13] proposed the concept of the d-exponent for pore pressure
detection by normalizing the factors (WOB, rotary speed, bit diameter) affecting the rate
of penetration (ROP). Making a normal compaction trend (NCT) in the shales, the d-
exponent will increase linearly with depth in normal pressure intervals. When entering the
overpressure intervals, the d-exponent will tend to deviate from the NCT in a decreasing
trend. The degree of deviation of the d-exponent could reflect the degree of overpressure.
During drilling, the increase in drilling fluid density will cover up the change in the d-
exponent, and a corrected d-exponent was proposed (Equation (11)) [14]. However, based
on shale compaction, it is not applicable for the d-exponent concept to detect pore pressure

in carbonate formations.
1 0.0547ROP
B 0og N NPP

a 1Og(0.068£4):\/OB) “ ECD

de (11)

where ROP is the rate of penetration (m/hr); N is the rotary speed (rpm); WOB is the
weight on bit (kN); Dy, is the bit diameter (mm); NPP is the normal pore pressure (sg); and
ECD is the equivalent circulating density (sg).

Belotti and Gerard [15] used the concept of sigmalog (rock strength parameter) to
detect the pore pressure (Equation (12)), which was based on the relationship between
rock strength, pore pressure and formation lithology. Likewise, the variation of sigmalog
with depth can be plotted, and a trend line can be created. There are a number of factors
that affect sigmalog, which can be divided into two aspects: geological factors and drilling
parameters. The effect of factors other than pore pressure and porosity on the sigmalog
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can be excluded by correcting the equation and adjusting the trend line intercept. In this
way, the pore pressure abnormality can be reflected by the inversion of the sigmalog curve.
Based on the drilling strength of the rock, it is usually not obstructed by lithology in the
detection of pore pressure. However, the application of the sigmalog method in carbonate
rocks is practically not ideal [16].

_ 2 2 0.5 0.25
0:<1+1 VIt x Ap7) | |WOBZ X ROPTZ | oog o (7~ N (12)

nx Ap Dy x N025 1000

where o presents the rock strength parameter; n is the hole cleaning coefficient; Ap is the
pressure difference between the drilling fluid and the hydrostatic pressure, kg/L; and & is
the drilling depth, m.

Recently, research on pore pressure detection about drilling parameters has begun
to use the mechanical specific energy (MSE) model. The original model of MSE was
proposed by Teale [17], which reflects the energy required to break and remove a unit
volume of rock. It is widely used for real-time detecting of drilling efficiency, optimization
of drilling parameters, downhole identification of inefficient working conditions, and
lithology identification [18-27].

Cardona [28] was probably the first to use the MSE concept to detect pore pressure.
Subsequently, Majidi et al. [29] proposed a method to detect pore pressure through down-
hole drilling parameters and in situ rock data using the concept of drilling efficiency and
mechanical specific energy (DE-MSE). The pore pressure was expressed as a function of
equivalent circulating density (ECD), DE, MSE, angle of internal friction, and uniaxial
compressive strength (UCS) of the rock (Equation (13)). Among them, the angle of internal
friction and UCS of the rock are computed from the compressional velocity and based on
empirical equations (Equations (14) and (15)).

1—sin®
P, = ECD — (DEjeng X MSE — UCS) x (l—l—sm€) (13)
DEtrend = ang (14)
6 = 18.53V1% (15)
UCS = 145 x 043V, (16)

where P, is the formation pore pressure (psi); DEenq is the normal drilling-efficiency
trendline; MSE is the mechanical specific energy (psi); UCS is the uniaxial compressive
strength of the rock (psi); 6 is the angle of internal friction (degrees); ¢, is the normal
compaction porosity trendline(fraction); and V}, is the compressional velocity (km/s).

Not taking into account the energy of hydraulic shock-assisted rock breaking, the MSE
model may have some limitations in estimating pore pressure in a soft rock environment.
An actual calculation case of a shallow interval shows that the contribution of hydraulic
energy to the total energy is up to 20% [30]. Therefore, Oloruntobi et al. [31] and Oloruntobi
and Butt [32] applied the hydro-rotary specific energy (HRSE) model (Equation (17)) and
the hydro-mechanical specific energy (HMSE) model (Equation (18)) to overcome this
limitation. The HMSE model was originally proposed by Mohan et al. [33], which includes
axial, torsional, and hydraulic energy. However, in conventional drilling, the assisted
breaking effect of hydraulic energy is relatively weak, so the HMSE model is more suitable
for high-pressure jet drilling. Moreover, for some deep wells and ultra-deep wells, the
deep rocks are harder. The role of hydraulic rock breaking is rather limited compared to
torsional rock breaking, and the MSE should be the main focus.

1207t x N x T+ 6 x 10%7 x AP, x Q
Ay x ROP

HRSE = (17)
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WOBe x ROP + 1207t x N x T + 6 x 10* x AP, x Q
Ap x ROP

where HMSE is the hydro-mechanical specific energy (MPa); WOB, is the effective weight
on bit (N); T is the torque (N-m); Ay, is the bit area (mm?); 5 is the hydraulic energy
reduction factor; AP, is the bit pressure drop (MPa); and Q is the flow rate (L/min).

Cui et al. [34] considered the MSE model under compound drilling (Equation (19)), in
which the bit is driven by both surface drive and a positive displacement motor (PDM).
The rotary speed and torque on the bit are both a combination of surface drive and PDM. In
addition, PDM is powered by drilling fluid and transmits power to the bit. The contribution
of PDM to total energy may indirectly account for the hydraulic energy term.

HMSE =

(18)

wop 120 x (N+ Q) x (T + 159249 x AP)

E=E 1
MS X A + Ar % ROP (19)

where E; is the Energy efficiency (fraction); q is the flow rate of the hollow rotor (L/r); and
AP is the PDM pressure drop (MPa).

Torque and WOB are the main variables of the MSE, and in the absence of reliable
downhole measurements, torque is usually calculated using the model proposed by Pessier
and Fear [35] for estimating torque from WOB, the bit sliding friction coefficient and the
bit diameter (Equation (20)). However, the torque estimated in this way is essentially a
function of WOB, which may not take into account the role of torque. Majidi et al. [29]
emphasized the importance of downhole drilling parameters, especially the torque, by
comparing MSE calculated from the surface and downhole parameters. In the absence
of reliable downhole measurements, some studies have attempted to estimate friction
losses along the drill string by considering wellbore geometry and drilling equipment
parameters [36-38]. These new technologies use surface drilling parameters and drill string
mechanics to estimate more accurate drilling parameters at the bit in real-time.

_ X WOB x D,

T 3000

(20)
where y is the bit coefficient of sliding friction.

In this paper, a pore pressure detection method based on MSE is proposed. The new
method estimates the downhole parameters from surface measurements when reliable
downhole measurements are not available. Meanwhile, the model of total MSE under
compound drilling was modified by considering the effects of the PDM.

2. Theory

Teale defined MSE as the energy required to break and remove a unit volume of rock
by the bit, which is related to the strength of the rock (Equation (21)). It was confirmed by
experiments that the minimum MSE is roughly equal to the compressive strength of the
material drilled [17]. The effective stress is also related to the compressive strength of the
rock [39]. Moreover, the dependence of MSE on pore pressure was experimentally verified
in rock samples [40,41]. Therefore, the MSE obtained while drilling can reflect the effective
stress of the rock to some extent. The higher the effective stress, the greater the strength of
the rock, and the more MSE is required. At the same depth, overpressure intervals with
lower effective stress require less MSE than normal pore pressure intervals, and then the
pore pressure can be reflected indirectly.

WOB  120m x N x T
MSE = ==+ 57 (1)
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2.1. Downhole Parmeters

In the model of MSE, WOB and torque are the main variables. For conventional
drilling, there is generally a lack of the downhole WOB and torque measurements, so they
are considered to be computed from surface measurements (hook load, wellhead torque).
In some high-angle wells, especially directional and horizontal wells, the friction between
the tubular and wellbore wall is high, and there might be beds of cuttings. Therefore, the
influence of friction during the transmission of WOB and torque should be considered.

The following assumptions can be made for obtaining a simplified soft rod model for
estimating the friction: (1) the force and deformation of the drill string are within the elastic
range; (2) the borehole curvature of the calculation unit is a constant; (3) the drill string
touches the upper or lower side of the well wall with the same curvature; (4) the shear
forces on the cross-section of the drill string are neglected, and the effect of the drill string
stiffness is disregarded, but the drill string can withstand axial pressure; (5) the influence
of the dynamic effect of the drill string is neglected. The downhole WOB and torque are
calculated by Equation (22) and Equation (23), respectively [42]. Here, in the Figure 1, the
models for both WOB and torque are transcendental equations that need to be solved using
numerical calculations. A trial value is first taken at the bit, and the WOB and torque are
calculated from the bit to the wellhead by unit. Then, the trial results are compared with
the actual torque and hook load at the wellhead, respectively. Based on the error, the trial
value at the bit is adjusted for iteration.

Figure 1. Force analysis for drill string unit [42].

Where F; is the axial force at the lower end of the unit (N); F;_; is the axial force at the
upper end of the unit (N); gm is the floating weight of the unit in the drilling fluid (N/m);
L; is the length of the i-th unit (m); ; is the overall angle change rate of the i-th unit (rad);
T; is the torque at the lower end of the unit (N-m); and T;_1 is the torque at the upper end
of the unit (N-m).
qmLi cos@; — ;| N

Fi=F+ B Au, (22)
Cos 5 cos —*
Ti_1 = T; + peri| N;| (23)
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Bi = cos~! (cosa;_1cosa; 4 sinw; 1 sinw; cos Ag) (24)

Ag::vQEA¢gnag2+(EAar+qmusm@02 (25)

where «; is the average of the well slope angles at the ends of the i-th unit (rad); ; is the
friction coefficient of the i-th unit; N; is the radial support force on the i-th unit (N); Ax;
is the incremental well slope angle of the i-th unit (rad); y; is the circumferential friction
coefficient; r; is the radius of curvature of the i-th unit (m); a; is the well slope angle at the
lower end of the unit (rad); a;_1 is the well slope angle at the upper end of the unit (rad);
A¢ is the azimuth increment (rad); and Aw; is the incremental well slope angle of the i-th
unit (rad).

2.2. Drilling Parameters under Compound Drilling

There are two sources of power for the bit: one is the surface drive, usually the rotary
table (RT) or the top drive system (TDS), and the other is the positive displacement motor
(PDM). Under compound drilling, the bit is driven by both the surface drive and the PDM
(RT/TDS + PDM). Therefore, the torque of the bit consists of the torque of the RT and the
PDM, and the rotary speed of the bit is calculated in the same way [34]. The PDM is a
volumetric power drilling tool driven by high-pressure drilling fluid. It is characterized
by an output shaft torque proportional to the pressure drop of the drilling fluid in it and a
rotary speed proportional to the flow rate of the drilling fluid. The total rotary speed and
total torque of the bit are calculated by Equation (26) and Equation (27), respectively.

Ny = N+§ (26)

n
Te = 159.24gAP + Ty — Y _ ueri| Nj| (27)
i=1
where N is the total rotary speed under compound drilling (rpm); T; is the total torque
under compound drilling (N-m); and Tj is the wellhead torque (N-m).
The pressure drop of the PDM can be calculated by Equations (28)—(32) [43].

B Q 1.8 ) f
AP = <Qo P0+k(aw+bw) (28)
2
Tl - Tmax (%)
a= "2 (29)
Wi — W
Ty — aW
b= 176211 (30)
Wl
In Ppl_f%
= o (31)
Tmax
k=0 _fP 0 (32)
Tl

where Q is the maximum permissible flow rate of PDM (L/min); P is the pressure drop
at idle at a maximum flow rate of PDM (MPa); w is the weight on bit (kN); T; is the output
torque of PDM (kN-m); Tnax is the maximum torque of PDM (kN-m); W is the working
weight on bit (kN); Wax is the maximum permissible weight on bit for PDM (kN); P; is the
recommended working pressure drop of the PDM (MPa); Pmax is the maximum allowable
pressure drop of the PDM (MPa).
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2.3. Normal Trendline

During drilling, excessive pressure overbalance conditions will increase the resistance
of rocks and cuttings to the bit, which may result in a reduction in ROP and increase the
MSE [32]. Therefore, the MSE was corrected with the regional normal pore pressure ratio
on equivalent circulation density (Equation (33)).

(33)

MSE:<WOB 12071><Nt><Tt) NPP

A, A.xrOP ) “ECD

We plot the MSE with depth on a semi-log. The interval with clean shale and reli-
able drilling parameters data is selected as the target interval for establishing the normal
trendline. For the abnormal points on the curve of the target interval, the values of MSE
are smoothed out by moving the average filtering of the five-point bell-shaped function
(Equation (34)) [44]. The coefficients 3, 7y and ¢ take the values 0.11, 0.24 and 0.3, respectively.

MSE; = B(MSE;_» + MSE; ») + v(MSE;_1 + MSE; 1) + eMSE; (34)

2.4. Estimation of Pore Pressure

For the assessment of the formation of pore pressure, Eaton’s model based on MSE is
used (Equation (35)). The Eaton exponent (m) is a regional factor, and it can be obtained
from any known overpressure intervals in the offset or current wells [32]. The Eaton
exponent is estimated by substituting the overburden pressure, pore pressure, regional
normal pore pressure, MSE, and the MSE from the corresponding normal trendline into
Equation (36) for the target calibration interval, where the overburden pressure is obtained
by integrating the formation bulk density logs.

MSE )’" 35)

GPP = GOb - (Gob - an) X (]\“En

Gob_Gpp )
_ log ( Gob—Cnp
"= MSE
log < MSE, )
where Gy, is the formation pore pressure gradient (sg); Gop, is the overburden formation

pressure gradient (sg); Gnp is the normal pore pressure gradient (sg); MSEy, is the MSE
from the normal trendline at a given depth (MPa); and m is the Eaton exponent.

(36)

2.5. Methodology

(1) The downhole parameters were numerically solved using Equations (22)-(25) based
on the well geometry, bottom hole assembly (BHA), and surface measurements.
When using PDM, we estimated its contribution to bit torque and rotary speed using
Equations (26)—(32) based on the permissible and recommended parameters of the
PDM.

(2) We calculated the MSE at a given depth using Equation (33) and plotted the MSE
against depth on a semi-log.

(8) We selected a clean shale interval with reliable drilling parameters to establish the
normal trend line, which can be appropriately filtered for abnormal points.

(4) The Eaton exponent can be corrected by Equation (36) in overpressure intervals with
clear pore pressure from the offset or current well. Then, the pore pressure at a given
depth can be estimated using Eaton’s model.

3. Results

To demonstrate the applicability of the new technique in deep and complicated litho-
logical formations, we took well L and well M in a region in western Sichuan as case
studies. In this paper, all depths were referenced to the true vertical depth (TVD) below the
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rotary table. The marine strata start from the Leikoupo Formation at about 3850 m in this
region, and the strata above the Leikoupo Formation are dominated by clastic rocks such
as mud, shale, and sandstone, while limestone and dolomite gradually become the main
lithology in the following strata. According to the actual pore pressure measurements in
the overpressure intervals of the offset wells, the pore pressure gradient is about 1.70 sg in
this region near 4925 m. Therefore, the interval in well L near this depth was selected as
the calibration interval for the Eaton exponent. As shown in Figure 2, the average Eaton
exponent was fitted to 0.226.

0.28¢
~ 0.26} . I -_:0_ ;nitted value
= . .
§024 e : .ﬁ .
ﬁ ! u I- | /l\ I.l -l.l N E . -
<§022 s‘a\./ '/o.;\F\o .'f.J...Jjﬁ.\: : ..\.-h\: .-'.‘-\ﬁ.".. '.f’j\'
Sl 17wl \/ “ \' /'I ﬂ_/ / \J/ .

0.18 i i

4300 4820 4840 4860 4880 4900 4920 4940
Depth-TVD (m)

Figure 2. Estimation of the Eaton exponent from well L.

The well M is a sidetracking well, 6510 m deep, and was sidetracked from 5195 m
with a maximum inclination of 20.12 degrees. In this well, PDM was used extensively
for compound drilling, so both the influence of wellbore friction and the contribution of
PDM to the total MSE should be considered. The most realistic downhole parameters
can be obtained using MWD tools, but they are costly. Here, the downhole torque was
computed from surface measurements (hook load and wellhead torque), and the results
are plotted in the Figure 3b. The overall compliant trend of downhole torque is lower than
the wellhead torque due to the friction of the drill string with the wellbore wall. Moreover,
as the depth increases, the friction gradually increases. In the absence of reliable torque
measurements, some studies have estimated torque from WOB, bit coefficient of sliding
friction and bit size. The same operation was made here. The sliding friction coefficient of
the bit is related to the type of bit, lithology, rock strength, mud weight and bit wear. To
minimize the error in calculating MSE, it is reasonable to take 0.25 for roller-cone bits and
0.5 for poly-crystalline-diamond-compact (PDC) bits [45].

Since the friction coefficient between the drill string and the well wall was not suffi-
ciently known in well M, the WOB was calculated using the data from the field. The WOB
recorded in the field used the total weight of the drill string minus the hook load measured
while drilling, which may have some error with the real WOB; we simply take a trend of
variation. In fact, the contribution of WOB to MSE is rather limited compared to torque,
especially in deep intervals where PDC bits are mainly used, and rocks are largely broken
by the shearing of the bit.
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Figure 3. Drilling parameters under compound drilling for well M. (a) shows the weight on bit data;
(b) plots the theoretical total torque on the bit, considering downhole friction and PDM; (c) presents
the theoretical rotary speed of the bit under compound drilling.

The section from 1950 m to 6125 m was under compound drilling conditions. Based on
the type of PDM and flow rate used in each section, the torque and rotary speed of the PDM
were calculated. In contrast to the rotary table, the PDM drive is the main power for the bit
during compound drilling. Combining the torque and rotary speed of the rotary table, the
total torque and total rotary speed were calculated separately, as plotted in Figure 3.

Taking the sidetrack section in the well M as an example, the MSE was computed by
using the wellhead torque, the downhole torque, and the torque estimated from WOB,
respectively. Figure 4 illustrates the comparison of the pore pressure detection results for
these three cases.

The differences in the comparison of the MSE plotted in Figure 4b are striking, espe-
cially since the MSE computed from the torque estimated by the WOB is significantly lower
than in the other two cases, indicating the high sensitivity of the MSE to torque. Typically,
the mud weight (MW) has a safety adder of 0.07 to 0.15 sg compared to pore pressure. In
Figure 4c, the MW was reduced by 0.15 sg to serve as a rough reference for the comparison
of pore pressure detection values. It can be observed that the overall low pore pressure
reflected in the case of using wellhead torque, the detected values range from 1.27 to 2.35 sg
with an average of 1.85 sg. The MSE computation based on the wellhead torque does not
take into account the effect of downhole friction, resulting in a high reflected effective stress
and low pore pressure. In contrast to the former, when calculating MSE based on downhole
torque, downhole friction is taken into account, and pore pressure detection is fairly close
to the reference line of pore pressure estimated from MW, ranging from 1.34 to 2.38 sg with
an average of 1.92 sg. Interestingly, in the case of torque estimated from WOB, since the
MSE values are overall significantly lower than the previous two cases, the final indirectly
reflected pore pressure detection trend is instead closer to the reference line, especially in
the interval from 5395 m to 5944 m. Similarly, acceptable downhole torque appears to be
achieved with a more reasonable bit sliding friction coefficient.
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Figure 4. Comparison of detection results using torque from the wellhead, downhole and WOB for
well M. (a) shows the torque from the wellhead, downhole and WOB; (b) plots the MSE computed
from the different torque source; (c) presents the pore pressure detection values for the three cases.

4. Discussion

Here, a comparison between the dc-exponent method and the MSE-based method is
performed for the entire section from 1960 m to the bottom of the well. Gas drilling was
performed in the 361 m to 1950 m section of the well M, and the overall low dc-exponent
values were tried to correct. Of these, a normally compacted, clean mudstone section from
430 m to 960 m was used for the establishment of NCT for the dc-exponent. Simultaneously,
large changes in bit diameter and drilling fluid density in subsequent sections usually
cause significant changes in the dc-exponent, which are easily misinterpreted as significant
changes in pore pressure. Therefore, an attempt was made to correct the bit diameter
and drilling fluid density for the NCT-established section to re-establish the NCT for the
new section.

In well M, actual pore pressure measurements from two offset wells were used as
a rough reference because the measured pore pressure data were not sufficient. In the
section above 3850 m, the main lithologies are mudstone, sandstone and shale. As can be
observed in Figure 5, both the dc-exponent and MSE-based methods provide reasonable
estimates of pore pressure, and the MSE-based method has less scattering in its estimates.
However, in the section above 2891 m, the MSE-based method appears to over-detect
the pore pressure, and the dc-exponent provides more practical estimates. In the section
below 3850 m, where the predominant lithologies are limestone, dolomite and gypsum,
the pore pressure estimated by the MSE-based method matches better with the measured
values in the current and offset wells. Meanwhile, it can be found that the dc-exponent
approximately presents a tendency to a stable value at each hole section in the marine
carbonate formation. The carbonate skeleton is stiffer, and its porosity does not necessarily
tend to decrease with increasing burial depth, which may lead to the dc-exponent not being
sensitive enough to changes in pore pressure.
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Figure 5. Comparison of the MSE-based method and dc-exponent method for the pore pressure
detection in well M. (a) The NCT of dc-exponent method; (b) the NCT of MSE-based method;
(c) comparison of pore pressure detection between the dc-exponent method and MSE-based method.

Notably, the entire section from 1960 m to the bottom of the well was drilled extensively
with PDM in conjunction with PDC bits. Both sections from 3174 m to 3850 m and 6141 m
to 6189 m were replaced with roller-cone bits. Additionally, for both dc-exponent and
MSE, the pore pressure estimates near the freshly replaced bits show varying degrees of
scattering. The type of bits and the degree of wear on the bits both have a significant impact
on the drilling efficiency and MSE. Therefore, when the bit is changed frequently and the
bit wear is high, the MSE may not accurately reflect the effective stress, and the MSE-based
method should be used with caution. Especially when drilling through pressure transition
zones, the above factors can mask overpressure conditions.

5. Conclusions

(1) A mechanical-specific energy-based drilling parameter method is proposed and val-
idated to provide reasonable pore pressure estimates in deep complex lithologic
intervals. The computation of MSE uses downhole parameters as far as possible.
When reliable downhole measurements are lacking, a method based on drill string
mechanics is proposed to estimate friction losses along the drill string by considering
wellbore geometry and surface drilling parameters. In this way, more accurate drilling
parameters at the bit can be obtained in real-time.

(2) Torsional energy is the primary source of contribution to MSE, and MSE-based pore
pressure detection is highly sensitive to downhole torque. More attention and effort
should be paid to the measurement and estimation of downhole torque. It should also
be noted that when using PDM, the contribution of the PDM to the total MSE needs
to be fully considered.

(3) The new method relies on trend lines and requires correction of the Eaton exponent,
which has the influence of subjectivity. Moreover, all factors that are not related to
pore pressure but can lead to significant changes in MSE may cause the overpressure
conditions to be masked. At this point, the MSE-based method needs to refer to log
data and actual drilling conditions from offset wells.
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Abstract: When drilling to obtain hydrocarbons (oil and natural gas), we cannot underestimate the
anomalously high pressures in the deposit layers, as these pressures can cause an uncontrollable
eruption. Therefore, it is important to look for signs of anomalous high contour pressures over
time, which, according to a detailed analysis, could be used to predict and quantify high formation
pressures. These arise under conditions of intense vertical migration of formation fluids, where the
liquids in the well have to carry part of the weight of overlying rocks and are often also related
to tectonic activity. The main aim of the present study was to detect the emergence of a gas kick,
which, as a result of an improper technological procedure, can cause an uncontrollable eruption,
which can lead to a total accident of the well. In this article, we describe the use of modern drilling
technology and sophisticated software that displays the current status inside the well. These can
reveal impending pressure anomalies that can cause complications in managing the gas kick in oil and
natural gas drilling. We analysed the most appropriate procedure for well control in a hydrocarbon
well using the “driller’s method” and the “wait and weight method”. On the basis of theoretical
background, we verified the correctness of the procedure for well control and compared it with the
reaction to gas kick from a well drilled in Hungary. In the article, we highlight mistakes, as well as the
particular importance of properly managing gas kick and its early prediction. Proper management
of gas kick and its early prediction highlight the particular importance of implementing safe and
effective procedures in well drilling.

Keywords: modern drilling technology; procedure for well control; proper management of gas kick;
early prediction

1. Introduction

Very often, gas kick and related complications are manifested in oil and natural gas
wells and during drilling on geothermal water under pressure. According to theoretical
knowledge, the behaviour of these gas kicks can be predicted in advance and safely
eliminated. During well control by the “driller’s method” or by the “wait and weight
method” essentially assumes the pumping of a new drilling mud with a new adjusted
density. The gas kick is most often due to the fact that the current pressure ratios on the
bottom hole are disrupted. There is an uncontrolled release of oil or natural gas from
an oil or gas well after the failure of the drilling pressure control systems. Hydrocarbon
wells have systems (BOP systems: blowout preventer) to prevent gas eruptions. Random
sparks during an eruption can lead to a catastrophic oil or natural gas fire. Unmanaged gas
kick is one of the most tragic and expensive technical accidents that can occur in the oil
and gas industry. When an accident occurs, it is an immediate emergency situation that
endangers life, the environment and all related equipment. Gas kicks in deep sea drilling
for oil and natural gas are becoming serious with increasing drilling depth and a more
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complex geological environment. Their prediction and prevention represent one of the
main challenges for drilling companies and rock engineers. Gas kick manifestations of
hydrocarbon deposits are less documented, such as gas kicks and explosions of coal gas.
Therefore, the exchange of information is important, especially in the area of prediction and
prevention of gas kicks in oil and gas drilling. This contribution clarifies possible differences
between theoretical prediction and practical solutions to actual gas kick events. In this
article, we deal with the issue of theoretical and technical research concerning the prediction
and prevention of hydrocarbon gas kick, taking the example of a D-1 well in Hungary.
A comprehensive prediction method is proposed for a particular hydrocarbon well, and we
highlight the incorrect actions and decisions taken by the driller in an attempt to resolve
the situation. Such erroneous decisions in dealing with well control can cause uncontrolled
eruption, with the possibility of an accident at the well. Therefore, it is necessary to establish
a clear concept and procedure for dealing with such complications. InfoDrill and Drill
Lab MasterLog software were used in this case to process the detected data. Data were
collected and compared with the results of theoretical and actual well control situations,
with consideration of terrain monitoring, laboratory tests, and measurements, in order
to guarantee the accuracy of the well control forecast. The principle and scheme of the
hydrocarbon well were studied and modelled, on the basis of which it was possible to
deduce the correct technological procedure for well control in the hydrocarbon well [1].
The global oil and gas market has been changing dynamically in recent decades. The
exploration and production of newly discovered high-quality oil and gas deposits, as well
as government involvement in the development of unconventional low-carbon energy
resources, have led to the global market presently being shaped not only by supply but also
by demand [2]. Not all hydrocarbon deposits that are discovered are cost-effective. Mined
oil or gas deposits can also be used for other mining activities. The use of already extracted
oil and gas deposits is mainly aimed at the construction of underground natural gas storage
facilities, as well as the pumping of mining waters, sulphides, CO;, etc. [3]. These mined
wells must be deepened, cleaned, equipped and installed using underground technological
equipment [4]. The disposal of economically inefficient wells is an economically and
technically challenging task. Such situations require technical knowledge and necessitate
the use of quality materials, with emphasis on environmental protection [5,6]. For oil and
natural gas extraction itself, the casing has to be accordingly designed, tested, operated,
installed and monitored; failure to do so can cause notable problems and reduce the
durability of the well. In the lifespan of a hydrocarbon well, various processes are carried
out, including liner installation, drilling, pressure and temperature exploration, production
and pumping tests. In order to achieve technical success, safe management and well control,
a systematic understanding of the parameters during drilling and equipping of the well
is necessary [7]. Horizontal or direct natural gas and oil wells are difficult to evaluate
owing to the challenges associated with collecting data on formation pressure using a wire
line [8,9].

Well deviation control has become a bottleneck preventing the development of gas
drilling. Without greasing of the drilling fluid and the actuality of the negative pressure
differential, the cause of well deviation in gas drilling differs from that in mud drilling.
In this article, we analyse and consider the consequences of the stress distribution dif-
ference, well bore enlargement, the rock-breaking mechanism and water export in well
deviation during both mud drilling and gas drilling, with reference to previous studies.
Our conclusion is that the uneven crater formed by rock breaking, the new stress state in
the bottom rock and borehole enlargement are the main reasons for well deviation during
gas drilling [10]. According to the characteristics of horizontal wells, a multiphase flow
theoretical model of a horizontal well was established. The finite difference method was
adopted for solving mathematical equations. The bottom hole pressure of a horizontal well
during gas kick was analysed. The results indicated that the bottom hole pressure of a
vertical well decreases quickly, whereas the pressure of a horizontal well decreases after a
given time. In a horizontal well with a large curvature radius, the bottom hole pressure
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decreases less than that in a well with a small curvature radius with a horizontal section of
the same length. Comparing two wells with equivalent curvature radii, the bottom hole
pressure of that with a longer horizontal section reduces slower than that with the shorter
horizontal section. Increased build-up rate has no effect on the bottom hole pressure of
horizontal wells. In wells with a small hole, the bottom hole pressure first increases and
then reduces quickly after a given time. The pump output has little effect on the bottom
hole pressure of horizontal wells [11]. The differential pressure on the bottom hole is one of
the most important factors influencing mining speed [12]. Rock stress analyses for induced
seismicity monitoring are necessary operating procedures for the safe and effective produc-
tion of oil and gas. Analysis of the rock stresses on the bottom hole, as well as mechanisms
of clearing drill cuttings, suggests that hydraulic pulsation in the well can reduce pressure,
reduce the quarry strength of the rock and improve purification at the bottom hole, thus
improving drilling force and efficiency. The higher the pulsation value, the more effective
the acceleration of drilling speed; in contrast, as the depth of the well increases, the effect
of acceleration gradually decreases [13]. A series of steps can helps to ensure safe and
efficient production of natural gas and oil [14]. A stochastic drilling approach employs well
performance algorithms to determine the optimal drilling profundity measured in vertical
wells in three-dimensional space. The generated algorithms are then used to display the
measured depth of vertical wells in which the pressure expression is assumed. A total
of 15 hydrocarbon wells were designed and carried out in applicable rock environments,
most often in sandstones [15]. Due to its rock form, sandstone allows for the aggregation
and migration of hydrocarbons, such as natural gas and oil. To evaluate drilling cases and
applications, including drilling unpredictability and many other drilling issues, it is neces-
sary analyse the effects of hydrostatic and bearing pressure in the extracted rocks [16,17].
In order to increase the pressure, it is necessary to perform constant optimization and
analyse the measurement history. It is appropriate to decrease the number of measurements
in wells where issues have not been reported for a long period of time, focusing instead
on potentially troublesome wells [18]. Natural gas is also possible solution to the usage
of low-carbon fuel resources. One of the options for effective use of this energy source
is underground storage [19,20]. One possibility for acquiring natural gas from unusual
sources, especially from shale, is hydraulic fracturing.

Hydraulic fracturing techniques are especially effective in triggering the production of
hydrocarbons from oil formations or shale gas [21,22]. In this article, we call attention to the
significance of the dynamic increase in financial expenditure acquired by many countries
in recognizing and investigating gas deposits contained in rocks, hydrates or aquifers.
In terms of geological exploration, the volume of overall proven geological sources of
unconventional gas has increased by 66% in recent years [1]. In this article, we characterize
the consequences of utilizing innovative methods of natural gas exploitation in order to
achieve increased sustainability and balanced global economic development, as well as a
radical reduction in the cost of gas transport on a global scale. We are currently witnessing
a dynamic increase in financial expenditures of countries on all continents with respect to
exploration and analysis of gas deposits contained in rock or aquifer layers.

The aim of this article is to demonstrate how to proceed correctly in response to
the first warning signs of pressure expression in hydrocarbon wells. By using modern
software support, can detect deviations from the correct drilling mode. In this article,
we present a case study to demonstrate how a software system can alert the driller and
monitor any anomalies that may arise during the drilling process. This realistic example of
the hydrocarbon drilling process also draws attention to important functional parameters,
e.g., drilling depth, temperature and drilling pressure, weight on the hook, rotation per
minute on the drill string, weight on the bit, etc., which exert a fundamental influence on
the drilling process. Practical information and advice on procedures can help other drillers
in terms of safety and future prospects.
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2. Materials and Methods

A hydrocarbon well in Hungary was selected for our research (the Company Oil
and Gas Development Kft, Figure 1). The well was drilled by a Bentec AC 250 heavy
electric-hydraulic drilling rig with a load capacity of 250 tone (1600 horsepower), BOP
(135/ 8 10,000 psi), double, single and Cameron annular.
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Figure 1. Area of interest for oil and gas development Kft [19].

The following steps were carried out:

- Assessment of the correctness and suitability of standard theoretical procedures ac-
cording to the real in situ technological process under specific conditions;
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Analysis, comparison and reference to frequent technological errors and decisions
with respect to recovery of well control in the drilling of hydrocarbon deposits; and
Software modelling of a particular well control strategy under specific conditions.

The main cause of gas kick is the existence of a pressure difference between the

formation pressure and the pressure in the well (hydrostatic), which is transferred from the
formation layer to the well.

N

N o U1

The accompanying phenomena of possible abnormal gas kick are:
Rate of penetration (ROP);

Change in drill cutting size;

Higher values of gas types:

(a) background gas;

(b) trip gas;

(c) connection gas;

Higher salinity or chloride values in drilling mud;
Higher temperatures of drilling mud;
Gas-saturated drilling mud;

Change of “D exponent”.

Rate of penetration (ROP)
The speed of drilling is directly related to the type of drilled formations and the

drilling bit. Hydrocarbons are predominantly found in porous formations, so the drilling
of such formations is much easier, with intense speed increases compared to compact clay
overlying formations.

Change of the drill cuttings

An increase in the size of drill cuttings can occur in hard formations (Figure 2) due

to increased pressure. Drill cuttings, on the other hand, may disappear altogether in soft
coastal and marine sediments. Occasionally, shale shakers can be completely blinded by
fragments of drilling cuttings.

Figure 2. Cuttings on shale shakers.

Higher values of gas types: (a) background gas

The basic or normal curve of hydrocarbon gases that are discharged from the drilling

mud can be determined by means of a gas detector. In general, gas may appear as a
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background gas. During drilling operations, the gas, together with the cuttings, reaches the
surface and separates from the drilling mud. According to this principle, it is possible to
obtain a curve of this gas, which occurs in small amounts (Figure 3).
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Figure 3. Arrow indicates background gas.
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e Higher values of gas types: (b) trip gas

During swabbing or snubbing into or out of the well, pressure in the annulus may be
reduced, and the pressures in the well may become unbalanced, with gas appearing in the
drilling mud, which is easily identifiable on the curve (Figure 4).

e Higher values of gas types: (c) connection gas

When connecting another stand, the pumps are switched off, resulting in a sudden
reduction in the pressure in the well due to a loss of pressure in the annulus. With reduced
pressure in the well, the pressure of the formation releases gas into the column, resulting in
a noticeable increase in gas on the surface separated from the drilling mud (Figure 5).

