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Preface

With regard to depleted oil and gas resources, increasing world energy demand and volatile
economic and political world scenarios, oil and gas industry players are working very hard
to find ways to cut exploration and production costs to sustain and progress the industry to
provide the world with cheap energy without harming the environment. Therefore, this vol‐
ume, which contains eight chapters, intends to provide readers with a comprehensive over‐
view of the current state of the art in drilling, such as advanced drilling operations and
techniques used by the industry, particularly in floating, underbalanced drilling, smart drill‐
ing fluid, intelligent drilling, drilling optimization, and future drilling technology and devel‐
opment. These eight chapters have been selected because they represent areas of drilling
technology for which sufficient technical progress has been achieved with a view to techno‐
logical advancement.

I have enjoyed working with the authors of this volume, who have been most diligent in
preparing their chapters. Thanks for their contributions, patience, and commitment to the
process. Each chapter is designed to help the reader gain an insight into the most important
aspects of each topic.

On behalf of the authors, I would like to extend my heartfelt gratitude to IntechOpen and
Mr. Markus Mattila, Author Service Manager, for their support, and to all the staff who have
provided input, drafting, revisions, and production for this book.

It is my hope that this edition will be used as a source of knowledge and technology, and be
used by all concerned for the betterment of humankind.

Prof. Dr. Ariffin Samsuri
Petroleum Engineering Department

Faculty of Chemical and Energy Engineering
Universiti Teknologi Malaysia

Johor Bahru, Johor, Malaysia
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Abstract

In recent years, Brazil has emerged as a leading offshore producer with extensive proven 
reserves yet to be explored. As a matter of fact, the discovery of huge oil deposits in the 
pre-salt layer of the country’s Southeastern coast is motivating oil and gas exploration in 
great depths in Brazil, thereby also generating increasing demand for drilling capabili-
ties. This study addresses the technological implications of this discovery by examining 
patent information. Here, we provide empirical evidence indicating an increased interest 
for patenting technologies designed to enhance not only ultra-deep drilling capabilities 
and build and maintain oil wells, but also technologies to increase oil production from 
formations.

Keywords: patent information, patent analytics, oil and gas, technology, drilling, 
technology trend

1. Introduction

Despite the strong increase in the use of renewable fuels and the substantial reduction in 
oil prices in recent years, crude oil is still considered an extremely important commodity 
[1, 2]. On the one hand, oil comprises the largest share in the world energy mix for several 
decades [3]. On the other hand, our society is heavily dependent on a well-established 
and complex infrastructure for exploitation and the use of oil to fulfill energy needs in 
industrial, commercial, and domestic scale [2].
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distribution, and reproduction in any medium, provided the original work is properly cited.
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As consequence of the central role played by oil in our society, which was consolidated pri-
marily from the second half of the twentieth century onward, the need to identify new reserves 
of this non-renewable fuel in order to ensure a reliable supply of this resource became a criti-
cal necessity worldwide [4]. As such, the combination of an increasing demand for oil and 
the growing technical challenges associated with the remaining oil reserves found in remote 
locations has motivated robust technological investments by oil firms that are constantly 
investing huge sums to find and exploit new reserves [5].

In recent years, Brazil has emerged as a relevant offshore oil producer with extensive proven 
reserves yet to be explored [6]. More specifically, in 2007, the Brazilian Federal Government 
announced the discovery of a huge oil and natural field in the pre-salt layer of the country’s 
Southeastern coast. This discovery was accomplished by Petroleo Brasileiro S.A. (Petrobras) 
and was considered to be one of the world’s largest in recent years [7]. However, despite the 
evident economic benefits associated with this huge oil discovery, substantial resources will 
need to be put in place to address the operational challenges coming from the ultra-deep 
water environment of the largest subsea project in the world [8].

Given the promising prospects generated by the pre-salt discovery, firms operating in the oil 
and gas industry rapidly perceived that the operational characteristics of the pre-salt reserve 
would generate a huge demand for technology-intensive services and equipment. As such, as 
pointed out by Cavalheiro et al. [9], there was a boom in patent filings in Brazil in response 
to the market opportunities for new upstream technologies to enable the development of the 
pre-salt fields. Increasingly, market opportunities associated with technologies determine 
the propensity of firms to file patent applications [10]. However, despite the awareness of the 
increased interest of firms in protecting innovative upstream oil and gas technologies in Brazil, 
extant literature remains silent on the most critical technical areas protected by firms.

Consequently, this study provides a contribution for understanding the most critical tech-
nological areas associated with the pre-salt exploitation by examining patterns of patent fil-
ings in Brazil regarding upstream oil and gas technologies. As such, this paper is aimed at 
improving understanding of the specific technological trends regarding the exploitation of 
the pre-salt reserves.

This paper is structured as follows Section 2 provides a literature review on patent informa-
tion and examines the context of the oil and gas industry in Brazil. Then, Section 3 describes 
our research method. Section 4 examines the patterns of patent applications in Brazil concern-
ing upstream oil and gas technologies. Finally, in Section 5, our conclusions are put forward.

2. Literature review

2.1. Patent information

A firm’s innovation strategy is the central to fostering innovation competence, which in turn 
leads to the development of new products and technologies [11]. However, innovation is char-
acterized by a high level of uncertainty, given the difficulties in forecasting the performance 
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and costs of a new technology, as well as the reaction of users to it [12]. As such, the logic 
behind the patent system assumes that firms invest in risky R&D activities in order to gener-
ate innovative technologies or products. As a consequence of the huge investments associated 
with the development of new technologies or products, it is certainly fair to assume that this 
investment should somehow be protected [13–15]. In this way, patents can be perceived as 
legal instruments providing exclusive rights to enable innovative firms to prosper in a chal-
lenging, risky, and dynamic business environment [10, 16]. Hence, these firms are able to 
protect their investment in new technologies by filing a patent in a Patent Office [17–19].

Fundamentally, a patent can be regarded as packaged knowledge that delimits and draws 
boundaries around a set of technical characteristics [20, 21] and concedes an effective instru-
ment to prevent imitation by competitors [22]. Additionally, the value of a patent is depen-
dent upon a number of factors such as the potential for licensing to other businesses, the 
quality of the patent [23], the importance of the market covered by the patent [15, 24], and 
the effectiveness and stringency of patent enforcement [25]. Moreover, as stated by Davies 
[26], technologies are subject to a life cycle that suggests a decreasing rate of innovation and 
economic value as technologies gradually become obsolete.

As a direct consequence of the growing number of protected technologies, various authors 
stress that the patent system is characterized by an increasing level of complexity [23, 27, 28]. 
Accordingly, it is common to have single products, like smartphones and tablets, incorporat-
ing hundreds or even thousands of patents, thereby creating legal disputes involving a large 
set of patents, rather than just one. Hence, the costs involved in negotiating and licensing the 
relevant patents is continuously increasing [29].

The international patent system gained significant importance toward the end of last century. 
Due to many significant technological developments associated with the Second World War, a 
plurality of innovative technologies was developed in fields such as computer science, materi-
als, telecommunications, biotechnology, and nuclear energy [30]. As stated by Galini [29], the 
large-scale adoption of these technologies has transformed society into a knowledge-based 
society that generates an increasing amount of inventions needing to be protected against 
unauthorized copy. Moreover, given the fact that innovative firms are becoming increasingly 
dependent on their patent portfolios to remain competitive, patent information has become 
an evolving and important research area.