In the case of the occurrence of the mentioned manifestations of gases, it is recom-
mended to implemented the following technological procedures:

- Use of a vacuum degasser;
- Change of job operations;
- Flow check.

58



Processes 2022, 10, 1106

Depth [m) 0 ROP Ay 80 Jo Totd Gas [%) 10

Bit Posiion m) ¥ 0 GaCl [ 10

MWD GR(degth) [m] Owerul (1

0 Hock Pestion jm] 40

0 Weghtoan Bt [ 15 5 G4

mma Ray (AP 0 Gas 05
0 GasnCS [%) 0.2
0 Gas 02 [%)] 5.0

22148 21933 1930.5
22148 21933 19563 |
22148 21933 19878
22148 21933 20168
22148 21933 20675
22148 2193 21033 |
22148 21933 21319
22148 21933 21331 |
22148 21933 21340
22148 21933 21374
22148 21933 21423
22148 21983 21471
22148 21933 21492
22148 21933 21488
22148 21933 21530
22148 21933 2156.9
22148 21933 21606

S
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Figure 5. Arrow indicates connection gas.

e  Higher salinity or chloride values in drilling mud

When the pressure in formations increases, water is squeezed from the formation,
resulting in a higher concentration of salts in the remaining formations. Therefore, when
drilling an overpressurized zone, the salinity value increases.
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e  Higher values of drilling mud temperatures

Because temperature and pressure are related to each other, the thermal gradient can drop
intensely just above the transition zone, increasing sharply in formations with abnormally
high pressure. In such cases, the normal curve of the thermal gradient can be determined and,
in cases of anomalously high pressure, be used to determine the formations.

The most common parameters that affect temperature are:

- The density of the drilling mud;

- The amount of solid particles in the drilling mud;
- Flow properties and yield point;

- Circulation rates; and

- The geometry of the well.

e  Gas-saturated drilling mud

Gas-cut mud during drilling may not be a signal of pressure expression, as the pressure
on the bottom hole is not significantly reduced. Gas-saturated drilling mud can occur for a
variety of reasons. An example is the collector rock, which releases gas into the drilling
mud as it is crushed by the drill bit. This is a sign that a formation has been indicated.
However, this will not cause a decrease in the density of the drilling mud and will not cause
an imbalance of pressures in the well. In the case of any doubt, it is necessary to stop the
pumps and perform a flow check. Gas-cut mud also occurs when drilling low-transmittance
formations, which contain gas at a higher pressure than the hydrostatic pressure. Because
such formations are not very permeable, the gas inflow is slow (Figure 6).
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Figure 6. Arrow indicates gas-cut mud.
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e  Change of “D exponent”

“D exponent” is the value to traverse formations with abnormal pressure on the Gulf
coast and was designed in 1966 by Jorden and Shirley [23] (Figure 7).

Normal Compaction Trend Line

Normal pressure

Depth

Transition zone

Overpressured zone

A 4

d exponent

Figure 7. “D exponent”.

“D exponent” is an approximate calculation of drilling parameters to obtain a trend
while drilling into overpressurized zones. Usually, mud logger will correct all data, calcu-
late the D exponent and plot the D-exponent valve on the curve. The D exponent can be
utilized to survey the transition from a normal pressure regime to an abnormal formation
pressure. A change in the drilling trend warns rig supervisors to exercise caution, as this is
one of the possible indicators for drilling control [24].

_ log % 1)
log Dﬂb
de=dir @)
where:
R =ROP (m/h)
K =const. 1

N = rate per minute (RPM) 1/min
E = RPM exponent =1

W = weight on bit (WOB), (kg)

Dy, = diameter of bit (mm)

MW; = original mud density (SG)
MW, = new mud density (SG).

2.1. Warning Signs of Gas Kick during Drilling
The most common symptoms of emerging kick gas include the following:
- Change in drilling rate;
- Increase in flow of drilling mud from the well;
- Decreased mud pump pressure and increased strokes;
- Increase in rotary torque;
- Increased drilling string weight.
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e  Change in drilling rate

Change in drilling rate is the first and fastest indicator that sand and shale formations
were drilled. When a drilling bit penetrates layers with abnormally high pressures, the
drilling speed increases, but when using OBM (oil-based mud) rinses, the speed can also
slow down. With experience, it is easy to identify a sudden increase in speed.

Procedure for a sudden increase in drilling rate:

Stop the rotation on the drilling string;

Pick up the drilling string to correct the position of the tool joint above the drilling table;
Stop the mud pumps;

Perform a flow check;

If there is no leak, continue to drill. When the well flows, the pressure manifestation
is declared, and the well is closed. Subsequently, stand-pipe pressure (SIDPP) and
SICP (casing pressure) values are subtracted.

AR

The flow check takes approximately 5 min for water-based mud and approximately
30 min with OBM.

e Increase in flow of drilling mud from the well

Another indication of gas kick is increasing discharge of gain from the well. With
a device to measure the discharge from the float valve, it is possible to react in a timely
manner to the amount of drilling mud returning to the surface. In the event of low values
after subtraction, it is generally sufficient to increase the density of the drilling mud so
that the hydrostatic pressure is higher than the pressure of the formation. However, if the
subtracted parameters continue increase continuously, it is necessary to shut down the well.
If there is a gas kick, the amount and pressure of the influx from the deposits depends on
how quickly the well is closed.

e  Decreased mud pump pressure and increased strokes

Circulation pressure is related to losses in the circulation circuit in the form of liquid
friction in the DP (drill pipe), DC (drill collar), jets in the drill bit, MM (mud motor) and in
the annulus. In addition, the circulating pressure is affected by the imbalance of hydrostatic
pressure between the inside and the outside of the DP. When drilling gas, the gas rises and
expands in the annulus. Depending on the weight of the liquid, the circulating pressure
gradually decreases, and the number of pump strokes increases.

e Increase in rotary torque

Torque increases depending on the depth. In the case of drilling a formation with
abnormally high pressure, the fragments are displaced more quickly from the formation,
exerting an increased influence on the drill bit and the string. Consequently, torque
suddenly increases sharply.

e Increase in drilling string weight

With a gas kick, layered liquids disrupt the homogeneity of the drilling mud and
become lighter; therefore, the weight of the string is increased. Not every indicator signal
provides an immediate warning about “drilling break”, but if multiple signals appear
simultaneously, it is necessary to react immediately [25].

2.2. Shut-In Procedures

Before a well is drilled, the drilling company must establish a procedure for shutting
the well. If any sign of pressure manifestation is observed, such as an increase in the flow
of mud from a well or the amount of drilling mud in the tanks, then the well has to be
closed immediately.

It is important to distinguish:

- A soft shut-in of a well during drilling;
- A hard shut-in of a well during drilling;
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- A soft shut-in of a well during tripping; and
- Ahard shut-in of a well during tripping.

2.2.1. Reading and Recording SIDPP and SICP

Once the well is closed, it is important to record values from manometers on the drill
string and in the annulus for well control situations. Because SIDPP pressure values lead to
the drill bit, they indicate the pressure on the bottom hole. In the event that there is a float
valve in the string, the pressure in DP is 0. Given that the mud in the annulus contains drill
cuttings, which are suspended particles that enter the well due to increased pressure, this
pressure is not suitable for calculating the exact value to increase the density of drilled mud.

2.2.2. Shutting Down the Well during Gas Kick

Before drilling for oil and natural gas or water under pressure, it is essential that
drilling workers have a clear understanding of which type of well shutting will be imple-
mented in the event of increased pressure.

There are two types of well shutting during drilling: soft shut-in and hard shut-in:

(a) Hard shut-in
If hard shut-in is selected, the choke in the choke manifold and the HCR (hydraulic
choke valve) are set to the closed position.
Steps for hard well shutting:
- Close the BOP;
- Open the HCR (hydraulic choke valve);
- Read and record the SIDPP and SICP values from the manometers after allowing them
to stabilize;
- Read and record gain parameters before closing the BOP.
Advantages:
- Fast shut-in influx volume;
- The pressure in the annulus is lower;
- Noneed for additional procedures.
Disadvantages:
- A pressure pulse or “water hammer” effect is produced in the well bore when the

BOP is closed;
- Possible damage to the formation.

(b) Soft shut-in

During soft shutting the choke in the choke manifold is fully opened, and the HCR
(hydraulic choke valve) is closed.
Steps for soft well shutting:

- Open the HCR;

- Close the BOP;

- Close the choke;

- Read and record the SIDPP and SICP values from the manometers after allowing them
to stabilize;

- Read and record gain parameters before closing the BOP and before closing choke.
Advantages:

- A pressure pulse or “water hammer” effect is not significant when the BOP is closed.
Disadvantages:

- It takes longer to stop the penetration of the influx into the well;

- Higher pressure in the annulus;

- More steps need to be taken to shut down the well.
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2.3. Well Control

A number of procedures and methods are available for well control, with the aim of
killing the gas kick and bringing the well back under control.
Basic methods of well control:

- Driller’s method;

- Wait and weight method;
- Concurrent method;

- Volumetric method;

- Bullheading.

In our case, we chose to deal with pressure expression with the use of the following
two methods:

The driller’s method is the most basic of all methods and can be employed in a number
of well-controlled situations. Because it involves the use of many techniques common
to other well control methods, the driller’s method can be studied to learn basic well-
control procedures. To initiate the procedure, start circulating, open the choke, slowly
bring the pump up to the kill rate and hold the SICP at a constant value by adjusting the
choke. Keeping SICP constant for this short period of time maintains constant bottom-hole
pressure. When the pump is at kill-rate speed, observe the drill pipe gauge, which shows
the ICP. Circulate the influx out, holding SIDPP constant at ICP. When the pits are full of
kill-weight mud, open the choke and slowly bring the pump up to the kill rate, holding the
casing pressure and pump rate constant. If KRP is known, the final circulating pressure can
be calculated (Figure 8).
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Figure 8. “Driller’s method” during two circulation steps.
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The “wait and weight” method is so named because the crew first shuts the well down,
waits for kill-weight mud to be prepared and then circulates the new, weighted-up mud
into the hole. At the same time, new mud is pumped in and old-weight mud and kick
fluids are removed through the choke. Pumping in new mud while removing old mud and
kick fluids may result in lower surface or casing pressure than when first circulating the
kick out with old mud and then circulating in new mud.

Both methods lead to successful management of pressure manifestation. The main
differences between these methods are that the “driller method” requires two cycles,
whereas the “wait and weight” method requires only one cycle. The advantages of the
“wait and weight” method are lower pressures at the bottom of the casing column during
circulation and lower pressure at the mouth of the well surface. The disadvantages include
the time required, the associated longer gas migration from the ground to the surface and
the required recalculation of the kill sheet. In practice, these two methods are most often
used to safely and successfully eliminate pressure sores. Therefore, in Section 3, we mainly
describe and analyse the “wait and weight” method [26].

3. Results and Discussion
3.1. Well Control In Situ

Figure 9 shows the two hydrocarbon formation areas of individual wells in the terrain
according to the well project, Company Oil and Gas Development Kft, in Hungary on the
D-1 well [19].

7a

Figure 9. Map of hydrocarbon formation wells in Hungary [19].
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3.2. Origin and Analyses of the Problem

Figure 10 shows a real example of gas kick. In the first phase, from a depth of
1290-1295 m between 12:00 to 12:15 h, drilling takes place without an anomaly. At a depth
of 1298 m at approx. 12:23 p.m., a sudden increase ROP and an a decrease WOB are
observed. Consequently, SPP decreases and WOH increases.
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Figure 10. Software data “InfoDrill” kick.

In this case the driller has to react immediately:
- Pick up drilling tools;
- Switch off the mud pumps;
- Perform a flow check.

The error occurred at the moment when the driller decided to drill the stand of DP
and decided to connect another stand of DP. At 12:45 p.m., a continuous inflow of mud
gain into the tanks for 10 min is observed. After the conception, the driller switched on the
pumps and continued drilling. Figure 10 shows that ROP is two times higher than when
drilling the previous stand of DP where the drilling break occurred. At 1:10 p.m., the driller
switched off the pumps and closed the well. Values were been read and recorded from the
manometers: SIDPP = 28 bar and SICP = 38 bar, with a pit gain of approximately 1000 L,
which was subsequently used to calculate the kill mud. These calculations are the most
important step in the process of well control during oil and gas drilling.
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"Poor Boy"

w

3.3. Shutting Down the Well

Based on the situation at the well, we proposed the use of the “hard shut” method
(Figure 11). Figure 11 shows the manual valves and their positions when the well is closed
by BOP. Annular BOP was used to close the well. Subsequently, the HCR and the manual
valve were opened to divert drilling mud into the choke manifold with the closed choke.
Behind the choke, the valves were opened and diverted to the trip tank, shale shakers or
via “poorboy” [27,28].
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Figure 11. Schematic of hard shut-in.

3.4. Measured Values of the Gas Kick and Their Calculation

Software was used to calculate the well control values. With this program, the individ-
ual values for safe well control were calculated (Figures 12-14). The leak-off pressure of
the previous casing shoe and the reduced slow pump rate are entered (formation strength
data: A, B, C) in the upper-left side of the worksheet. The well verticality values are entered
(current well data) in the upper-right section. The capacity of strings, the recalculated
strokes of mud pumps and their lag times are entered in lower section, (calculated Data: D,
F, G, H, I) (Figure 12).

The kick data are entered on the second worksheet (Figure 13) after well shut-in, namely:

- Shut-in drip pipe pressure (SIDPP),
- Shut-in casing pressure (SICP),
- Pit gain value (PG).

After entering these values kill fluid density for well control is calculated. This
calculate obtains the values of the initial circulating pressure (ICP) and the final circulation
pressure (FCP) for the successful killing of the well.

The third page of the worksheet (Figure 14) shows the dependence of pressure on the
annulus and the number of pump strokes, as well as how to control the choke (open and
close) for well control.

The wait and weight method was suggested because of the long open hole section and
the low formation strength pressures in the casing shoe ((A)—23 bar, Figure 12).

After reaching the FCP pressure and completing the well inspection, the total volume
of the well system is circulated for one cycle (Figure 12, point I). Then, the sludge pumps
are turned off, the choke is left completely closed and the pressure increase in the annulus
is monitored. If the value is zero, the BOP opens, and a flow check is performed [29].
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International Well Control Forum DATE: 4422 6:54 PM
NAME : Tomas Huszar
SURFACE BOP (Deviated Well) KILL SHEET - 1 UNITS :  S.I. (bar & liter) —
FORMATION STRENGTH DATA: CURRENT WELL DATA:
SURFACE LEAK-OFF PRESSURE FROM DRILLING FLUID DATA:
FORMATION STRENGTHTEST ~ (A)[_23__|bar DENSITY [ 117 |kan
GRADIENT 0,1147 |bar/m

DRLG FLUID DENSITY ATTEST  (B)[__1,08 _|kg/t

0,1059 bar/m DEVIATION DATA:

MAX. ALLOWABLE DRILLING FLUID DENSITY: KOP M.D. 1103,00 |m
(A) x 10.2 KOP T.V.D. 1103,00 |m
(B) + SHOE T.V.DEPTH (C)l 1,55 |kg/| EOB M.D. 1250,00 |m
0,1519 bar/m EOBT.V.D. 1230,00 |m
INITIAL MAASP:
[(C) - CURR. DENSITY] x SHOE TV.D. = CASING & SHOE DATA:
10.2 SIZE 9,625 [inch
[ 1859 |bar ID 8,921 |inch
M. DEPTH 500,00 |m

*W DEPTH | 500,00 |m
PUMP 1 DISPLACEMENT PUMP 2 DISPLACEMENT
13,80 l/stk 13,80 listk HOLE DATA:
SIzE 81/2_|inch

SLOW PUMP DYNAMIC PRESSURE LOSS M. DEPTH 1303,00 |m
RATE DATA SPM PUMP NO. 1 PUMP NO. 2 T.V.DEPTH 1278,00 |m

50 SPM 23 bar 22 bar T

60 SPM 27 bar 28 bar PUMP data

PUMP 10r2 | 13,80 listk | 50 SPM

PRE-RECORDED LENGTH CAPACITY VOLUME PUMP STROKES TIME
VOLUME DATA m I/'m liter strokes minutes
DP 1 5 inch 1077,14| x 8,69

- SURFACE to KOP 1077,14| x 8,69 = 9 360 (L1) 678 stks

- KOP to EOB 0| x 8,69 . 0 + [(M1) 0 stks

- EOB to DP2/BHA 0| x 8,69 = 0 + [(N1) 0 stks
DP 2 5 inch X

- SURFACE to KOP 0| x = 0 + [(L2) 0 stks

- KOP to EOB 0| x 0 = 0 + [(M2) 0 stks

- EOB to BHA 0| x 0 . 0 + [(N2) 0 stks
HWDP 5 inch 14538 x 4,61 = 670 + |(N3) 49 stks
DC1 0 inch X = 0 + [(N4) 0 stks
DC 2 61/2 inch 80,48| x 4,01 = 323 + |(N5) 23 stks
DRILL STRING VOLUME (D) 10 353 Itr 750 stks 15,0 min
DC 2 x OPEN HOLE 80,48 x 15,20 - 1223
DC 1 x OPEN HOLE 0 x 36,61 = 0 +
DP2/HW x OPEN HOLE 145,38 x 23,94 = 3481 +
DP 1 x OPEN HOLE 577,14 x 23,94 = 13818 +
OPEN HOLE VOLUME II (F) 18 522 Itr 1342 stks 26,8 min
DC 2 x CASING 0 x 18,92 . 0 +
DC 1 x CASING 0 x 40,33 = 0
DP2/HW x CASING 0 x 27,66 = 0 +
DP1 x CASING 500 x 27,66 = 13829 +
TOTAL CASING VOLUME || (G) 13 829 Itr 1002  stks 20,0 min
TOTAL ANNULUS VOLUME (F +G) = (H) 32 351 Itr 2344  stks 46,9 min
TOTAL WELL SYSTEM VOLUME (D+H)=() 42704 |Itr 3095  stks 61,9 min
ACTIVE SURFACE VOLUME (J) 49 000 |Itr 3551 stks
TOTAL ACTIVE FLUID SYSTEM (I+J) 91704 Itr 6645  stks

Figure 12. First page of the “kill sheet” worksheet.
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International Well Control Forum DATE : 4422 6:54 PM
NAME : Tomas Huszar
SURFACE BOP (Deviated Well) KILL SHEET - 2 UNITS :  S.I. (bar & liter) T
KICK DATA -
SDPP [ 28 |bar sice [ 38 |bar PITGAIN [ 1000 |iiter
CURRENT DRILLING FLUID DENSITY +  SIDPP x 10.2
KILL FLUID DENSITY TVD
KMD| 1,17 + 28 x 102 = 1,39 kgll
1278
CURRENT DRILLING FLUID DENSITY + SIDPP
KILL FLUID GRADIENT TVD
0,1147 + 28 = 0,1366 bar/m
1278
INITIAL CIRCULATING |DYNAMIC PRESSURE LOSS + SIDPP
PRESSURE IcP 23 ‘\ + 28 = 51 bar
KILL FLJID DENSITY x DYNAMIC PRESSURE LOSS
FINAL CIRCULATING |CURRENT DRI| Take value from PUMP data |
PRESSURE FCP 1,39 X = 27 bar
1,17
DYNAMIC PRESSURE
LOSSATKOP (0) |PL+ [(FCP-PL)x KOPuD] = B[ @ - 23) x 1103 ] = 27 bar
TDmD 1303
REMAINING SIDPP  |SIDPP - [ (KMD - OMD) x KOPTvD x 0.0981]
AT KOP (P 28 -[( 1,3 - 1,7) x 1103,00 x 0.0981 ] = 4 bar
CIRCULATING PRESS.
ATKOP  (KOP CP) (0) + (P) = 27 + 4 = 31 bar
DYNAMIC PRESSURE
LOSSATEOB (R) |PL+ [(FCP-PL)x EOBwD] = B+[( @ - 23) x 1250 ] = 27 bar
TDwmD 1303
REMAINING SIDPP  |SIDPP - [ (KMD - OMD) x EOBmvo x 0.0981]
AT EOB (S) 28 -[( 139 - 117) x 123000 x 0.0981] = 1 bar
CIRCULATING PRESS.
ATEOB  (EOB CP) (R) +(8) = 27 + 1 = 28 bar
(T)=ICP-KOP CP = 51 - 3 = 20 bar |(T)x100 = 20 x100= 3,02 bar/100str
(L1,2) 678
(U) = KOP GP - EOB CP= 31 - 28 = 2 bar |(Ux100= 2 x100= #iEEH bar/100str
(M1,2) 0
(W)=EOBCP-FCP= 28 - 27 = 1 bar |(W)x100 = 1 x100= 1,19 bar/100str
(N1,2,3.4,5) 72

Figure 13. Second page of the “kill sheet” worksheet.
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Figure 14. Third page of the “kill sheet worksheet.

3.5. Algorithm of Kill-Well Decision Tree during Drilling

Figure 15 shows a decision-making algorithm to simplify the following/pressure/kick
operations with the three most common well control methods (wait and weight method,
driller’s method and volumetric method).

The algorithm was created on the basis of experience of reactions and internal reg-
ulations all over the world. The speed of the response to pressure is paramount. This
algorithm provides helpful information for supervisors in the form of a checklist.

Based on the advantages of the InfoDrill and Drill Lab MasterLog software technol-
ogy [30] and the solution of key problems, this software represents a flexible technique in
the search for and extraction of hydrocarbon and geothermal deposits [31,32]. The data
from InfoDrill and Drill Lab MasterLog software are not compatible with other similar
software due to the paid license.

Other authors have reported new techniques that can be used for the drilling process,
such as slot impingement techniques, as well as techniques to cool materials [33,34].

70



Processes 2022, 10, 1106

Flow
check is
0oK?

mud

Oil based

Water based
mud

Continue
drilling

- Hight SIDP/
Wait and
Check Ye al ) an SIDP, fracture Driller [No Flow
SICP/SIDP Weight pressure low, method check is
Raise up ? method long open hole OoK?
Yes
Losses 1 Raise up MW ] |Shut in well
? 2
? Maybe with safety check
factor SICP/ SIDP
continue ¢
drilling 2x Driller
method
Yes Reduce LPM
on pump. lts
better ?
No Flow
) check is
oK?
Analyse and check Pluged/stucked DP, | If stucked,
again a system washed out DP ? realease a
i pressure on
BOP try to
Volumetric method
release.
‘ Continue
| Flow checkis ok ? | drilling
Raise up MW with
safety factor

continue drilling

Figure 15. Kill-well decision tree during drilling.

4. Conclusions

Gas kick during hydrocarbon drilling occurs in formations with highly overpressur-
ized zones. It is essential to establish which technological processes (fastest and safest)
will be used to eliminate such pressure events. By predicting steps in a timely manner
and implementing the appropriate technological procedures for well control, undesirable
consequences can be safely predicted and eliminated, preventing a possible accident.

The algorithm presented in Figure 15 was developed to assist in decision making with
regards to determining the appropriate choice of procedure and steps (yes, no, maybe) for
well control.

By correctly predicting the development of the drilling process in high-pressure
formations, undesirable consequences it can be safely eliminated and prevented, avoiding
possible accidents. By linking appropriate methods using sophisticated software support,
it is possible to create an effective technological process to be implemented for emergency
well control. In terms of the oil and gas industry, we emphasise the need to use hydrocarbon
fuels (natural gas, oil and their products oils, i.e., gasoline, lubricants, etc.) in individual
countries. We therefore addressed this issue, considering that accurate prediction can be
carried out safely, efficiently and economically, with minimal impact on the environment.
The choice of an appropriate drilling method and the use of a kill sheet require considerable
expertise and practical experience in the field.
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Abbreviations

BOP blowout preventer

ROP rate of penetration

WOB  weight on bit

SIDP shut-in drill pipe pressure
SICP shut-in casing pressure
HCR  hydraulic choke valve
OBM  oil-based mud

SIDPP  shut-in drip pipe pressure
SICP shut-in casing pressure
Dr drill pipe

DC drill collar

MM mud motor

LOT leak-off test
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Abstract: How to reduce the friction resistance between two planes is a difficult problem that has been
studied in the field of tribology. Aiming at this problem, the concept of reducing the friction resistance
by exciting the periodic change of normal force between the planes is proposed. A calculation
model of the displacement amplitude distribution of the plate is established based on the principle
of reciprocity of work, and the influence of the periodic change of normal force on sliding friction
between the planes is studied. Additionally, an experimental device for analysis of friction between
the planes under the periodic change of normal force is established. The calculation model of the
plate’s displacement amplitude distribution considering the change frequency of normal force is
verified and modified by experiments. The research results mainly show two aspects. On the one
hand, the calculation model of the displacement amplitude distribution of the plate is in good
agreement with the experimental results, which can effectively help to study the effect of periodic
change of normal force on sliding friction between the planes. On the other hand, the change of
amplitude and frequency of the normal force have an influence on the sliding friction between the
planes. That is, the latter decreases with the increase of the former. The above conclusions have great
reference significance for the study of vibration drag reduction in engineering production.

Keywords: normal force; vibration drag reduction; sliding friction; displacement amplitude;
friction change

1. Model of Influence of Normal Force’s Periodic Change on Sliding Friction
Characteristics between the Planes

Reducing the friction resistance of moving surfaces is an important problem in the
field of tribology [1-3]. In order to solve this problem, a series of engineering methods have
been formed, which are as follows: bionic drag reduction [4], chemical drag reduction [5],
vibration drag reduction [6], paint drag reduction [7], etc. Research and practice show
that vibration drag reduction is one of the most effective methods. To this end, various
engineering processes for vibration drag reduction have been formed, such as vibration
pile pulling [8], vibration conveying [9], and vibration screening [10]. However, as there are
many forms of vibration, the matching relationship between different forms of vibration
drag reduction and drag reduction’s working conditions has not been clear, and the research
on the influence of different vibration forms on characteristics of friction and drag reduction
has not been in-depth. Jae Hyeok Choi et al. studied the influence of contact vibration
on nano friction among graphene, Pt, Au and SiOx from the micro mechanism [11], but
for the actual engineering requirements, it is also necessary to study the influence of
friction between the two Q235A plates on vibration drag reduction under macro conditions.
For example, the vibration drag reduction between the drill string and the inner wall
of the casing during sliding guidance of oil and gas wells is not enough from the micro
perspective, but needs to be studied from the macro perspective. Therefore, in view of the
problem of how to reduce friction and drag between two planes, the author proposes the
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concept of stimulating the periodic change of normal force between the planes to change the
friction resistance, establishes models and carries out related experiments so as to provide
theoretical support for using normal vibration to reduce drag in engineering.

1.1. Establishment of Calculation Model for the Influence of Normal Force’s Periodic Change on
Sliding Friction between the Planes

The study shows [12-14] that when the normal force of two plates in contact with each
other changes periodically, the high frequency mechanical collision will occur, resulting
in the constant change of real contact area. As shown in Figure 1a, when the plate is not
subjected to periodic change of normal force, no deformation occurs on the plate. At this
time, if there is relative movement between contact surfaces, the friction resistance on the
plate is the product of the positive pressure on the upper plate and the friction coefficient.

fi = uNq 1)

-
R /AN

Before deformation After deformation

(2) (b)

Figure 1. The deformation diagram of displacement amplitude of the plate under the force.

Figure 1b shows the deformation of the plate under the action of the changing normal
force. When the plate is subjected to the normal force whose changing amplitude is less
than the plate’s gravity, the displacement amplitude of the plate in a certain area, near
where the normal force is applied, will be generated. In this area the two plates do not
contact and are still contact with each other in the rest of areas, which means that the contact
area of the two plates decreases compared with that before the deformation. When the
plate is subjected to the periodically changing normal force, the displacement amplitude
is in a dynamic change motion. Besides, the upper plate with displacement amplitude is
in a “weightless state”, that is, when the plate with displacement amplitude is deformed,
the positive pressure on the plate and the average friction resistance in relative motion all
decrease. At this time, the friction resistance between two plates is:

fa = pN; @)

1.2. Model Building and Solving

According to the above analysis, as long as the distribution of the displacement
amplitude on the contact surface of the plate is obtained, the change of the friction resistance
under the excitation state can be got so as to analyze the influence of vibration on the
friction resistance.

In many engineering problems, one of the two objects in friction is elastic, such as
the stratum in the vibration pile pulling process mentioned above. Therefore, this kind of
research problem can be transformed into the force bending model of four-sided free plate
on elastic foundation. As shown in Figure 2, a flat plate with free four sides on an elastic
foundation is subjected to an arbitrary load (P) on the position (, 77), and the displacement
of the plate edge is assumed to be:

W(x,0) = Dy + (D2+Dy)x/a+ Y Bimsinkyx 3)

m=1
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W(x,b) = D3+ (Dy+Ds)x/a+ Y Bomsinkpyx (4)
m=1

W(0,y) = D1+ (D1+Ds)y/b+ ) Biasinkuy ®)
m=1

W(a,y) = Do+ (Ds+Da)y/b+ Y Byysinkny ®)
m=1

Figure 2. Vibration plate with four edges free.

In the formula, D1, Dy, D3, D, represents the displacement at the plate angle ((0,0),
(a,0), (0,b), (a,b)) respectively, and their units are mm.

At present, numerical method and analytical method are the main methods to deal
with plate bending. Numerical calculation methods mainly include finite element method
and boundary method [15] which lack universality. While in the analytical method, the
displacement function needs to be determined first, and then the unknown parameters
need to be calculated according to the boundary conditions, whose process is complicated
and is not conducive to engineering application. The use of the reciprocity theorem of
work can simplify the solution process [16], and the results have high reliability and strong
applicability. The theorem of reciprocity of work means that when two sets of generalized
forces act on a linear elastic body, the work done by the first set of force on the displacement
caused by the second set of force is equal to the work done by the second set of force on the
displacement caused by the first set of force.

Figure 3 shows a four-sided simply supported plate on an elastic foundation. Ac-
cording to the theorem of reciprocity of work, the work done on the displacement caused
by the periodically changing normal force in the system of Figure 2 is equal to the work
done by the displacement caused by the periodically changing normal force in the system
of Figure 3. According to the theory of elastic thin plate, the equilibrium equation of
four-sided simply supported plate can be obtained as:

@)

Figure 3. Four-sided simply supported plate.

In the formula, w, is the vertical displacement of the plate and its unit is mm; K is
the stiffness coefficient of the foundation reaction and its unit is N/mm; D is the bending
stiffness of the plate and its unit is N/mm; / is the thickness of the plate and its unit is mm;
d(x — ¢,y — 1) is the Dira Delta function.
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By applying the reciprocity principle of work to the systems in Figures 2 and 3, it can
be obtained that:

a b
W(,n) = bf[Vm(x/O,C,ﬂ)W(x,O) *Vly(x/b/C,W)W(x,b)}ng V12 (0,4, &, m)W(0,y) — Vix(a,y, T, n)W(a, y)|dy+
[Ri(a,b,8,17)Ds — R1(0,b,Z,1)D3]+[R1(0,0,¢,17) D1 — R1(a,0,,7) D]

®)

In the formula, Vly(x, 0,2,1), Vix(0,y,2,1), R1(x,y,{, i) are the distributed shear force
at the plate edge and plate angular reaction force along the x-axis and y-axis respectively.
The boundary condition of the four-sided free vibrating plate is:

asvgég,o) (2_0)33;/’%220) _ 0 ©)
831,\8;1(72,19) ( _0)33;/1\7/;22@ _ (10)
PO 4 (2-0) P00 — g )
83vgé§,ﬂ)+(2_v)a3gi\;§ggﬂ) _ (12)
82?2(8077,0) — 0 (13)
82];)\2(8111;0) — 0 (14)
3216/)\2(8(:7,17) — 0 (15)
82[2;\2(;17,@ — 0 (16)
Substitute (3)—(6) into (8) to get:
L [t HR D sin ki +
L [l — Pnenl | sink,+
Dyl - B [ — i+ ] sk |+
D[S~ § LI [ateon st 2] g
D3 [(u;bm B mi 1 e {azs,ir;:}?;z,b B 5282?5}]1}:9’11; T aiﬁzﬂmb} sin kmg} +

w=1 ™% [@psinhayb T BZusinhBub a2, Bmb

D4[§Z‘ 5 /\2(—1)"’[ sinhay7 sinhuy__2A% }sinkmg]

Eight algebraic equations can be obtained by substituting (17) into (9)—(16) respectively
so as to get the unknown parameter (D1, Dy, D3, D4, B1u, Bom, B1n, B2n) and then obtain
the theoretical solution of the equation. The value of m, n depends on the requirements of
calculation accuracy.

1.3. Instance Calculation

In practical engineering, steel and rock are the main materials that generate friction
and friction pair. The choice of steel for the plate in the model can make the results
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more practical. Q235A steel is taken as an example to calculate. When elastic modulus
E = 2.0 x 10°t/m?, Poisson’s ratiov = 0.312, platesizea = b = 0.18 m, plate thickness
h =0.03 m, the displacement amplitude distribution under load (P) of 5.7N is calculated
using the model.

Figure 4 shows the amplitude distribution of plate displacement under the action of
periodic normal force.

-8.500E-05
4.900E-05

1.830E-04

. 3170E-04
4,510E-04
5.850E-04
7.190E-04
8.530E-04
9.870E-04

0.001121

0.001255

Figure 4. Displacement amplitude distribution of the plate on loading (P) of 5.7N.

It can be seen that under the action of periodically changing normal force, different
degrees of displacement amplitudes with the action point of the normal force as the center
occur on the plate, which decrease along the action point to the four edges. Considering
the area of the plate as S, the friction resistance before excitation as f, the area of the
displacement amplitude of the plate in the figure is 0.20 S, the friction resistance under
the corresponding conditions can be calculated to be 0.80 f according to the relationship
between the displacement amplitude of the plate and the friction resistance established in
Section 1.1.

2. Establishment and Analysis of an Experimental Device for the Analysis of Friction
between Planes under the Action of Periodically Changing Normal Force

In order to verify the reliability of the model, an experimental device for the analysis
of friction resistance between planes under the action of periodically changing normal force
is established, whose schematic diagram is shown in Figures 5 and 6.

Figure 5. Schematic diagram of an experimental device for the analysis of frictional resistance
between planes under the action of periodically changing normal force. 1. electric motor; 2. threaded
screw device; 3. tension sensor; 4. upper sample; 5. eccentric block of shaker; 6. single axis inertial
shaker; 7. inverter; 8. data collection system; 9. Shaker; 10. lower sample.

78



Processes 2022, 10, 1138

Frequency ~ Vibration  gccentric Upper Threaded screw
converter exciter block sample device

Figure 6. Experimental device picture.

Figure 7 shows the variation curve of Q235A steel and —Q235A steel friction pair’s
friction reduction percentage with the amplitude, under different action frequency of
normal force. It can be seen that under the same action frequency, the percentage of friction
reduction decreases with the increase of the normal force amplitude. Under the action
frequency of 40 Hz, when the normal force amplitude is 5.7 N, the percentage of friction
reduction is 86.03%; when the normal force amplitude is 22.7 N, the percentage of friction
reduction is 26.02% and the friction resistance is reduced by 69.75%. The trend of the curve
shows that a higher normal force amplitude is beneficial to improve the drag reduction
effect, because a higher normal force amplitude can cause a larger range of displacement
amplitudes on the contact surface.

100 —»— 10Hz
A +— 20Hz

90

60

30

Friction reduction percentage/%

20

10

F [0 1 14 16 18 20 22 4
Normal force variation amplitude/N

Figure 7. Graph showing Q235A steel and -steel friction pair’s percentage of friction reduction
varying with the normal force amplitude’s change.

Under the same impact force, the percentage of friction reduction decreases with
the increase of the action frequency. When the normal force change amplitude is 5.7 N,
the percentage of friction reduction is 94.01%. When the action frequency is 10 Hz, the
percentage of friction reduction is 86.07%. When the action frequency is 40 Hz and the
friction resistance is reduced by 8.44%. The trend of the curve shows that the drag reduction
effect increases with the increase of the normal force’s change frequency, which is because
the change of the normal force, which belongs to the simple harmonic force, is generated by
the inertial vibration exciter. The measured friction is the average value in a measurement
period. When the action frequency increases, the number of actions per unit time also
increases, which means that the number of displacement amplitudes of the plate increases
s0 as to be beneficial to the friction reduction.

3. Model Validation and Modification

According to the friction reduction experiment of the periodically changing normal
force, it can be seen that the action frequency of the normal force has a certain effect on
the friction reduction. However, the displacement amplitude distribution model of the
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plate does not consider the situation under the action frequency, so the model needs to
be modified.

The plate has a displacement amplitude due to the changing normal force, which
reduces the friction resistance, so there are:

fo—faxCs = finp(Cr>0) (18)

In the formula, fj represents the friction resistance of the plate without the action of
the periodically changing normal force and its unit is N; f; represents the reduced friction
resistance of the plate subjected to periodically changing normal force and its unit is N. C¢
represents correction factor of action frequency; f; (v, ) represents frictional resistance of the
plate subjected to periodically changing normal force and its unit is N.

For the convenience of calculation, each item in the formula is expressed as the
percentage of friction reduction. That is, all the terms in formula (18) are divided by the
friction resistance not affected by the periodically changing normal force.

The frequency correction coefficient is calculated by taking the Q235A steel and -
Q235A steel friction pair, impact force of 5.7 N, impact frequency of 40 Hz as example.
Under this condition, when f; /fy is 0.80 and fy(5 49) is 0.86, Cy can be got as 0.175. In the same
way, the correction coefficient curves with different frequencies under different amplitude
changes of normal force can be obtained, as shown in Figure 8.
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Figure 8. Curves of frequency correction coefficient under different impact.

According to the frequency correction curves under different normal force’s ampli-
tudes changes in Figure 8, the frequency correction coefficients can be obtained, which are
substituted into formula 18 to obtain the percentage of friction reduction after modification.

The comparison between the model results and the experimental results after the
modification is shown in Figure 9. The modified model results are more similar to the
experimental results, and the error value is reduced. Under this experimental conditions,
the average error rate between the calculated results of the modified model and the experi-
mental results is 3.28%, so the model used to explain the friction reduction mechanism of
periodically changing normal force is reliable.
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Figure 9. Comparison of modified model results and experimental results.

4. Conclusions
1.

The amplitude distribution model of plate displacement is established and the in-
fluence of periodically changing normal force on plane sliding friction is studied.
According to the model, the change of displacement amplitude of contact surface
under the action of periodically changing normal force is the main reason for the
change of friction resistance of contact surface. Under the action of the periodically
changing normal force, the displacement amplitude of the upper plate deviates from
the contact surface and is in the state of “weightlessness in the air”. Then the positive
pressure on the contact surface decreases, which is finally manifested as the reduction
of friction resistance.

An experimental device for friction analysis between plates under the action of
periodically changing normal force is established to study the influence of normal
force’s amplitude change and action frequency on friction. The experiments show that
under the action of the periodically changing normal force, the friction decreases with
the increase of the action frequency, and decreases with the increase of the normal
force’s amplitude change.

The frequency modification of the model is carried out through the experimental
results. The calculation results of modified model are in good agreement with the
experimental results, and the error between them is low. Under the experimental
conditions, the average error value is 3.28%.

The model is reliable for calculating the friction resistance between planes under the
action of the periodically changing normal force, which can provide a theoretical basis
for the technology of using the excited normal force to reduce friction in engineering.
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Abstract: This paper designs a new class of actuators for the downhole traction robot system to
achieve high-accuracy transmission, which is realized by the planetary roller screw mechanism
(PRSM). As the downhole environment is a non-structure one, which increases the difficulty of the
load analyses and distributions of the downhole robot system to complete a predesigned mission.
Traditional achievements about the mechanical behavior analyses of PRSM ignore the effects of radial
loads and torque elastic deformation errors, which are inevitable for the downhole robot actuator, and
the results of which would affect the load distribution and fatigue life of the PRSM-aided actuator. To
assist the complex task, in this study the mechanical behavior analyses of PRSM for the downhole
robot system are investigated by considering axial loads, torque elastic deformation errors, and radial
loads. Moreover, the calculation models for contact load distribution and fatigue life are established
by utilizing the equivalent contact load and Hertz contact theory. Two cases for the robot actuator in
the downhole environment are addressed, the results of which indicate that the contact load change
and decrease with the thread growth direction of the PRSM, the first several threads bore most of the
loads, and the last several threads only took a few loads. Additionally, the fatigue life reduces sharply
under the condition that the axial loads, radial loads, and rotation speeds increase. Compared with
the other two effectors, the fatigue life is more sensitive to the radial loads. The results show the
sustainability of the presented screw-roller-nut and provide a potential reference for the downhole
robot actuator motion analyses.

Keywords: downhole robot actuator; PRSM; elastic deformation errors; axial loads and radial loads;
load distribution; fatigue life

1. Introduction

Horizontal wells are widely used in the exploration and development of deep sea
complex oil and gas resources. As the depth and the length of horizontal wells continue to
increase, it is urgent to create a new model to deal with the increasingly complex mission
of resource explorations, which can be realized based on horizontal wells and downhole
robot technologies.

The concept of the downhole robot was first proposed by H. Jergen in 1987 [1], which
can be divided into two categories according to its structural characteristics and application
conditions: downhole traction robots and downhole drilling robots [2]. Downhole robots
play an indispensable role in drilling and completion operations to transport downhole
tools to designated locations, and to achieve explosive fracturing. Additionally, the down-
hole robot can solve the buckling deformation of coiled tubing, the difficulty of running
downbhole tubing strings in horizontal well logging, fracturing, and other operations. Nowa-
days, the downhole robot has been widely used in downhole operations in long horizontal
complex wells.
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The structure of the downhole robot mainly includes a right and left body-support
mechanism, traction mechanism, power mechanism, and so on. As shown in Figure 1,
according to their structures and different actuators, downhole traction robots can be
divided into three categories, which are the wheeled traction robot, pedrail traction robot,
and telescopic traction robot. Additionally, more concretely, the driving forces of the
downhole robot can be founded as two kinds, i.e., hydraulic cylinder and motor. Compared
with the other two traction robots, the telescopic type has a good performance in terms
of passing over the obstacle. From the perspective of driving power in the hydraulic
cylinder scheme, some complex oil circuits should be designed and arranged in a small
robot system, which decreases the flexibility of the downhole robot system. On the other
hand, the unnecessary oil circuit can be omitted in the motor driving framework, and the
power supply and communication can be integrated. This motivates the motor-driven
actuator design of this study.

Downhole robot

Operation mmm
truck Ground roller GaaS._a Ao Wheeled
/ Support o i c ~ traction robot
78,

|

|

|

. = |
unit = |
Pedrail |
traction robot |
|

|

|

|

|

|

==r
JE,

1

Horizontal well K, - ~a

Downhole robot !
| Telescopic |
/ | :traction robot|

Figure 1. Brief introduction of the downhole robot system.

It should be noted that the traction devices used by the previous downhole robots
are hydraulic telescopic and wheeled [3,4]. However, the wheeled downhole robots have
a large diameter and cannot be used in tiny boreholes [5]. On the other hand, signal
feedback is troublesome during the operation of the robots for the hydraulic power traction
condition. Additionally, the solenoid valve is limited to withstand high temperatures;
indeed, the solenoid valve and hydraulic oil passage are easy to enter and block impurities,
which limits the application of the hydraulic telescopic power mechanism [6-8]. From the
transmission accuracy and control response speed perspective, the planetary roller screw
mechanism (PRSM) has been widely used in aerospace, ships, medical equipment, special
machinery, weaponry, and other precision fields [9,10] owing to its high transmission
accuracy in recent years. However, only a few studies have investigated the application of
PRSM to downhole robot systems. This work presents a class of downhole robot systems,
the traction actuator mechanism of which is a planetary roller screw traction mechanism
one. The PRSM is a power unit that converts the rotational motion of the lead screw into
the linear motion of the nut, which can achieve a precision transmission task. With the
PRSM actuator mechanism, the actuator is driven by a motor rather than a hydraulic
ram, which implies that the structure is simplified due to the omission of some hydraulic
oil circuits. With the continuous development and application of long horizontal wells,
the well structure will have local bending an inclination due to the change of deflection
parameters in long-horizontal complex-structure wells. When the robot works in the
downhole, the non-structural shaft wall will cause different degrees of extrusion to affect
the robot. In addition, the high temperature and pressure in the downhole have also posed
challenges to its mechanical behaviors and fatigue life.

There are many factors affecting the safety and stability of PRSM. The existing achieve-
ments could provide a theoretical basis for the load distribution calculation and fatigue
life analysis. For example, in [11], the authors studied the effects of uniformly distributed
loads on the carrying capacity of PRSM. Furthermore, an improved iterative algorithm was
proposed for multi-objective optimization, such as for contact deformation and finding the
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best pitch. In [12], Fu et al. studied the influences of unevenly distributed load on the trans-
mission accuracy and life of PRSM; the results show that it will accelerate the destruction of
the thread contact surface and reduce the transmission stability when the screw rotates at a
high speed. The results in [13,14] studied the effects of assembly errors and external loads
on PSRM, and safe transmission mechanisms were discussed. Aur’ egan and Yao, et al,,
respectively, investigated the effects of wear behavior, uncertain factors of the elastic—plastic
contact characteristics, and machining errors on the PRSM in [15,16]. In [17], the nature of
the contact with friction between the threaded surfaces in a PRSM was investigated, and the
calculation model was established and simulated. The achievements in [18,19] discussed
the load sharing and pitch deviation of the PSRM. The results show that the deformation
also has a great influence on the fatigue life. More recently, the transmission efficiency of
PRSM was studied in [20-22]; for instance, Mamaev, et al. reached the conclusion that the
stiffness and bearing capacity will increase the transmission efficiency of PSRM in [20].
Auregan, et al. in [21], verified that the reason for reducing the transmission efficiency of
PSRM was the complete sliding of the PRSM pair, which was caused by the plastic—flow
ratio between the thread engagements. In [22], the author discussed Hertz contact model
and a multi-axial fatigue criterion of PSRM, and the results were applied to two cases
to verify the reliability. However, the aforementioned results have rarely discussed the
PRSM utilized in the downhole environment, which is more complex and has some new
challenges. Furthermore, the coupled torque elastic deformations and radial loads for the
PRSM of the downhole robot system not have been explored.

As aforementioned, the performance of PRSM were affected by multiple factors,
including the external loads, elastic errors, and even the complex working conditions.
In this note, a class of traction robot systems was designed. The PRSM is introduced as
the actuator. Additionally, the mechanical behavior of the PRSM used in the downhole
robot system was investigated. The load distribution and fatigue life calculation models
are established. The contributions of this study can be highlighted as follows:

(1) A new actuator is designed for the downhole traction robot system. Compared with
the aforementioned downhole robot in [6-8], in this note, the PRSM is introduced.
Moreover, the driver power can be supported by a motor instead of the hydraulic
cylinder, which indicates that some hydraulic oil circuits can be omitted and then the
structure of the robot system can be simplified.

(2) The mechanical analyses of the PRSM in the downhole environment is investigated.
This is different from the existing achievements in [18-20], where the load distribu-
tions are analyzed by considering axial loads and external deformations. For the
downhole traction robot system, the working environment is a non-structure one,
which means that the radial loads and torque deformations cannot be ignored, and
the load distributions and fatigue life will be affected. In this note, we establish the
calculation and fatigue life calculation models for the presented actuator by consider-
ing the axial loads, radial loads and torque elastic deformations, simultaneously, with
the help of the equivalent contact load and Hertz contact theory.

The remainder of this study is organized as follows. In Section 2, the mechanical
model is discussed and the problem is formulated. In Section 3, the elastic deformation
error is analyzed. In Section 4, the mechanical behavior analysis is verified. In Section 5,
some simulation results are given. Finally, we conclude this study in Section 6.

2. Mechanical Model and Problem Formulation
2.1. Downhole Robot System Actuator Model Analysis and Design

As mentioned before, two driving power mechanisms are contained in the telescope
traction robots. In this subsection, the comparison results of the two driving power mecha-
nisms in the telescopic traction robot is expressed in Table 1. Some more detail results of
the downhole robots can be found in the work [1].
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Table 1. Comparisons of two driving powers in downhole telescopic traction robot mode.

Power

Actuator Model

Advantages and Analyses  Disadvantages

Hydraulic

Hydraulic cylinder

Telescopic traction robot ~ Accessories are necessary; The sensor require-
less structure design free- ment is high and
dom and the control of the lacks of feedback
cylinder is difficult data; control preci-

sion is not so high;
signal transmission is
difficult; control logic
is complicated

Electro-hydraulic

Motor and hydraulic = Wheeled and Telescope =~ More structure flexibility, Difficult to control;
cylinder higher traction force; good larger size; require-

performance of trade off ve- ment of sealing per-

locity range formance; more pa-
rameters to be ad-
justed

Motor (Our presented)

PRSM (Our presented)  Telescopic traction robot ~ Easy to control; more de- The mechanical be-

sign freedom; integration of havior of the PRSM
power supply and commu-  should be analyzed
nication; sensor data can be

transmitted

In this study, we designed a new actuator for the telescopic traction robot to complete
complex tasks in the downhole, as shown in Figure 2. The PRSM is introduced in the
downhole robot system design scheme. In our presented robot, the power is supported
by the motor, and the PRSM is driven by the motor. It should be mentioned that the
PRSM in the robot system can help the robot walk forward in the downhole. However,
as the downhole environment is complex, the PRSM will suffer from radial force and
elastic deformation, which will affect the load distribution on the threads of the PRSM.
To guarantee high transmission accuracy, the mechanical behavior analysis of the actuator
in the downhole should be made.

Support

Support .
pp mechanism

mechanism Motor ~ Screw Nut

Figure 2. The presented downhole robot system

2.2. Analysis and Problem Formulation

The three dimensional model of the downhole robot system is shown in Figure 3a.
The downhole robot system works in a retractable mode, as shown in Figure 3b, to complete
the downhole task, eight steps are consisted in one cycle motion. The motion procedure of
the robot system can be expressed as follows.

(@) Initial position. The left support cylinder, left support arm, PSRM, right support arm,
and right support cylinder are all in the initial states, which are shown as in Figure 3;

(b) The left support mechanism of the robot system works with the cylinder;

(c) The motor rotates forward; the nut moves forward to drive the right support arm and
the right main body to move forward;

(d) The left support arm contracts and moves forward with the left retractable cylinder;

(e) The right support arm completes the operation of the contract with the right support
cylinder;

(f)  The motor rotates in reverse and nut fixed; the screw draws the right support cylinder
and the right main body to move forward;

(g) The right support arm completes the support operation with the right support cylinder;
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(h) The left support arm completes the operation of the contract with the left support
cylinder, and then goes back to state b;
Repeat steps b-h.

Left support mechanism PRSM Right support mechanism

R

N W W W N N N
1-Control section; a

2-Left support S A s

cylinder;

3-Left support arm;

4-Screw: e i — = am o

5-Nut: e g feli T ¢

6-Right support arm; :C%@%:D} f

TRIght support e ta ey Ly ¢
. g

cylinder;

8-Downbhole tools % h

(b)

Figure 3. (a) The three-dimensional model of the downhole robot system; (b) the working mechanism

of the downhole robot system.

It should be noted that during the working procedure, the mechanical behavior of
PRSM is one of the most important parts of the robot system. In what follows, the contact
load and the deformation of the PRSM are analyzed when the downhole robot works.
The scheme of the PRSM of the robot system is depicted in Figure 4. We number the threads
of each roller individually along with the axial direction. For the downhole robot system,
two cases are contained to complete the predesigned task.

Gear Roller Nut
Cage \ a—
XX
\ mth,) /)
1
\ \
crew niNg \ \
N8 n \\\ \
N
] l’lﬂi(/ (/
\\ \;EZ

Figure 4. The threads number of each roller for the downhole robot system.

Case 1: The robot moves forward through the screw and roller, which are driven by
the motor. In this condition, the nut is fixed and the screw is rotating and moving.

Case 2: The forward motion of the accessory support frame happens through the
movement of the nut. In this condition, the screw is driven by the motor and only rotates
without moving.

Before we give our main results, the following assumption is made.
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Assumption 1 ([23]). The deformations considered of the screw to roller and roller to the nut are
elastic and satisfy the Hertz contact theory.

Assumption 2. The centrifugal force and gyroscopic moment are neglected.

3. Elastic Deformation Error Analysis of the PRSM
3.1. Robot Elastic Deformation Error in Case 1

When the screw works in condition 1 in the downhole robot, it means that the motor
drives the screw to rotate and move, and the axial load F; is shown in Figure 5. In this
condition, an additional radial load F; exists as the screw drags some accessories and the
downhole environment is non-structural. Additionally, a torsion deformation occurs when
the screw works.

Gear Roller Nut

C
age \ / Fixed \

i ! ( (
- N — -
\ L
[ — >

Figure 5. The diagram of the deformation in case 1.

For the downhole robot system in case 1, when the screw rotates and moves, the thread
plays the main role in power and motion transmission. From the results in [24,25], the de-
formations caused by axial loads F, and torsional T in the axis direction can be obtained

as follows,
ARy

- Emd,
where A, is the axial deformation caused by the tension load. I, denotes the nut work-
ing position. E represents the elastic modulus of materials, and d, is the diameter of
screw thread.

Agl 1)

_ 16T,

b 245G

where A}, represents the axial deformation caused by the driving torque. T is the driving
torque. I; denotes the lead of the screw. I; is the length of screw against the torque, and G

is the shear modulus.
In order to drag the accessories, the driving torque can be calculated as

2

T _ Falz
21ty

®)

where y denotes the transmission efficiency. From the Equation (3), Equation (2) can be
reformulated as
o 8F a lzzld

" TG W
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Then, the total deformation error of the screw in the axial direction can be obtained as

4F,1,  8F.L%1,
End, 73diGu

As=Ag +Ap = ®)
3.2. Robot Elastic Deformation Error in Case 2

As expressed in Figure 6, in this condition, only pressure deformation occurs in the nut,
which means that the total deformation A; = A5, and the deformation can be obtained as

4F,I
App = 6
a2 Erd, ( )
Gear Roller Nut Nt
Cage \ ﬁ ut moves

Figure 6. The diagram of the deformation in case 2.

Now we are in the position to analyze the contact deformation of the threads of
screw-to-roller and roller-to-nut of the downhole robot system.

4. Mechanical Behavior Analysis
4.1. Robot Contact Deformation Analysis

As described in Figure 7, F; denotes the radial loads. When the robot moves in the
downhole, the PRSM is subjected to a non-structure radial force. As a result, a non-structure
radial deformation of the roller at different position is generated correspondingly when the
roller rotates. As expressed in Figure 7, the solid line denotes the initial position without
the non-structure radial force, and the dashed line represents the new position when the
nut is subjected to the radial loads. For the downhole robot system, the axial loads of screw
and nut are the prior known knowledge and then the axial deformation can be obtained. It
should be noted that the axial loads of each roller are not equal and difficult to calculate
when the robot moves in the hole through the PRSM. In this study, the axial deformations
of each roller of all threads are identical, and the radial deformations can be calculated
by [26]

gr(n,j) = r cos @ )

where (, is the radial deformation, ¢; is the so-called position angle of the ith roller.

By defining the angle between two adjacent rollers ¢ = 2”%, where z and n, represent the

number of rollers and work cycles. Then, ¢; can be calculated as

gi=0+(—-1)¢ ®)

By changing the value of 0, the radial deformations of all the threads can be calculated.
In this study, the equivalent deformation concept is adopted, i.e., the normal deforma-
tions of the screw-to-roller and roller-to-nut are calculated by

Ce(nj) = Ca(n,j)Sin B/cos @ + (i) cos Bcos ¢ 9)

where {,,, ;) denotes the equivalent normal deformation of the thread, ,(, ;) is the axial
deformation, B and @ are the contact angle and helix angle, respectively.
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Figure 7. The diagram of deformation when subjected to radial loads.

From the Hertzian contact theory, the equivalent contact load of the contact point can

be calculated via: ,
1 2
éRE(l’l,]') - < gm + grh Q?(n’j)) (10)

where « is an indicator with x € {0, 1}, which means that the threads are contacting when
x = 1, and the threads contact are abnormal when « = 0. G;; and G, represent the stiffness
coefficients in the contact threads of the screw-to-roller and roller-to-nut, which can be
obtained as [27]

Gra = ﬂQmE; \3/ 9F2 Zpas/4
Grp = % \3/ 9E2 Zpan/4
where Qs and Q. are two elliptic integral parameters of the screw-to-roller and roller-

to-nut contact threads. mys and m,,; denote two semi-axis coefficients of the two contact
threads. ) pss and ) s, represent the curvature sum of the two contact interfaces.

(11)

Remark 1. In this study, the PRSM will be subjected to radial loads and axial loads during the
working process in the downhole environment. However, in the existed achievements, most of the
studies have only considered axial loads and the corresponding load distributions. There are rare
results that have discussed the axial loads and radial loads simultaneously, and it should be noted
that the loads of each roller of the PRSM are not equal when considering the radial loads. From this
point of view, the equivalent contact load and Hertz contact theory are used to calculate the loads of
all threads in this work.

By combing Equations (7)—(11), the equilibrium equations in the radial and axial
direction can be expressed by

N P,
Fo— X ¥ Ge(njjcospcos¢p =0
n=1j=1
N P (12)
Fo— Y X Cenyjysinpcos@ =0
n=1j=1

where N and P, stand for the numbers of rollers and threads. Furthermore, the axial load

P,
of the nth roller can be calculated by Fop = }. C,(,,) Sin p cos @.
j=1

4.2. Robot Contact Load and Deformation Analysis

As described above, two cases are considered for the downhole robot system. In case 1,
the screw is moving and the nut is fixed, which implies that the screw is in tension and
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the nut is in compression (S; — N¢). In case 2, the screw rotates and the nut moves, which
means that both the screw and nut are in compression (S, — N¢).

4.2.1. Deformation in S, — N;

As shown in Figure 8, denoting S's(,, ) and Sy ;) as the thread contact loads of the
screw and nut, when the PRSM works on the equilibrium point, the axial load for the case
can be obtained as [23]

i1
%S(n,j) = %N(n,j) =F; — hgl ge(n,h) sin,B COSs (13)
where {,(, ) can be solved by (12).
Fa
u t —
h
Roller
Fa crew )
—
(a) (b)

Figure 8. The sketches of the axial deformations in two cases.

Furthermore, when the screw is driven by a motor and subjected to external loads,
some errors are evitable for the PRSM. Additionally, correspondingly, the following equa-
tions are derived

1

sin Bcos@ (USZ(n,jfl) - Usz(n,j)) - (éRsz(n,jq) - %Sz(n,j)) (14)

hSZ(n,j) = hw - hq =
where 7157, ;) denotes the contact deformation in the screw to roller interface, which
satisfies the Hertz condition. Usz(n,j—1) and vsz(, ;) represent two consecutive contact
surfaces of the screw-to-roller. %57 (,,,;_1) and Rz, j) are the contact interface axial elastic
deformation errors of jth and (j — 1)th threads caused by driven torque and loads.
Similarly, the deformation occurs in the roller-to-nut with elastic errors can be calcu-
lated by

1

hzN(njy = Ta — Ty = sinpeos@ (UZN(n,j—l) - UZN(n,j)) - (%ZN(n,j—l) - §RZN(n,j)) (15)
where vz, ;1) and vzy(,,j) express two consecutive contact surfaces deformations of
roller to nut. Rzy(, ;1) and Rz, ) depict the elastic deformation errors of jth and
(j — 1)th threads in the roller to nut interface caused by driven torque and loads.

From the Equations (14) and (15), the combined axial deformation errors by consider-

ing the elastic deformation errors can be obtained as

h(n,j) = hy — T’lq +hy; — hf
= m(vszm]‘ 1)~ USZ(n])) - (%SZ( nj—1) — §RSZ(n/])) 16)
+W(UZN(M 1) —UzN n])) (éRZN (nj-1) — *SRZN(n,j)>

= sinﬁlcosw r(n,j—1) } [éRr (n,j—1) nj)
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where vy, i_1) = Usz(nj—1) T VZN(n,j-1)r Vr(nj) = Ysz(nj) T VZN(nj) Re(nj—1) = Rsz(nj—1) + Rzn(m,j-1)
Rrinj) = Rsz(nj) + Rann,)-
For the downhole robot system in case 1, the axial deformation can also be formulated as

Ss(n.1)Pa
fs(nj) = 2E
) 2EsAs
B o = SNpPe 17
N(n,j) — 2ENAN

where 15, ;y and Ty, j) represent the deformations in the screw-to-roller and roller-to-nut
contact threads. p, stands for the pitch, E;. Ex , As, and Ay are the elastic modulus and
cross sectional areas of the screw and nut, respectively. As and Ay can be calculated as
As = Rs*, ANy = 1(R%, — R%,,), where R; is the radius of the screw. Ry; and Ry are
the external and normal radius of nut.

In accordance with (17), similar to (16), the combined axial deformation can be

obtained as o N
SS(n,j)Pa SN(n,j)Pa

gy =hgmn +hnmn = 1
(nj) S(nj) TN (n,j) 2E, A 2ENAN 18)
By combing (16) and (18) yields,
SN(n,j)PalAN + As) sin fcos @ ,
2L A AN - [vr(n,j—l) - Ur(n,j)} —sinpcosw@ P%r(n,j—l) - §Rr(n,j)} (19)
According to the Hertzian contact theory, the following recursive condition can
be derived
2 2 sinﬁcosw[%r(w;l)—%r(nlz)]
Renj-1) = Ren)* = Gutln)
Pz . j-1 X . (20)
Y Co(njy SINPos@— ¥ Loy sin feos @ | pa(AN+As) sin fcos @
=1 h=1
= 26, A AN Gra+ Or)

Now, we are in the position to analyze the deformation of case 2.

4.2.2. Deformation in S, — N,

For the S. — N, condition, the axial load %5(
be reorganized as [23]

‘ Sagy -
n,j) and Sy, j) of the screw and nut can

-1
SN(mnj) = Fan — hgl Ce(n,n) SN P cos @ o

]
SS(n,j) = hgl ge(n,h) sin,B COs @

Moreover, accordingly, the deformations in the threads of the screw-to-roller and
roller-to-nut in the axial direction can be calculated similarly as in Equations (14) and (15),
while the roller-to-nut deformation is revised as

1
~ sinfcos®@

hzN(nj) = Tif — (UZN(n,j) - UZN(n,jq)) - (%ZN(n,j) - §RZN(n/jq)) (22)

From (14) and (22), the total axial deformation by considering the elastic deformation
error can be obtained as

h(n,j) = hy — qu +hf — hd

= APt (USZ(n,jfl) - Uszw) - (%szwfl) - ‘SRSZ(M))

23
+ 5 peoss (VZN(n)) UZN(M’—U) - <§RZN(M) - %zwn,f—l)) )

= swpsss | Orni1) = O] = [ Rrtni1) — R
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where l_)r(n,jfl) = Usz(n,j-1) + UZN(n,j)s Ur(n,j) = Usz(n,j) + UZN(n,j—1)s g}r(n,j—l) = %sz(n,jfl) + §RZN(n,j)/

Ro(njy = Rsz(n,) + RaN(n,j-1)-
By combing (17) and (21), it is straightforward that

_ _ SsmjANPa | SN(nj)AsPa
Mgy = Bs(n) + NG = 2E LAy T ZExAAN
izl ) j
Fa”7721 ge(n,h) sinfcos@ | ANpa r Ce(n,h) sin B cos @pg Aspa
= h=1

2 A AN + SENAAN

(24)

Furthermore, according to the Hertzian contact theory, the corresponding recursive
equation in case 2 can be obtained as

[SF]8)

2
Re(n,j-1)° = Re(nj)

j . .
B sin fcos @ D—%r(n/]_il) *%r(n/]‘)] N hgl Ce(n,h) sin B cos 0P, Aspq sin B cos @
- gra+gyb 2ENA5AN(gm+g,b) (25)

j-1
(F,m sinBcos@— ), CE(,l,;,)sinZ‘Bcosch ANPa
h=1
ZESASAN(gra+gyb)

h

_|_

In this subsection, the mechanical analyses of the presented PRSM have been made
by referencing the work in [23] and some ball rollers in [26]. The calculation process
seems similar to the results in [23]. For example, in Section 3.2, the recursive equations
of the contact load on the threads of two cases have been calculated; for details see (20)
and (25). In Sections 2.2.2 and 2.2.3 of the work in [23], the contact deformations are
also calculated. The calculation ideas of the work in our study and [23] may be similar,
and this can be explained as follows. On the one hand, the force analysis model after
simplifying for the downhole traction robot actuator is similar to the work in [23], i.e., both
the external loads are axial load and radial load, and the difference lies in that the driven
torque elastic deformation is considered. Additionally, the parameters of the PRSM are
designed according to the downhole traction robot working condition, which are different
from the work in [23]. On the other hand, the contact theory used in the two achievements
are similar. In our study and the work in [23], the equivalent Hertz contact theory is utilized
to analyze the contact load distribution, which in return implies that some equations and
calculation idea may similar.

4.3. Downhole Robot Contact Load and Deformation Coefficient Analysis

As depicted in the aforementioned part, for the downhole robot system, the driven
torque and external loads will cause elastic deformations and even errors, which will
degrade the transmission accuracy in return. It should be also noted that elastic deforma-
tions will cause the change of load distribution. By considering the elastic deformation,
the deformation coefficient is investigated in this note. Similar to [23], to express the defor-
mation rate, we define this coefficient as the ratio of the normal contact deformation in the
condition without and with the elastic deformation errors.

gsw(n 7)
Apiy = : (26)
(n) Cst(n,j)
where g5y and gy, ;) denote the normal contact deformation in the condition without

and with the elastic deformation errors.
Here, by considering the contact load and the Hertzian contact theory, we have

2
R A\ 3
sw(n,j)
Ay = | = 27

o) <§Rst(n,j)> &
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where R,y and R, (,, j), respectively, represent the contact loads by considering the
elastic deformation errors or not.

When the PRSM works, the load distribution is very important. We introduce the load
coefficient to better show the mechanical behavior of the PRSM, which is defined as follows

§st(n,j)
min(?st(n,j))
where ¢, ;) is the load coefficient, Ry, ;) denotes the minimum value of contact load

min(?st(n,j)) .

4.4. Fatigue Life Analysis

For the downhole robot system, the non-structured environment increases the diffi-
culty of analysis of the PRSM. As the PRSM would work for a long time in the downhole,
the PRSM switches back and forth between the two cases to guarantee the complex task.
Moreover, the fatigue life is a crucial performance that should be emphasized. From the
stress life method, the estimation of fatigue lifetime is given as follows [23,26]

E(n,j) = (28)

N. 1
L= Nelks 1) (29)
60wsKs (s + 2)
where N; = k,*Ny, x5 = g—j, ws is the rotating speed. k, and Nj are the stress ratio and
circulation of the material, m; is an index corresponding to the material, and d; and d, are
the diameters of the screw and roller, respectively.

Remark 2. [t should be noted that the effects of the fatique of roller screws can be listed as materials,
stress, working conditions, and other effectors, such as lubrication. Here, we use the fatigue life
equation of ball screws to estimate the fatigue life of roller screws, which means that (29) is not an
accurate result, it is an estimation of fatigue life.

Remark 3. In Section 2.4 of the work in [23], the authors have considered the lifetime and mechan-
ical analyses for the PRSM when subjected to axial load, radial load, and machine errors. However,
in this study, the considered PRSM is utilized in the downhole environment, the parameters and
working conditions are different from the case in [23] but somewhat similar. We established our
estimation lifetime model by referencing [23,26], and the ball rollers. The idea of the lifetime estima-
tion model is similar to [23], and we hope we can consider some more complex conditions for the
downhole robot actuator, such as the lubrication analysis and thermal analysis in our future work,
and that we can establish some more accurate calculation model for the lifetime by carrying out some
experimentation.

5. Analytical Calculations and Discussions

In this section, some numerical analyses are given to show the validity of the presented
model for the downhole robot system. The calculation flow can be seen in Figure 9, and the
detail analysis parameters are given in Table 2.
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Figure 9. The mechanical behavior analysis flow of the downhole robot system.

Table 2. The designed parameters of the PRSM for the downhole robot system.

Parameters (Unit) Screw Roller Nut
Radius (mm) 15 5 25
Contact angle (°) 45 45 45
Starts 5 1 5

Pitch (mm) 0.8 0.8 0.8
Number 1 10 1
External radius (mm) / / 30

Additionally, the left parameters are given as E = 2.12 x 1011 (Pa), Ny = 2.5 x 108,
ms = 6.

5.1. The Effects of Axial and Radial Loads

For the downhole robot system, two cases are contained in a complete work procedure.
In case 1, the axial loads are chosen to be F; = 20KN, F, = 4KN. Additionally, F, = 30KN,
F, = 4KN in case 2.

From the calculation flow in Figure 9, the corresponding relationship of the contact
load and thread number of the two cases can be obtained. The results can be found in
Figures 10-15. As depicted in Figures 10-12, the contact load distribution of case 1 for
the designed PRSM actuator of the downhole robot system is presented when the PRSM
is subjected to axial loads, radial loads, and elastic deformation errors. From Figure 10,
the contact loads of all the rollers decreases along the roller axial direction. The results are
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consistent with the real application and can be explained as follows. The first several threads
bear most of the loads, and the last several threads take only a few loads. Additionally,
the #1 and the #10 rollers bear the two largest loads, and the loads that are distributed on
other rollers reduce gradually from the radial direction. One can also find that the roller
that without radial loads bears the lowest contact load. The result indicates that the radial
loads should act on the PRSM as uniformly as possible, which in return can help to design
and explore good trajectory planning. It should also be noted that the last two threads of
the screw, roller, and nut decrease dramatically for the downhole robot system.
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Figure 10. Contact load distribution in different threads of the robot system of case 1.
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Figure 11. Contact load distribution cycling process without radial load of case 1.

To show the effects of the radical loads on the PRSM, Figures 11 and 12 express
the load behaviors in several cycling processes. From Figure 11, we take the first roller
as an example. When there are no radial loads, the contact load stays the same in the
cycling process, and different threads have their loads. As each roller has the similar load
distribution, we only provide the #1 roller of the PRSM. Shown in Figure 12, one can see
that the contact load varies when the radial loads are applied to the PRSM. Different from
the results in Figure 11, when the radial loads are considered, the bearing force of the

roller changes periodically, and different values appear alternately at different positions on
the circumference.
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Figure 12. Contact load distribution cycling process with radial load of case 1.
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Figure 13. Contact load distribution in different threads of the robot system of case 2.
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Figure 14. Contact load distribution cycling process without radial load of case 2.
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Figure 15. Contact load distribution cycling process with radial load of case 2.