Alongside with the rapid growth of available patent data, modern information technologies 
have revolutionized patent information practice in terms of both speed of access and informa-
tion comprehensiveness, thereby motivating the development of sophisticated patent analysis 
tools. As stated by Abbas et al. [31], currently, there are several IT-based patent analytic tools 
capable of performing tasks such as strategic technology planning, detecting patent infringe-
ment, determining patent quality, and identifying technological hotspots. Additionally, Ernst 
[20] pointed out that patent information can also be used for competition monitoring, R&D 
portfolio management, and identification of potential sources of technological knowledge. In 
order to analyze patent data from dynamic, heterogeneous, and scattered information sources, 
researchers in this realm count with increasingly sophisticated solutions, such as patent land-
scape, text mining, and digital mind mapping tools to address large data volumes [32, 33].
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Given the tremendous advances in patent analytic tools in recent years, patent information 
can be used to support a wide range of analyses in different industries. For example, Huang 
[34] examined the evolution of the patent portfolio of mainstream firms of the cloud comput-
ing industry. Moreover, Dubaric et al. [35] employed patent application figures as perfor-
mance indicators representing evolution and level of maturity of wind power technology. 
Huang and Cheng [11], in turn, proposed a patenting behavior framework to identify the 
primary factors determining the propensity to file a patent application. Beyond examining 
patent applications filed by firms, there are also relevant studies addressing how universi-
ties are protecting their inventions through patents. Accordingly, Drivas et al. [16] assessed 
patterns associated with the licensing process of university patents, while Siegel et al. [36] 
developed a framework to describe the transfer of scientific knowledge from academicians to 
practitioners. More recently, Arunagiri and Mathew [37] demonstrated the possibility of iden-
tifying relevant business and technical patterns by assessing patent classification of implant 
technology patents.

As a result of improved capabilities for analyzing patent information, policy makers started to 
rely on the number of patent applications as a critical performance indicator for patent office 
attractiveness [38], global level of economic activities, and the effort level on R&D activities 
[18, 24]. However, Boldrin and Levine [39] stress that there is no empirical evidence indicating 
that patents serve to increase innovation or productivity but rather to demonstrate power in a 
highly competitive environment. Despite the clear benefits associated with the current inter-
national patent system, there is also criticism regarding its current configuration. Although, 
scientific and technical communities in different countries are currently more connected than 
they used to be [40], nations that lack the capacity to innovate globally tend to consider intel-
lectual property protection as nothing more than tax.

In addition, various scholars point out structural factors hampering firms in developing coun-
tries in generating revenue from patents, which include the limited quantity and intensity of 
links between firms and universities [40, 41], low rate of industrial technological accumula-
tion in industry [13], public policy makers with limited understanding of intellectual property 
[42], as well as a partial lack of understanding about the consequences of academic engage-
ment for scientific and economic objectives [43].

2.2. Brazilian context: pre-salt discovery

Brazil has already accumulated a long experience with the discovery and production of oil. As 
a matter of fact, the first oil discovery in Brazil was accomplished in 1939 in the State of Bahia, 
while the first offshore extraction project started in 1968 [44]. However, despite the history of 
oil production activities in the countries, for several decades, Brazil imported large amounts 
of oil to complement its internal production to supply the internal demand [8]. However, in 
2007, the Brazilian Federal Government announced the discovery of huge oil and natural 
gas resources in the pre-salt layer of the country’s Southeastern coast. This discovery was 
accomplished by Petróleo Brasileiro S.A. (Petrobras) and created the possibility of turning the 
country into one of the largest oil producers in the world [7].
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In order to explore this huge oil field, substantial effort will be required to develop and inte-
grate innovative technologies to address the challenges coming from operating in the ultra-
deep water environment of the largest subsea project in the world [8]. However, until the 
present, total oil production in Brazil has been increasing at a small pace in recent years, as 
illustrated in Figure 1.

In practice, exploring the pre-salt reservoirs is a massive technical and organizational chal-
lenge that generates significant need of investments in new technologies. The distance 
between the surface of the sea and the oil reservoirs under salt layer can be as much as 7000 
meters [7]. Consequently, exploration and production of hydrocarbons located in ultra-deep 
offshore waters require a plurality of innovative technologies destined for hostile, hard-to-
reach environments characterized by extremely high pressures and temperature [46].

2.3. Patent applications in Brazil

Prior to examining patent applications related to upstream oil and gas technologies, it is also 
worthwhile to assess the trend regarding patent applications regarding all fields of technolo-
gies in recent years in Brazil. In this regard, we have opted to examine the total number of 
Brazilian patent applications between 2001 and 2013. Clearly, Figure 2 displays a small and 
continuous increase in patent applications, which started in 2004.

Although a small and continuous increase in patent applications in Brazil can be observed 
in recent years, this growth started prior to the pre-salt announcement. However, when it 
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E21B patent applications is much stronger, than the growth in both oil production and total 
patent applications in Brazil. Accordingly, E21B was selected for being a highly representa-
tive IPC subclass for the upstream oil and gas industry. As such, Figure 3 displays a strong 
increase in patent applications in Brazil concerning the E21B.

Figure 3. Patent applications related to upstream oil and gas technologies in Brazil: 2001–2012 (source: adapted from [9]).

Figure 2. Brazil’s total patent applications: 2001–2013 (source: WIPO Statistical Country Profile, Brazil, 2015).
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3. Research method

Fundamentally, we adopt a qualitative and quantitative approach based on a combination of 
literature review and empirical analysis of patent filings. As a matter of fact, adopting a pure 
quantitative approach is not feasible, as the extant literature does not offer clear conventions 
for analyzing patent information related to upstream oil and gas technologies, such as the 
widely accepted and well-known rules of algebra through which the validity of mathematical 
deductions is known [47]. A fundamental characteristic of a qualitative approach, in turn, is 
that researchers may have less a priori knowledge of what the variables of interest will be and 
how they will be measured [48]. Accordingly, qualitative researchers are sometimes disposed 
toward causal determination of events but more often tend to perceive events not simply 
and singly caused (Stake [50]). Consequently, the combination of qualitative and quantitative 
approaches can be very synergistic [49].

In practice, we collected data representing the patent applications in Brazil for the period 
between 2001 and 2012. The choice for this period was motivated by the research objective 
of this study, which is aimed at improving understanding of the major technological trends 
associated with the upstream oil and gas industry in Brazil. Additionally, given the fact that 
the Brazilian patent legislation establishes that a patent application must be published 18 
months after the filing date in combination with administrative delays to classify patent appli-
cations, patent data concerning the years 2013, 2014, and 2015 were not completely available 
during of the data collection phase of this study.

The figures regarding Brazilian patent applications were retrieved by executing queries within 
a system named “Sistema Integrado da Propriedade Industrial” (SINPI). SINPI regards an 
internal information system that processes administrative information for “Instituto Nacional 
da Propriedade Industrial” (INPI), which is the Brazilian national patent office. The queries 
concerned patent applications with filling dates between January 1, 2001, and December 31, 
2012. These queries specified the patent applications classified with the International Patent 
Classification (IPC) scheme in the technical area of E21B, as this particular area covers a wide 
portion of technologies associated with upstream oil and gas exploration, such as earth or rock 
drilling obtaining oil, gas, water, soluble or meltable materials, or a slurry of minerals from wells.

Accordingly, E21B was selected for being a highly representative IPC subclass for the upstream 
oil and gas industry. The collection of patent information on patents describing technologies 
used in the upstream oil and industry, which are classified as E21B, was analyzed based on 
patent classification listed in the documents. More specifically, we have examined the total 
number of documents further classified in terms of the groups that belong to the E21B subclass. 
This decision enabled us to identify the most active technical fields within the E21B subclass.

4. Results

After examining the characteristics of the patent system and the context associated with the 
pre-salt discovery, we take up the patent applications in Brazil for the period between 2001 
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and 2012. As stated by Cavalheiro et al. [9], market opportunities for the oil and gas industry 
in Brazil associated with the pre-salt announcement motivated a substantial increase in pat-
ent filings in Brazil concerning upstream oil and gas technologies. As such, we applied the 
following search strings within INPI’s SINPI environment to select all patent applications of 
interest concerning the period between 2001 and 2012—“Filing date: 01012001-31122012” and 
“IPC:E21B.” In total, 4804 patent applications were retrieved. Table 1 lists all groups belong-
ing to the E21B subclass and also provides a distinction of subfields within the upstream oil 
and gas technologies, as proposed by WIPO’s IPC diagram.