Figures 13-15 show the load distribution behaviors of case 2 for the robot system,
where the contact load behaviors are similar to the case 1. For example, the contact load
decreases in the axial direction of each roller, and the mechanical behavior of the first
and last rollers are the closest but there are still differences. This phenomenon can be
understood as follows: on the one hand, the effect of axial loads on the rollers is relatively
symmetrical; however, for the robot system, the downhole is not a structural environment,
which means that the radial load is not an ideal symmetrical one for the rollers in the
circumferential direction. Meanwhile, an angle exists in the first and last roller. As observed
from Figures 14 and 15, one can see that the contact load of each thread maintains in the
same without radial loads and varies when the external radial loads are applied to the
PRSM. As the load distribution behavior of each roller is similar, in this note, we take the
first roller as an example. The results show that the radial loads have significant effects on
the load distribution, which means that the contact load may be different once the radial
loads become inconstant.

5.2. The Effects of Axial Load

Figures 16 and 17 show the load distributions on the threads with different axial
loads and the same radial loads. As each roller has a similar load distribution, we take
one of them as an example in this note. From Figures 16 and 17, we can see that each
load has a corresponding curve. When the PRSM works, the load distribution on the
threads will increase on the condition that the axial load increases. On the other hand,
the total load reduces along the thread number increasing direction, which has the same
tendency in Figures 10 and 13. We can also see from the two figures that the curve has some
partial overlap, which means that each thread could be subjected to the same load with the
increasing axial load when the PRSM works in both cases of the downhole robot system.
The results show us the contact load law of the roller, which gives us the idea that the load
optimization could be made based on the results in the two figures, and this part can also
extend to our future work.
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Figure 16. The effects of different axial loads in case 1.
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Figure 17. The effects of different axial loads in case 2.

5.3. The Effects of Radial Loads

Figures 18 and 19 express the effects of the radial loads. As depicted before, the down-
hole is a non-structural environment, and the radial loads are inevitable which have
important influences on the PRSM. As expressed in the two figures, when the screw drags
the tools to walk forward in the hole or the nut pushes the tools forward, with the growth
of the thread number, the load distribution decreases when the PRSM is subjected to a fixed
radial load. In Figures 18 and 19, one can see that when there are no radial loads, the total
loads are distributed only on the first dozen threads, and the subsequent threads hardly
share the loads, which has the same tendency in Figures 10 and 13. From the two figures,
we can also see that the total load distribution decreases in the threads’ growth direction,
and only the radial loads are distributed on the last dozen threads. This means that the
radial loads influence each thread, while the axial loads mainly affect the front threads of
the PRSM.

99



Processes 2022, 10, 1520

700 T

—— Fa=20KN,Fr=4KN —e—F_=20KN,F =0KN
F,=20KN,F =6KN || —-—- Fa=20KN,Fr=2KN

600 b %

[

[$2)

(=)

o
T

100

N

o

S
T

50

w

[=]

o
T

Contact load(N)

0
100

102

200 - 104 106 108

0 50 100 150 200
Thread number

Figure 18. The effects of different radial loads in case 1.
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Figure 19. The effects of different radial loads in case 2.

5.4. The Results of the Fatigue Life

Figures 20 and 21 show the results of the fatigue life of the PRSM in case 1, to inves-
tigate the effects of external loads on the threads and explore the influences of rotation
speeds on the fatigue life. In these cases, we set ws = 100 rpm, ws; = 300 rpm, ws = 350 rpm,
ws = 500rpm, and ws = 700rpm. As shown in Figure 20, we assume that F, = 4KN,
and F, = 10KN, F, = 20KN, F, = 30KN, F, = 42KN, and F, = 55KN. We can see
from Figure 20 that the fatigue life decreases rapidly first and then decreases slowly with
the increase of axial load. More specifically, when the axial loads increase from 10 KN to
20KN, the fatigue life reduces from nearly 12,000 h to nearly 7000 h. Moreover, when the
axial loads increase from 20 KN to 55 KN, the fatigue life reduces from nearly 7000 h to
nearly 4000 h, which means that the fatigue life is more sensitive when the axial loads are
relatively small and not so sensitive when the axial loads become large. This tendency can
also be found in (30). Additionally, from Figure 20, one can also see that the fatigue life
reduces sharply with the growth of rotation speed and the same external load. One can
also see that the fatigue reduces faster when the axial loads are small and slower when
the axial loads become bigger, which implies that the fatigue life is more sensitive under
relatively small axial loads and low rotation speed changes.
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Figure 20. The fatigue life with different axial loads of case 1.
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Figure 21. The fatigue life with different radial loads of case 1.

From Figure 21, one can observe that the fatigue life reduces sharply under the
condition that the axial loads remain the same while the radial loads increase gradually.
More precisely, the fatigue life reduces fast when the radial loads increase from 1 KN
to 2KN, and the fatigue life reduces slower when the radial loads turn 4 KN to 8 KN.
Compared with the result in Figure 20, we can see that the fatigue life is more sensitive to
the radial loads than the axial loads. Figures 22 and 23 show the results of the fatigue life of
the PRSM in case 2. As each roller has a similar tendency, in this subsection, we take one of
the rollers as an example. Similar to the results in case 1, the influences of different axial
loads, radial loads, and rotation speeds are considered. The results show that the fatigue
life reduces sharply at first and then slower, and the variation tendency is similar to case 1.
The results in turn indicate that excessive radial force should be avoided as far as possible
in the operations of the downhole robot system.
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Figure 22. The fatigue life with different axial loads of case 2.
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Figure 23. The fatigue life with different radial loads of case 2.

6. Conclusions

In this work, a new downhole robot actuator is presented by introducing the PRSM,

and the mechanical behavior analysis is developed for the PRSM during the operations in
the downhole environment. The torque and axial elastic deformation errors and the influ-
ence of the radial loads are considered when establishing the calculation load distribution
model. The fatigue life analysis is also executed. The effects of the axial loads and radial
loads on the contact load distribution and the fatigue life are simulated. The following
conclusions can be obtained:

@

@)

®)

The contact load decreases with the thread growth in the downhole robot system
when it subjected to radial and axial loads. The first several threads bear most of
the loads, and the last several threads take only a few loads. The axial loads are
almost distributed on the first several threads while the effects of the radial loads are
distributed on each thread.

In the condition that the PRSM works in a different cycling process, when there is
no radial load, the contact load stays the same in the cycling process, and different
threads have their loads. When the PRSM is subjected to a radial load, the contact
load varies periodically, and the mechanical behaviors have similar properties.

For the condition in which the axial loads are different and that in which the axial
loads are consistent, the contact load distribution varies and decreases along the axial
direction. The tendency in two cases of the downhole robot system stay similar to
some degree. Additionally, when the axial loads stay constant and the radial loads
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increase, the contact load is distributed only on the first dozen threads while the
subsequent threads hardly share the loads.

(4) The rotation speed and external load would affect the fatigue life of the PRSM of the

robot system. The fatigue life reduces sharply under the condition that the axial loads,
radial loads, and rotation speeds increase gradually. Compared with the axial load,
the fatigue life is more sensitive to the radial load, which indicates that the radial
load should be as small as possible, and the load distribution optimization could
be investigated.
However, the numerical analyses of the stress and strain contours are not simulated in
this study, which can help to verify the results of the designed actuator. Indeed, this re-
mains one of the working directions of our study. Additionally, the dynamic analyses,
lubrication, and load distribution optimization can also extend to our future work.
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Nomenclatures

F the radial load

F, the axial load

T driving torque

Al Am2 the axial deformation caused by the tension load in case 1 and
in case 2

Ap the axial deformation caused by the driving torque

As the total deformation error of the screw in the axial direction

Cr the radial deformation

B, @ the contact angle and helix angle

Gra, Grp the stiffness coefficients in the contact threads of the screw to
roller and roller to nut

Ss(n,j)r SN(n,j) the thread contact loads of the screw and nut

sz (n,j) ZN(n,j) the contact deformation in the screw to roller interface and the
roller to nut with elastic errors

Pa the pitch

Es, En the elastic modulus of screw and nut

As, AN the cross sectional areas of screw and nut

UsZ(n,j—1), VSZ(n,j) two consecutive contact surfaces of the screw to roller

Rsz(nj-1) Rsz(n,j) the elastic deformation errors of jth and (j — 1)th threads in
the screw to roller t interface

UZN(n,j—1)r VZN(n,j) two consecutive contact surfaces deformations of roller to nut

Rznnj-1) Rznm,j) the elastic deformation errors of jth and (j — 1)th threads in
the roller to nut interface

Fan the axial load of the nth roller

N the numbers of rollers

P, the numbers of threads
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Csw(n,j)s Gst(n) the normal contact deformation in the condition without and
with the elastic deformation errors

An,j) the deformation coefficient

€(n,j) the load coefficient

Ls the fatigue lifetime

Wy the rotating speed

ds the diameter of screw

d, the diameter of roller
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Abstract: Downhole vibrations caused by rock breaking when drilling through pebbled sandstone
formations negatively affect the rate of penetration (ROP) and the safety of downhole tools. Therefore,
it is of great significance to study the cutting characteristics of pebbled sandstone and find a method
of reducing the drilling vibrations of pebbled sandstone formations. Based on the DEM (discrete
element method), a simulation model of pebbled sandstone considering the random filling of high-
strength gravels was established by using the random polygon distribution method. The influence of
gravel content on the strength parameters and the breaking state of the pebbled sandstone samples
was analyzed. Additionally, a DEM model of PDC cutting rocks loaded by a spring—mass system
was established, and the Stribeck effect of contact friction between the PDC cutter and the rock was
analyzed. The periodic vibration and the stick-slip phenomenon of the cutting system during the
drilling process were presented by this model. The model was employed to simulate and explore the
influence of composite impact load on stick—slip vibration during PDC cutting of pebbled sandstone.
The simulation results showed that the composite impact load had a more obvious effect on mitigating
the vibration of PDC cutting of pebbled sandstone under the condition of a higher horizontal impact
amplitude coefficient (g, = 40%). Based on the simulation results, a composite impactor with a large
impact angle a = 70° was selected to conduct the field tests in the pebbled sandstone formation of
Well T1. The results showed that, compared to conventional drilling, the average WOB (weight on bit)
of the section drilled with the composite impactor decreased by 57.13%, the standard deviation of the
WOB decreased by 57.29%, and the average ROP increased by 98.31%. The employing of composite
impactors in pebbled sandstone formations can significantly reduce drilling vibration, improve ROP,
and protect bits and downhole instruments.

Keywords: discrete element method; pebbled sandstone; impact drilling; composite impactor;
PDC cutter

1. Introduction

Increasing drilling rate of penetration (ROP) is the primary way to save drilling in-
vestment and increase the benefit of oil and gas resource development. However, with
long-term, large-scale exploration and development of oil and gas resources, the engineer-
ing environment of newly discovered oil fields is very unfriendly to drilling, which makes
it increasingly difficult to increase the ROP [1]. For example, more and more gravel-bearing
formations are being drilled, but the economic and time costs of drilling operations in
these formations are generally higher due to highly heterogeneous rocks and strong and
abrasive gravel particles. Drilling into formations bearing high-strength gravel particles
is easy to cause severe vibrations of the bit, including stick-slip and bit bouncing, which
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then lead to serious damage, fracture, or even collapse of the bit cutters. The working time
of a bit is very short, and the trip time will significantly increase. Besides, when drilling
into these formations, it is common to weaken the drilling parameters to reduce downhole
vibrations, which further restricts ROP improvement. Therefore, it is crucial to study the
characteristics and performance of cutting highly heterogeneous gravel-bearing rocks to
improve ROP and reduce drilling risks related to vibrations.

Polycrystalline Diamond Compact (PDC) bits have been used in rotary drilling since
about the 1900s and have become the most commonly used type of bits in oil and gas
drilling [2]. In China and the United States, more than 85% of the drilled footage in
recent years used PDC bits. PDC cutters are in direct contact with formation rocks during
drilling, and the study of PDC rock-breaking characteristics has the most direct guiding
role in realizing efficient rock breaking. Aiming at the problem of PDC bit rock breaking,
researchers have carried out a lot of theoretical and numerical simulation research. In
the early research, the relation between the load state of a PDC bit and the rock-breaking
volume was examined, aiming to predict the ROP and the wear of the bit [3-7]. Warren and
Sinor [8] (1989) proposed a drag-bit performance model to predict the removed volume
of rock penetrated by the designed layout of bit cutters. The model predictions compared
well to laboratory drilling tests for four radically different bit designs when used on four
different rocks. The relationship model between bit force and ROP is widely adopted as
the bit boundary conditions in the process of drill-string mechanical modeling [9,10]. With
the development of computer technology and the demand for rock-breaking enhancement
of PDC bits, numerical simulation has become one of the important ways to analyze the
rock-breaking performance of the bit. In the beginning, rock-breaking simulations of tools
were not included in the cutting behavior, and the focuses were on the process of the
tools when invading a rock under a static load. Chiaia [11] (2001) built a lattice model to
discuss the process of indentation of brittle and quasi-brittle materials and pointed out that
increasing the size of the indenters improves the local fracture mechanisms. The number
of indenters also has a significant effect on the rock-breaking process and the generation
of cracks in the rock. Simultaneous loading of multiple indenters with an appropriate
line spacing seems to provide a possibility of forming larger rock chips, controlling the
direction of subsurface cracks, and consuming a minimum total specific energy [12]. Later,
the rock-breaking behavior of PDC cutters was studied by using the finite element method
(FEM) and discrete element method (DEM). The effects of rock type and material model
on PDC cutting force and cutting depth were studied to verify the simulation method and
obtain reliable modeling parameters [13-16]. Jaime [17,18] (2011) employed LS-DYNA
to simulate the rock-cutting process of PDC cutters; introduced the modeling method,
material model selection, and parameter modification process in detail; and analyzed the
sensitivity of rock-breaking behavior to loading parameters and material parameters. In
addition, the effects of cutter velocity, friction coefficient, and rake angle on rock cutting
were investigated to explore the rock-breaking mechanism of the bit and to optimize the bit
design [19]. These simulations demonstrated the importance of the explicit finite element
model for simulating the rock cutting and fragmentation process.

With the development of bit machining and design technology, the techniques of
percussion drilling and non-plane cutter bit are widely used at present, and corresponding
numerical simulation methods have been explored. In addition, the temperature and
pressure of a wellbore have a significant influence on rock failure [20-22]. Therefore,
various factors, such as bottom hole pressure and temperature influencing rock-breaking
performance, are considered [23]. Guarin et al. [24] (1949) introduced the first case, in
the oil field history, of rotary drilling with an impact tool that accomplished extended
intervals of formation for sustained periods of time. Melamed et al. [25] summarized
several early percussion drilling tools. Subsequently, numerous studies and experiments
were conducted to explore impact drilling techniques. The effects of cutter geometry
parameters, cutting angle, impact load, and cutting speed on crack propagation, debris
formation, and damage evolution of rock were extensively studied [26,27]. Xiong et al. [28]
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(2021) investigated mixed tool cutting of granite with stinger PDC cutters and conventional
PDC cutters, and they pointed out that the hybrid PDC bits that combine conventional
and stinger PDC cutters have significant advantages in drilling hard, interbedded, and
highly abrasive rocks. Dong and Chen [29] (2018) conducted a 3D full-scale PDC bit model
to study the dynamic damage characteristics of anisotropic shale during impact rotary
drilling. The aim of these studies is to explore the mechanism of PDC cutting rock under an
axial impact load or a torque impact load and find realistic ways to improve the efficiency
of rock drilling [30]. In recent years, improving the rock-breaking efficiency of PDC bits and
reducing bit vibrations have been considered equally important in dealing with complex
downbhole drilling conditions [31,32]. Additionally, a compound impact load is considered
to be an effective method to achieve this goal [33].

The heterogeneity of rock is one of the main causes of bit vibration and significantly
impacts the strength and fracture characteristics of rock [34]. Therefore, it is necessary
to consider the heterogeneity of rock when simulating rock cutting under a compound
impact load [34]. The possibility of simulating heterogeneous rock failure using the finite
element method (FEM) or the discrete element method (DEM) has been confirmed [35].
It is more convenient to establish a DEM heterogeneous model by changing the bond
strength between the contact particles [36]. However, in the aforementioned studies of
rock-breaking mechanisms, the investigation of gravel-bearing rock, which has stronger
heterogeneity caused by the huge strength difference between the matrix and the gravel
broken by a PDC cutter, under a compound impact load is still in the exploratory stage.
Furthermore, the simulation method using a constant boundary of bit loading or cutting
depth to characterize such cutters has obvious defects. The stick-slip phenomenon and
continuous cutting in the process of rock breaking cannot be simulated at the same time.

In this paper, a heterogeneous rock modeling method based on the discrete element
theory is proposed. In this method, a random polygonal aggregate is used to characterize
the gravel particles inside the rock. The fracture characteristics of a PDC cutting heteroge-
neous gravel-bearing rock under the action of a compound impact load are simulated and
studied. On this basis, field tests to reduce the rock-breaking vibration of gravel-bearing
formation with a composite impactor are carried out. The method and conclusions of this
paper provide theoretical basis and technical reference for ROP improvement and safe
drilling in gravel-bearing formations.

2. Simulation Method

The DEM was first introduced into rock mechanics by Cundall, and a particle assembly
program based on the DEM was proposed in 1979 [37]. It is based on the idea that the object
researched is composed of a certain number of arbitrary particles or particle clusters with
mass and volume in the particle assembly procedure. The particles are specified as disks
with unit thickness in the two-dimensional (2D) model, whereas the particles are assumed
to be spherical in the three-dimensional (3D) model. The particles interact with each other
through the prescribed contact model and follow Newton’s law and Hooke’s law. The
macro performance of the object is described by calculating the motion and stress state of
each particle. It has high operability in rock microstructure modeling. It is simpler and
more intuitive than the finite element method during the mechanical behavior simulation
of discontinuous rock mass. Additionally, it has been widely used to solve rock mechanics
problems [38], as shown in Figure 1.

Using a particle flow program is an essential method of solving practical problems
using the discrete element theory. It is assumed that particles (clusters) are rigid bodies with
a certain mass and interface, and each particle (cluster) can translate or rotate independently.
Additionally, the particles (clusters) are allowed to overlap with one another in a relatively
small area of the interface contact. There is a finite stiffness bonding at the contact, which
can bear a specific load. The bonding will be removed when the load reaches the bonding
strength. The interaction law between the particles (clusters) and between the particles
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(clusters) and the boundary is specified in the contact model, which is used to calculate the
relative motion and the load transfer between the particles (clusters) [39].

Figure 1. The assembly modeling of rock pore, fracture, and rubble using the DEM.

The contact between particles in a 2D DEM model is represented in Figure 2. The
generated contact particles have a definite radius R, a centroid vector x, a translational
velocity x, and an angular velocity relative to the centroid w. The position vector x., the

N . .
normal vector n, the relative translational velocity 8, and the relative angular velocity 6 of
the contact surface can be calculated using Equations (1)—(4), respectively:

— (4 (4) 1 &\
Xe = X +(R -I-Z)nc 1)
A (B) _ x(4)
ne=*—"— @
5 — ,'(C(B) _ ,'(C(A) 3)
0=wb® —w 4)

where g. is the minimum gap length between the contact disks, with g. = d — (R(A) + R(B)) ;

d is the center distance between two contact parts, with d = ||x(5) — x(4)||; and x. is the
translational velocity at the contact, with x. = x + w (xc—x).

d Contact component (A)

Definition of local coordinates of contact

Figure 2. Diagram for the contact detected in a 2D particle flow model.

A A

A
The normal unit vector of n x t surface is defined as k = n. x t. for convenient
calculation. Equations (5) and (6) can be obtained by decomposing the relative translational
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velocity 5 and the relative angular velocity 0 along n¢ and t, respectively, as shown in
Figure 3.
8 = &n+ bt ®)

0 = Opy (6)

. A . . A .
where 8, is the relative translational velocity of the contact along n., with 8, = éy, - n; &;
A . . . .
is the relative translational velocity of the contact along t., with 6; = & — 8,; and Oy is the
A

angular velocity around k at the contact.
y y
o S

o 611
t 1
- [
0, X, X

(-)E(-)b\\'c

Figure 3. Kinematics of contact with relative rotation and motion of piece surfaces.

Assuming that the time step is At, the relative displacement increment A8 and the rela-
tive rotation angle increment A© of the contact can be expressed using Equations (7) and (8),
respectively:

AS = Adnnc + Adite @)
A = ABy, = O At (8)

where Ay, is the displacement increment along the coordinate axis n., with Ad, = 5nAt,

A .
and Ad; is the displacement increment along the coordinate axis t., with Ady = 5;At.

The contact kinematics law obtained from Equations (1)—(8) is the basis for judging the
contact state and calculating the load transfer. It is assumed that the contact components
contact each other and activate the contact model, when the traverse contact gap, gs <0, is
based on the reference contact distance of g, as shown in Figure 4. The contact in the model
can be regarded as a combination of linear contact (the contacts only transfer compression,
but not tension and torque) and adhesive contact (the contacts are rigid connection) when
the failure of cemented materials (such as rock) are calculated.

\

|
Contact component (B) Linear contact(Unbound)

Contact component (A) .

Bound contact

Figure 4. Sketch of the bound contact model.
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The linear contact model and the parallel-bond model are shown in Figure 5 [40]. The
parallel-bond force and torque calculation formula is expressed in Equation (9):

Fo.=F+F+F
M.=M

)

where F. and M, are the contact force and contact torque, respectively; F' is the linear

contact force; F¢ is the dashpot force; F is the parallel-bond force; and M is the parallel-
bond moment.

x\\\\\\\\j\\?\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\%

—— & &
T. S,
o, 7,01 {c.4} k,
Bond
A Y
(b) (c)

Figure 5. Contact rheological components (a) of the linear parallel-bond model (b) and the linear
contact model (c).

According to the definition of the parallel-bond model, the parallel-bond stress o
(tensile stress if & > 0) is calculated based on Equation (10). The bond will be broken

when 7 > 7., and 0. is defined as the bond strength. In this case, F = 0, M = 0, and the
parallel-bond contact model changes to the linear contact model.

M R
o, plMIR

(10)
Here, F, is the normal parallel-bond force; Ais bon(iing cross-sectional area, with
A=2Rt,t=1,and R = min(R(A), R(B)) in the 2D model; B is the contribution coefficient

of torque to contact stress, with B € [0,1]; M,, is the parallel-bond moment; and I is the
moment of inertia, with I = %tﬁS.

3. Modeling of Pebbled Sandstone
3.1. Modeling Steps

The inhomogeneity of pebbled sandstone is mainly manifested in the material inhomo-
geneity between the sandstone matrix and the filled gravel. The matrix area and the gravel
area are separated by generating a stochastic regular polygon closed boundary. These
polygons are set as the gravel material and are surrounded by sandstone material. The
modeling process is shown in Figure 6, which includes the following steps:

(1) Establish the polygon-generating area according to the size of the rock and generate

points p(l) (x(() ), yg)) randomly in this area.

(2) Take a random radius () within the set granularity range (#min, 'max) to generate a

circle ®() with p((;) as the center and (/) as the radius.

(3) Judge whether ®) intersects with the circumscribed circle @) (j = 1,2,--- ,i — 1) of
all the polygons generated, and return to Step 1 in the case of intersection.

(4) Take point pg ) (xgl), ygl)) on the circle to generate an arbitrary regular n() polygon

(i)

with circle ®) as the circumscribed circle and p;’ as the vertex. The included angle
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A (4 4)

() (D ()
) (-"o Yo )

Filled area

Step 1

(i) (i)

between the line between point p;” and point p;’ and the x-axis square is a random

angle a(?).
(5) Calculate the sum of the areas of all polygons currently generated and the volume
o r Al
ratio of the rock sample, Pg(l) == a— X 100%, to characterize the gravel content. If

Pg(i) > Pset, the cycle ends, where Ap is the polygon area, A is the rock model area,
and Pset is the gravel content.

(1 0
b, (.\’] N )

(x

GENG)
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L b (-"1 N )

(i) (7)

(1) |
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%%

P =30% W) = 45%

Filled results
Step 2 Step 3 Step 4 Step 5

Figure 6. Generation process of pebbled sandstone samples.

In the modeling program, the coordinates of the polygon center point (x((]i), y(()i) ) , the

radius r(¥) of the circumscribed circle, the polygon rotation angle a(), and the number 1()
of polygon sides can be adjusted by establishing different random distribution models to
choose the distribution law of the generated random numbers.

3.2. Comparison and Validation

In the process of rock-breaking simulation using the particle flow code, the mechanical
properties of particles and bonds are characterized by micro-mechanical parameters. The
micro-mechanical parameters adopted in the simulation are not directly related to the
macro-mechanical parameters of the natural rock, but they can be determined by the
simulation tests. The simulation tests adopt the trial-and-error method to compare the
results of the simulated macro-mechanical parameters of the rock obtained from each
test with the actual rock sample until the error is acceptable. At this time, the adopted
micro-mechanical parameters are the DEM modeling parameters of the actual rock sample.
In the calibration process of the micro-mechanical parameters of the discrete element rock
model, the filling gravel of the rock samples refers to the test data of the actual rock samples
in the Tabei area, and the material parameters of the pebbled sandstone matrix refer to
the pure sandstone rock samples [41]. The macro-mechanical parameters of the rocks are
shown in Table 1. The micro-mechanical parameters of the DEM rock models are calibrated
using the UCS (uniaxial compression strength) simulation tests, and the results are shown
in Table 2.
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Table 1. Comparison of mechanical parameters between the rock samples and the DEM rock model.

Compressive Elastic . , .
Rock Samples Strength/MPa Modulus/GPa Poisson’s Ratio
Sandstone 33.10 8.25 0.33
Sandstone model 32.97 8.24 0.32
Gravel 203.45 70.47 0.177
Gravel model 206.95 70.41 0.177

Table 2. Material parameters of the DEM pebbled sandstone models.

Rock Composition Rock Matrix Gravel
Particle density/(kg/ cmd) 2000 2650
Effective modulus/GPa 4.33 33.82
Normal-to-shear stiffness ratio 1.50 1.58
Bonding effective modulus/GPa 4.33 33.82
Bond normal-to-shear stiffness ratio 1.50 1.58
Tensile strength/MPa 9.98 67.20
Cohesion/MPa 11.96 78.33

Friction angle/° 32 25

Friction coefficient 0.65 0.65

In order to obtain the mechanical properties of gravelly sandstone with different gravel
content, the uniaxial compression and crushing process of pebbled sandstone with 5-45%
Pg is simulated. The physical model is established by using the stochastic regular polygon
filling method. Some rock samples after particle filling are shown in Figure 7. The light
parts in the figure are pure sandstone material, and the dark parts are filled gravel material.
The rock sample used in the simulation is a standard core column of 50 mm x 100 mm in
size. The minimum radius of the modeled particles is 0.3 mm, and the maximum particle
size is 0.5 mm. A total of 8753 particles are generated.

Pg= 15% Pg=30% Pg=45%

Figure 7. Pebbly sandstone samples with different gravel contents.

The uniaxial compression stress—strain curves of the rock samples with different
gravel contents are shown in Figure 8a, and the change curves of the macro-mechanical
parameters are shown in Figure 8b. The simulation results show that the elastic modulus
of pure sandstone is the lowest. With an increase in gravel content in the rock models,
the elastic modulus of the rock samples increases linearly, while the peak strength of the
rock samples decreases slowly at first and then increases gradually. The UCS test results
conducted on the pebbled sandstone model established in this paper show that the gravel
content in the rock increases from 0 to 40%, the elastic modulus of the rock increases by
87.86%, and the peak strength of the rock increases by 12.41%, indicating that a rise in the
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gravel content has a greater impact on the elastic modulus of the rock samples compared to
the peak strength.

50 | —*— Pure sandstone —*— Pg:10% 20 50
—_— Pg:15% e pgzzo% v Elastic modulus
<
w0 P 2S% o P=30% S sk ¢ Peak strength L lasg
E R ; /,l’/ g
= % : 5
% S0p {40 2
»n 20 o - . E
& . S
10 o S5k . . 1352
S o o ¥
0 L[]
0 1 1 1 1 30
0.0 . 0 10 20 30 40 50
Strain /% Gravel contents /%
(a) (b)

Figure 8. Simulated UCS tests results of DEM pebbled sandstone samples, (a) strain—stress plot and
(b) trend analysis of rock Elastic Modulus and peak strength.

The fracture characteristics of the simulated rock samples are shown in Figure 9. The
gray part and the black part in the figure represent the split rock fragments; the blue part
represents the gravels; and the broken red lines indicate the crack distribution. These
characteristics are in good agreement with the experimental results and the numerical
simulation results of previous researchers [34,42]. The figure shows that the distribution of
gravel has a significant impact on the formation and propagation of cracks. Cracks pass
through gravel, bypass gravel, and cut off after encountering gravel. In addition, the elastic
modulus of the rock is greatly increased due to gravel packing, which leads to an increase
in rock brittleness. The number of cracks in the final wreck tends to increase.

P,=25% P,=30%  P,=35% P,=40% P, = 45% " Gravel
Figure 9. Failure results of the DEM rock samples after the simulated UCS tests.

4. Simulation of PDC Cutting Pebbled Sandstone
4.1. Loading Model of PDC Cutter

The rotary table or top drive transmits torque to the bit through the drill pipe and drill
collar while drilling. At the same time, part of the gravity of the drill collar also acts on the
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bit so that the bit can cut and break rocks. In the previous modeling process of rock breaking
using PDC single-tooth cutting, the cutting speed of the PDC cutter is set to be uniform,
and the cutting depth of the cutter in the cutting process is fixed. However, for PDC bits,
the penetration of the cutter in the process of rock breaking is mainly controlled by the
vertical load acting on them. In the process of movement, due to the great slenderness ratio
of the drill string, the torsional stiffness of the cutter on the cutting plane becomes smaller,
and the cutting speed is not fixed, which will cause fluctuations and stick—slip.

The force state of the PDC bit and the cutter during drilling is shown in Figure 10.
When the drill bit rotation angle A® is small enough, the movement of the cutter can be
approximately regarded as a linear movement. In the rock-breaking process, it receives
the support force F, from the rock, the force F,,}, of weight on the bit, the friction force
F¢, and the cutting-resistance forces Fcx and Fey of the rock to the cutter. Fy refers to the
thrust formed by the top drive torque transmitted to the bit along the drill string when
the top drive rotates. Under the action of F;, the cutter breaks the rock at the speed of
Ucx and vcy. In the process of rock cutting, because torsional vibration always exists, the
speed of the cutter is not uniform. Therefore, the spring—mass unit is considered in the
model to simulate the process of the loading torque on the bit by the top drive through the
drill string.

Drill pipe

Drill collarL

PDC Bit ___

Figure 10. Schematic of the load state of the PDC bit and the cutter during drilling.

Based on the above analysis, a rock cutting model is established in this paper. In
Figure 10, xyp and xy, respectively, represent the initial length of the simulated spring; v
represents the system driving speed; v, represents the movement speed of the mass unit;
Ucy and v, represent the vertical speed and the horizontal speed of the cutter, respectively;
and Meq represents the mass unit. This model can simulate the vibration of the cutter,
especially the formation and development of stick—slip vibration, and is used to study the
vibration suppression method and its impact on the cutter. Since stick-slip vibration is the
main reason for the damage to drill components, the control model is simplified, ignoring
the elasticity and damping in the vertical direction. In order to facilitate the comparison
test, the proportional coefficient is defined. The expression form is shown in Equation (11),
and the model parameters are shown in Table 3.

Table 3. Parameter values used for spring-mass-damping system.

Parameters Value Parameters Value
v (m-s~1) 1 Kk, (N-m™1) 1 x 10°
Xmax (M) 0.16 Chp (N-m-s ™) 5 x 10*

Xip (m) 10 « 0.005
Xip (M) 10 B 0.01
Fiob N) 200 Y 0.001
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_ Mpdc

o= ,ﬁ\/qu
— thp

p= Ky (11)
— Chp

T= G

Here, a, B, and <y are the dimensionless proportional coefficients; 11,4 is the mass of
the PDC cutter, in kg; Meq is the mass of the mass element, in kg; ky,, and ky, represent the
elastic coefficients of the first and second spring damping systems, respectively, in N-m~!;
and cpp and cpp represent the damping coefficients of the first- and second-stage spring
damping systems, respectively, in N-s-m~!.

In addition, the effect of Stribeck is considered in the friction calculation, that is, in the
process of low-speed movement, the friction coefficient decreases with an increase in the
relative speed between the contact surfaces [43,44]. The friction model expression is shown
in Equation (12):

(5’

#=pa+ (us — pa)e” (12)

where the friction coefficient between the research objects is y; the static friction coefficient
is s, and for the contact between the rock and the cutter, ys = 0.82 [9]; the dynamic friction
coefficient is pgq, where ugq = ps-Vs, Vs is the proportional coefficient, and in this paper,
Vs =0.7; Av is the relative velocity between the contact objects, in m-s—L; and V. represents

the characteristic parameter, with V, =0.2 m-s~ L.

4.2. Physical Model

As shown in Figure 11, a 2D DEM rock cutting model is established, and the PDC
cutter is modeled by particle clusters. The density of the cutter is 3200 kg/m?, the diameter
is 16 mm, the thickness is 8 mm, and the cutting angle is 15°. The length of the rock sample
is 200 mm, and the height is 40 mm. For the convenience of calculation, the initial cutting
depth is set as 1 mm, and the maximum cutting displacement of the cutter is 160 mm. The
verification process of the model has been elaborated in previous studies [45].

200 mm

Figure 11. The PDC cutter and rock sample geometry.

In order to study the rock-breaking performance and vibration characteristics of the
cutter when the vertical impact and torsional impact act on the cutter at the same time, the
impact loads are set in both the horizontal and vertical directions of the cutter, as shown in
Figure 12. Assuming that the impact load changes in a sinusoidal form, the vertical load
of the cutter is Fy = fy(t), and the horizontal load is Fx = fy(t). It is also assumed that the
impact frequency and phase of the horizontal impact load and the vertical impact load are
the same. Since different loading angles have obvious influences on rock failure [46], the
proportional coefficient g, of the axial impact amplitude and F,,}, and the proportional
coefficient gy, of the torsional impact amplitude and F}, are defined, respectively. See
Equation (13) for the expression.

Fo = Fi+ Bbweb [ L sin(27- - 1)] 13
Fy = Fyop + 250 [1 4 sin(277 - f - 1)]
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where Fx and Fy are, respectively, the horizontal thrust and vertical compression on the
cutter, in N F; is the thrust of the mass unit to the cutter, in N; g4, and gy are proportional
coefficients, in %; f is the impact load frequency, in Hz; and t is the action time of the impact
load, in s.

Figure 12. Schematic of the load state of the PDC cutter under vertical and horizontal impact loading.

4.3. Numerical Simulation

The rock-cutting simulations are carried out on a pebbled sandstone with 40% gravel
content, the Fy, is set to 2 kN, the driving speed is set to 1 m/s, and the impact frequency
is assumed to be 200 Hz. The pebbled sandstone cutting is calculated under different
impact amplitude proportional coefficients gy, and gy. All parameters of the test set are
summarized in Table 4. The impact load parameters are specified with regard to the
performance parameters of the multi-dimensional impactor.

Table 4. Parameters of the simulated test set.