4.1. Most protected technologies

Beyond the six technical subareas within upstream oil and gas technologies listed in the table, 
it is also worthwhile to zoom in further into the IPC groups that attracted the largest number 
of patent applications. In order to better illustrate the dominant technical areas, we have also 
opted to graphically represent the most active groups. As such, Figure 4 displays the groups 
that account for more than one percent of all E21B patent applications.

Since Figure 3 indicates significant differences in terms of the number of patent application 
per IPC group, it is worthwhile to examine the technical characteristics of each group. As 
such, Table 2 displays the total number of applications for the most active IPC groups. To 
this end, we selected the subgroups that received more than one percent of total E21B pat-
ent applications, which corresponds to IPC groups with more than 48 patent applications, to 
draw histogram.

According to Ernst [20], the information available in patent data reveals strategic decisions 
of firms regarding a market for a certain technologies. Accordingly, the IPC groups listed in 
Table 2 can be regarded as the most strategic technologies for exploring the pre-salt reserves 

Technical subareas within 
upstream oil and gas 
technologies

IPC groups Number of patent 
applications

Methods for drilling E21B 1, E21B 3, E21B 4, E21B 6, E21B 7 268

Drilling tools E21B 10, E21B 11, E21B 12 198

Well equipment or well 
maintenance

E21B 15, E21B 17, E21B 19, E21B 21, E21B 23, E21B 25, E21B 
27, E21B 28, E21B 29, E21B 31, E21B 33, E21B 34, E21B 35, 
E21B 36, E21B 37, E21B 40, E21B 41

2521

Obtaining fluids from wells E21B 43 1080

Automatic control of wells E21B 44 77

Surveying or testing E21B 45, E21B 47, E21B 49 660

Total number of E21B patent applications 4804

Source: the authors

Table 1. Total number of patent applications concerning upstream oil and gas technologies between 2001 and 2012 in 
Brazil.
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in Brazil. Here it is worthwhile to mention that two IPC groups received special attention 
from firms operating in the upstream oil and gas industry. In particular, E21B 43 “Methods 
or apparatus for obtaining oil, gas, water, soluble or meltable materials or a slurry of miner-
als from wells” accounts for 1080 patent applications, representing approximately 22% of all 
E21B applications. Similarly, E21B 33 “Sealing or packing boreholes or wells” was responsible 
for 707 patent applications, or approximately 15% of all E21B applications. As such, these 
figures can be interpreted as an indication of the strategic importance of these technologies 
for exploring the offshore ultra-deep reserves of the Brazilian Pre-Salt.

Another IPC group that received substantial attention from firms regards E21B 17 “Drilling 
rods or pipes; Flexible drill string” and E21B 47 “Survey of boreholes or wells,” as both IPC 
groups obtained approximately 10% of total E21B patent applications. It is possible to deduce 
that technologies for drilling pipes and surveying boreholes are also key areas for the compa-
nies involved in the pre-salt exploration.

4.2. Least protected technologies

Despite the strong increase in E21B patent applications reported by Cavalheiro et al. [9], sev-
eral IPC groups belonging to E21B did not attract a large number of patent applications at all. 
As such, we have selected the IPC groups that received less than one percent of the total E21B 
applications between 2001 and 2012, which corresponds to a number of patent applications 
lower than 48.

As indicated in Table 3, several IPC groups received less than one percent of the patent appli-
cations related to upstream oil and gas technologies. Typically, these groups represent techni-
cal areas that do not attract the attention of both operating and service companies and, as a 
result, are not active. More specifically, a more technical interpretation of these results points 
out a mismatch between the requirements posed by the pre-salt reserves and the solutions 

Figure 4. Total number of patent applications per IPC group (source: the authors).
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provided by the technologies belonging to the IPC groups listed in Table 3. As an illustration 
of this interpretation, Hu et al. [2] stress that the technologies belonging to E21B 1 “Percussion 
drilling (drives used in the borehole)” are suitable to explore onshore oil reserves with very 
small depths, as opposed to the offshore ultra-deep pre-salt conditions.

Consequently, given the particular conditions of the Brazilian oil reserves, only five patent 
applications were filed in Brazil between 2001 and 2012 related to percussion drilling. Our 
interpretation is that the less protected technologies within the E21B group result from the 
fact that these technologies are to some extent inadequate to be deployed in the Brazilian 

IPC 
groups

Description Number of patent 
applications

E21B 43 Methods or apparatus for obtaining oil, gas, water, soluble or meltable materials, 
or a slurry of minerals from wells (applicable only to water; obtaining oil-bearing 
deposits or soluble or meltable materials by mining techniques; pumps)

1080

E21B 33 Sealing or packing boreholes or wells 707

E21B 17 Drilling rods or pipes, flexible drill strings, kellies, drill collars, sucker rods, casings, 
tubings

486

E21B 47 Survey of boreholes or wells (monitoring pressure or flow of drilling fluid) 465

E21B 34 Valve arrangements for boreholes or wells (in drilling fluid circulation systems, 
blowout preventers, oil flow-regulating apparatus, valves in general)

282

E21B 19 Handling rods, casings, tubes, or the like outside the borehole, e.g., in the derrick; 
apparatus for feeding the rods or cables (surface drives)

281

E21B 21 Methods or apparatus for flushing boreholes, e.g., by the use of exhaust air from 
motor (freeing objects stuck in boreholes by flushing, well-drilling compositions)

225

E21B 7 Special methods or apparatus for drilling (supports for the drilling machine, e.g., 
derricks or masts)

197

E21B 49 Testing the nature of borehole walls, formation testing, methods or apparatus for 
obtaining samples of soil or well fluids

191

E21B 10 Drill bits (specially adapted for deflecting the direction of boring, with means for 
collecting substances)

187

E21B 23 Apparatus for displacing, setting, locking, releasing, or removing tools, packers, or 
the like in boreholes or wells

152

E21B 41 Equipment or details not covered by groups 97

E21B 44 Automatic control systems specially adapted for drilling operations, i.e., self-
operating systems which function to carry out or modify a drilling operation 
without intervention of a human operator, e.g., computer-controlled drilling 
systems

77

E21B 37 Methods or apparatus for cleaning boreholes or wells 68

E21B 29 Cutting or destroying pipes, packers, plugs, or wire lines, located in boreholes or 
wells, e.g., cutting of damaged pipes and of windows (perforators)

63

E21B 36 Heating, cooling, or insulating arrangements for boreholes or wells, e.g., for use in 
permafrost zones (drilling by the use of heat, secondary recovery methods using 
heat)

49

Source: the authors

Table 2. Most protected upstream oil and gas technologies in Brazil.

Drilling10

conditions or, in some cases, may even be perceived as obsolete in the oil and gas industry, 
thereby not motivating firms to commit R&D resources to further develop these technologies.

5. Discussion

The effective management of a patent portfolio is an increasingly complex challenge in our 
current knowledge-based society, especially for firms with a large number of patent applica-
tions. As such, using patent information as secondary data, we have provided rich insights 
regarding the specific technical interest of technology-based firms operating in the Brazilian 
upstream oil and gas industry [20]. More specifically, we have employed patent application 
figures as a performance indicator representing technological hotspots [35]. To this end, we 
have explored a large number of patent documents by carrying out pattern analysis to iden-
tify relevant business insights (Madani and Weber [51]).

IPC 
groups

Description Number of patent 
applications

E21B 15 Supports for the drilling machine, e.g., derricks or masts 37

E21B 4 Drives for drilling, used in the borehole 33

E21B 3 Rotary drilling (drives used in the borehole, rotary drilling machines in general) 28

E21B 31 Fishing for or freeing objects in boreholes or wells (provisions on well heads for 
introducing or removing objects, locating or determining the position of objects in 
boreholes or wells)

27

E21B 25 Apparatus for obtaining or removing undisturbed cores, e.g., core barrels, 
core extractors (core bits, using explosives or projectiles in boreholes, side-wall 
sampling or coring)

25

E21B 27 Containers for collecting or depositing substances in boreholes or wells, e.g., 
bailers for collecting mud or sand, drill bits with means for collecting substances, 
e.g., valve drill bits

12

E21B 28 Vibration generating arrangements for boreholes or wells, e.g., for stimulating 
production (for drilling, for transmitting measuring signals, for geophysical 
measurements)

8

E21B 12 Accessories for drilling tools 7

E21B 1 Percussion drilling (drives used in the borehole) 5

E21B 6 Drives for drilling with combined rotary and percussive action (drives used in the 
borehole, portable percussive machines with superimposed rotation)

5

E21B 11 Other drilling tools 4

E21B 45 Measuring the drilling time or rate of penetration 4

E21B 35 Methods or apparatus for preventing or extinguishing fires (cutting or deforming 
pipes to control fluid flow, controlling flow of fluid to or in wells, firefighting in 
general)

1

E21B 40 Tubing catchers, automatically arresting the fall of oil-well tubing 1

Source: the authors

Table 3. Less protected upstream oil and gas technologies in Brazil.
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heat)

49

Source: the authors

Table 2. Most protected upstream oil and gas technologies in Brazil.
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conditions or, in some cases, may even be perceived as obsolete in the oil and gas industry, 
thereby not motivating firms to commit R&D resources to further develop these technologies.

5. Discussion

The effective management of a patent portfolio is an increasingly complex challenge in our 
current knowledge-based society, especially for firms with a large number of patent applica-
tions. As such, using patent information as secondary data, we have provided rich insights 
regarding the specific technical interest of technology-based firms operating in the Brazilian 
upstream oil and gas industry [20]. More specifically, we have employed patent application 
figures as a performance indicator representing technological hotspots [35]. To this end, we 
have explored a large number of patent documents by carrying out pattern analysis to iden-
tify relevant business insights (Madani and Weber [51]).

IPC 
groups

Description Number of patent 
applications

E21B 15 Supports for the drilling machine, e.g., derricks or masts 37

E21B 4 Drives for drilling, used in the borehole 33

E21B 3 Rotary drilling (drives used in the borehole, rotary drilling machines in general) 28

E21B 31 Fishing for or freeing objects in boreholes or wells (provisions on well heads for 
introducing or removing objects, locating or determining the position of objects in 
boreholes or wells)

27

E21B 25 Apparatus for obtaining or removing undisturbed cores, e.g., core barrels, 
core extractors (core bits, using explosives or projectiles in boreholes, side-wall 
sampling or coring)

25

E21B 27 Containers for collecting or depositing substances in boreholes or wells, e.g., 
bailers for collecting mud or sand, drill bits with means for collecting substances, 
e.g., valve drill bits

12

E21B 28 Vibration generating arrangements for boreholes or wells, e.g., for stimulating 
production (for drilling, for transmitting measuring signals, for geophysical 
measurements)

8

E21B 12 Accessories for drilling tools 7

E21B 1 Percussion drilling (drives used in the borehole) 5

E21B 6 Drives for drilling with combined rotary and percussive action (drives used in the 
borehole, portable percussive machines with superimposed rotation)

5

E21B 11 Other drilling tools 4

E21B 45 Measuring the drilling time or rate of penetration 4

E21B 35 Methods or apparatus for preventing or extinguishing fires (cutting or deforming 
pipes to control fluid flow, controlling flow of fluid to or in wells, firefighting in 
general)

1

E21B 40 Tubing catchers, automatically arresting the fall of oil-well tubing 1

Source: the authors

Table 3. Less protected upstream oil and gas technologies in Brazil.
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Our detailed examination of the E21B subclass has shown evidence of substantial differ-
ences in terms of the commercial potential of different types of upstream oil and gas tech-
nologies in the context of the Brazilian market. In addition, the findings on the robust 
growth of patent filings regarding upstream oil and gas technologies have provided evi-
dence of a growing interest of firms operating in this particular industry in developing 
technical solutions to address specific operational challenges associated with the pre-salt 
exploration [9].

As mentioned above, it is possible to determine that within the scope of the E21B subclass, 
there are technologies that received greater attention from firms in the oil and gas industry, 
motivating more patent applications to protect inventions belonging to a small set of technical 
areas [39]. Clearly, we have identified a small number of highly active technical subareas that 
represent key technologies. However, the findings also point to several IPC classifications that 
comprise upstream oil and gas technologies, but did not motivate a growing number of pat-
ent applications. This was due to the existence of areas containing technologies not suitable to 
the Brazilian operational context of the pre-salt but also due to obsolete technologies that are 
not motivating patent applications anymore [26].

In practice, it was possible to identify technological hotspots within upstream oil and gas 
technologies [31]. Clearly, the technical subareas attracting the largest number of patent 
applications concern technologies designed to build and maintain wells, as well as tech-
nologies dedicated to increase productivity of existing wells. This can be seen as a strong 
evidence that operating companies are interested in improving technologies for building 
wells as maximizing production from oil formations. However, the findings also point out 
to that there are several technical areas attracting modest industry attention in a pre-salt 
context, such as percussion drilling, measuring the drilling time, preventing or extinguish-
ing fires downhole in offshore conditions, and automatically arresting the fall of oil-well 
tubing.

The use of patent application figures helps us to claim that that the particular characteristics 
of the Brazilian pre-salt reservoirs generated specific perceptions of potential market demand 
for different technical areas. The concentration of patent applications in certain IPC groups, 
such as E21B 43 and E21B 33, highlights the value of these patents for business (Madani and 
Weber [51]). In fact, these patents can be perceived as instruments providing exclusive rights 
to commercialize critical technologies in an emerging and large-scale market. This way of 
perceiving decision-making regarding patenting leads us to the importance of highlighting 
the need to protect technologies that are perceived as strategic and generate expectations of 
high revenue potential in the coming years.

Thus, our research has revealed that despite the tremendous growth in patent applications 
concerning upstream oil and gas technologies in Brazil from 2007 onward, only a small set 
of very specific technical areas encompassed the wide majority of the patent applications. As 
such, this study contributed to the value of patent application figures as a robust performance 
indicator for monitoring competitive technology development efforts in the upstream oil and 
gas industry of a developing country.

Drilling12

6. Conclusion

This study provides further evidence of the value of exploring patent information. By explor-
ing a sample of patent data related to upstream oil and gas technologies protected by different 
players in Brazil, valuable patterns were revealed. In practice, we have observed that the value 
of patent information goes beyond its role as a source of technical information by revealing 
insights of the attractiveness of certain technologies in a country. Evidence was also found that 
rival firms in the upstream oil and gas industry attempted to increase their competitiveness by 
reinforcing their patent portfolio with strategic technologies comprising high potential mar-
ket value. Additionally, we believe that the paper is also valuable for readers without techni-
cal knowledge of upstream oil and gas technologies, as our study reveals patterns related to 
the relationship between market demand for technologies and the strategic use of patents.
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Abstract

The robotic technology, especially the intelligent robotics that can autonomously conduct 
numerous dangerous and uncertain tasks, has been widely applied to planetary explo-
rations. Similar to terrestrial mining, before landing on planets or building planetary 
constructions, a drilling and coring activity should be first conducted to investigate the 
in-situ geological information. Given the technical advantages of unmanned robotics, 
utilizing an autonomous drill tool to acquire the planetary soil sample may be the most 
reliable and cost-effective solution. However, due to several unique challenges existed 
in unmanned drilling and coring activities, such as long-distance time delay, uncer-
tain drilling formations, limited sensor resources, etc., it is indeed necessary to conduct 
researches to improve system’s adaptability to the complicated geological formations. 
Taking drill tool’s power consumption and soil’s coring morphology into account, this 
chapter proposed a drilling and coring characteristics online monitoring method to 
investigate suitable drilling parameters for different formations. Meanwhile, by apply-
ing pattern recognition techniques to classify different types of potential soil or rocks, a 
drillability classification model is built accurately to identify the current drilling forma-
tion. By combining suitable drilling parameters with the recognized drillability levels, a 
closed-loop drilling strategy is established finally, which can be applied to future inter-
planetary exploration.