Case qn/% qul%
T-1 0 0
T-2 20 40
T-3 40 20
T-4 40 40

The comparison of the cutting and crushing states of the rock under static and impact
loads is shown in Figure 13, where the broken red lines indicate the cracks and the colored
blocks indicate the rock-crushing blocks. The broken state figure shows that multiple cracks
extending to the interior of the rock are generated when the rock is cut under the impact
load. The formation of such cracks is helpful for subsequent cutters to break the rock
continually. Different from homogeneous rocks, more gravel is stripped as a whole during
the cutting process of pebbled sandstone, as outlined in Figure 13. In particular, the case of
T-2 has the largest number of stripped gravels. After the vertical impact amplitude and the
horizontal impact amplitude are increased simultaneously, the largest number of cracks
extending to the interior of the rock are generated in the case of T-4.

The velocity and force signal simulation results of each component of the cutter loading
model are shown in Figure 14. When the cutter breaks the pebbled sandstone, the velocity
fluctuation range is significant, and there are data points of vy, = 0 and v = 0 in each
simulation case. That is, the cutter has stick—slip vibration in varying degrees during rock
breaking. The stick—slip vibration of drag bits has been widely investigated in theoretical
calculations and field tests [47]. The results from the simulated tests in this study are in
agreement with Richard et al. [48] (2007) and Germay et al. [49] (2009). In the field, this
phenomenon is reflected in the torsional vibration of the drill string caused by top drive’s
startup [50]. However, in the range of the simulation parameters, the case of T-4, with
the highest amplitude of composite impact load, has the lowest stick—slip degree, and the
fluctuation of the driving thrust on the mass unit is relatively minimal.
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Figure 13. Broken state of the rock samples under different impact loading.
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Figure 14. Simulation results of velocity and force signals.

The boxplot and standard deviation analysis of the horizontal and vertical velocities of
the PDC cutter are shown in Figure 15. The fluctuation in the cutting velocity and force on
the cutter tends to increase at first and then decrease. Increasing the amplitude of the vertical
impact load alone may lead to an intensification of the cutting vibration. The analytical
results of the case of T-4 show that, within the range of the simulation parameters, increasing
the amplitude of impact load in the horizontal and vertical directions to gy, = gy = 40% at
the same time can effectively alleviate the fluctuation in the cutter velocities. At this point,
the peak value of each parameter is relatively small, so it can be presumed that the cutting
vibration and stick-slip are effectively suppressed in this case. According to the rock-
breaking specific energy and average cutting depth illustrated in Figure 16, compared to
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5. Field Test of Composite Impactor
5.1. Structure Introduction

The structure diagram of the composite impactor is shown in Figure 17. The main
components of this impactor are the upper sub, pulse nozzle, shell, load transmission
rod, and lower sub. A periodic fluid pulsation is generated when the drilling fluid flow
in the Helmholtz cavity I and II of the impactor [51,52]. The fluid pulsation acts on the
upper end-face of the load transmission rod to form the composite impact. The composite
impactor is connected to the bit while drilling, which can simultaneously exert axial impact
and torsional impact on the bit.

1 2 3 4 5

Figure 17. Schematic of the composite impactor. 1—upper sub; 2—nozzle; 3—shell; 4—load trans-
mission rod; 5—lower sub; I, and II—Helmholtz cavity.

The impact amplitude of the composite impactor can be tuned by selecting Helmholtz
cavities and nozzles of different sizes. The distribution ratio of the axial impact component
and the torsional impact component can be modified by changing the spiral angle of the
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upper end-face of the load transmission rod, as shown in Figure 18. At present, there are
three types of load transmission rod with helix angles of 10°, 50°, and 70°. According to the
conclusions obtained from the simulation study in Section 4, a composite impactor with a
large torsional impact component and an impact angle « = 70° was selected for the field
test in order to reduce the axial vibration and stick-slip of the bit when drilling encounters
the gravel layer, and the detailed performance parameters of the impactor are shown in
Table 5.

Figure 18. Schematic diagram of impact spiral surface.

Table 5. Key parameters of the composite impactor.

Parameters Value
Diameter/mm 245
Spiral angle «/° 70
Number of spiral faces 5
Pressure/MPa 2
Axial load /kN 24
Torsional load/N-m 3479

5.2. Field Drilling Test

A field test was carried out in shallow formations in Well T1 to verify the vibration
control effect of the impactor. The Well T1 is a straight well, and the test drilling layer
is a shallow pebbled sandstone formation. The formation restricts the enhancement of
drilling parameters and has a negative effect on the use of downhole tools. Therefore, this
application aims to reduce the severe vibration of the bit, restrain the severe fluctuation of
bit weight and torque, and maintain the stability of the bit and the drill string.

Before the test section, the well section (1) was drilled to 2850 m using a conventional
double-stabilizer BHA. Due to the severe drill string vibrations caused by the pebbled
sandstone, a turbodrill was selected to continue drilling to 3207 m of section ). The ROP
(rate of penetration) remained at a low level while drilling the well section (D) and section 2.
Therefore, in order to verify the damping capacity of the composite impactor and protect
the downhole instruments, the drilling test of the composite impactor was carried out in
this well section. The test well section 3) was 3207-3569 m, the total footage of the impactor
was 362 m, and the pure drilling time of logging was 103.12 h. The recorded WOB signal
and ROP are shown in Figure 19.

The test results are shown in Table 6, and the standard deviation is used to evaluate
the fluctuation amplitude of the bit vibration. The data evaluation demonstrates that the
volatility of the WOB in the test section of the composite impactor is similar to that of the
section drilled with the turbine, both with lower vibration than the section drilled with
a conventional drill string assembly. Compared to the conventional drilling section, the
average WOB of the well section drilled by composite impactor is reduced by 57.13%, the
standard deviation of the WOB is reduced by 57.29%, and the average ROP is increased by
98.31% and 56% compared to the conventional and turbine drilled sections, respectively.
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These results show that the composite impactor that can simultaneously generate axial and
torsional impacts has the ability to suppress drilling vibration and improve ROP.
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Figure 19. Comparison of WOB and ROP in the applied well interval.

Table 6. Comparison of field test results of different drilling methods.

Drilling Method Conventional Turbine Drill Composite Impactor
Test section/m 2612-2850 2850-3207 3207-3569
WOB/kN 115.27 49.95 49.42
Standard deviation of WOB/kN 22.97 11.21 9.81
ROP/(m/h) 1.77 2.25 3.51
ROP enhancement rate/% / 27.12 98.31

6. Conclusions

This paper proposes a heterogeneous rock modeling method based on the discrete
element theory and presents a rock-breaking model for a single PDC cutter. Using the
proposed methods, the mechanisms and characteristics of cutting a heterogeneous gravel-
bearing rock under a compound impact load are simulated and studied. Finally, field
tests of the composite impactor in a gravel-bearing formation are carried out. The main
conclusions for this paper are as follows:

The random regular polygon filling method is a simple and feasible modeling method
for heterogeneous rocks, which can simulate and analyze the crack growth, crushing
state, and strength characteristics of heterogeneous rocks, such as gravel-bearing and hole-
bearing rocks, by changing the distribution law of polygon, the geometric size, and the
filling material parameters. The results show that the peak strength of the rock samples
decreases slowly at first and then increases with an increase in the gravel content in the
rock model. Compared to the peak strength, the increase in gravel content has a greater
impact on the elastic modulus of the rock samples.

In the cutting process with a compound impact load, a higher horizontal impact
amplitude coefficient (g, = 40%) has a more obvious effect on alleviating the vibration
induced by the PDC cutting gravel-bearing rock. The field tests show that the composite
impactor can remarkably reduce the vibration level in the gravel-bearing formation. The
average WOB is reduced by 57.13%, the standard deviation of the WOB is reduced by
57.29%, and the average ROP is increased by 98.31%, compared to a conventional double-
stabilizer BHA.

Improving the rock-breaking efficiency and the working life of PDC bits has always
been the goal pursued by drilling engineering researchers. Optimizing the amplitude—
frequency characteristics and the component ratio of the combined impact load plays a
critical role in improving the ROP and suppressing bit vibration. In the future, the develop-
ment of higher-performance composite impact tools and bits will be an important research
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direction to further improve drilling efficiency. For example, tools that automatically adjust
the impact parameters will allow rapid adaptive drilling in different formations. Further-
more, with the mutual exchange and integration of multi-disciplines, it will become an
important direction to carry out research on transformative rock-breaking methods when
mechanical rock-breaking methods gradually reach their limit.
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Abstract: Drilling is a key step in the exploitation of deep oil and gas resources. In order to clarify
the stress state of the rocks and the mechanism of rock breakage in deep-well drilling, a thermal-
hydro-mechanical coupling model for deep-well drilling was established, and the effects of drilling
on the temperature, pressure, and stress in the formation were studied. Furthermore, the effects of
the formation parameters and wellbore parameters on the bottomhole stress were analyzed. The
results revealed that after the formation was drilled, the temperatures in different horizontal in situ
stress directions were not significantly different, but the difference in the pore pressure between the
maximum and minimum horizontal stress directions was large. The average effective stress at the
bottom of the hole was the smallest, and in some areas, it was tensile stress. For deep-well drilling, as
the formation pressure increased, the in situ stress increased, and the permeability decreased, leading
to greater average effective stress of the bottomhole rock. As a result, it was harder to break the rock,
and the drilling efficiency decreased. Reducing the wellbore pressure and wellbore temperature is
conducive to forming tensile stress near the borehole axis in the bottomhole, causing tensile damage.
The average effective stress of the formation near the shoulder of the drill bit was compressive
stress, and it is advisable to take advantage of the rock shear failure characteristics to improve the
drilling efficiency in this area. The results of this study can help us to understand the stress state
of the bottomhole rocks and the mechanism of rock breakage and can provide a reference for the
optimization of drilling tools and drilling parameters in deep-well drilling.

Keywords: thermal-hydro-mechanical coupling; bottomhole stress field; deep-well drilling; finite
element analysis; rock breakage mechanism

1. Introduction

With rapid economic and social development, there has been an increasing demand
for energy. With the background that shallow oil and gas resources are depleted, energy
resources from the deep part of the earth have become an important alternative for increas-
ing oil and gas reserves and production [1,2]. The deep oil and gas reserves in the world
are rich, and efficient development of deep oil and gas resources is of great significance
to the development of the global economy [3,4]. Drilling is a key step in deep oil and
gas exploitation. It not only plays a role in confirming the oil and gas reserves in deep
formations but also provides oil and gas migration channels for later deep oil and gas
extraction [5]. However, due to the complex lithology, high strength, strong abrasiveness,
and poor drillability of deep formations [6-9], as well as the significant coupled effect
of multiple physical fields during drilling [10], deep-well drilling faces the challenges of
low drilling speed and efficiency, which greatly restrict the exploitation of deep oil and
gas resources.

In order to increase the rock-breaking efficiency and rate of penetration (ROP) of
deep-well drilling, a variety of drill bits have been developed, such as polycrystalline
diamond compact (PDC) bits, composite bits, and dual-diameter PDC bits [11-15]. New
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drilling techniques have also been developed, such as high-pressure water jet drilling,
electro-pulse drilling, particle jet impact drilling, and laser drilling [9,16-19]. In addition
to the development of new tools and drilling techniques, analysis of the stress state of
bottomhole rocks during drilling can also help clarify the mechanism of bottomhole rock
breakage during drilling, which can provide references for optimizing drilling tools and
drilling parameters. In this field, Peng et al. [20] used the finite element method to simulate
formation stress state before drilling, during drilling, and after drilling of the formation.
They found that there was stress concentration in the bottom area near the wellbore wall,
which led to poor drillability of the rocks in this area. Regarding the high-pressure water
jet drilling process, Li et al. [21] studied bottomhole rock stress under high-pressure water
jet drilling using finite element and finite volume methods. Their results showed that
the maximum principal stress of bottomhole rocks increased as the jet velocity increased.
Furthermore, Wang et al. studied the stress release mechanism of deep bottomhole rock
using ultra-high-pressure water jet slotting [16]. Their results suggest that the stress release
was due to the combined action of three drivers, namely, horizontal stress release, stress
concentration in the area away from the cutting plane, and increased pore pressure caused
by rock mass expansion. Under the condition of underbalanced drilling, Li et al. [22] used
the finite element method to study the stress state of bottomhole rocks, and their results
indicate that the mechanical properties of the rocks near the bottomhole were affected
by a number of factors, including the in situ stress, pore pressure, well diameter, and
fluid column pressure. Compared to a permeable borehole wall, rocks are easier to break
under impermeable borehole conditions. In view of the influence of the bit structure,
Heydarshahy and Karekal [23] carried out finite element simulations to study the stress
distribution characteristics under different drill bit shapes. It was found that increasing
the height of the cone-shaped bit led to an increase in the high-stress area of bottomhole
rocks. Shen and Peng [24] analyzed the bottomhole stress field when a dual-diameter PDC
bit was used. Their results showed that there was significant equivalent stress unloading,
which improved the ROP.

The above studies focused on bottomhole rock stress under different drilling tech-
niques and different drill bit shapes but did not consider the multi-physical coupling
effects of the bottomhole rocks during drilling. Actually, after the formation is drilled,
because some of the rocks are replaced by the drilling fluid, the stress, temperature, and
pressure of the bottomhole rock changes accordingly, and these changes impact the stress
state of bottomhole rocks. This process is a complex thermal-hydro-mechanical coupling
process. In order to analyze the influence of the coupling effect on bottomhole rock stress,
Warren and Smith [25] established a hydro-mechanical coupling model for studying the
formation stress near the bottom of a borehole and analyzed the distribution of the mean
bottomhole stress under different over-balance pressures. They concluded that a high
over-balance pressure was not conducive to improving the rock-breaking efficiency. Chang
et al. [26] analyzed the formation stress under different bottomhole pressure differences
using numerical simulation methods. Their results showed that reducing the wellbore
pressure could promote bottomhole rock breakage. Chen et al. [27] used the finite difference
method to analyze the formation stress near the bottom of the wellbore by considering
the hydro-mechanical coupling effect during the drilling process, and they found that the
rock mass expansion at the bottom of the wellbore led to a decrease in the pore pressure,
thereby affecting the drilling efficiency. Hu et al. [28] carried out finite element simulations
to study the dynamic variations in bottomhole rock stress and pore pressure, considering
hydro-mechanical coupling. Then, Hu et al. [29] analyzed the dynamic variations in the
stress field under balanced drilling conditions, and their results showed that the variations
in bottomhole stress were caused by the changes in the pore pressure. In addition, Hu
et al. [13,14] designed a dual-diameter PDC bit and studied the bottomhole stress release
mechanism of the drill bit under the influence of coupled hydro-mechanical conditions.
Their results showed that the stress concentration area at the shoulder of the reaming bit
was significantly reduced, and a large stress unloading area formed at the intersection of
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the reaming bit and the pilot bit. Moreover, some scholars have studied the comprehen-
sive influence of the thermal-hydro-mechanical coupling effect. For instance, Li et al. [30]
studied the stress of bottomhole rock in underbalanced drilling using the finite element
method. Their results suggest that both the wellbore pressure and temperature can affect
bottomhole stress. Moreover, Zhang et al. [31] established an analytical model for calcu-
lating bottomhole pressure and the thermally induced near-wellbore stress. They found
that when the wellbore pressure changed from overbalanced to underbalanced, the stress
state of the bottomhole rocks changed from compressive stress to tensile stress. In addition,
Zhang et al. [32] also analyzed bottomhole stress distribution and its influencing factors in
underbalanced drilling by considering thermal-hydro-mechanical coupling.

Based on the above analysis, it can be seen that most previous studies analyzed the
bottomhole rock stress while neglecting the coupling effect or only considering hydro-
mechanical coupling. A few studies have considered the influence of thermal-hydro-
mechanical coupling in underbalanced drilling conditions. Although underbalanced
drilling is beneficial to improving the drilling efficiency, its safety is still controversial,
and the related risks are high. In deep-well drilling practices, in order to ensure drilling
safety, overbalanced drilling is generally used. In overbalanced drilling, the wellbore fluid
under positive pressure difference will penetrate the formation. Due to the difference
between the temperature and pressure of the wellbore fluid and the original formation,
bottomhole rocks will be directly affected by the thermal-hydro-mechanical coupling effect.
The objective of this study was to analyze the stress of bottomhole rocks during deep-well
drilling by considering the thermal-hydro-mechanical coupling effect. First, a thermal-
hydro-mechanical coupling model was established. Then, numerical simulations were
carried out to reveal the dynamic evolution of the temperature, pressure, and stress of
the bottomhole rocks. Furthermore, the mechanisms by which the formation pressure, in
situ stress, formation permeability, wellbore pressure, and wellbore temperature influence
bottomhole rock stress were analyzed. The results of this study can improve our under-
standing of bottomhole stress and the mechanism of rock breakage; moreover, the results
can be used to analyze wellbore stability by combing the rock strength criterion, which is
of great significance for improving the safety and efficiency of deep-well drilling.

2. Thermal-Hydro-Mechanical Coupling Model for Deep-Well Drilling
2.1. Assumptions

In order to simplify the model, the following assumptions were made.

(1) The formation is continuous, homogeneous, isotropic, and meets the small deforma-
tion condition.

(2) The fluid seepage in the formation is single-phase flow.

(3) The variations in the wellbore temperature and pressure were neglected.

(4) The effect of the water jet on bottomhole rock stress was neglected.

(5) The influence of the thermal radiation on the wellbore temperature was neglected.

2.2. Field Equations
2.2.1. Stress Field

For porous elastic materials, when the external load, pore pressure, and temperature
are considered, the constitutive equation of the porous media is [33]

2Gv
0ij = 2Gejj + 7 eodij — apdij — PsK(T — To) 1
where E
— _ 2
¢ 2(1+v)’ @
 2G(1+v)
k= 3(1—-2v)’ @)
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and
3(vy —v)

B(1—2v)(14+w)’

In Equations (1)-(4), 0;; is the second-order stress tensor component (MPa). ¢; is the
dimensionless second-order strain tensor component. &, is the dimensionless volume strain;
d;j is the Kronecker symbol, which is dimensionless. G is the shear modulus (GPa). E is
the Young’s modulus (GPa). K is the bulk modulus (GPa); v is the Poisson’s ratio. v, is the
undrained Poisson’s ratio, which is dimensionless. B is Skempton’s coefficient, which is
dimensionless. « is the dimensionless Biot coefficient. p is the pore pressure (MPa). Bs is
the volumetric expansion coefficient of the rock (1/°C). T is the formation temperature (°C).
Ty is the initial formation temperature (°C).

By substituting Equation (1) into the momentum conservation equation and combining
it with the deformation coordination equation, Equation (5) can be obtained.

4)

N =

GMZ',]‘]' + —ap;— ,BSKTJ‘ +F =0, (5)

1— oy b
where u is the displacement (m), and F; is the body load component (MPa).

Next, Equation (5) is written in tensor notation. Without considering the body load, the
governing equation of the stress field, considering thermal-hydro-mechanical coupling, is

GV?u + <1GZV>V(V~u) —aVp — BsKVT = 0. (6)

2.2.2. Seepage Field

Considering the thermal-hydro-mechanical coupling effect, changes in the volumetric
strain, pore pressure, and temperature of the formation will lead to changes in the fluid
content in the pores as follows [34]

C=a(V - u)+ 42— Buy(T = To), )
where BK
M= a(l—aB)’ ®)
and
ﬁsf: ("‘_‘P)ﬁs‘i‘(i)ﬁf' )

In Equations (7)—(9), ¢ is the change in the fluid content in a unit volume of rock (m3).
M is the Biot’s modulus (1/MPa). ¢ is the formation porosity, which is dimensionless, and
B is the coefficient of volumetric expansion of the fluid (1/°C).

Because the formation is considered to be a closed system, there is no external mass
exchange. Therefore, the mass flux of the fluid is equal to the rate of change in the mass
of the fluid. According to the law of conservation of mass, the process can be expressed

as follows:
a(gf) +V - (psor) =0, (10)

where

k
v =——Vp. (11)
f i p

In Equations (10) and (11), py is the fluid density (kg/ m?). vy is fluid seepage velocity
(m/s). k is the formation permeability (m?). u is the fluid viscosity (mPa-s).
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When the fluid density is constant, the governing equation of the seepage field,
considering thermal-hydro-mechanical coupling, is

d aT k
ag (Vou) + 55— [(a—¢)ﬁs+¢ﬁf}§+v- (-yw) = 0. (12)

2.2.3. Temperature Field

Considering the thermal-hydro-mechanical coupling condition, according to the sec-
ond law of thermodynamics, deformation of an object, changes in the pore pressure, and
changes in the temperature will all lead to a change in the system’s entropy. The entropy
change can be expressed as follows:

S =—BsK(V-u)—¢psp+ pmcmT;—oTO, (13)

where

PmCm = (1 - (P)Pscs + prfcf- (14)

In Equations (13) and (14), S is the change in entropy (J/ (K-m?3)). Cs is the specific heat
capacity of the rock (J/(kg-K)). Cy is the specific heat capacity of the fluid (J/(kg-K)). ps is
the density of the solid phase (kg/m?3).

Based on the relationship between the change in entropy, temperature, and energy, the
change in energy caused by the change in entropy can be expressed as follows:

Q=S5 To = —BsKTo(V - u) = ¢ Top + pmcm(T — To), (15)

where Q is the change in energy (J/m?).
The heat transfer in the formation includes thermal conduction and convection. Based
on Fourier’s law of thermal conduction, the heat flux in the formation is as follows [35]:

q= —/\mV(T—To)“"PfoUf(T—TO), (16)

where
A= (1—¢)As + 4>Af. (17)

In Equations (16) and (17), g is the heat flux (J/m). A; is the thermal conductivity of
the rock (J/(m-K-s)). Ais the thermal conductivity of the fluid (J/(m-K-s)).

Since the system satisfies the law of energy conservation, the sum of the rate of change
in the energy and the heat flux is zero, that is,

0Q
= g =0. 18
5 T V-gq=0 (18)
By substituting Equations (15) and (16) into Equation (18), the governing equation of
the temperature field of the rock, considering thermal-hydro-mechanical coupling, can be
obtained as follows:

d 0 oT
— ﬁsKTOE(V . u) — ¢,BfT0£ +PmCm§ + V- [—)\mV(T — To) +,0fovf(T — T()) =0. (19)

2.3. Initial and Boundary Conditions

Due to the symmetry of the formation conditions, a 1/4 formation model was estab-
lished to reduce the amount of numerical computations. The side length of the formation
was 2 m, and the borehole radius was 0.111 m. The geometric models before and after the
drilling of the borehole in the formation are shown in Figure 1a,b. It should be noted that
the numbers in the figure represent the different surface of the geometric model. Before
the formation is drilled, the formation is in a state of equilibrium under in situ stress; the
initial temperature of the formation is equal to the original formation temperature; and the
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initial formation pressure is equal to the original formation pressure. Therefore, the initial
conditions of the whole system are as follows:

u=20
p=pi (when t=0), (20)
T=T
where p; is the original formation pressure (MPa), and T; is the original formation tempera-
ture (°C).

After the formation is drilled, some rocks are replaced by drilling fluid. At this time,
the boundary conditions in the system are determined by the wellbore parameters:

u= f(pw)
P = Pw (On Inp when t > 0), (21)
T=Ty,

where py, is the wellbore pressure (MPa), and Ty, is the wellbore temperature (°C).

For the outer boundary of the system, the formation displacement, temperature, and
pressure remain stable. Therefore, the internal and external boundary conditions of the
system are as follows:

u=20
p = pi (On I UI5 when t> 0). (22)
T=T,

Figure 1. Geometric models of the formation before and after the drilling of the wellbore. (a) Before
drilling; (b) After drilling.

2.4. Model Solving and Validation

Since the contour of the drill bit is complex, and the model involves thermal-hydro-
mechanical coupling, the finite element method was used to solve the proposed model,
which was carried out in two steps. The first step was the in situ stress balance process,
in which, the boundary conditions of surfaces #1, #2, #3, #7, and #8 in Figure 1a were set
as the roller support. The maximum horizontal in situ stress was applied on surface #4,
and the minimum horizontal in situ stress was applied on surface #5. In addition, vertical
stress was applied on surfaces #6 and #9. In this way, the in situ stress distribution before
drilling was simulated, which provided the prestress for subsequent drilling and eliminated
the influence of the strain generated by the in situ stress on the formation deformation
around the well. The second step was the simulation after the formation was drilled. In
this step, the geometric elements in the blue area in Figure 1 were deleted from the model
to simulate the formation after drilling. The initial conditions and internal and external
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boundary conditions of the model were set according to Equations (20)—(22). Next, the fully
coupled solution method was used to calculate the transient changes in the formation stress,
temperature, and pressure after drilling. Positive values represented compressive stress,
and negative values represented tensile stress. After obtaining the stress components, the
following equation was used to describe the stress components in the cylindrical coordinate
system:

. . T

0 T Tz cost)  sin® O [ox Tay Tax cosf sinf 0

Tg 09 Tpz| = |—sinf cos® O |Tay 0y Typz||—sin® cos6® 0| , (23)
Tz Toz Oz 0 0 1 [Tx Tz 02 0 0 1

where 0, 09, 03, Trg, Tr2, and Ty, are the stress components in the cylindrical coordinate
system (MPa), and 6 is the well circumference angle (°).

After obtaining the stress components in the cylindrical coordinate system, the three
principal stresses of the bottomhole rocks were obtained:

i = 0Oy
1
2 2
0;=3(0p+02) + 3 [(Ug —0) + 4’(32} , (24)
1
o= 2(op+0z) — 3 {((79 —0)? —|—4T922} :

where 0}, 0}, and oy are the three principal stresses (MPa).
Furthermore, based on the effective stress expression, the average effective stress of
the bottomhole rocks was obtained:

E:%(Uﬁ—aj%—ak)—zxp, (25)

where 7 is the average effective stress of the bottomhole rocks after drilling (MPa).

In order to verify the accuracy of the model, the bottomhole stress model proposed by
Warren et al. [25] was used to calculate the bottomhole rock stress using the parameters
listed in Table 1. The results of Warren et al.’s model are shown in Figure 2a. Hu et al. [28]
also employed Warren et al.’s model to calculate the average effective stress of bottomhole
rocks after drilling, using the finite element method. Their results are shown in Figure 2b.
The results of the model proposed in this study using the same parameters are shown in
Figure 2c. It can be seen that the results of the proposed model are consistent with those
of the two previous studies. It should be noted that the influence of temperature was not
considered in the above analysis. In order to further verify the thermal-hydro-mechanical
coupling process, the parameters in Table 2 were used to calculate the temperature, pressure,
and stress distribution along the radial direction of the borehole after the formation was
drilled, using the finite element method. The numerical simulation results were compared
with the analytical results [36] (Figure 3). It can be seen that the numerical simulation
results obtained in this study are in good agreement with the analytical solution, which
further demonstrates the accuracy of the model proposed in this study. Therefore, the
proposed model can be used to study bottomhole stress in deep-well drilling, considering
the thermal-hydro-mechanical coupling effect.
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Table 1. Basic parameters of the Warren et al. model.

No. Parameters Value Units
1 Well depth, 3048 m
2 Borehole radius, ry 0.111 m
3 Drilling fluid density, of 1050 kg/m3
4 Vertical in situ stress, o, 68.95 MPa
5 Wellbore pressure, pw 32.41 MPa
6 Formation pressure, py 32.41 MPa
7 Maximum horizontal in situ stress, oy 48.26 MPa
8 Minimum horizontal in situ stress, oy, 48.26 MPa
9 Young’s modulus of the rock, E 13,789.5 MPa
10 Poisson’s ratio of the rock, v 0.25 -
11 Formation permeability, k 1 mD
12 Formation porosity, ¢ 0.15 -
13 Rock density, ps 2262 kg/m3
14 Rock compression coefficient, cs 2.697 x 1075 MPa~!
15 Drill bit profile code IADC5-3-7bit -
201 (a) il : (b) 2.0 [ (© MPa
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Figure 2. Average effective stress of the bottomhole rock after the formation was drilled. (a) Warren

et al.’s result; (b) Hu et al.’s result; (c) Our result.

Table 2. Basic parameters of the thermal-fluid-solid coupling model.

No. Parameters Value Units
Material parameters

1 Poisson’s ratio of the rock(drained), v 0.291 -
2 Young’s modulus of the rock, E 26.3 GPa
3 Poisson’s ratio of the rock(undrained), v, 0.45 -
4 Skempton’s coefficient of the rock, B 0.85 -
5 Formation permeability, k 1 mD
6 Formation fluid viscosity, p 5 mPa-s
7 Formation porosity, ¢ 0.1 -
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Table 2. Cont.

No. Parameters Value Units
8 Rock density, ps 2680 kg/m?
9 Formation fluid density, py 1000 kg/m3
10 Specific heat capacity of the rock, Cs 890 J/(kg-K)
11 Specific heat capacity of the fluid, Cy 2510 J/(kg-K)
12 Thermal conductivity of the rock, As 46 J/(m-K-s)
13 Thermal conductivity of the fluid, A 26 J/(m-K-s)
14 Coefficient of volumetric expansion of the rock, s 5x 107° 1/°C
15 Coefficient of volumetric expansion of the fluid, B¢ 2x 1074 1/°C

Formation parameters

16 Original formation temperature, Ty 130 °C
17 Original formation pressure, p 50 MPa
18 Maximum horizontal in situ stress, oy 132 MPa
19 Minimum horizontal in situ stress, 0y, 110 MPa
20 Vertical in situ stress, 0 144 MPa

Wellbore parameters

21 Borehole radius, 7y 0.111 m
22 Wellbore pressure, py 54 MPa
23 Wellbore temperature, Ty, 70 °C
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Figure 3. Radial distributions of the temperature, pressure, and stress after drilling. (a) Temperature;
(b) Pore pressure; (c) Radial stress; (d) Circumferential stress.
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3. Distribution of Formation Temperature, Pressure, and Stress due to Drilling

Understanding the distribution and evolution of the formation temperature, pressure,
and stress under the action of thermal-hydro-mechanical coupling is the basis for analyzing
bottomhole rock stress and studying the mechanism of rock breakage. Therefore, based on
the model proposed in this study and the parameters in Table 2, the distributions of the
formation temperature, pressure, and average effective stress along the directions of the
maximum and minimum horizontal in situ stresses were calculated. The results are shown
in Figures 4-6.

Figure 4a-d show the formation temperature in the direction of the maximum horizon-
tal in situ stress at different drilling stages, and Figure 4e—h show the formation temperature
in the direction of the minimum horizontal in situ stress at different drilling stages. It can
be seen that for the homogeneous and isotropic formation modelled in this study, the
temperatures around the wellbore along the directions of the maximum and minimum
horizontal crustal stresses are approximately the same; that is, the change in the formation
temperature caused by the deformation of the formation around the wellbore and the
change in the pore pressure are small, and the formation temperature is mainly controlled
by thermal conduction and thermal convection. After the formation is drilled, under the
cooling effect of the drilling fluid, the temperatures of the wellbore wall and bottomhole
are the same as that of the drilling fluid. Then, under the joint action of thermal conduction
and convection, the low temperature zone gradually increases and expands to the deep
part of the formation.
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Figure 4. Formation temperature around the wellbore after drilling. (a)t =0.5s; (b) t=1s;(c)t=10s;
(d)t=100s;(e)t=05s;(f)t=1s;(g)t=10s; (h)t=100s.

Figure 5a—d show the formation pressure in the direction of the maximum horizontal
in situ stress, and Figure 5e-h show the formation pressure in the direction of the minimum
horizontal in situ stress. It can be seen that shortly after the start of drilling (t = 0.5 s
and t = 1 s), the formation pressures along the directions of the maximum and minimum
horizontal in situ stresses are greatly different. This mainly occurs on the wellbore wall,
and the difference near the bottom of the well is small. When the tangent plane of the
stratum is along the direction of the maximum horizontal in situ stress, the pore pressure
near the wellbore wall is the lowest. However, when the tangent plane of the stratum is
along the direction of the minimum horizontal in situ stress, the pore pressure near the
wellbore wall is the highest. At t = 0.5 s, the maximum difference in the pore pressure
between the two directions is about 10 MPa. The main reason for this difference is that
the wellbore along the direction of the maximum horizontal in situ stress is under tension,
and the volume of the pores of formation rock increases under the tensile stress, which in
turn leads to a decrease in the pore pressure around the wellbore. Conversely, the wellbore
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along the direction of the minimum horizontal in situ stress is subjected to compressive
stress, and the formation is further compressed, which leads to an increase in the pore
pressure around the wellbore. With the progression of drilling, the high-pressure area
around the wellbore gradually spreads toward the low-pressure area; the minimum pore
pressure along the direction of the maximum horizontal in situ stress gradually increases,
whereas the maximum pore pressure along the direction of the minimum horizontal in situ
stress gradually decreases. After a certain period of time, the pore pressures in the two
directions become approximately equal.
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Figure 5. Formation pressure around the wellbore after drilling. (a) t =0.5s;(b)t=1s;(c) t=10s;
(d)t=100s;(e)t=05s;(f)t=1s;(g)t=10s; (h)t=100s.
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Figure 6. Average effective stress of the formation around the wellbore after drilling. (a) t =0.5s;
(b)t=1s;(c)t=10s;(d)t=100s; (e)t=0.5s;(f)t=1s;(g)t=10s; (h) t =100s.

Figure 6a—d show the average effective stress in the direction of the maximum hori-
zontal in situ stress, and Figure 6e—h show the average effective stress in the direction of the
minimum horizontal in situ stress. The results show that when the maximum horizontal
in situ stress and the minimum horizontal in situ stress are not the same, the average
effective stresses of the formation around the wellbore in the directions of the maximum
and minimum horizontal in situ stresses after drilling are also different, and the average
effective stress along the direction of the minimum horizontal in situ stress is larger than
that along the direction of the maximum horizontal in situ stress. It can also be seen that
the average effective stress near the shoulder of the drill bit is the largest, while the average
effective stress near the centerline of the bit is the smallest. Moreover, the average effective
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stress is tensile stress in some areas, and the minimum average effective stress is located
on the bottom of the wellbore. Starting from the centerline of the drill bit, the average
effective stress at the bottomhole initially increases and then decreases along the contour
of the drill bit. With the progression of drilling, the maximum average effective stress
gradually decreases, and the minimum average effective stress remains stable. Moreover,
the bottomhole area under tension increases slightly.

4. Factors Affecting Bottomhole Rock Stress under the Thermal-Hydro-Mechanical
Coupling Effect

The influences of the formation parameters and wellbore parameters on bottomhole
rock stress in deep-well drilling were investigated using the proposed model. Under each
set of conditions, the parameter of interest was set to different values, while the other
parameters were held constant. The average effective stress of the bottomhole rocks under
different formation pressures, in situ stress, formation permeability, wellbore pressures, and
wellbore temperature values were calculated. In order to facilitate the analysis, the average
effective stress was calculated at three locations, namely, the drill bit contour parallel to the
direction of the maximum horizontal in situ stress; the contour parallel to the direction of
the minimum horizontal in situ stress; and the axis of the wellbore (Figure 7). The results
are described in Sections 4.1-4.5.

OH

[N

The arc parallel to
the direction of gy,

The arc parallel to
the direction of gy,

The line along the
axis of the borehole

Figure 7. Points of data extraction in the analysis of the bottomhole stress parameters.

4.1. Formation Pressure

The formation pressure is very important to the drilling process. The safe density
window of the drilling fluid is determined based on the formation pressure. In addition,
the formation pressure directly affects bottomhole rock stress during the drilling process.
In order to understand the influence of the formation pressure on bottomhole rock stress,
the average effective stress was calculated at the above three locations under different
formation pressure values (40, 50, 60, and 70 MPa). The results are shown in Figure 8. It
should be noted that the overbalance pressure was set to 4 MPa under the four formation
pressure conditions, and the result was the average effective stress at 1 s after the formation
had been drilled. It can be seen from Figure 8a that the average effective stress at the bottom
of the wellbore was the smallest, and the average effective stress was tensile stress in some
areas. The average effective stress was the largest near the shoulder of the drill bit, and
there were large fluctuations in this area. In summary, the smaller the formation pressure
was, the greater the average effective stress near the shoulder of the drill bit was. After
the wellbore was formed, the average effective stresses of the wellbore walls parallel to
the directions of the maximum and minimum horizontal in situ stresses were different.
Under formation pressures of 40, 50, 60, and 70 MPa, the average effective stress of the
wellbore wall parallel to the direction of the maximum horizontal in situ stress was 42.2,
33.8,25.3, and 16.9 MPa, respectively, and the average effective stress of the wellbore wall
parallel to the direction of the minimum horizontal in situ stress was 74.5, 66.0, 57.6, and
49.1 MPa, respectively. That is, the higher the formation pressure was, the lower were the
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average effective stresses of the wellbore wall parallel to the directions of maximum and
minimum horizontal in situ stresses. It can be seen from Figure 8b that after the formation
was drilled, the average effective stress at the bottomhole was the smallest. For formation
pressures of 40, 50, 60, and 70 MPa, the average effective stress of the bottomhole rock near
the borehole axis was —19.2, —18.3, —17.4, and —16.5 MPa, respectively, indicating that a
larger formation pressure did not lead to a smaller average effective stress at the bottom
of the wellbore. The increase in the average effective stress at the bottom of the hole with
increasing formation pressure may have been caused by the high fluid column pressure
at the bottomhole under high formation pressure conditions. With increasing depth, the
average effective stress initially increased and then became stable. In the region of the
formation far away from the bottom of the wellbore, due to the very limited influence of
the drilling, the average effective stress was controlled by the in situ stress and the original
formation pressure. Therefore, the higher the formation pressure in this region was, the
smaller the average effective stress was.
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Figure 8. Average effective stress of the bottomhole rocks under different formation pressure condi-
tions. (a) The arc parallel to the direction of oy and oy,; (b) The line along the axis of the borehole.

4.2. In Situ Stress

In situ stress directly affects bottomhole rock stress. In order to understand the
influence of the in situ stress on the bottomhole rock stress in deep-well drilling, the
maximum horizontal in situ stress was adjusted, and the average effective stress was
calculated at the three locations under maximum horizontal in situ stress to minimal
horizontal in situ stress ratios of 1.0, 1.2, 1.4, and 1.6, while holding the minimum horizontal
in situ stress in Table 2 constant. The results are shown in Figure 9. It can be seen from
Figure 9a that the in situ stress had a large influence on the bottomhole rock stress. When the
maximum and minimum horizontal in situ stresses were equal, for the same arc length, the
average effective stress of the wellbore parallel to the direction of the maximum horizontal
in situ stress was the same as that parallel to the direction of the minimum horizontal in
situ stress. When the maximum and minimum horizontal in situ stresses were not equal,
the difference in the average effective stresses at the two locations was small near the center
of the bottomhole. With increasing arc length, the difference in the average effective stress
increased accordingly. In the bottomhole area from the center to the shoulder of the drill bit,
the higher the in situ stress ratio was, the higher the average effective stress at the bottom
of the hole was. However, on the wellbore wall, the average effective stresses parallel to
the maximum and minimum horizontal in situ stresses exhibited different change trends.
When the wellbore wall was parallel to the direction of the maximum horizontal in situ
stress, the average effective stress decreased with increasing in situ stress ratio. For oy /07,
ratios of 1.0, 1.2, 1.4, and 1.6, the average effective stress was 43.7, 33.8, 23.7, and 13.7
MPa, respectively. However, when the wellbore wall was parallel to the direction of the
minimum horizontal in situ stress, the average effective stress increased with increasing in
situ stress ratio. For oy /0y, ratios of 1.0, 1.2, 1.4, and 1.6, the average effective stress was
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43.7, 66.0, 88.3, and 110.5 MPa, respectively. It can be seen from Figure 9b that as the oy /0y,
ratio increased, the average effective stress at the bottom of the hole increased. For oy /0y,
ratios of 1.0, 1.2, 1.4, and 1.6, the average effective stress of the bottomhole rock near the
borehole axis was —19.3, —18.3, —17.3, and —16.4 MPa, respectively. With increasing depth,
the average effective stress of the formation initially increased and then became stable. In
summary, the higher the in situ stress ratio was, the higher the average effective stress of
the bottomhole rock was. Since the rock strength increases with increasing effective stress,
the bottomhole rocks become more difficult to break under a high in situ stress, which leads
to a low drilling efficiency.
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Figure 9. Average effective stress of the bottomhole rocks under different in situ stress ratio conditions.
(a) The arc parallel to the direction of oy and ¢7,; (b) The line along the axis of the borehole.

4.3. Formation Permeability

After the formation is drilled, the wellbore drilling fluid filtrate penetrates the forma-
tion due to the overbalance pressure, which leads to changes in the formation pressure and
temperature at the bottom of the hole. Thus, the penetration process is closely related to the
formation permeability. In order to analyze the impact of permeability on bottomhole rock
stress, the average effective stress of the bottomhole rocks was calculated under formation
permeabilities of 10, 1, 0.1, and 0.01 mD at 1 s after the formation had been drilled. The
results are shown in Figure 10. It can be seen that the formation permeability had a sig-
nificant influence on the average effective stress of the bottomhole rock near the borehole
axis. The lower the permeability was, the smaller the average effective stress was, and the
smaller the area under tension was. At the center of the bottomhole along the borehole
axis, for formation permeabilities of 10, 1, 0.1, and 0.01 mD, the average effective stress
was —18.5, —18.3, —14.9, and —2.4 MPa, respectively. In the area near the shoulder of the
drill bit, the difference in the average effective stress under the different permeabilities was
small. As the formation depth increased, the average effective stress of the bottomhole rock
initially increased and then became stable. The lower the formation permeability was, the
smaller the bottomhole area disturbed by the drilling was. In the undisturbed area, the
average effective stress of the rocks was the same, and it was not affected by the formation
permeability. The higher the permeability was, the easier it was for the drilling fluid to
penetrate the formation. Therefore, the range of the high-pressure area at the bottomhole
was large when the permeability was high. Moreover, a high permeability resulted in more
drilling fluid penetrating the formation; therefore, the drilling fluid had a more significant
cooling effect on the bottomhole rock under the effect of thermal convection. For the
above two reasons, the average effective stress of the bottomhole rocks was smaller under
a low formation permeability. In terms of deep-well drilling, the greater the formation
depth is, the higher the degree of formation compaction is; that is, the lower the formation
permeability is, the greater the average effective stress of the formation is, and the harder it
is to break the bottomhole rocks, which results in a slower ROP.
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Figure 10. Average effective stress of the bottomhole rocks under different formation permeability
conditions. (a) The arc parallel to the direction of oy and 7,; (b) The line along the axis of the borehole.
4.4. Wellbore Pressure
In order to study the influence of wellbore pressure on bottomhole rock stress, the
average effective stress of the bottomhole rocks at 1 s after the formation had been drilled
was calculated, under wellbore pressures of 40, 45, 50, and 55 MPa. The results are shown
in Figure 11. It can be seen that in the bottomhole area near the borehole axis, the lower
the wellbore pressure was, the smaller the average effective stress of the bottomhole rocks
was. For wellbore pressures of 40, 45, 50, and 55 MPa, the average effective stress was
—19.9, —19.3, —18.8, and —18.2 MPa, respectively. However, in the bottomhole area near
the shoulder of the drill bit and the wellbore wall, the average effective stress increased
with decreasing wellbore pressure. Since the maximum and minimum horizontal in situ
stresses were not the same, the average effective stresses on the wellbore walls parallel to
the directions of the maximum and minimum horizontal in situ stresses were also different.
Specifically, the average effective stress on the wellbore wall parallel to the direction of
the maximum horizontal in situ stress was significantly lower than that parallel to the
direction of the minimum horizontal in situ stress. With increasing formation depth, the
average effective stress of the bottomhole rocks initially increased and then became stable.
In the area of the formation near the bottomhole, the average effective stress decreased
with decreasing wellbore pressure. With increasing formation depth, when z/r;, was, for
example, greater than 0.25, the average effective stress increased slightly with decreasing
wellbore pressure. In summary, decreasing the wellbore pressure is conducive to generating
tensile stress in the bottomhole formation near the borehole axis, causing tensile damage
to this area. However, the average effective compressive stress of the formation near the
shoulder of the drill bit is large. Therefore, the recommendation is to generate shear failure
in the formation near the shoulder of the drill bit so as to improve the drilling efficiency.
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Figure 11. Average effective stress of the bottomhole rocks under different wellbore pressure condi-
tions. (a) The arc parallel to the direction of oy and ¢7; (b) The line along the axis of the borehole.
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4.5. Wellbore Temperature

In deep-well drilling, due to the presence of a geothermal gradient, a deep formation
generally has a high temperature. Under the cooling effect of the drilling fluid, the rock
at the bottom of the wellbore will contract, thereby generating thermal stress. In order
to understand the influence of wellbore temperature on bottomhole rock stress, the av-
erage effective stress was calculated at three locations in the bottomhole under wellbore
temperatures of 130 °C, 110 °C, 90 °C, and 70 °C. The results are shown in Figure 12. The
results show that with decreasing wellbore temperature, the average effective stress of the
bottomhole rocks decreased. In the bottomhole area near the borehole axis, the average
effective stress was the smallest. For wellbore temperatures of 130 °C, 110 °C, 90 °C, and
70 °C, the average effective stress at this location was 1.0, —5.4, —11.8, and —18.3 MPa,
respectively. In the bottomhole area between the borehole axis and the shoulder of the
drill bit, the average effective stress gradually increased and exhibited fluctuations near the
shoulder. Furthermore, between the drill bit shoulder and the wellbore wall, the average
effective stress initially decreased and then became stable. With increasing formation depth,
the average effective stress initially increased and then became stable. The difference in
the average effective stress at different wellbore temperatures gradually decreased with
increasing formation depth, which was mainly due to the shorter drilling duration and the
limited variation in the formation temperature at the bottomhole. In summary, a lower
wellbore temperature is beneficial to reducing the average effective stress of the bottomhole
formation and accelerating bottomhole rock breakage. Therefore, under the premise that
the drilling fluid meets the relevant requirements, it is recommended to keep the wellbore
temperature as low as possible so as to improve the drilling efficiency.
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Figure 12. Average effective stress of the bottomhole rocks under different wellbore temperatures.
(a) The arc parallel to the direction of oy and ¢7,; (b) The line along the axis of the borehole.

5. Conclusions

In this study, based on the laws of momentum conservation, mass conservation, and
energy conservation, a thermal-hydro-mechanical coupling model for deep-well drilling
was established. The finite element method was used to simulate the distribution and
evolution characteristics of the formation temperature, pressure, and stress due to drilling.
Finally, the thermal-hydro-mechanical coupling model was used to analyze the influences
of the formation pressure, in situ stress, formation permeability, wellbore pressure, and
wellbore temperature on the average effective stress of the bottomhole rock. The main
conclusions of this study are as follows:

(1) The formation temperature around the wellbore was controlled by thermal conduction
and convection. The formation temperature around the wellbore wall was approx-
imately the same in the different in situ stress directions. With the progression of
drilling, the low-temperature zone gradually extended deeper within the formation.
In the initial stage of drilling, the pore pressure near the wellbore wall along the
direction of the maximum horizontal in situ stress was the smallest, and the pore
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pressure along the direction of the minimum horizontal in situ stress direction was
the largest. With the progression of drilling, the difference in the pore pressure in the
two directions gradually decreased.

After the wellbore was drilled, the average effective stress of the formation near the
shoulder of the drill bit was the largest, and the average effective stress of the forma-
tion near the axis of the drill bit was the smallest. With the progression of drilling, the
maximum average effective stress gradually decreased, while the minimum average
effective stress remained stable. The bottomhole area under tension increased slightly.
In the bottomhole area near the borehole axis, the average effective stress increased
with increasing formation pressure. The higher the in situ stress ratio was, the larger
the average effective stress of the bottomhole rocks was. For the wellbore walls, the
variation in the average effective stress was different in the different in situ stress
directions. The average effective stress in the direction parallel to the maximum
horizontal in situ stress decreased as the in situ stress ratio increased, whereas the
average effective stress in the direction parallel to the minimum horizontal in situ
stress increased as the in situ stress ratio increased.

The formation permeability had a significant effect on the average effective stress of
the bottomhole rock near the borehole axis. The lower the formation permeability was,
the smaller the average effective stress was, and the smaller the area under tension
was. As the wellbore pressure decreased, the average effective stress of the bottomhole
rocks near the borehole axis decreased. However, in the bottomhole area between
the drill bit shoulder and the wellbore wall, the average effective stress increased
with decreasing wellbore pressure. Reducing the wellbore temperature is beneficial to
reducing the average effective stress of the bottomhole formation, thereby promoting
bottomhole rock breakage.

With increasing formation depth, the average effective stress of the bottomhole rocks
initially increased and then became stable. The formation permeability and wellbore
temperature had greater influence on the average effective stress of the formation
near the bottomhole area. However, the formation pressure and in situ stress had
greater influence on the average effective stress of the formation farther away from
the bottomhole area. In addition, the influence of the wellbore pressure on the average
effective stress of the formation below the bottomhole area was minimal.

The present work focuses on the thermal-hydro-mechanical coupling effect on bottom-
hole rock stress in deep-well drilling, and the proposed model can be used to calculate
the bottomhole stress, pore pressure and temperature during drilling. However, the
model also exhibits some limitations. For example, the model neglected the influ-
ence of water jet, dynamic wellbore pressure, dynamic wellbore temperature, and
multiphase flow in formation, and those aspects need to be improved in future work.
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Abstract: Drill-string axial vibration at the surface technology is proposed to reduce the friction
between the drill-string and the borehole wall, and to improve load transfer efficiency, the rate of
penetration (ROP), and the extended-reach limit of a horizontal well. An analytical framework
utilizing the “soft-string” model is constructed. The results obtained from numerical simulations
reveal that during the slide drilling operation, the drill-string experiences an axial stick-slip motion,
and the weight on bit (WOB) undergoes periodic oscillations. The conventional calibration method
of the WOB in the weight indicator gauge is not applicable when the ROP is low. After applying
axial vibration on the drill-string at the surface, the WOB increases and becomes smooth because of a
release of friction. The amplitude and frequency of the exciting force are the main factors affecting
surface vibration effectiveness. There is an optimal frequency for a given case (10 Hz in this paper).
This means that the conventional manual pick-up and slack-off by drillers with a high amplitude
and a low frequency has little effect on friction reduction. In addition, the conventional method can
bring in high risk because of its high root mean square (RMS) acceleration. Safety evaluation results
indicate that the drill-string is in a safe state under most of the exciting parameters. The results verify
the feasibility and advantages of the proposed technology, and lay a solid theoretical foundation for
its application in real drilling applications.

Keywords: petroleum drilling; drill-string mechanics; friction reduction; vibration

1. Introduction

Drilling complex structural wells (such as directional, horizontal, and extended reach
wells) is essential for the successful exploitation of petroleum and natural gas reserves.
These types of wells ensure optimal formation exposure and increase the chances of hitting
the pay zone. Moreover, these wells are suitable for future stimulation techniques, which
can significantly improve well production efficiency and final recovery rates. Directional
drilling realized by combining a positive displacement motor (PDM) and measurement
while drilling (MWD), which is known as slide drilling, is an effective well trajectory control
method and is widely used worldwide. This technology has its drawbacks, as the lack of
rotation in the drill-string creates significant friction with the borehole wall. As a result,
the transfer of axial load to the bit decreases, leading to a reduction in both the rate of
penetration (ROP) and the extended-reach limit. Meanwhile, the stick—slip phenomenon of
the drill-string is further intensified by the frequent transform between static and dynamic
friction force. Reducing the amount of resistance between the drill-string and the borehole
wall and enhancing the effectiveness of load transfer during directional drilling are essential
objectives with significant importance in petroleum drilling that have been given attention
for several years [1].
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Two main approaches are typically employed in friction reduction research, namely
reducing the normal contact force and decreasing the coefficient of friction. To decrease
the normal contact force, one can optimize the well track and make use of a lightweight
drill pipe. To reduce the friction coefficient, it is possible to develop a high-performance
lubricant, utilize a cylindrical roller sub, and incorporate a nonrotating protective joint.
Adding vibrators to the drill-string was first proposed by Roper in 1983 as a means of
reducing friction between the drill-string and the borehole wall. Although categorized
as passive methods of friction reduction, these techniques have limited effectiveness [2].
In the past, the concept of utilizing a vibrator for petroleum drilling technology was not
extensively researched. However, in recent years, various technology service companies
have started conducting application studies on this idea and concentrated their efforts
towards enhancing the vibrator’s development [3,4]. Axial vibration friction reduction
tools were first developed and widely used, represented by Agitator of National Oilwell
Varco [5,6]. Then lateral vibration friction reduction tools were developed, represented
by Xcite. The research concluded that axial vibration tools provide significantly more
effective friction reduction in horizontal wells [7]. Axial and lateral vibration friction
reduction patterns are realized by adding downhole tools in the drill-string, which will
consume hydraulic energy. Moreover, drillers need to trip out and reassemble the makeup
of the string when the well depth goes to a deeper extent. Contrary to the aforementioned
vibration technologies, the automatic surface rocking technology utilizes the top drive
to rotate the drill-string to the right limit and then to the left limit by a predetermined
amount, without relying on any downhole tool. This innovative technique is exemplified
by the “Slider” [8] and “DSCS” [9] systems. However, it is sometimes difficult to control the
real-time toolface orientation because of dynamic reactive torque from bit-rock interaction.

After weighing the pros and cons of the aforementioned vibration methods, our
proposition is to apply axial vibration on the drill-string at the surface. This will reduce
the friction between the drill-string and the borehole wall while enhancing the efficiency
of load transfer. The excitation means may be displacement or force. Compared to other
exciting manners (such as the axial vibration tool Agitator, the lateral vibration tool Xcite,
and the torsional vibration system Slider), the technology of drill-string axial vibration
at the surface proposed in this paper has the following advantages: Firstly, no drilling
fluid energy is needed for vibrating the drill-string, which make it feasible to use and
suited for a deep well. Secondly, exciting parameters are adjustable at any time according
to the real-time drilling situation through simple surface tools. Thirdly, key seating and
pressure differential sticking can also be overcome by applying a higher amplitude and
lower frequency excitation.

Scholars have developed many torque and drag calculation models in the last decades,
which can be divided into soft-string models [10-14] and stiff-string models [15-18]. How-
ever, these models can only be used for calculating the drag while tripping in or tripping
out, and the torque while rotating drilling. When the drill-string is vibrated axially at the
surface, the drill-string elements are frequently in the states of forward sliding, resting, and
backward sliding, which makes the above models not applicable. Meanwhile, dynamic
models [19] can be used to study the motion and force characteristics along the whole
drill-string, and the load transfer efficiency can be obtained based on the deformation of the
drill-string. However, these dynamic models usually focus on the rotating drilling mode,
and neglect the axial friction or assume it as linear viscous damping. The study of friction
reduction and load transfer in drill-strings under vibrational conditions is significantly
lagging behind the advancements made in friction reduction technologies through the
applications of vibrating drill-strings. Several scholars have devised models for determin-
ing the load transfer of a drill-string subjected to vibration [20-23]. However, the friction
model in these models is the Coulomb model that does not consider the viscous effect of
friction. The research on the mechanism of friction reduction by applying vibration can
provide a reference for choosing a friction model [24]. The friction reduction mechanisms
of vibration mainly include: (a) the static friction transforms to dynamic friction due to
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axial and torsional vibrations [6]; (b) during the cycle of vibration, the direction of dynamic
friction is altered by both axial and torsional vibrations, leading to a reduction in the
mean friction force [25,26]; and (c) the lateral vibration decreases the normal contact force
periodically [27]. Based on these mechanisms, under vibration conditions, the dynamic
friction models that take pre-slip displacement into account are better choices to simulate
drill-string dynamics.

In this paper, the load transfer characteristics of the drill-string while being vibrated
axially at the surface is studied. Firstly, friction is incorporated based on the pre-slip
displacement of the drill-string to accurately calculate the friction distribution of the whole
drill-string during its axial vibration. The dynamic friction model is used to capture the
change in coefficient and a basic model is derived according to the equilibrium of forces.
The established numerical model is solved using a finite difference method. Subsequently,
evaluations of the load transfer characteristics of the drill-string under both displacement
and force excitations are conducted and compared with other types of vibration patterns.
The main objective of this study is to demonstrate the viability and benefits of a new
technique, which involves axial vibration at the surface to reduce friction. By comparing
its load transfer properties with other types of vibration, we aim to establish a strong
theoretical basis for the application of this technology in actual drilling.

2. Model
2.1. Assumptions

The drill-string undergoes a complex motion (rolling, revolution, and swirling) and
deformation (bending, sinusoidal buckling, and helical buckling) due to the intricate
forces exerted on it while drilling underground. In the process of directional drilling, the
drill-string remains stationary and experiences significant resistance and drag from the
borehole wall. As a result, both rotational and lateral movements are negligible, while
axial movement becomes the primary motion. The resistance and drag also decrease the
likelihood of buckling occurring, particularly in horizontal sections [28]. The main focus of
this study is to examine how axial excitation impacts the load transfer in the directional
drilling process of a structurally complex well. Therefore, the following assumptions are
made:

(a) Assuming there is no clearance between the drill-string and the borehole wall, the
centerline of the drill-string perfectly aligns with the centerline of the borehole, and the
drill-string maintains consistent contact with the borehole wall.

(b) Each vibrator is seen as a length of drill-string, and its exciting force is sinusoidal.

(c) Friction and viscous damping of drilling fluid are the two main types of damping
forces acting on the drill-string, while mechanical resistance caused by key seating and
differential pressure sticking are excluded from consideration.

(d) The analysis focuses on the axial dynamic impact of the drill-string, disregarding
the cross-sectional forces of shear and bending moment.

2.2. Equilibrium Equation

To derive the dynamic equation for the vibration process of a drill-string, a small drill-
string element ds is selected and analyzed. The element is considered in natural curvilinear
coordinates (? ‘) ?n, ?b), and is subjected to various forces, such as internal tension force
?, normal contact force ?, friction force Fy, damping force, and buoyant weight of drilling

(as displayed in Figure 1). By balancing these forces, we can arrive at an equation that
describes the dynamic equilibrium condition [29]:

— — — ds
T(s+ds,t)— T(s,t)+ F (s + %,t)ds — [Fr(s,t) +c(s + %,t)%]ds?
)=
e

2 ds
g5 (5% )dséy = pls + $)A(s + §)ds =52
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. . R
where T (s, t), Tu(s,t), and Ty(s,t) are internal forces acting on cross-section in ey, e,

and e, direction, respectively; F;,, F, are the lateral contact force acting on drill-string in
o . T .
principal normal ¢, and binormal direction ¢ b, respectively.

) ~.
O . ds
\ ~. ¥ i . s
F(s +=,t)ds
4 ‘ ¢ 2
e, ‘9/ ) }t‘ A .
<

Foy + ds_du dse >
o (Fr +c(s 7)5) se;
R Y "
ds_ = =
gi(s+=dse | A

WOB T(s +ds,t)

Figure 1. Forces acting on a drill-string element.

The following simpler equilibrium equation can be derived from the Taylor expansion
in (s, t) of variables by omitting higher order terms:

—

oT (s, 1)
ds

au

+ ?(s, t) — [F(s,t) +c(s, t) N ]?t + g(s) o%u(s, t) -

g :P(S)A(S)Tet )

N
e

— —

Separating the internal force T and distributed lateral contact force F into components
. s . - = >
in natural curvilinear coordinates (e, €, €p):

—

T<S/ t) = Tt(S, t>?i + Tn (S/ t)?n + Tb(S, t)?b (3)
—
F(s,t) = Fu(s,t) €n+ Ey(s,t) € )
where Ti(s,t),Ty(s,t), and Ty(s, t) are internal forces acting on cross-section in ?t, ?n,

and e, direction, respectively; F,, F, are the lateral contact forces acting on drill-string in
principal normal ¢ and binormal direction ?b, respectively.
The Frenet-Serret formulas can be used to describe the centerline of the borehole [15]:

©)

- —— ko o = ke . 2——
eg——cosocet—i-ﬁsmaen—i-ﬁsm aeyp

where «, ¢, and « are inclination angle, azimuth angle, and mean inclination angle, respec-
tively; kq, k¢, and k;, are rate of change of inclination angle, rate of change of azimuth angle,
and total bending curvature, respectively.
The following scalar equations can be obtained by substituting Equations (3)—(5) into
Equation (2):
ST
In e direction:

oT;

0s

B 2
%+gscosa :pAa—u (6)

Fe(s,t) —c BT
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=
In e, direction:

k
F, + Tiky + gsk—“ sina =0 )
b

=
In e}, direction:

k
F, —i—gsk—(:(sinoc)z =0 (8)

The internal tension force T; in axial direction for a rod can be written in the following

form:

ou
T, = EA5_ )

where E is the elastic (Young’s) modulus of drill-string.
The distributed lateral contact force between drill-string and borehole wall can be
obtained by combining Equations (7) and (8):

1
2 k(P 22

k
F=\/F2+F = [(Tk —i—gsé sina) + (gsk—b(sinzx)z) ] (10)

The friction force Fy is calculated by Dahl friction model [30], which has the following
form:

i
& = o.[1 - K zsgn(or) ay
Ff = Kt'z

where Fris the axial friction force; F. is the Coulomb friction force, F. = g -F, p  is the
dynamic sliding friction coefficient; K is the tangential stiffness of contact surfaces; i is the
parameter that determines the shape of strain-stress curve, in general i = 1; t is the time; z(t)
is the offset displacement of asperities at time t; v, is the relative velocity of drill-string.

2.3. Boundary and Initial Conditions
2.3.1. Boundary Condition

(a) Surface boundary

During the drilling process, drillers aim to control the hook load at surface in order to
adjust the actual weight on bit (WOB) to the desired value. This is achieved by ensuring
that the hook load, which is the difference between the buoyant weight of the drill-string
in the axial direction and the friction force and nominal WOB, is equivalent to the desired
value. The request for the driller to maintain a constant hook load results in the friction
force and nominal WOB being viewed as constant values. This, however, is subject to
change due to the heterogeneity of rocks and the stick—slip motion of the drill-string, which
causes the friction force and nominal WOB to transform interchangeably. The zero WOB is
determined by running downward the drill-string at constant speed and setting the pointer
on the weight indicator to zero before the bit reaches bottom of the well. However, the ROP
may be very small in drilling processes, and partial drill-string may be in static friction state.
In this case, the real WOB may be very small. With that in mind, we adopt static friction of
drill-string to calculate hook load. The hook load can be determined through an analysis
of the drill-string under static conditions where the frictional coefficient is equal to the
static friction coefficient and the nominal WOB remains constant throughout subsequent
calculations.

Frop = (Gt — WOB — Ff,s) + F, sin(wt) (12)

where Fi,p is the hook load; G is the axial component of gravity of the whole drill-string;
Fy s is the total static friction of drill-string; F, is the amplitude of exciting force; w is the
circular frequency of the excitation.
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)P (e \PE kel i) (bR o oD
(EA as> (EA as) T f(pf%)h cds+f(p7%)h gscoswds

(b) Bit boundary

Generally, a vibrator is typically only required when the ROP is low. Whether the ROP
is high or low, the drill-string movement will inevitably experience a stick-slip phenomenon
during the slide drilling process, which will cause fluctuations in WOB. Varying WOB
will result in varying ROP, which in turn affects the WOB. In 1970, Amoco petroleum
exploration and development corporation proposed binary drilling rate model according
to a great field of data, and used different bit weight exponent and rotate speed exponent
in different hardness stratum. When the stratum changes from soft to hard, bit weight
exponent changes from small to big, and rotate speed exponent changes from big to small,
and the variation trend of penetration rate changes from fast to slow. The drilling rate
model has the following form [31]:

ROP = K-WOB® - n* = K’ - WOB* (13)
where 1 is bit rotate speed; a and b are WOB exponent and bit rotate speed exponent, respectively.

2.3.2. Initial Conditions

If we suppose that the drill-string starts from rest, with zero initial velocity. The initial
position of the drill bit is set to zero, while the initial position of the remaining section of
the drill-string can be determined through static force equilibrium calculations.

Ju =0
= (14)
uli_g = P(Tt), u(L)|;—o =0

where @ is a mapping function from the initial tension distribution to initial displacement
distribution of the drill-string.

2.4. Solution Method

Essentially, the model described involves the propagation of elastic waves. To solve
it, a finite difference method has been selected in this section. The governing differential
equation has been dispersed using a central difference scheme. After this, the differential
equations are converted into algebraic equations and solved using MATLAB programing.

To begin with, the drill-string is segmented into N sections, spanning from the top to
the bottom of the well. Difference grids are formed while setting time step T and space step
h. Subsequently, the node displacement of the drill-string is represented as u(p, k) where

p and k represent the position and time, respectively, and are abbreviated as u(p-h, k-7).

. . I(EALL) . L . . .
There is nonlinear term (37535 in the governing differential equation. In order to deal with

this nonlinear preferably, the governing differential equation is integrated for random node
p in interval {(p - %) h, (p + %) h} . We can obtain the following Equation [29]:

(15)
Iy, _ _ Iy,
—sgn(u(p, k) —u(p,k— l))f((:j%z)l Fuds = u(pk+1) 2“(Tlg'k)+”(l7/k 1) f((:_*%z))h 0Ads
where sgn() is the sign function; & is space size; T is time step.
We denote: 5 Lk r
17 = (EA% ) = pa P L0 Zulp k) (16)
ds h
P31 — (EA?T?)P*% _patPk) _Z(p — LK) (17)
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ulp,k+1) =

2AP 4+ CPT

(p+3)h
Ff(p,k) =sgn(u(p, k) —u(p,k— 1))/(p " Fuds (18)
-2
(p+3)h
cr = / P s (19)
(p—3)h
(p+5)h
AP — / TR Ads 20)
(p—3)h
(p+3)h _
<P :/ gscosads (21)
(p—3)h

Substitute Equations (16)—(21) into (15), we can obtain the recurrence algorithm of
drill-string axial displacement:
272 CPt —2AP

o ulpk-D @)

TPHE — TP=3 — Fe(p,k) +g¥ + i_izpu(p,k) +(

Difference solution format (22) is explicit. If we know the displacement of two former
time steps, we can calculate drill-string displacement at any time step, and then the drilling
parameters, such as axial tension force and WOB, can be obtained.

In order to achieve convergence of the solution, there must be a specific relationship
between the time step T and the space step h. By utilizing the Fourier error analysis method,
it has been proven that the difference scheme of Equation (22) is only stable under certain
conditions. This condition can be expressed as the convergence condition:

< (23)

=
e

3. Results and Discussion
3.1. Advantages of Surface Vibrating Technology

Nominal WOB equals the vector sum of the hook load Fy;), the gravity of the drill-
string, the real WOB, and the static friction between the drill-string and the borehole in the
axial direction of the drill-string. A nominal constant WOB is applied and we expect to
obtain a constant real WOB and ROP in conventional slide drilling. However, the real WOB
and ROP are variational because of the existence of friction between the drill-string and
the borehole wall and the stick-slip motion of the drill-string. We choose a representative
horizontal well to analyze its load transfer characteristics. The well profile is shown in
Figure 2. The well depth is 4200 m, and the kickoff point and landing point are 1290 m
and 2190 m, respectively, and the build-up rate is 0.0524 rad /30 m. The drill-string is
made up of D127 mm drill pipe, whose inner diameter, density, and elasticity modulus are
108.6 mm, 7850 kg/cm3, and 210 GPa, respectively. Other calculating parameters are
as follows: the static and dynamic frictional coefficient are equal to 0.3 and 0.25 (static
coefficient is always 1.2 times of dynamic coefficient [6]), respectively. The time step
is 0.00005 s and the space step is 5 m. The exchange critical velocity of static friction
and dynamic friction is 0.01 m/s. A binary model of the ROP and the WOB is adopted
(see Equation (13)), in which WOB,,; = 20KN, a = 1, and K’ = 5 X 1075, Under such
circumstances, the static friction and dynamic friction of the whole drill-string are 173 kN
and 144 kN, respectively. Therefore, the maximal friction released by vibration equals
29 kN. The increase in the WOB also includes the exciting force and inertia force of the
drill-string.

Figure 3 shows the variations in the real WOB and ROP with a different nominal WOB.
From Figure 3, although the nominal WOB applied at the surface is constant, the real WOB
and ROP at the bottom are fluctuant because of the static-dynamic friction switch and
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stick—slip. Moreover, the real WOB transmitted to the bit increases with the increase in
the nominal WOB. The amplitude and frequency of real WOB fluctuation decrease with
the increase in the nominal WOB because of the continuous and steady motion of the
drill-string under a high nominal WOB.

Vertical Section at 250 © (m) -2000  -1600  -1200  -800 -400 0
0 400 800 1200 1600 2000 2400 2800 - - - - - 0
0 T T T T T T 1 landlng
oint
P 4 -400
400 +
800 E 4 -800
E 0
a , , z |
E 1200 F kickoff point + 1200
d Z
1600 F landing point 1 -1600
T 42000
20007 E(+)/W(-)(m)
(a) (b)

Figure 2. Well profile of a horizontal well. (a) Vertical projection view. (b) Horizontal projection view.
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30 time (s)45
(b)
Figure 3. Variations in real WOB and ROP with different nominal WOB. (a) Real WOB; (b) ROP.

Even though under a certain nominal WOB, the load transfer efficiency decreases
in a well with a longer horizontal section and higher friction coefficients. As can be
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seen in Figures 4 and 5, the amplitude of the downhole WOB fluctuation increases and
the frequency decreases with the increase in the horizontal section length and friction
coefficients when the nominal WOB equals 100 kN, which means that the load transfer
becomes worse.

200 . . . . : . . . . 0.010
- 0.009
160 0.008
Z =
< g
o 0.007 =
o E
= @
120 0.006
— 5200m
——4700m 1800
——4200m
80 : ! : ‘ : ! : ! : 0.004
0 15 30 45 60 75
Figure 4. The effect of horizontal section length on WOB.
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< | 2
m - ' <40.007 <
o E
= &z
120 H - 0.006
——0.54,0.45 |
—0.42,0.35 0:003
—0.30,0.25
80 - ! : ! : ! : ! : 0.004
0 15 30 45 60 75

Figure 5. The effect of friction coefficients on WOB and ROP.

As can be seen from Figure 3, the WOB fluctuates severely under a lower WOB, and
the drill-string cannot move continuously under 60 kN WOB. The reason for this is the
stick—slip phenomenon of the drill-string caused by the static-dynamic friction switch
between the drill-string and the borehole wall. If we apply an axial exciting force with an
amplitude of 20 kN and a frequency of 10 Hz on the drill-string at the surface, will the load
transfer be improved? Figure 6 shows the WOB changes during typical slide drilling and
surface vibration drilling. From Figure 6, the real WOB and ROP improve significantly
after applying vibration at the surface, and the WOB curve becomes smoother, which is
beneficial for the drilling operation.