Keywords: interplanetary exploration, drilling and coring, intelligent robotics, 
planetary soil simulant, closed-loop drilling strategy
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Abstract

The robotic technology, especially the intelligent robotics that can autonomously conduct 
numerous dangerous and uncertain tasks, has been widely applied to planetary explo-
rations. Similar to terrestrial mining, before landing on planets or building planetary 
constructions, a drilling and coring activity should be first conducted to investigate the 
in-situ geological information. Given the technical advantages of unmanned robotics, 
utilizing an autonomous drill tool to acquire the planetary soil sample may be the most 
reliable and cost-effective solution. However, due to several unique challenges existed 
in unmanned drilling and coring activities, such as long-distance time delay, uncer-
tain drilling formations, limited sensor resources, etc., it is indeed necessary to conduct 
researches to improve system’s adaptability to the complicated geological formations. 
Taking drill tool’s power consumption and soil’s coring morphology into account, this 
chapter proposed a drilling and coring characteristics online monitoring method to 
investigate suitable drilling parameters for different formations. Meanwhile, by apply-
ing pattern recognition techniques to classify different types of potential soil or rocks, a 
drillability classification model is built accurately to identify the current drilling forma-
tion. By combining suitable drilling parameters with the recognized drillability levels, a 
closed-loop drilling strategy is established finally, which can be applied to future inter-
planetary exploration.
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1. Introduction

Just as some imaginative descriptions on the interplanetary traveling in scientific fictions, 
human beings through decades’ striving have made a great step forward to that scenery. 
From the successful launch of Sputnik, the first man-made earth satellite in 1957 [1] to the 
first man-made lunar landing in 1969 to collect lunar soil samples [2] and the Rosetta Landing 
Project launched in 2014 on Comet 67P to collect asteroid rocks [3], mankind’s extraterrestrial 
explorations have covered the vast majority of planets, satellites and asteroids in the solar 
system. However, it should be noted that although tremendous advancements are achieved in 
space exploration, mankind also suffered a great loss, especially when astronauts encounter 
emergency risks even lost their lives for various technical reasons [4, 5]. Hence, as deep space 
exploration having been conducted, an up-and-coming replaceable solution by employing 
unmanned robots has been gradually acceptable to carry out some uncertain and dangerous 
tasks, such as interplanetary drilling and coring activities [6–8].

For future interplanetary exploration, there is an urgent demand for a reliable method to 
pierce the planetary surface to a specified depth and effectively collect soil samples [9, 10]. 
Once the in-situ soil sample acquired, the original geological information at the sampling site 
can be investigated for further usage. Compared with other soil failure technological solutions, 
such as explosion, melting, etc., the traditional drilling and coring method by only utilizing 
the compound motion of rotation and penetration still has great advantages in extracting the 
subsurface soil sample in a relatively efficient and convenient way [11, 12]. Therefore, this 
method has been widely applied to previous interplanetary missions. Considering the tech-
nical advantages of unmanned robots and the unique space drilling and coring conditions, 
interplanetary drilling and coring compared with terrestrial drilling could be more depen-
dent on intelligent drilling techniques.

Commonly speaking, interplanetary drilling control architecture contains remote control from 
Earth and autonomous drilling control on the planet [13]. Since time delay inevitably exists in 
the long distance remote communication, remote control mode is usually employed to deal 
with serious drilling faults and in the majority of the cases the sampling drill should work in 
an autonomous way [14, 15]. Furthermore, restricted by the delivery capacity of rocket and 
limited power consumption, interplanetary drilling system can hardly apply plenty of sen-
sor resources and sufficient penetrating force to accomplish the online control. On the other 
hand, in most planetary drilling missions, there is not enough prior geological information in 
a longitudinal direction on sampling sites to guide the online drilling [16]. Given the uncer-
tain and variable mechanical properties of drilling formations, the drill tool under above strict 
resources should adjust suitable drilling parameters correspondingly to overcome potential 
drilling faults and acquire as much as volume of the soil sample. To resolve the problems, 
researchers have been striving for decades to find effective solutions.

So far, the former Soviet Union’s Luna series is the only unmanned detectors that successfully 
implemented the lunar subsurface soil’s sampling and returning [17, 18]. Among them, the 
Luna 16 detector launched in 1970 with a stretched out arm mounted rig sampling method 
successfully drilled into 350 mm beneath the lunar surface, acquiring 101 g soil sample finally 
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[19]. The following Luna 20 detector launched in 1972 landed on a lunar plateau with a simi-
lar sampling device to the Luna16 and was forced to stop drilling at 250 mm depth due to 
multiple times of overheat fault, eventually sampling only 55 g lunar soil [20]. The last sam-
pling task Luna 24 in 1976 applied a threshold-based approach to autonomously control the 
drill tool. When the detected penetrating force exceeds a preset threshold, the impact motor 
will be activated in time to overcome the drilling resistance. Based on this drilling strategy, 
the received remote data revealed that in the Luna 24 detector’s drilling process the impact 
motor was frequently switched on and finally the sampler reached to a depth about 2250 mm, 
returning about 171 g lunar soil sample [21]. Although the applied threshold-checking strat-
egy indeed improved the automation level of the unmanned drill tool, it should point out that 
there exists a high probability of tripping and need a long time to wait (often hours to days) 
for human troubleshooting from afar [22]. Hence, this simple limit-checking strategy may be 
more suitable for shallow drilling missions like Mars Science Laboratory drill (50 mm depth).

After laboratory tests aboard NASA’s Phoenix Mars Lander identified water in a soil sample 
at Green Valley, Mars (Arctic pole) in 2008 [23], NASA has been preparing for an another 
Mars exploration mission to search for biomolecular evidence for life around 2018. The pro-
posed “Icebreaker” mission would use an automated rotary-percussive drill to reach and 
retrieve samples from up to 1.2 m deep in the ground ice at Mars Arctic pole [24]. To support 
for this drilling mission, NASA Ames, together with Honeybee Robotics Ltd., and Georgia 
Tech., proposed a novel drilling faults diagnosis control method by acquiring the vibration 
signals from external laser doppler vibrometers (LDVs) to identify drilling faults [25, 26]. 
Based on two diagnostic methods of rules and model prediction, the “Icebreaker” drill can 
recognize six types of drilling faults (e.g. auger chocking, hard material, etc.) and switch to the 
preset recovery parameters. Test results from the recent Arctic and Antarctic field campaigns 
demonstrated this drill has been already capable of a hands-off ability [27].

The above drilling strategy relatively improved the automation level of the system, however, 
besides drilling loads or power consumption, soil’s coring morphology should also be con-
sidered in designing its control method. As the primary goal of interplanetary exploration 
is to exam the evidence of lie by scamping the subsurface soils, it is extremely important to 
acquire as much soil core as possible under acceptable drilling loads. Furthermore, as the 
stratification information of planetary samples reflects the evolutionary history of early stars 
[28], it is necessary to preserve its stratification during the coring process for further analysis. 
Therefore, the authors proposed a novel flexible tube coring method to preserve the stratifica-
tion of soil sample [29]. In order to comprehend the core flowing characteristics and optimize 
the final coring results, a non-contact type measurement based on ultrasonic wave reflection 
mechanism and vision techniques is applied to online monitor the coring and removal char-
acteristics [30]. Once the drill-soil interaction mechanism comprehended, suitable drilling 
parameters for different types of drilling formations considering both power consumption 
and coring morphology can be optimized then.

Apart from suitable drilling parameters, to identify what kind of formation the drill bit is cur-
rently drilling is another key point to the unmanned  drill tool. Only if these two key  parameters 
matched correspondingly, the unmanned drill tool may be smoothly penetrated into the 
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uncertain formations and finally retrieve valuable core samples. Since planetary regolith has 
a considerable number of geological and mechanical properties, it is rather difficult to identify 
all the parameters individually online. Hence, the authors proposed a control strategy based 
on planetary regolith drillability (PRD) recognition [31]. Herein, the drillability of formation 
is a consolidated index to stand for drilling difficulty. A recognition model based on support 
vector machine (SVM) has been established to evaluate the drillability of current formation 
and subsequently control the algorithms that can tune drilling parameters to adapt to the cur-
rent drilling conditions.

The remainder of this paper is organized as follows. The unique challenges in interplanetary 
drilling and coring are discussed first. Next, the specific drilling and coring characteristics 
containing the drilling loads characteristics and soil flowing characteristics are elaborated. A 
drillability recognition method is proposed based on monitoring the signals then. Finally, an 
intelligent real-time drilling strategy is achieved based on drillability recognition and drill-
ing experiments in multi-layered drilling formations indicated that this unmanned control 
method could effectively reduce the drilling loads and keep a relatively complete stratification.

2. Challenges in interplanetary drilling

In general, if neglecting the economic factors, terrestrial drilling can be conducted with 
advanced auxiliary facilities to investigate the in-situ drilling formations and can automati-
cally apply liquid lubricant to improve the drilling conditions [32, 33]. Compared with ter-
restrial drilling, interplanetary drilling and coring restricted by the extreme environmental 
conditions on the planet will have to solve several unique challenges. To assure the operabil-
ity of the required drill tool and its control strategy, it is thoroughly necessary to comprehend 
the in-situ environment conditions and existing applicable resources. The following drilling 
and coring characteristics investigation and recognition based drilling strategy will be both 
based on these understandings. The following subsections will discuss four main challenges 
in interplanetary drilling.

2.1. Long-distance between planet and Earth

At present, wireless teleoperation is widely used in the monitoring and control of space-
craft operation status. For example, in the second phase of China lunar exploration, based 
on acquired visual images the lunar rover completed the entire inspection survey mission 
by means of ground teleoperation [34]. However, different from rover’s navigation control, 
the buried drilling and coring activity is a quite dynamic and rapid process and any signal 
delay caused by long-distance teleoperation may directly result in a serious drilling fault. 
Once the drilling faults happened, specialists from Earth also need a long time to diagnose 
and recovery, making the drilling and coring process last for hours or days. Even though the 
drilling faults can be handled successfully, the final coring quality and core’s stratification 
could be destroyed during this long time recovery process. Considering for future deeper 
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space explorations, for example, the round-trip delay between Mars and Earth will be as 
long as 40 min, this long time delay by teleoperation will definitely not acceptable for inter-
planetary drilling and coring operations [35]. Hence, in general only when a serious abnor-
mality occurs in the sampling process, the sampling device could be automatically forced to 
stop drilling and wait for the ground specialists to make a fault judgment and determine the 
corresponding treatment plan. Otherwise, the sampling device should work in a thoroughly 
autonomous condition.

2.2. Complicated and uncertain drilling formations

Given the short execution time of Mars and asteroid exploration compared with the lunar 
exploration, the data of soils on Mars and asteroids are rarely found yet. Herein, this chapter 
mainly focuses on the physical properties of lunar soil. According to previous investigations 
on the material returned from the moon, the terrestrial term “regolith” is also used for the 
interplanetary exploration [36]. Regolith has been defined as a general term for the layer or 
mantle of fragmental and unconsolidated rock material. According to the published litera-
ture, lunar regolith ranges from granular soil to hard rocks [37, 38], and it mainly consists of 
five types of material: rock detritus, mineral dust, breccia, agglutinate and impacting molten 
glass. The physical characteristics of above lunar soil components are quite different and the 
distribution of different components of lunar soil in the depth direction at the sampling site is 
also uncertain. During future planetary drilling processes, either soil or rock will be randomly 
encountered, resulting in that the final coring quality and drilling loads may both be influ-
enced by unpredictable properties. There are numerous parameters, including cohesion, fric-
tion angle, relative density, compression ratio, particle size distribution, etc., to describe the 
physical properties of lunar soil [39], further increasing the difficulty to identify the physical 
parameters of lunar soil at different depths one by one. Therefore, it is necessary to simplify 
the mechanical parameter identification of lunar soil.

2.3. Lacking of prior investigation on sampling site

Similar to terrestrial mining, prior investigation on the sample site will extraordinarily guide 
the following drilling and coring activities. In the second phase of China lunar exploration, a 
novel lunar penetrating radar (LPR) has already been applied to detect the morphology of the 
lunar surface and stratification information of subsurface lunar regolith for supporting further 
detector’s landing site’s selecting, however, it should be noted that until now due to the mass 
and power constraints its detection accuracy can only reach to about 30 cm [40]. Considering 
that any unclear detected drilling formation may bring out a serious drilling fault once inap-
propriate drilling parameters are operated. Therefore, it is still difficult to apply the LPR’s 
detecting geological layering information to guide the sampling drill before drilling begins. It 
indicates that the drill tool should better work in a passive adaptive control mode, in which 
the drill tool during the whole drilling and coring process should online switch suitable drill-
ing parameters according to the recognized current drilling formation on the drill bit, nor in 
the active control mode.
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2.4. Limited on-orbit sensor resources

According to the discussion in above subsection, the control architecture of unmanned inter-
planetary drill should better work in a passive adaptive control, in which the drill tool will 
totally rely on the feedback data by sensors. However, compared with the planetary rov-
er’s surface navigation control, the planetary unmanned drilling has a more limited sensing 
resources. In addition to the constraints of quality, power consumption and high and low tem-
perature vacuum environment, the sensors used for drilling condition’s monitoring also need 
to overcome the restrictions like small installation space of drilling tools and the prevention of 
sample contamination as well as the high frequency vibration caused by the impact of drilling 
tools, etc. Combing above tough working conditions together, perhaps only traditional load 
cells and displacement transducers can be applied to the interplanetary drilling. Hence, to 
realize the intelligent drilling control the sample drill need to fully integrate the existed sen-
sors’ information, which should all be imported to the controller to decide its online strategy.

Besides above challenges, there also exists some negative factors affecting the interplanetary 
drilling. For example, the non-water environment on the planet surface that will cause the 
drill tool will work in a dry condition without any liquid lubricant to improve the drilling 
conditions. The only effective removing cutting chips solution is the spiral auger flute. Due to 
the fact that drilling loads or power consumptions are highly dependent on the removal con-
dition [41], during this dry drilling process drilling loads will be more sensitive to the drilling 
parameters. Overall, these harsh working conditions will definitely aggravate the risk of the 
interplanetary drill, which all require a more robust and reliable control strategy.

3. Drilling and coring characteristics

The ultimate goal of interplanetary sampling exploration is to acquire as much as possible 
planetary regolith for further scientific analysis. Apart from the volume of planetary regolith, 
the stratification of the sample should also be seriously considered in the drilling process. 
If the geological information of soil sample was not be preserved completely, its geological 
value would be significantly reduced. In China Chang’e drilling and coring mission, a novel 
flexible tube coring (FTC) method referred from Luna 24 mission is being adopted to solve 
the above problem [42]. As shown in Figure 1, its drilling and coring process is illustrated.