3.2. Influence Factor Analysis

According to the analysis of Section 3.1, we know that the real WOB and ROP improve
significantly after applying vibration at the surface, which means that the drill-string axial
vibration at the surface technology is effective. However, the questions as to whether it is
efficient and how to set the vibrating parameters should be answered. In the application
process of this technology, we can only adjust the amplitude and the frequency of the

152



Processes 2023, 11, 1242

exciting force to control the effectiveness of load transfer. Figure 7 shows the influences of
the amplitude and the frequency of the exciting forces on the WOB and ROP. As can be
seen from Figure 7, the WOB becomes smooth and fluctuates less with the increase in the
amplitude or frequency of the exciting force. The stick-slip phenomenon is suppressed
significantly. The WOB and ROP are sensitive to the exciting frequency at a low exciting
amplitude, but they are rarely affected at a larger exciting force. Therefore, better load
transfer results can be obtained at a higher exciting force amplitude even though the
exciting frequency changes a lot in drilling.

209 ' —— WOB_60KN' no vibration
L —— WOB_60KN_with vibration |
—— WOB_80KN_no vibration
150 —— WOB _80KN with vibration

WOB (KN)
=
(e)

50

O L | L | L
0 25 time(s) 50 75

Figure 6. WOB changes during surface vibration drilling.

3.3. Safety Evaluation of Surface Vibrated Drill-String

The introduction of vibration in drilling can reduce the friction between the drill-string
and the wellbore wall and improve the load transfer efficiency, and a higher exciting ampli-
tude or frequency is good for improving friction reduction and load transfer effectiveness.
However, vibration of the drill-string will simultaneously increase the internal stress and
the failure risk of the drill-string. Therefore, the increase in the exciting amplitude and
frequency must be restricted by the dynamic safety of the drill-string. The methods for
evaluating the drill-string’s safety mainly include the safety factor method and the real-time
monitoring of downhole tools. Drill stem design and operation [32] indicates that overload
or fatigue are the two main reasons for drill-string failure. In the process of drill-string
design, the safety factors in the stretch and torsional direction are 1.0 to 1.3, which guarantee
the real stress of the drill-string is lower than the allowable stress.

However, the safety factor method does not consider the effect of induced vibration
on drill-string safety. A large number of statistical results of drill-string failure indicate that
drill-string vibration will result in a dramatic change in the drill-string stress on the premise
that the drill-string stress is lower than the allowable stress, which will influence the safety
of the drill-string. Based on the above considerations, several petroleum technology service
corporations have developed underground vibration monitoring systems (such as the VSS
system of Baker Hughes, MVC system of Schlumberger, and TVM system of Weatherford;
the installation methods of these systems are different) to control the vibration and decrease
the dynamic stress level of the drill-string by adjusting the drilling parameters in the
drilling process. We adopted the method of Baker Hughes (see Table 1 [33]) to evaluate the
safety of the drill-string axial vibration at the surface technology proposed in this paper.
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Table 1. Vibration level classification (Baker Hughes INTEQ company).

Grade Vibration Level in Axial Direction RMS(g) Color Marking Evaluation Result
0 0.0,0.5
1 {O 5' 1 O; green safe
2 [1.0, 2.0) I )
3 [2.0,3.0) yetow caution
4 [3.0, 5.0)
5 5.0, 8.0
6 [[8.0, 15.3) red danger
7 [15.0, o)
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Figure 7. WOB and ROP under different exciting forces. (a) 10 kN, 10 Hz. (b) 10 kN, 20 Hz.
(c) 10 kN, 25 Hz. (d) 10 kN, 30 Hz. (e) 20 kN, 0.5 Hz. (f) 20 kN, 1 Hz. (g) 20 kN, 5 Hz. (h) 20 kN, 10
Hz. (i) 30 kN, 0.5 Hz. (j) 30 kN, 1 Hz. (k) 30 kN, 5 Hz. (1) 30 kN, 10 Hz.

Figure 8 shows the maximal and root mean square (RMS) acceleration along the drill-string.
As can be seen from Figure 8, the maximal and RMS acceleration generally show a trend of
increasing with the increase in the exciting force amplitude and frequency. According to the
change in drill-string acceleration, the whole drill-string can be divided into three segments
by the kickoff point (depth = 1290 m) and landing point (depth = 2190 m). In the case that
the exciting force amplitude equals 10 kN, the maximal acceleration of the building up section
and the horizontal section is larger than that of the vertical section, while the RMS acceleration
is close. The maximal acceleration and RMS acceleration show a lower value under 10 Hz
and 30 Hz. From Figure 7, we can see the load transfer under 10~25 Hz is far from 30 Hz.
Therefore, a higher frequency should be applied in order to obtain a better load transfer effect
and lower acceleration. In the case that the exciting force amplitude equals 20 kN and 30 kN,
the maximal acceleration of the building up section and the horizontal section is larger than
that of the vertical section, while the RMS acceleration shows the opposite trend. For maximal
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acceleration, a lower value is obtained at 5 Hz and 10 Hz and the highest value is obtained at
0.5 Hz in the vertical section, while a lower value is obtained at 10 Hz to 30 Hz and the highest
value is obtained at 0.5 Hz to 5 Hz in the horizontal section. For RMS acceleration, a lower value
is obtained at 0.5 Hz to 5 Hz and the highest value is obtained at 20 Hz to 30 Hz in the vertical
section, while a lower value is obtained at 10 Hz to 30 Hz and the highest value is obtained at
0.5 Hz to 5 Hz in the horizontal well section. Therefore, we can see that the RMS acceleration
shows an opposite trend in the vertical and horizontal sections. When the frequency equals
10 Hz, the differences in the RMS between the different well sections are small and the RMS
acceleration of the whole drill-string has a lower value. Therefore, 10 Hz is the optimum value
for drill-string safety under the conditions set by the given parameters.
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Figure 8. Maximal and root mean square acceleration along the drill-string under different exciting
force amplitude. (a) Max: 10 kN. (b) RMS: 10 kN. (c¢) Max: 20 kN. (d) RMS: 20 kN. (e) Max: 30 kN.
(f) RMS: 30 kN.

According to the vibration level classification method shown in Table 1, the safety grades
along the drill-string under different exciting parameters are shown in Table 2. From Table 2, the
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drill-string near bit is all in the caution (two grade) state, which means that its RMS acceleration
ranges from 1 g to 2 g. Only when the amplitude of the exciting force equals 30 kN and the
frequency is lower than 1 Hz or more than 25 Hz, is it certain that the well section is in the
caution (three grade) state, which means that its RMS acceleration ranges from 2 g to 3 g.
Caution (two grade) should be avoided, and caution (three grade) is dangerous for longstanding
drilling. According to Table 2, 5 Hz to 10 Hz is the optimum frequency range for drill-string
axial vibration at the surface technology under the given parameters.

Table 2. Safety evaluation results of drill-string while being axially vibrated at surface.

Frequency/Hz
0 0.5 1 5 10 20 25 30
Exciting Force/kN
0~1600
100 0~4200
~4200 ~4200
0~1660 0~1415 0~1865  0~1895
200 0~4200
~4200
0~555 0~1775 0~2075
~2555
300 0~4200 ~1790 ~2285 ~4200

~4200 ~4200

Caution

Safe
(zero grade) (two grade)

4. Conclusions

This work proposed a method to reduce friction and improve the ROP of slide drilling.
The method applies axial vibration on the drill-string at the surface. A mathematical
vibration model was established to simulate the load transfer in the drill-string, and this
paper discussed the advantages, influencing factors, and feasibility of the drill-string axial
vibration at the surface technology.

Numerical modeling results show that the motion of the drill-string in the conventional
drilling process has stick-slip features, and the WOB is fluctuant with certain frequencies. If
the friction force equals the weight of the upper drilling string, no weight can be transmitted
to the bit. The conventional method of calibrating the WOB using a weight indicator gauge
is not suitable when the ROP is slow. The proposed technology of applying axial vibration
to the drill-string at the surface has been proven to be highly effective. This is supported by
the significant increase in the WOB resulting from the release of friction after the application
of the vibration. The amplitude and frequency of the exciting forces are the main influence
factors of the effectiveness of the application of this technology and the safety of the drill-
string. The horizontal well section exhibits a high RMS acceleration at low frequencies,
whereas the vertical well section demonstrates a high RMS acceleration at high frequencies.
There is an optimal frequency for a given case (10 Hz in this paper). This means that the
conventional manual pick-up and slack-off at the surface with a high amplitude and low
frequency has little friction reduction effect. Safety evaluation results indicate that the
drill-string is in a safe state under most of the exciting parameters.

Some simplification and issues should be considered in future research, such as:
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(a) Utilizing the soft-string model in the mathematical model accommodates accu-
rate results for wells with less curvature on site. However, it may lead to significant
discrepancies in high curvature intervals.

(b) During the drilling process, the drill-string is composed of joints and centralizers.
The borehole wall is not uniform in shape and the gap between the drill-string and the
borehole wall cannot be disregarded. These factors will inevitably impact the principles of
friction reduction and load transfer. Therefore, the actual conditions should be considered
in future research.
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Nomenclature

Roman symbols:
a,b weight on bit exponent and rotate speed exponent, respectively

A cross-section area of drill-string, m?
c drilling fluid drag, N's/ m?
D inner diameter of drill-string, m
E Elastic (Young's) modulus of drill-string, Pa
- . . .
s vector of submerged drill-string weight
€t,€n,ep unit base vectors in natural curvilinear system
f frequency of vibration, Hz
F,F,,F, normal contact force and its components in ?n and ?b direction, N
F, Coulomb friction force, N
F, amplitude of exciting force, N
Fy axial friction force, N
F Fs total static friction of drill-string, N
Frop hook load, N
8s linear buoyant weight of drill-string, N/m
g(x) constraint condition
e axial component of gravity of the whole drill-string, N
h space step, m
i parameter determines the shape of strain-stress curve
ka rate of change of deviation angle, and, respectively, rad/m
ke rate of change of azimuth angle, rad/m
kp total bending curvature, rad/m
K; tangential stiffness of contact surfaces, N/m
L length of drill-string, m
n rotate speed of drill-string, 27t rad /s
ROP rate of penetration, m/s
s well depth, m
t time, s
Tinax strength of drill-string, N
T,T:, T,, Ty internal tension force and its components in ?t,?n,?h direction, N
u axial displacement of drill-string, m
vy relative velocity of drill-string, m/s
WOB weight on bit, N
z(t) offset displacement of asperities at time t, m
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Greek symbols:

deviation angle, rad

azimuth angle, rad

time step, s

initial displacement distribution of drill-string, m
mean deviation angle, rad

density of drill-string, kg/m3

R B8 R

instantaneous friction coefficient in ?f direction
static friction coefficient

dynamic friction coefficient

circular frequency of the excitation, Hz

@

S
S S
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Abstract: To eliminate or reduce stick-slip vibration in torsional vibration of the drilling string and
improve the rate of penetration (ROP), a stick-slip vibration model of the drilling string considering
the ROP was established based on the multidimensional torsional vibration model of the drilling
string. The model was verified by simulation analysis. The characteristics of the drilling string stick—
slip vibration in the three stages of stationary, slip, and stick were analyzed. This paper investigated
the influence of rotary torque, rotary speed, and weight on bit (WOB) on stick—slip vibrations in the
drill string. Based on this, the relationship between the drilling parameters and ROP was established.
Drilling parameter optimization was completed for soft, medium-hard, and hard formations. Results
showed that appropriately increasing torque and decreasing WOB can reduce or even eliminate
stick—slip vibrations in the drill string and increase the ROP. The parameter optimization increased
the ROP by 11.5% for the soft formation, 13.7% for the medium-hard formation, and 14.3% for the
hard formation. The established drill string stick—slip vibration model provides theoretical guidance
for optimizing drilling parameters in different formations.

Keywords: drill string; stick-slip vibration; drilling parameter; optimization

1. Introduction

Nowadays, human demand for petroleum resources is increasingly strong. Explo-
ration and drilling/production of oil/gas resources are gradually moving deeper, and
formation structures are more complex. The number of complex structured wells such
as deep, ultra-deep, and extended-reach wells is increasing, making drilling engineering
operations more difficult. During drilling, drill strings vibrate due to formation friction,
lithology, and pressure, potentially causing drilling accidents such as premature bit failure,
drill string damage, and low ROP.

Drill string vibrations are typically categorized as axial vibration, transverse vibration,
and torsional vibration. The coupled vibrations lead to complex behaviors such as bit
jumping, stick-slip vibration, and vortex motion. Among these complex behaviors, stick—
slip vibration is most harmful. It induces cyclical stress and strain fluctuations in the drill
string, accelerating fatigue failure and severely impacting drill string and bit life. Severe
stick-slip vibration also causes intense vibration of the rig and derrick, damaging surface
equipment and greatly reducing drilling efficiency [1].

Therefore, to improve drilling efficiency and protect equipment, drill string stick-slip
vibration characteristics must be analyzed and proper measures taken to reduce or elim-
inate stick—slip vibration. Researchers discovered stick—slip phenomena in drill strings
and conducted in-depth research as early as the 1980s [2]. Many studies on eliminating
stick—slip vibration in drill string torsional vibration have laid the foundation for this re-
search. In terms of modeling and analysis, references [2-5] established drill string stick-slip
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vibration dynamics models considering various coupling effects, analytically obtained
modal characteristics of the complex coupled systems, and laid theoretical foundations for
studying the dynamics mechanisms of stick-slip vibrations in drill strings. Reference [6] ob-
tained an analytical expression of the velocity-weakening friction law through a toothed-bit
model, revealing the role of bit-rock interactions in the generation of stick-slip vibrations.
Reference [7] analyzed the combined torsional stick—slip and lateral whirling vibrations
through simplified models, explaining the dynamics mechanisms between different vibra-
tion modes. Regarding control strategies, reference [8] proposed an active damping system
based on feedback control that effectively suppresses self-excited torsional vibrations of
the drill string during drilling by adjusting drive system parameters, expanding the non-
vibrating rotary speed range of the drill string. This provided new ideas and references
for eliminating nonlinear stick—slip vibrations during drill string rotation. Reference [9]
proposed robust control strategies based on model error compensation techniques and
constructed cascade and decentralized control schemes. Reference [10] adopted dynamic
sliding mode control, established discontinuous torsional dynamics models and dual dis-
continuous surfaces, achieved rotary speed control of the oilwell drill string, and effectively
suppressed self-excited stick-slip vibrations. This provided an important control strategy
reference for eliminating stick—slip vibrations in drill strings. Reference [11] designed an
improved OSKIL mechanism called D-OSKIL by using axial load as an additional control
variable to suppress drill string limit cycles during drilling. This control law rendered
the closed-loop system globally asymptotically stable. Simulations verified that stick—slip
vibrations can be effectively eliminated without redesigning rotary speed control. Re-
garding parameter optimization, reference [12] established an oilwell drilling dynamics
model, analyzed the self-excited vibration issue at the bottom hole assembly, and proposed
key drilling parameter selection guidance to avoid drill string torsional vibrations. This
provided new insights into parameter design for eliminating nonlinear stick—slip vibrations
during drill string rotation. Reference [13] studied the effects of damping, active control,
and interface parameter optimization on stick-slip vibrations. Reference [14] pointed out
that bit interface conditions are key factors affecting vibrations. In terms of mechanism
theory, reference [15] laid the foundation for drill string torsional vibration research by
proposing and validating the stick—slip vibration theory. Reference [16] proposed a new
perspective wherein velocity weakening is a system response rather than an intrinsic char-
acteristic. Reference [17] revealed the mechanism of normal and tangential vibrations
in stick-slip limit cycles through a two-degrees-of-freedom model. Regarding coupled
vibrations, reference [18] avoided self-excited vibrations to suppress stick-slip vibrations.
Reference [19] analyzed drill string torsional vibration issues caused by derrick stick-slip
motion through establishing a stick—slip vibration model and proposed avoiding large-
amplitude vibrations through rotary speed control strategies. Reference [20] proposed
a new robust active controller based on the fuzzy sliding mode approach to suppress
stick—slip vibration in drill strings and maintain the angular velocity of drill components
at desired values. Reference [21] established an axial-lateral-torsion coupling nonlinear
model for drill string vibration in ultra-HPHT curved wells considering wellbore con-
straints, bit-rock interaction, and mud properties. A finite element method was used for the
numerical solution. Reference [22] developed a modified integral resonant control scheme
with tracking to suppress stick-slip vibrations and achieve the desired drilling velocity
in drill strings, showing better performance than sliding mode control. Reference [23] de-
signed an H observer-based controller to estimate and suppress high-frequency stick-slip
vibrations in a 10-DOF drill string model, showing better performance than LQG control in
handling unstructured perturbations. Reference [24] introduced a new model for analyzing
the Anti-Stick-Slip Tool at the drill string’s end. This model overcomes the limitations of
previous analyses, utilizing two degrees of freedom in the non-activated state and three
degrees upon activation.

In summary, the above studies have laid theoretical foundations for this study’s
drill string stick-slip vibration elimination. However, there has been less systematic
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discussion on the stick—slip mechanism and its influencing factors. What is more, less
work has focused on combining a stick-slip vibration elimination model and ROP model
in order to ensure high ROP and less stick-slip at the same time, especially when drilling
in different formations.

This paper establishes and validates a drill string stick-slip vibration behavior model
based on the drill string torsional vibration model. It reveals characteristics of stick—slip
vibrations in different positions along the drill strings and analyzes influencing factors
based on the simulation results. With one-time integration and two-time integration, the
stick—slip angular velocity and angular displacement along the drill strings can be achieved,
which can further reveal the stick—slip mechanization and characteristics. To reduce stick—
slip and, in turn, increase ROP, this paper carries out drilling parameter optimization
for soft, medium-hard, and hard formations by combining an ROP calculation model
and stick—slip model. The optimization method generates preferred drilling parameter
ranges applicable to different formations, improving mechanical ROP under relatively
stable torsional vibrations. This has very important guiding significance for on-site drilling
operation safety.

2. Drill String Stick-Slip Vibration and Drilling Parameter Optimization
2.1. The Multidimensional Drill String Torsional Vibration Model

In actual drilling, surface-applied torque on the rotary drives continuous rotation of
the drill pipe, drill collar, drill bit, and other tools. Meanwhile, under the drill bit's WOB,
the bit cuts rock to achieve penetration. Based on extensive research worldwide, reasonable
simplification and assumptions were made for drill string torsional vibrations considering
differences in the mechanical properties of various drill pipes and drill collars. Thus, a
multidimensional drill string torsional vibration model was constructed.

This model views the rotary table, m drill pipes, n drill collars, drill bit, etc., as lumped
masses; other tools are viewed as springs with torsional stiffness and viscous damping.
Under actual conditions, the following assumptions are made:

(1) The research object is a vertical well;

(2) The drill string is simplified into lumped masses including the rotary table, m drill
pipes, n drill collars, and the bit;

(3) BHA is equivalent to springs and viscous damping;

(4) Opverall stick-slip behavior of the drill string is approximated by stick-slip at the bit.

Figure 1 shows the multidimensional drill string torsional-vibration-model-based
rotary table, drill pipe 1...n, drill collars 1...n, and drill bit. J, Jp1, Jpm, Je1, Ja, and Jp,
represent the rotational inertias of the rotary table, drill pipe 1, drill pipe n, drill collar 1,
drill collar n, and drill bit, respectively, kg-m?. ¢,, (ppl, gopm, ®c1s Poyr and @, represent the
angular accelerations of the rotary table drill plpe 1, drill pipe m, drill collar 1, drill collar
n, and drill bit, respectively, rad/s?. ¢,, (ppl, (ppm, ®c1, Pens and @, represent the angular
velocities of the rotary table, drill pipe 1, drill pipe m, drill collar 1, drill collar n, and drill
bit, respectively, rad/s. ¢,, Pp1, Ppm, Pcl, and ¢, represent the angular displacements
of the rotary table, drill pipe 1, drill pipe m, drill collar 1, and drill collar n, respectively,
rad. ¢, crp, Cpl, Cpm-1/ Cpes Ccls Cen-1, Ccb, @nd ¢y, Tepresent the damping coefficients of the
rotary table, between the rotary table and drill pipe, between drill pipes, between the drill
pipe and collar, between drill collars, between the drill collar and bit, and of the drill bit,
respectively, (N-m-s)/rad. Tm, Te, Tar, Tt, Tab, T, Tsp, and T, represent the torque of the
rotary table, torque transferred to the drill bit, viscous torque of the rotary table, friction
torque of the drill bit, viscous torque of the drill bit, dry friction torque of the drill bit,
maximum static friction torque, and Coulomb friction torque, respectively, N-m. k;p, kpl,
kpm-1, kpe, kc1, ken-1, and kg, represent the stiffness coefficients between the rotary table and
drill pipe, between drill pipes, between the drill pipe and collar, between drill collars, and
between the drill collar and bit, respectively, N-m/rad. Dy represents the boundary layer
thickness, rad/s. Ry, represents the drill bit radius, m. W, represents the weight on bit, N.
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Uep, Hsp, and 7y represent the Coulomb friction coefficient, static friction coefficient, and
Stribeck constant, respectively. T;, can be obtained by the following formula:

1 m
< J, /,/‘:’ """" "“’>¢5r rotary
T, k- : c
P ; P

Jor ") p1 drill pipe 1
kpl 1 Cp1
kpm—l 3 cpm~l

Iom — > Ppm drill pipe m
Ky : Coe

J.; R ) e drill collar 1
kcl ‘ : Cel
kcn 1 i Cen

Joo S > @cn drill collar n
kch § Ceh

Jbﬁ’”:>¢b drill bit
Ta a C T,

Figure 1. The multidimensional drill string torsional vibration model.

_ap
o

T 1)

where P is the rotary table power, W; 7 is the transmission efficiency, dimensionless; n is the
rotation speed of rotary, rad/s. The fluid sticking torque Tar at the rotary table is obtained
by the following formula:

Tar = —crgp, 2)

where ¢, is the rotary table viscous damping coefficient, (N-m-s)/rad. The drill bit is mainly
under two torques: the torque T, transferred from the drill collar to the bit and the friction
torque Ty at the bit. The friction torque T includes the fluid sticking torque T, and the dry
friction torque Tp, between the bit and the rock, which can be expressed as:

R Wop [Vcb + (Hsp — Vcb)l?”b(’jb} — ChPp, ¢p < —Dy

) —fe |¢p| < Doand|T,| < Ty,
Tf = : ®G)
fs(=sgn(fe)), gy < Doand|T.| > Ty,
—RyWop [Vcb + (psp — Ilcb)e_mob] — Py P = Do
Here, the maximum static friction torque can be obtained by:
Tsp = pspRpWop 4)

where g, is the drill bit coefficient of maximum static friction, dimensionless; Ry, is the
bit radius, m; W, is the WOB, N. Force analysis was performed on the rotary table, m
drill pipes, n drill collars, and drill bit separately. Then, based on the law of rotation, the
following dynamics equilibrium equations were established [25,26]:
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Ir¢r t+rp (q)r - (Ppl) + k”P ((Pr - q’pl) =T+ Tar
Jp1®p1 +cp (4’;;1 — ) Tkp (91 — 9p2)
= CVP((Pr - éopl + krP ((Pr - (Ppl)

]Pmébpm + CPC((Ppm - (Pcl) + kPC (QDPWZ - §051)
= Cpm-1 ((Ppmfl - (ppm) + kpmfl ((Ppmfl - (Ppm) ()
Je1@e1 + a1 (Gbcl - (PC2> +ke1 (@c1 — @c2)

= Cpc <¢pm - (Pcl) +kpe (@pm — 1)

]C"¢cn + CCb(¢cn - §0b) +keo (@en — @p)
T Cen—1 (fpcn—l - Pen) T ken-1 (Pen-1— @en)
Jopp = ch(ﬁocn B q)h) + kep (q)C” - q)b) + Tf

2.2. Drilling Parameters Optimization Based on Drill String Stick—Slip Torsional Vibration

The relationship between drilling parameters and ROP is established. With the goals
of vibration reduction/elimination and increased ROP, optimization of drilling parame-
ters such as torque and WOB is completed. This can eliminate stick—slip vibrations and
increase ROP simultaneously. This study uses the drill string torsional vibration model
and ROP equations to establish the relationship between torque, WOB, and ROP. Combin-
ing measured field data and geological data can yield the ROP. The ROP equation is as

follows [27]:
1

vpe = Kr(W — M)nAmcpch (6)

Here, vy is the ROP, m/h; W is the WOB, kN; 7 is the rotate speed, r/min; Ky is the
formation drillability coefficient; M is the threshold weight, kN; A is the rotate speed index;
C, is the tooth wear coefficient; Cp is the pressure difference influence coefficient; Cj, is the
water purification coefficient; h is the tooth wear.

Figure 2 is a block diagram of drill string stick—slip vibration drilling parameter
optimization. Rotary table torque T, and WOB W are input. First, the angular rate w of
the drill bit can be obtained through the stick—slip vibration model to determine vibration
intensity. Second, the rotate speed n of the drill bit can be obtained through the stick-slip
vibration model. By combining with WOB W, the ROP v can be obtained. Finally, with
the goals of eliminating stick-slip vibration and increasing ROP, the optimal solutions for
WOB and rotary table torque can be obtained.

Tm|

!

Drilling String >
Stick-slip Vibration Model

!

ROP Equation P>

Figure 2. Block diagram of drilling string stick—slip vibration drilling parameter optimization.
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3. Stick-Slip Model Validation and Influencing Factors Analysis
3.1. Validation of Stick-Slip Vibration Model

Based on [18], the basic simulation parameters of the drill string stick-slip vibration

model are set as shown in Table 1. The simulation time is from 0 to 100 s.

Table 1. Model simulation parameter table.

Parameter Description

Parameter Symbol

Parameter Value

turning inertia of the rotary
turning inertia of the drill pipe
turning inertia of the drill collar
turning inertia of the drill bit
equivalent stiffness coefficient between
the rotary and drill pipe
equivalent stiffness coefficient between
the drill pipe and drill collar
equivalent stiffness coefficient between
the drill collar and drill bit
damping coefficient of rotary
equivalent damping coefficient between
the rotary and drill pipe
equivalent damping coefficient between
the drill pipe and drill collar
equivalent damping coefficient between
the drill collar and drill bit
damping coefficient of drill bit
coefficient of coulomb frication
coefficient of static friction
constant of Stribeck
thickness of border stratum
radius of drill bit
WOB applied to the drill bit
rotating torque

Jr
Ip
Je
Jb

Koy
e

kcb
Cr

Crp

CPC

930 kg-m?
2782.25 kg-m?
750 kg-m?
471.97 kg-m?

698.06 N-m/rad
1080 N-m/rad

907.48 N-m/rad
425 N-m/rad
139.61 N-m/rad

190 N-m/rad

181.49 N-m/rad

50 N-m/rad

0.5

0.8

0.9

0.000001 rad/s

0.155 m
97,347 N
9400 Nm

The angular velocity results of the drill string stick—slip vibration simulation in this
study are shown in Figure 3. The subscripts 7, p, I, and b of angular velocity represent the
rotary table, drill pipe, drill collar, and drill bit, respectively.

9

~
T

Angular velocity/(rad/s)
w N

ot
T

=

Figure 3. Simulation block diagram of drill string torsional vibration mode.

The angular velocity simulation results of drill string stick-slip vibration in this study
have, overall, similar regular patterns to the simulation results in [18], with slight differences
in details. The drill bit angular velocity in the stick section has slight fluctuations, while it is
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completely 0 in [18]. The variation regular patterns of the rotary table, drill pipe, and drill
collar are identical, exhibiting angular velocities generated in sequence with decreasing
initial wave crests. Therefore, the drill string stick—slip vibration simulation research in this
study is reliable and effective.

3.2. Analysis of Stick—Slip Vibration Characteristics

Based on the established drill string stick—slip vibration model simulation, the time
domain variations of drill bit angular displacement, angular velocity, and angular accel-
eration at 9400 N-m rotary table torque are shown in Figure 4. For a clear description of
typical stick—slip patterns, an image was drawn over 30 s.
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Figure 4. Time domain diagram of drill bit angular displacement, angular velocity, and angular

Ang

acceleration. (a) drill bit angular displacement; (b) angular velocity; (c) angular acceleration.

Figure 4 shows the time domain graphs of drill bit angular displacement, angular
velocity, and angular acceleration. When applying a 9.4 kN-m rotary table torque, the
drill bit experiences three stages: stationary, slip, and stick. From 0 to 6.2 s, the drill bit is
in the stationary stage with 0 angular displacement, velocity, and acceleration, as shown
in Figure 4a—c. The drill bit needs to overcome the stiction torque. It can be seen from
6.2 to 11.2 s in Figure 4a—c that the drill bit is in the slip stage, which can be divided into
three periods. Early slip period: The accumulated torque in the drill string is suddenly
released, and the angular acceleration of the drill bit begins to increase dramatically. When
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the torque is fully released, the angular acceleration reaches its maximum, so the angular
velocity increases rapidly. Middle slip period: The drill bit is then mainly affected by
the formation friction. The angular acceleration starts to decrease. When the drill string
torque balances the formation friction torque, the angular acceleration is 0, and the angular
velocity reaches its maximum, so the angular displacement increases fastest. Late slip
period: Due to the formation friction, the angular acceleration starts to increase in the
opposite direction, as shown in Figure 4c. The angular velocity quickly decreases to 0, so
the angular displacement is also 0. From 11.2 to 12.9 s, when entering the stick stage, the
drill bit angular velocity experiences slight changes of small magnitude belonging to minor
fluctuations, as shown in Figure 4b. The angular displacement barely changes, as shown in
Figure 4a. After breaking through the stationary stage, continuous and stable slip and stick
stages occur, forming a stable stick—slip behavior in the drill string.

When the drill string exhibits stick-slip behavior, the angular velocity response of
the rotary table, drill pipe, drill collar, and drill bit in the multidimensional drill string
torsional vibration model is analyzed. Figure 5 shows the time domain graphs of the
angular velocities of the four lumped masses.

@ @
= T T T T = 6F T T T T
E; 6 Rotary table| ] E; Drill pipe
£ £ 4f
1% 1%
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= =
2 12
< s T g
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Figure 5. Time diagram of drill tool angular velocity during stick—slip vibration of drill string.
(a) rotary table; (b) drill pipe; (c) drill collar; (d) drill bit.

It can be seen from Figure 5 that when the drill bit in Figure 5d exhibits stick—slip
behavior, its angular velocity shows periodical fluctuations. The rotary table in Figure 5a,
drill pipe in Figure 5b, and drill collar in Figure 5¢ also exhibit periodical fluctuations
accordingly. When the drilling rig overcomes the stationary stage, the rotary table, drill
pipe, drill collar, and drill bit generate angular velocities in sequence. So, there is a
displacement lag between the drill bit and rotary table. Continuing to study their angular
displacement regular patterns, the time domain variations of angular displacement are
as follows.

It can be seen from Figure 6 that the rotary in Figure 6a starts rotating at 1 s, the drill
pipe in Figure 6b at 2 s, the drill collar in Figure 6¢c at 2.7 s, and the drill bit in Figure 6d at
7 s. This is because the drill bit is also under the dry friction torque between the bit and th
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rock. At this time, the drill bit angular displacement already lags behind the rotary table by
36.5 rad.
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Figure 6. Time diagram of drill tool angular displacement during stick—slip vibration. (a) rotary;
(b) drill pipe; (c) drill collar; (d) drill bit.

3.3. Analysis of Influencing Factors

As the rotary table torque increases, the drill string exhibits five different phenomena:
the drill bit always sticking, minor stick-slip, typical stick-slip, stick—slip stability, and no
stick—slip stability. To study the specific impact of rotary table torque on the typical stick—
slip characteristics of the drill string, the typical stick—slip section is selected for further
study. Based on example simulations, rotary table torques are set to 9000 N-m, 9200 N-m,
9300 N-m, 9400 N-m, and 9600 N-m, respectively. WOB is set to 97,347 N during the
calculation. The time domain variations of drill bit angular velocity are obtained as follows.

Setting the rotary table speeds to 1 rad/s, 3 rad/s, 5 rad/s, and 7 rad/s, respectively,
WOB is 97,347 N, and the torque is 9400 N-m during the calculation. The time domain
variations of drill bit angular velocity are obtained as follows.

Taking the 9400 N-m rotary table torque, resulting in stick-slip behavior as a baseline,
WOB is set to 97,000 N, 99,000 N, 100,000 N, and 110,000 N, respectively. The time domain
variations of drill bit angular velocity are obtained as follows.

Analyzing the relatively stable stick-slip behavior of the drill string from 50 s to 100 s,
shown in Figures 7-9, it can be seen that when the drill string exhibits stick-slip, the larger
the rotary table torque, rotary speed, or WOB, the shorter the stick—slip period and stick
duration. The drill bit angular velocity departs from the zero point sooner. The peak
angular velocity of the drill bit becomes larger and larger. The angular velocity of the drill
bit is greater. Moreover, the ratio of drill bit to rotary table angular velocity decreases as
rotary table torque, speed, or WOB increases. The ratio is 1 without stick—slip.
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Figure 7. Time domain diagram of drill bit angular velocity with different turntable torque.
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Figure 9. Time domain diagram of bit angular velocity at different weight-on-bit.

4. Case Study of the Stick-Slip-Model-Based Drilling Parameters Optimization
4.1. Drilling Parameter Optimization for Soft, Medium-Hard, and Hard Formations

The drillability of soft formation rating is set as 4.19, with the main rocks being
mudstone, sandstone, and pebbled sandstone. Based on the rock friction coefficient table,
the dynamic friction coefficient is 0.15, and maximum static friction coefficient is 0.4. The
medium-hard formation simulates siliceous limestone with a rock drillability rating of 7.
Its dynamic friction coefficient is 0.35, and maximum static friction coefficient is 0.6. In
drilling parameter optimization for the hard formation, quartzite is simulated with a rock
drillability rating of 11. Its dynamic friction coefficient is 0.45, and maximum static friction
coefficient is 0.7. Parameters required for the ROP of the three formations are shown in
Table 2.

Table 2. Parameter table of ROP in 3 kinds of formations.

Parameter Description Parameter Symbol Soft Formation Medium-Hard Formation Hard Formation
threshold weight M 10 kN 20 kN 30 kN
rotate speed index A 0.68 0.68 0.68
tooth wear coefficient C 3.26 3.82 4.68
pressure difference C 1 1 1
influence coefficient P
water purification coefficient Cy 1 1 1
tooth wear h 0.7 0.75 0.8
formation drillability coefficient Kr 0.0038 0.0020 0.0008

In the soft formation, the torque is 3 kN-m, and WOB is 93 kN when drill string
torsional vibration occurs. Taking these as initial values, equal intervals are divided.
Torque is increased by 0.3 kN-m each time, and WOB is decreased by 7 kN each time. In the
medium-hard formation, the initial torque is 5 kN-m, and WOB is 93 kN during drill string
torsional vibration. Torque is increased by 0.3 kN-m each time, and WOB is decreased by
4 kN each time. In the hard formation, the initial torque is 6 kN-m, and WOB is 93 kN
during drill string torsional vibration. Torque is increased by 0.3 kN-m each time, and
WOB is decreased by 4 kN each time. The vibration state and ROP of the drill string under
different drilling parameters in the three formations can be obtained. If the drill string is
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always in stick-slip vibration, the ROP fluctuates periodically and is marked as stick-slip.
If stick-slip vibration disappears after a period, the ROP is obtained, in m/h, as shown in
Tables 3-5.

Table 3. Table of optimization results of drilling parameters for softer formations.

Torque (kN-m)

. . . 4.2 4.
WOB (kN) 3 33 3.6 3.9 5
93 stick—slip stick—slip stick—slip stick-slip 1.44 1.56
86 stickslip stickslip stick—slip 1.26 1.36 1.46
79 stick—slip stick—slip stick—slip 1.18 1.27 1.36
72 stick-slip stick—slip 1.01 1.09 1.17 1.25
65 stick—slip 0.84 0.92 1.00 1.07 1.14
58 0.69 0.76 0.83 0.89 0.96 1.01
Table 4. Optimal result table of drilling parameters for medium-hard formations.
Torque (IcN-m) 5.0 53 5.6 5.9 6.2 6.5
WOB (kN) ) ] ) ] ] ]
93 stick—slip stick—slip stick—slip stick-slip 0.57 0.61
89 stick—slip stick—slip stick—slip stick—slip 0.56 0.60
85 stick-slip stick-slip stick-slip 0.50 0.54 0.58
81 stick—slip stick—slip 0.46 0.49 0.53 0.56
77 stick-slip 0.41 0.44 0.48 0.51 0.54
73 0.36 0.40 0.43 0.46 0.49 0.52
Table 5. Table of optimization results of drilling parameters for hard formations.
Torque (N-m) 6.0 63 6.6 6.9 7.2 75
WOB (kN) . . . . . .
93 stick—slip stick—slip stick—slip stick—slip 0.159 0.171
89 stick—slip stick—slip stick—slip 0.144 0.157 0.168
85 stick—slip stick—slip stick—slip 0.142 0.153 0.163
81 stick—slip stick—slip 0.128 0.138 0.148 0.157
77 stick-slip 0.115 0.124 0.133 0.142 0.150
73 0.102 0.111 0.119 0.127 0.135 0.142

It can be seen from Table 3 that in the soft formation, with the goals of eliminating
drill string stick-slip vibration and having an ROP greater than 1.40 m/h, there are three
solutions in the table. When torque is increased to above 4.2 kN and WOB can be reduced
to 86 kN, the ROPs are 1.44 m/h, 1.46 m/h, and 1.56 m/h, respectively. From Table 4, in
the medium-hard formation, with the goals of eliminating drill string stick—slip vibration
and having an ROP greater than or equal to 0.57 m/h, there are four solutions in the table.
When torque is increased to above 6.2 kN and WOB can be reduced to 85 kN, the ROPs
are 0.57 m/h, 0.58 m/h, 0.60 m/h, and 0.61 m/h, respectively. From Table 5 it can be seen
that in the hard formation, with the goals of eliminating stick-slip vibration and having an
ROP greater than or equal to 0.159 m/h, there are four solutions in the table. When torque
is increased to above 7.2 kN and WOB can be reduced to 85 kNN, the ROPs are 0.159 m/h,
0.163 m/h, 0.168 m/h, and 0.171 m/h, respectively.

The soft formation has three optimization solutions; the medium-hard and hard
formations have four. The ROP time domain graphs are compared in Figures 10-12.
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Figure 10. Time domain diagram of drilling speed optimization for soft formations.
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Figure 11. Time domain diagram of drilling speed optimization for medium-hard formations.
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4.2. Comparison of the Optimized Results

In order to minimize the adjustments, among the three solutions for the soft formation,
the WOB of 93 kN and torque of 4.2 kN-m were selected as the optimal drilling parameters
for this formation. Among the four solutions for the medium-hard formation, the WOB of
93 kN and torque of 6.2 kN-m were selected as the optimal drilling parameters. Among
the four solutions for the hard formation, the WOB of 93 kN and torque of 7.2 kN-m
were selected as the optimal drilling parameters. The drill bit vibration effects and ROP
without and with optimization of the drilling parameters for the three formations were
then compared, as shown in Figures 13-15.
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Figure 13. Diagram of bit angular velocity optimization of drilling parameters in soft formation.
(a) bit angular velocity; (b) ROP.
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Figure 14. Diagram of bit angular velocity optimization of drilling parameters in medium-hard
formation. (a) bit angular velocity; (b) ROP.
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Figure 15. Diagram of bit angular velocity optimization of drilling parameters in hard formation.
(a) bit angular velocity; (b) ROP.

Figure 13 shows that in the soft formation, without optimization of the drilling param-
eters, the drill string experienced steady stick—slip vibration. The peak value of the drill
bit angular velocity was about 4.8 rad /s, as shown in Figure 13a, and the ROP fluctuated
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periodically with a peak value of approximately 1.3 m/h, as shown in Figure 13b. With
optimization of the drilling parameters, the drill string experienced 125 s of stick-slip
vibration. During this stage, the maximum drill bit angular velocity was about 8.4 rad/s, as
shown in Figure 13a, and the maximum ROP was about 1.9 m/h, as shown in Figure 13b.
After that, stick-slip vibration no longer occurred. The drill bit angular velocity was about
5.6 rad/s, and the ROP was about 1.45 m/h. This indicates that through optimization of the
drilling parameters, after 125 s, the drill string no longer experienced stick—slip vibration.
The drill bit angular velocity increased by 16.7%, and the ROP increased by 11.5%.

Figure 14 shows that in the medium-hard formation, without optimization of the
drilling parameters, the drill string experienced steady stick—slip vibration. The peak
value of the drill bit angular velocity was about 4.9 rad/s, as shown in Figure 14a, and
the ROP fluctuated periodically with a peak value of approximately 0.51 m/h, as shown
in Figure 14b. With optimization of the drilling parameters, the drill string experienced
110 s of stick—slip vibration. During this stage, the maximum drill bit angular velocity
was about 8.2 rad /s, as shown in Figure 14a, and the maximum ROP was about 0.74 m/h,
as shown in Figure 14b. After that, stick-slip vibration no longer occurred. The drill bit
angular velocity was about 5.6 rad /s, and the ROP was about 0.57 m/h. This indicates
that through optimization of the drilling parameters, after 110 s, the drill string no longer
experienced stick—slip vibration. The drill bit angular velocity increased by 14.3%, and the
ROP increased by 13.7%.

Figure 15 shows that in the hard formation, without optimization of the drilling pa-
rameters, the drill string experienced steady stick—slip vibration. The peak value of the drill
bit angular velocity was about 4.8 rad/s, as shown in Figure 15a, and the ROP fluctuated
periodically with a peak value of approximately 0.14 m/h, as shown in Figure 15b. With
optimization of the drilling parameters, the drill string experienced 105 s of stick—slip
vibration. During this stage, the maximum drill bit angular velocity was about 8.3 rad /s, as
shown in Figure 15a, and the maximum ROP was about 0.21 m/h, as shown in Figure 15b.
After that, stick-slip vibration no longer occurred. The drill bit angular velocity was about
5.6 rad/s, and the ROP was about 0.16 m/h. This indicates that through optimization of the
drilling parameters, after 105 s, the drill string no longer experienced stick—slip vibration.
The drill bit angular velocity increased by 16.7%, and the ROP increased by 14.3%.

5. Conclusions

Based on the drill string torsional vibration model, this paper established and validated
a drill string stick—slip vibration condition model and revealed the characteristics of drill
string stick—slip vibration. It was found that the drill bit periodically changes between
stationary, slip, and stick stages, and the angular velocity in the slip stage is much greater
than that in the stick stage. When stick—slip vibration occurred in the drill string, there
was significant displacement lag and torque fluctuation between the drill bit and rotary.
The analysis showed that the higher the rotary torque, rotate speed, and WOB, the shorter
the period and the greater the amplitude of the stick-slip vibration. On this basis, the
relationship between torque, WOB, and ROP was established, and drilling parameter
optimization was completed for soft, medium-hard, and hard formations. The results
showed that appropriately increasing torque and reducing WOB can effectively reduce
or even eliminate stick—slip vibration of the drill string and improve the ROP. Parameter
optimization in the soft formation improved ROP by 11.5%, in the medium-hard formation
by 13.7%, and in the hard formation by 14.3%. This provides theoretical guidance for field
operations and has important engineering application value.
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Abstract: Effective fluid-loss control in oil wells is a critical concern for the oil industry, particularly
given the substantial reserves situated in carbonate reservoirs globally. The prevalence of such
reservoirs is expected to rise with the slow depletion of hydrocarbons, intensifying the need to address
challenges related to deteriorating reservoir properties post well-killing operations. This deterioration
results in significant annual losses in hydrocarbon production at major oil enterprises, impacting key
performance indicators. To tackle this issue, this study focuses on enhancing well-killing technology
efficiency in carbonate reservoirs with abnormally low formation pressures. To address this issue,
the authors propose the development of new blocking compositions that prevent the fluid loss of
treatment fluids by the productive reservoir. The research tasks include a comprehensive analysis
of global experience in well-killing technology; the development of blocking compositions; an
investigation of their physico-chemical, rheological, and filtration properties; and an evaluation
of their effectiveness in complicated conditions. The technology’s application in the oil and gas
condensate fields of the Volga-Ural province showcases its practical implementation. This study
provides valuable insights and solutions for improved fluid-loss control in carbonate reservoirs,
ultimately enhancing well performance and hydrocarbon recovery.

Keywords: well-killing technology; workover; hydrophobic emulsion composition; fluid-loss;
abnormally low reservoir pressure; fractured carbonate reservoir; complicated conditions

1. Introduction

The modern oil and gas industry is confronted with significant technological chal-
lenges associated with well killing before workover operations, especially in fields with
carbonate reservoirs and abnormally low reservoir pressures. This issue has gained par-
ticular relevance, as 40% to 60% of the world’s oil reserves are concentrated in carbonate
reservoirs [1-5].

Fracturing is typical for carbonate reservoirs. Fractures in the rock can form as a
result of tectonic processes during the formation of geological faults and folds in carbonate
reservoirs. Such fractures are called natural. Fractures can also have technogenic origins,
formed as a result of hydraulic fracturing and hydrochloric acid treatment [6,7].

Both natural and technogenic fracturing enhance the well productivity coefficient,
ensuring an increase in the production rate of oil wells. Conversely, fractures can pose
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additional problems linked to breakthrough into an aquifer or into an overlying gas cap, at-
tracting water and gas to the wells. They can also contribute to the fluid loss of technological
fluid by the formation during workover operations [8,9].

It is anticipated that the proportion of such reservoirs will increase due to expanded
geological and geophysical explorations. Equally important to note is that many developing
fields with carbonate reservoirs face challenges related to the deterioration of reservoir
properties after well killing before workover operations, resulting in significant losses in
hydrocarbon production [10-12].

This article presents a study aimed at improving the efficiency of well-killing tech-
nology before workover operations in fields with fractured carbonate reservoirs and ab-
normally low reservoir pressures [13-15]. The focus of the work is on the development of
blocking compositions capable of preventing complete fluid losses, thereby enhancing well
operating conditions.

In practice, two main physical principles are employed to reduce fluid losses: increas-
ing the viscosity of the blocking technological fluid and plugging the pores and filtration
channels with solid particles [16-18]. A literature review revealed that the most preferable
blocking compositions are structured hydrocarbon systems, such as inverse emulsions,
which may additionally contain acid-soluble solid additives [19].

In the post-repair period, acid treatments may be required to remove the filler. How-
ever, when using gentle emulsion compositions, there is a possibility of creating a blocking
screen with insufficient strength to retain the gas. An alternative in this case may be the
use of gel-forming compositions [20] with fillers. One way to reduce the density and
filtration of reverse emulsions and polymer solutions is by filling them with aluminosilicate
microspheres with a concentration of up to 30% wt. [21].

The results of numerous observations of well-killing operations with various types
of solutions enable their arrangement according to the decreasing negative impact on
the bottomhole formation zone. The order is as follows: reverse emulsion; formation
waters + surfactants; formation water + surfactant + polyacrylamide; and aqueous solu-
tions of calcium or sodium chloride salts + surfactant and without surfactant. Field data
from the results of well killing with reverse emulsions indicate the preservation of the
filtration properties of the bottomhole formation zone in the post-repair period [22].

Regarding the characteristics of reverse emulsions, it is important to note their rheologi-
cal properties and stability. These characteristics are influenced by the ratio of hydrocarbons
to aqueous phases and their composition, as well as the type and concentration of the
emulsifier reagent, methodology, and preparation procedure. In addition to sedimentation
stability, stability under dynamic conditions must also be taken into account to justify
the choice of composition. To maintain aggregative stability, it is necessary that inverse
emulsions have a certain ultimate shear stress. In this case, the performance characteris-
tics are determined based on the initial shear deformation. Inverse emulsions, especially
highly concentrated ones, can be destroyed under various flow conditions, once again
emphasizing the importance of their stability under dynamic conditions.

Thus, active research and development of existing and promising reverse emulsions
for use as process fluids should play an important role in the introduction of new technolo-
gies [23].

One of the common trends in well killing is the use of viscoelastic compositions,
polymers “cross-linked” with polyvalent metals, mainly the polysaccharide base. This
ensures reliable shielding of the bottomhole formation zone from intensive penetration of
water filtrates. At the same time, these technologies have a number of disadvantages, one
of which is the complex sequence of technological operations and the complexity of their
implementation [1].

Another disadvantage of polymer blocking compositions is the need to use destructors.

Destructors can be used in two ways: together with the technological fluid during
workover or individually after workover operations.

179



Processes 2024, 12,114

The first method relies on the mixing of the destructor with the entire volume of
the technological fluid, its complete destruction, and, consequently, a high permeability
recovery coefficient. To effectively combat solution fluid loss, the study [24] describes
polyglycolic acid as a moderator. The disadvantage of this method is the impossibility of
slowing down the liquefaction of the technological fluid for more than 2 days [25].

The second method does not depend on the time of work and provides fluid-loss con-
trol throughout the entire workover [26]. However, the adsorption properties of polymers
and the difference in rheological properties of technological fluids and destructors should
be considered. This makes destruction impossible, and productivity is partially lost due to
a decrease in the permeability coefficient [27].

When carrying out the well-killing process by operating two or more objects with
high-permeability hydraulic fractures [28], or with a high degree of cavernousness of the
productive reservoir and abnormally low reservoir pressure, in order to combat fluid loss
and showings of gas, oil, and water, the common practice is the introduction of dispersed
filtration reducers into the blocking composition. The most suitable reducer for this is
particularly fractionated chalk [29]. According to research consensus, the average size of
dispersed particles in technological fluids should be one third of the average pore size of
the productive reservoir, with their concentration being at least 5% vol. Solid particles
can be represented by NaCl, Ca(OH),, or CaCO3. Water-soluble polymers are used as
stabilizers: starch, hydroxypropyl guar, hydroxyethyl cellulose, etc. [30,31].

To prevent long-term blockage of formation pores, calcium carbonate (CaCOg) is
usually used, as carbonate particles can be removed by acid treatment [32]. Unfortunately,
the rate of diffusion of the acid to the plugging particles is slow due to the thickened
carbonate solution. Even after the acid diffuses through the thickened liquid, most of it is
wasted on the dolomite formation before the particles are dissolved.

The paper [33] describes an experience where an emulsion suspension hydrophobic
composition with a wide range of fillers is used for horizontal open holes.

From a technological point of view, an interesting method for well killing [34] consists
of lowering polymer rods, in particular made of (composed of/containing) methylcellu-
lose, which additionally include a crystalline gas-releasing agent: calcium carbide and
sodium nitrite. This ensures rapid gelation of well water opposite the perforation interval,
simultaneously simplifying and reducing the cost of the well-killing process. However, the
dissolution time of the methylcellulose rod is long, which leads to a slower formation of
gel-forming composition for well killing [35].

The analysis of the methods used in the oil and gas industry to increase the block-
ing properties of the process fluid has shown the prospects of using fillers with a multi-
fractional composition. This occurs because solid filler particles that are too small can
penetrate deeply into the formation and lead to a partial loss of its permeability, and larger
filler particles, in turn, do not provide a reliable barrier preventing the technological fluid
losses by the productive formation.

This work includes a review of global experience [36—45], the development of blocking
compositions, the study of their physico-chemical, rheological, and filtration properties, as well
as the modeling of well killing and oil well development processes. The research results will
contribute to enhancing the efficiency of well-killing technology and reducing production losses
in fields with carbonate reservoirs and abnormally low reservoir pressures.

Thus, this work is of significant importance for the oil and gas industry and has the
potential to enhance hydrocarbon recovery conditions in fields with complex reservoirs
and pressure conditions.

2. Materials and Methods

This chapter is dedicated to describing the laboratory equipment and methodologies
used to study properties of the developed blocking composition to substantiate the well-
killing technology for oil wells before workover operations in fractured carbonate reservoirs.
Laboratory tests were carried out according to the program presented in Figure 1, which
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Figure 1. Laboratory test program.

2.1. Preparation of the Blocking Composition BHES-MC

The following chemical reagents were used for the preparation of the developed
blocking hydrophobic emulsion solution with marble chips (BHEC-MC):

1.  Emulsifier “Yalan-E-2” brand B2—a mixture of reaction products of amines and
amino alcohols with fatty acids, produced according to TS 2458-012-22657427-2000
with amendment 1.

Oil prepared in accordance with GOST R 51858-2002.

Water phase mineralizer—calcium chloride, produced in accordance with GOST 450-77.
Fresh water.

Mineral filler—multi-fraction marble chips, produced according to TS 5716-001-
56390243-2015 (fraction size and loading depend on the fracturing and fluid-loss
capacity of the bottomhole formation zone).

AR

The preparation of the blocking composition BHES-MC in laboratory conditions was
carried out as follows: emulsifier “Yalan-E-2” brand B2 was dosed into the hydrocarbon
phase (oil or diesel fuel), after which the resulting mixture was stirred using the laboratory
overhead stirrer for 5 min at a frequency of 1000 rpm. Then, water, mineralized with
calcium chloride or sodium chloride, was gradually introduced into the resultant substance
equal, in amount, to the total volume of oil and emulsifier. After that, the mixing time was
5 min at 1000 rpm. Then, the remaining mineralized water was introduced in portions
over 2 min at a stirrer rotation speed of 1000 rpm, followed by stirring for 13 min at
1500 rpm. After 15 min from the start of composition preparation, marble chips were added
in portions, and the resulting mixture was stirred for 10 min at 1500 rpm.

Opverall, the total preparation time for the blocking composition BHES-MC was 35 min.

The sequence of adding components of the developed blocking composition BHES-MC
is schematically depicted in Figure 2.

: Mineralized ; ;
aqueous

hase .
Emulsifier s Marble chips
"Yalan-E-2" + with a fraction S—
brand B2 of 0.2 to 2 mm

Figure 2. Blocking agent, BHES-MC, preparation procedure.
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The prepared blocking composition BHES-MC is a stable, homogeneous, thickened
liquid of light brown color. The components of the BHES-MC composition are available,
inexpensive, and non-toxic reagents.

The preparation of the blocking composition BHES-MC is possible both on the basis
of production support and in the field using mobile and stationary units and installations.

2.2. Determination of the Physico-Chemical Properties of Blocking Compositions BHES
and BHES-MC

2.2.1. Determination of Density

The density of individual components constituting the BHES composition was mea-
sured using the DE 40 densitometer from Mettler Toledo (Ziirich, Switzerland) at the
standard temperature 20 °C. The principle of determining density with this device involved
measuring the period of oscillation of a glass U-shaped tube filled with several milliliters
of the test liquid. Density measurement was performed automatically with a precision of
0.0001 g/cm?.

The density measurement process consisted of several stages:

1.  The mass of the empty pycnometer was determined using precise scales, such as the
XP 204 analytical balances from Mettler Toledo (Ziirich, Switzerland) with a division
value of 0.0001 g.

Distilled water was poured into the pycnometer up to the mark.

The mass of the pycnometer filled with distilled water was measured.

The water was poured out of the pycnometer, and its contents were dried in an oven.
The pycnometer was filled up to the mark with the tested technological fluid, and its
mass was determined on the scales.

6.  The density of the tested technological fluid (p;) was determined using Equation (1):

SN

my —m

Ptf = " Pdws (1)

mp —m

where m is the mass of the pycnometer, g; m; is the mass of the pycnometer with water,
g; my is the mass of the pycnometer with the tested technological fluid, g; and py,, is the
density of distilled water, g/cm?.

The density measurement of the tested compositions was also conducted using hy-
drometers according to the methodology [46] at 20 °C. This is due to the density mea-
surement of the technological fluid in field conditions before injection into the well being
typically performed using a hydrometer. A 450 mL sample of the tested composition was
poured into a 500 mL graduated cylinder volume at standard temperature. Subsequently, a
hydrometer was placed in the cylinder, and readings were taken after one minute.

2.2.2. Thermal Stability Assessment

Determination of the thermal stability of the investigated compositions was conducted
as follows: the prepared composition was placed in a thermostat, for example, in the VO
400 incubator by Memmert GmbH (Biichenbach, Germany), with a set temperature of
90 °C, and maintained for 7 days. Simultaneously, control samples were kept for 7 days at
standard conditions. Every 24 h, the condition of the sample and the amount of separated
hydrocarbons or the aqueous phase were visually assessed.

The criterion for evaluating the thermal stability of the investigated compositions was
the absence of phase separation, clouding, color change, or sedimentation.

2.2.3. Sedimentation Stability Assessment

Evaluating sedimentation stability is crucial for determining the dispersed system’s
capacity to sustain an equilibrium state throughout the volume of the dispersion medium,
as well as to identify the tendency of the composition towards phase separation.

Experiments to determine sedimentation stability were conducted according to the
following procedure. The investigated compositions were poured into glass test tubes.
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Then, the first half of the prepared samples were placed in an oven with the average
reservoir temperature of the Volga-Ural oil and gas province (VUOGP) (37 °C), while the
other half were kept at standard temperature for 7 days. The condition of the samples was
visually assessed (photographed) after 1 h, 24 h, and 7 days.

In order to more reliably evaluate sedimentation stability, additional studies were
conducted to determine the indicator of change in the density of the compositions by
volume after thermostating. After the specified period (7 days), a sample of the investigated
composition was taken from the upper and lower parts of the test tube to measure its density
using a pycnometer or hydrometer (to simulate field conditions).

Sedimentation stability was calculated using Equation (2):

s, = P2 100, @)
01

where S; is the sedimentation stability, %; p; is the density of the upper part of the sample of
the investigated composition, kg/m?3; and p; is the density of the lower part of the sample
of the investigated composition, kg/m?3.

Thus, the investigated composition was considered sedimentationally stable; the
difference in densities between the lower layer and the upper layer did not exceed 20 kg/m?,
which was a change of 1.5%. In this case, the sedimentation stability range was found to lie
within the 98.5% to 100% range.

2.2.4. Determination of Electrical Stability

Electrical stability is another parameter indirectly characterizing the stability of emul-
sions. This parameter describes the emulsion’s resistance to the coalescence of dispersed
phase particles and subsequent separation. The method for determining electrical stability
involved measuring the voltage corresponding to the moment of emulsion destruction. In
the present study, the TEE-01Ts device from LLC Analytica (Moscow, Russia) was used,
with a measurement range from 0 to 750 V.

The device operates on the principle of measuring the electrical resistance of the
liquid when a constant current of a certain magnitude passes through it. Thus, the break-
down voltage is determined, and its magnitude characterizes the electrical stability of the
emulsion—the higher the breakdown voltage, the higher the stability of the emulsion.

The electrical stability indicator for reservoir temperatures up to 80 °C should not be
less than 300 V.

It is important to note that the experience of using emulsions indicates that the absolute
values of the electrical stability of the initial compositions stabilized by various emulsifiers
may not correlate with the values of technological parameters such as thermal stability.

2.2.5. Determination of Corrosion Activity

The study of corrosion activity of blocking compositions involved exposing metal
samples, made from steel grade St. 20, to the liquid medium of the acidizing composition for
a specified period. Before testing, the surfaces of the metal plates were prepared according
to [47].

The experimental studies were conducted at a temperature of 37 °C, within the limit
not exceeding £2 °C. No stirring of the liquid medium was applied. The corrosion rate
was calculated based on the mass loss of the metal samples, and the exposure time of the
metal samples in the test compositions was 24 h.

The corrosion rate V, (g/ m? x hour) was calculated using Equation (3):

My —1m

VC - ?/ (3)

where my and m; are the masses of the metal plates before and after testing, respectively, g;
S is the surface area of the metal plate, m?2; and ¢ is the test duration in hours.

183



Processes 2024, 12, 114

The corrosion rate of the investigated compositions should not exceed the established
standard (0.10-0.12 mm/year). In this case, their use is considered acceptable for conduct-
ing downhole operations in accordance with the requirements [47].

2.2.6. Determination of Pour Point

To determine the pour point, the method described in [48] was used. The test tube
with a sample of the test composition was placed in the cooling thermostat Proline RP 890
by LAUDA GmbH (Lauda-Konigshofen, Germany), where it was cooled down to —45 °C.
The flowability of the investigated compositions was assessed visually every 3 °C.

2.2.7. Rheological Studies

To conduct rheological studies for determining the effective viscosity of the investi-
gated compositions, a rotational automated viscometer from Messgerate Medingen GmbH
(Ottendorf-Okrilla, Germany)—Rheotest RN 4.1, presented in Figure 3, was used.

Figure 3. Rotary viscometer Rheotest RN 4.1.

The methodology for conducting these studies involved constructing the initial rheo-
logical curves of the compositions and determining their static shear stress. The studies
were conducted at a temperature of 37 °C.

The controlled shear rate mode was used to obtain the flow curve, representing the
shear stress dependence on the shear rate with a gradual increase in the shear rate from 0
t0300s~ .

For a more informative analysis of the obtained results of flow curves for the in-
vestigated compositions, the dependence of effective viscosity () on the shear rate
was plotted.

The procedure for determining the static shear stress was as follows:

Set the viscometer to the “constant shear rate” mode.
Pour the test liquid into the cylinder with a volume of 45 cm?.

Set the number of revolutions of the cylinder D =200 rpm.
Mix the test composition for 10 s.

Ll
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5. After 1 and 10 min of rest of the composition, at a cylinder rotation speed of 3 rpm,
readings were taken at which the structure of the test composition began to break down.

A high value of effective viscosity indicates good blocking capabilities of the composi-
tions, contributing to the reduction of the penetration radius of technological fluids into
the bottomhole formation zone. This is because an increase in effective viscosity leads to
enhanced structural strength of the emulsion. During well development, such a reduction
in the penetration radius of the liquid zone can lead to an increase in the permeability
recovery coefficient in this zone.

Static shear stress is an indicator of the strength of the internal structure of well-killing
fluids formed during the resting period. Its value is determined by the stress that is required
to be exceeded in a fluid at rest to break its internal structure and set it in motion. The
higher value of the static shear stress in well-killing fluids, the lower the probability of fluid
loss of the composition in the reservoir zone is, especially when well killing with reservoir
pressure gradients significantly below the potential capabilities of the well-killing fluids in
terms of providing the required repression on the reservoir.

2.3. Determination of Interfacial Tension at the “Oil with Emulsifier—Aqueous Solution of
Calcium Chloride” Boundary

To measure the interfacial tension of o0il with varying emulsifier concentrations at the
boundary with an aqueous solution of calcium chloride with a density of 1140 kg/m?, the
EasyDrop tensiometer from KRUSS GmbH (Hamburg, Germany) was used.

The methodology for using the tensiometer and this software package involved de-
termining the interfacial tension based on the shape and size of the oil droplet containing
the emulsifier.

For each type of emulsifier, the dependence of the interfacial tension at the ”oil with
emulsifier—aqueous solution of calcium chloride” boundary with a density of 1140 kg/m?3
on the emulsifier concentration (at three points—0.05, 0.1, and 0.5%) was determined under
standard conditions. Each data point was determined five times, after which the minimum
and maximum values were discarded. Subsequently, the average interfacial tension value
was calculated for each emulsifier concentration [49].

2.4. Study of the Blocking Ability of the BHES-MC Composition in Modeling a Fractured Reservoir

Studies to assess the blocking ability of compositions in modeling a fractured reservoir
were conducted using the HPHT 500 filter press from FANN (Houston, TX, USA). This
device is designed to measure the fluid loss characteristics of the studied compositions in
the bottomhole formation zone, and it can also be applied to predict the potential for filter
cake formation.

For laboratory investigations of the blocking ability of compositions concerning frac-
tures of various degrees of openness, the design of the filter press was modified. A metal
disk, simulating a fracture with different degrees of openness (0.1, 0.5, 1, 1.5, 2, 3, and
5 mm), was installed in the lower part of the cell (Figure 4). The lower part of the disk was
machined in a “U”-shaped form to engage the entire working length of the fracture and
allow unimpeded discharge of the blocking composition from the cylinder (Figure 5a). An
enlarged 5 mm diameter exit hole was created in the lower plug of the cell to prevent its
closure by the solid phase of the studied blocking agent (Figure 5b).
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Figure 5. (a) Lower part of the filter press cell (exit point of the blocking composition from the crack);
(b) Bottom plug of filter press (exit point of the blocking composition from the filter press).
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The schematic diagram of the modified filter press construction is presented in Figure 6.
The sequence of actions during the experiment consisted of the following stages:

In the lower part of the filter press, a metal disk with a crack of a specified degree of
openness was placed between two rubber gaskets.

The lower plug was installed, and its outlet hole was closed.

The test composition was poured into the cell with a volume of 450 cm®.

The filter press cell was closed with the upper plug, after which all clamping screws
were tightened, and the top valve was closed.

The cell was placed in a thermo-jacket with a given temperature (37 °C) and left for
the complete heating of the cell and the test composition (1-2 h).

The gas line from the nitrogen cylinder was connected and fixed to the upper valve.

The valve in the lower plug was opened.

A measuring capacity was placed under the cell to fix the volume of the filtered liquid.
The required pressure (1 MPa) was created in the gas line.

Along with the opening of the top valve, the stopwatch was started.

The test composition was maintained at each pressure (from 1 to 8 MPa, with a step
of 1 MPa) for 5 min or until the filtration of liquid through the fracture ceased.

The volume of the filtered test composition was recorded for a certain period.
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10
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Figure 6. Schematic diagram of the stand for assessing the blocking ability of technological fluids
during the well-killing process in a fractured reservoir: 1—gas cylinder; 2—regulator; 3—pressure
gauge (pressure in the cylinder); 4—pressure gauge (pressure in the line); 5—gas line (gas supply);
6—top valve (open/close); 7—upper plug; 8—gas; 9—blocking composition; 10—thermo-jacket;
11—fracture; 12—metal disk with a fracture; 13—measuring capacity.

The main experimental conditions are summarized in Table 1.

Table 1. Experimental conditions on the filter press.

Parameter Name Value
Simulated pressure drops, MPa 1-8
Temperature, °C 37
Fracture width, mm 0.1-5
Volume of blocking composition filtered, cm® 450
Experiment duration, min 40

The studies used a minimum fracture width of 0.1 mm, corresponding to the minimum
sizes of natural microfractures according to data [50] presented in Figure 7. A literature
review indicated that in carbonate reservoirs of the VUOGP, microfractures are widely
developed, with widths less than 0.5 mm. Among them, fractures developed along stylolites
stand out, with widths not exceeding 1-2 mm [1].
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Figure 7. Assessment of fracture openness based on the analysis of 1110 carbonate core samples from
one field of the VUOGP.
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2.5. Conducting Filtration Tests of the Blocking Composition BHES-MC on Natural Core Samples
with a Fracture

2.5.1. Preparation for Filtration Tests

For laboratory filtration tests, samples of natural core material from the VUOGP,
measuring 6.45 cm in length and 3 cm in diameter, were prepared in accordance with
regulatory documents [51-54], featuring artificially simulated fractures.

During filtration tests, three fracture widths were modeled: 0.1, 0.5, and 1.5 mm. A
fracture width of 0.1 mm was simulated using two aluminum foil shims, each 0.1 mm thick
and 5 mm wide, placed on the inner side of the natural core sample (Figure 8). Fracture
widths of 0.5 and 1.5 mm were modeled using specially prepared metal plates of the
corresponding thickness and 5 mm width, positioned on the inner side of the core.

| 1
N .

Figure 8. Appearance of a natural core in cross-section with fractures of varying degrees of width:

1—aluminum foil shims for 0.1 mm fractures or metal plates for 0.5 and 1.5 mm fractures; 2—plastic
heat-shrink tubing; 3—natural carbonate core sample.

To conduct filtration studies with high-viscosity fluids containing a filler, modifications
were made to the design of the standard core holder: tubes with an increased diameter of
the flow passage (4.5 mm) were used in the “cylinder-reservoir—core holder—measuring
capacity” system. Steel rings were placed before and after the core, facilitating unimpeded
flushing of the core face even in the presence of a solid phase with a large particle size in
the fluid. This core holder design also permits testing cross-linked polymer systems [10]
without the risk of clogging the filtration tubes (Figure 9).

9 lP g
— 3 QBHES-MC
— 7

Figure 9. Core holder scheme: 1—natural core sample; 2—fracture; 3—blocking composition BHES-
MC; 4—kerosene; 5—buffer metal rings; 6—rubber collar for core compression; 7—filtration direction
of the composition BHES-MC; 8—filtration direction of kerosene; 9—fluid injection direction for
creating compression pressure.
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Prepared core samples were vacuum-saturated with kerosene and placed in the core
holder (Figure 10) of the filtration unit FDES-645 (Formation Damage Evaluation System)
by Coretest Systems (Morgan Hill, CA, USA). The tests were conducted under thermobaric
conditions characteristic of the VUOGP.

Figure 10. Core holder and oven of the filtration unit FDES-645.

Figure 11 shows a schematic diagram of the operation of stand for conducting filtration
tests in modeling the processes of well killing and oil well development using developed
blocking compositions.

Figure 11. Schematic diagram of the stand for conducting filtration tests in the simulation of the
well-killing processes and oil well development: 1—injection pump; 2—cylinder with kerosene;
3—cylinder with a developed blocking composition; 4—measuring capacity; 5—alloy steel tubes;
6—fracture; 7—core holder; 8—compression system.

2.5.2. Methodology for Conducting Filtration Tests

Assessment of the filtration properties’ effectiveness of the investigated compositions
is based on determining the permeability changes in reservoir models (cores) with fractures
of varying degrees of width (0.1, 0.5, and 1.5 mm). The main objective of the research was
to compare compositions “with” and “without” fillers in modeling the processes of well
killing and oil well development.

Filtration tests were conducted using the FDES-645 unit in conditions closely approxi-
mating the average reservoir conditions of the VUOGP:

e repression during well-killing modeling—1 MPa (5% of reservoir pressure);
e  reservoir pressure—20 MPa;
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e  average reservoir temperature of the VUOGP—37 °C.

The filtration rate (flow rate) value was set at 10 cm®/min. Kerosene with a viscosity
of 0.8 MPas was used as the saturating fluid.

The repression value of 1 MPa during well-killing modeling reproduced the condition
of creating a liquid column of hydrostatic pressure at the wellhead in accordance with
the requirements.

The result of the laboratory test is the determination of

e  the volume of blocking composition filtered into the core at given pressure drop values
during well-killing modeling;

e initial shear pressure gradient of the blocking composition in the fracture during
well-development modeling;

e the coefficient of relative permeability changes in the core samples (with fractures) by
kerosene after modeling well killing and well development processes.

The injection and filtration direction of the investigated compositions in the core
corresponded to the direction of fluid and technological fluid movement in oil wells.
Accordingly, direct filtration described the process of oil inflow from the reservoir into the
well, i.e., the well development process. Reverse filtration modeled the well-killing process,
which, in turn, involved creating a constant pressure drop.

Laboratory filtration tests were carried out in four stages:

1.  Determination of the initial core permeability for kerosene. Prepared samples of
natural core with a fracture saturated with kerosene were placed in a core holder
FDES-645, where thermobaric conditions were created, closely approximating the
averaged reservoir conditions of the VU