In the FTC penetrating process (rotary speed n and penetrating velocity vp), the in-situ sub-
surface regolith destroyed by the cutting edge of drill tool can be divided into two parts: the 
wrapped sample into the flexible tube and the cutting chips conveyed along the spiral flute. 
Since the wrapped core soil is adjacent to the cutting soil through the holes at the bottom, it 
may result in a sudden collapse of the inner surface of the flexible tube when cutting chips are 
removed, resulting in a decline in the height of core. However, considering that there is no 
relative locomotion between the sample and the flexible tube in stable conditions, the sample 
can be continuous along the depth direction. Although the adopted FTC method has a great 
advantage in maintaining the core stratification, there still exists a considerable possibility 
that a very small amount of core soils are finally acquired in drilling process. Therefore, to 
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a certain degree, the height of core index Hs or the coring ratio Kc index (the ratio of coring 
height Hs to drilling depth Hd) can represent the core flowing characteristics and should be 
monitored in real-time.

It can be also found that there inevitably exists a vertical distance between the bottom of 
the flexible tube and the bottom of the drill bit, connecting the internal core to the external 
cutting chips, as shown in Figure 1. Due to the fact that the external cutting chips’ removal 
flowing characteristics is heavily determined by the operated drilling parameters [43, 44], the 
removed cutting chips may have a negative influence on the inner coring soil and make the 
coring results drop correspondingly. Therefore, besides monitoring the coring characteristics, 
the soil removal characteristics should also be online detected. As shown in Figure 2, in order 
to comprehend the drilling and coring characteristics, a noncontact soil flowing characteris-
tics monitoring method has been proposed for experimental verification.

Since the cored soil is wrapped into the closed space, it’s fairly difficult to measure the cored 
soil without affecting soil’s original states. To solve this problem, an ultrasonic displacement 
sensor is deployed into the hollow flexible tube, as shown in Figure 2(a). To assist measure-
ment, a protective hollow tube is installed at the front of the sensor, allowing the sonic wave 
to pass through it without disturbance. Besides that, avoiding unnecessary disturbing reflec-
tion from the uneven upper surface, one Teflon made reflect board with a small mass (4 g) 
is elaborately designed to put on the in situ soil. As a result, the online coring ratio Kc can be 
indirectly calculated by acquiring the ultrasonic sensor’s online value Hu, its initial value Huo, 
and the online drilling depth Hd. Apart from the coring states, soil removal characteristics are 
acquired by measuring the accumulation morphology on a PE plastic wrap by an external 
camera, as shown in Figure 2(b). By converting the colorful images into binary images, the 
outline of accumulation soil can be obtained thereby. Meanwhile, by searching the right, left, 
and upward points of current outline and summing up each accumulation volume, the total 
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2.4. Limited on-orbit sensor resources
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volume of accumulated soil Vacc can be finally online acquired. Hence, based on above non-
contact measurement the soil flowing characteristics during the drilling and coring process 
can be accurately monitored without any damage.

To verify the proposed measurement, drilling experiments under the condition of n = 400 rev/min, 
vp = 150 mm/min are conducted. The online coring results containing the ultrasonic sensor’s value, 
the coring height, and the coring ratio are illustrated respectively in Figure 3. It can be seen that 
during the first 105 mm drilling depth, the ultrasonic sensor’s value keeps stable, meaning that 
the coring soil stays at the original position making the coring height climb stably to the 105 mm 
and coring ratio keeps around the 100%. After then, the monitored sensor’s value reveals that it 
has a sudden increase, resulting in a turning point at the 105 mm drilling depth. According to 
the definition, the corresponding coring height and coring ratio both has a sharp decline. Finally, 
during the 200 mm depth, the coring height slips to approximately 70 mm and the coring ratio 
reaches to less than 40%.

Based on above founding, it can be inferred that there exists a sudden collapse of the cored 
soil in the flexible tube. Actually, this interesting phenomenon can be explained by the state 
of the cored soil. As shown in Figure 1, the cored soil and the conveyed soil are inevitability 
connected at the bottom of the drill bit. Under proper drilling parameters or penetration per 
revolutions (PPR = vp/n, mm/rev), once the drill bit drills into the regolith the cutting chips 
will be conveyed from the bottom by auger’s spiral locomotion, which may make the cored 
soil stays in a positive stress, and vice versa. Since there exists a small side failure zone at 

Figure 2. Scheme of the noncontact soil flowing characteristics monitoring method. (a) Scheme of monitoring method; 
(b) Acquired images in monitoring process.

Drilling24

the outer annular space of cored soil by the inner edges of cuter [45], once the bottom of soil 
become totally granular at a certain depth, cannot be able to sustain the upward positive 
stress, it will result in a sudden broken or collapse along the longitudinal direction.

Apart from the core flowing characteristics, cutting chips’ removal flowing characteristics is 
also investigated. By identifying the outline image of the wedge-shaped of the removed soil 
outside the surface and calculating its 3D volume per second, the online volume of removed 
soil Vacc under three different PPRs (1.6, 0.53, and 0.32 mm/rev) is shown in Figure 4. It can be 

Figure 3. Monitored height of core and coring ratio in experiments.

Figure 4. Monitored volume of accumulated soil Vacc under different PPRs.
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seen that during above drilling and coring process, the penetrating velocity is kept constant 
(80 mm/min), while the rotary speed will be adjusted (50 rev/min → 150 rev/min → 250 rev/min  
→ 150 rev/min → 50 rev/min). Meanwhile, the monitored volume Vacc can be divided into 
seven stages (AB → BC → CD → DF → FG → GH → HI).

During the AB stage of the first 20 s, since drill bit constantly cuts the in situ soil simulant 
without spiral auger’s participant, there is almost no soil accumulated upon the surface. After 
then, the drill bit is buried in the soil, the auger starts to remove soil from the borehole bot-
tom with a low removal speed during the BC stage. At the 40 s moment (C point), the rotary 
speed is suddenly switched to 150 rev/min with the result of the sudden increase of Vacc. It 
can obviously be seen that the removal speed during CD stage is higher than that during BC 
stage. Above phenomenon is almost same with that in conditions between DF stage and CD 
stage. At the 85 s moment (F point), the corresponding PPR is regulated back to 0.53 mm/rev, 
which results in a slow increase trend of the Vacc. After about 5 s, the removal speed becomes 
normal. This slow increase trend of the Vacc also exists in the sudden change on G point. Based 
on above experimental results, it can be concluded that the monitored volume of accumu-
lated soil can reflect the online removal states well and the PPR index has a great effect on the 
removal states and should be optimized further.

According to preliminary experiments, the proposed non-contact drilling and coring char-
acteristics monitoring method has been validated well. Next, to provide suitable drilling 
parameters database for the following intelligent drilling strategy, more drilling and coring 
experiments taken the drilling loads and core’s quality into account will be conducted in sev-
eral different drilling formations, such as limestone, sandstone, compacted soil, etc.

4. Recognition based drilling strategy

Intelligent drilling control algorithm needs to be able to effectively identify the drilling forma-
tion, and timely adjust appropriate drilling parameters according to the recognition result. 
As an effective pattern recognition method, support vector machine (SVM) has been widely 
applied for several linear and nonlinear separable problems because of its high generalization 
ability [46, 47]. In previous works, a drillability classification covering from granular soil to 
hard rocks has been established based on the mechanical penetrating tests [48]. Herein, both 
rotary torque and penetrating force are selected as the drilling states monitoring signals x to 
imported into the proposed support vector machine recognition model to predict the corre-
sponding drillability level y, as shown in Figure 5. Once the current formation’s drillability 
level recognized, control algorithm will switch the optimized drilling parameters to drive the 
rotary motor and penetrate motor.

Actually, traditional SVM algorithm is based on the two classification mode, which is not 
suitable for multiple patterns of drillability classification. Compared with other classification 
methods, the decision directed acyclic graph (DDAG) based on the decision tree has a bet-
ter training speed and a higher classification accuracy on the normal scale separation prob-
lems [49]. Considering that for covering potential drilling formations on the planets there are 
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at least three different formations for validation. Herein, DDAG is adopted to conduct the 
drillability recognition. The classification’s structure diagram for four levels of lunar regolith 
simulants’ drillability is shown in Figure 6.

As can be seen from the above algorithm structure, this method constructs a classifier with a 
two-way directed acyclic graph. Among them, the classifier 1 is located at the top of the root 
node to complete the first and second levels of drillability level 1–4 drillability comparison. 
By comparing the drillability level of 1 and drillability level of 4, the most samples may not 
belong to drillability level 1 (drillability level 4) can be excluded. After 3 times of excluding, 
the remaining category will be the drillability 1. Experiments indicated that by successive 
comparison this classification algorithm can guarantee a higher recognition accuracy.

In fact, model parameters in SVM play an important role in affecting recognition’s accuracy. In 
the kernel function of SVM, scale parameter g and penalty coefficient C have the most signifi-
cant effect on recognition’s accuracy. When the two parameters do not match well, SVM will 
be overtraining or overfitting, which is an unstable situation in recognition. Herein, based on a 
grid search method, these two SVM model are optimized. To verify the optimized SVM model’s 
generalization ability, drilling characteristics of different drillability samples under constant 
drilling parameters should be imported to conduct recognition training. Herein, a combination 

Figure 5. Scheme of drillability recognition based on SVM.

Figure 6. Drillability recognition algorithm based on DDAG.
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of rotary speed n = 100 rev/min and penetrating velocity vp = 10 mm/min is used as recognized 
drilling parameters. Typical simulants of drillability level 1, 3, 5 and 6 are selected as drilling 
media. Recognition results of un-optimized and optimized are shown in Figure 7. It can be 
found that the recognition accuracy of optimized SVM model is about 94.37%, which is obvi-
ously higher than the 78.15% of un-optimized model. When recognizing the closed drillability 
level 5 and level 6, the un-optimization model identifies 109 samples in 160 test samples and the 
recognition accuracy is just 68.13% in total. However, under the same conditions, the optimized 
model identifies 150 samples and the accuracy reaches roughly 93.75% in total. Therefore, it 
indicated that the optimized SVM recognition model indeed improves its recognition accuracy 
and becomes more practical in recognizing multilayered drilling media’s drillability.

Once the optimized drillability SVM recognition model has been acquired, a multi-layered 
simulant mixed with granular soil and rocks has been constructed for conducting closed-loop 
validation experiments. There are five layers of three different compositions including granu-
lar soil (level 1), limestone (level 5) and marble (level 6) along the depth. As shown in Figure 8,  
signals acquired in the closed-loop drillability real-time recognition experiment are the  drilling 

Figure 7. Comparison of drillability recognition before and after optimization.

Drilling28

state signals such as rotary torque, penetrating force, rotary speed, penetrating velocity, drill-
ing power, and drilling energy. Among these signals, rotary torque and penetrating force 
were chosen as the recognition signals to identify drillability, and rotary speed and penetrat-
ing velocity are the corresponding drilling parameters adjusted to adapt to different drilling 
formations. For granular soil, rotary and penetrating control mode is adopted while rotary 

Figure 8. Drilling states during the multi-layered simulant drilling process.
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and percussive control mode are employed for rocks. When penetrating the granular soil from 
0 to 22 s, the rotary motor keeps a constant rotary speed 80 r/min and penetrating motor exerts 
a constant velocity 80 mm/min. In this period, penetrating force is less than 50 N, rotary torque 
is no more than 0.6 Nm and drilling power is less than 10 W. When penetrating to the forma-
tion of limestone, penetrating force booms up meanwhile recognition drilling parameters are 
adopted to start real-time recognition. When recognizing limestone’s drillability level, rotary 
motor switches rotary speed to 100 r/min and penetrating velocity is maintained a constant 
value 10 mm/min. In this period, penetrating force maintains a low level of less than 650 N, 
rotary torque is also no more than 10 Nm and drilling power is controlled no more than 90 W.

According to the monitored drilling states, by matching the appropriate drilling parameters 
with corresponding drillability level, the drilling loads in penetrating five formations keep 
relatively stable and do not surpass drill tool’s load limits. As a result, it takes only 600 s and 
10 Wh drilling energy in the 0.5 m drilling process. Overall, this drillability real-time recogni-
tion drilling strategy has been verified by this multi-layered drilling experiments.

5. Prospect for future application

Although the proposed non-contact drilling and coring characteristics monitoring method, 
SVM pattern recognition method, and drillability recognition based drilling strategy in this 
chapter are more specific to the interplanetary drilling actives, it should point out that these 
technologies may also be applied to terrestrial oil and gas well drilling operations. Specially 
speaking, even although by detecting devices applied into terrestrial oil and gas well drilling 
operations, the in-situ geological information can be acquired before, due to the unpredicted 
and variable online drilling conditions, there still exists great challenges in drill bits’ selection, 
fluid system monitoring and parameters’ optimization, adjustment of drilling parameters, 
well drilling faults’ diagnosis, etc., [50, 51].

To solve the above problems, intelligent drilling technologies have been gradually widely 
employed in oil and gas well drilling activities. However, so far more attention was paid into 
the drill bit’s wearing recognition, drilling faults’ identification, formations’ lithology evolu-
tion, etc. [52–54], few works were conducted to focus on the coring characteristics monitoring 
and adjustment. Since the ultimate goal of commercial drilling is to extract oil as much as 
possible, it perhaps is better to apply some facilities to monitor the online coring results into 
the inner tube. Herein, the proposed non-contact drilling and coring characteristics monitor-
ing method is developed to conduct experimental validations, but once its specific structure 
parameters and installation conditions can be optimized further it may be employed into 
practice to enhance the online coring monitoring performance.

Given suitable drilling parameters in oil and gas well drilling are more dependent on the empiri-
cal formula concluded by experts [55], it is also urgently necessary and important to conduct 
rigorously theoretical calculation and experimental validation works on the soil-machine interac-
tion, wherein the soil or rock’s flow monograph can be comprehended more basically and the 
minimum power of the actuator under specific formation could then be referenced for future 
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application. Therefore, the proposed drilling and coring characteristics monitoring method may 
be applied to further experiments. Moreover, considering the increasing costs of human resources 
in the future, the unmanned oil and gas drilling is being more popular than before. The proposed 
drillability recognition based online drilling strategy is exactly developed for this issue. By only 
required some basic force sensor resources, it can be simply applied to recognize different drill-
ability levels of uncertain drilling formations in practice. However, it should be noted that for 
future application, more considerations should be taken into optimizing the fluid system’s dis-
turbance on the recognition and the longer depth’s coupling influence on the mechanical system.

6. Conclusions

This chapter elaborates the unique challenges in interplanetary drilling and coring mission. 
To comprehend the specific drilling and coring characteristics, a non-contact drilling and cor-
ing characteristics monitoring method has been proposed and verified. By establishing a drill-
ability classification model, different types of drilling formations are evaluated by a combined 
index. Based on the SVM pattern recognition method, a drillability recognition model has 
been built up that can accurately identify four different drillability levels after optimization. 
Experiments under a multi-layered drilling simulant revealed that this intelligent drilling 
strategy can effectively reduce the drilling loads and can be applied to future interplanetary 
unmanned drilling and coring exploration.
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and percussive control mode are employed for rocks. When penetrating the granular soil from 
0 to 22 s, the rotary motor keeps a constant rotary speed 80 r/min and penetrating motor exerts 
a constant velocity 80 mm/min. In this period, penetrating force is less than 50 N, rotary torque 
is no more than 0.6 Nm and drilling power is less than 10 W. When penetrating to the forma-
tion of limestone, penetrating force booms up meanwhile recognition drilling parameters are 
adopted to start real-time recognition. When recognizing limestone’s drillability level, rotary 
motor switches rotary speed to 100 r/min and penetrating velocity is maintained a constant 
value 10 mm/min. In this period, penetrating force maintains a low level of less than 650 N, 
rotary torque is also no more than 10 Nm and drilling power is controlled no more than 90 W.

According to the monitored drilling states, by matching the appropriate drilling parameters 
with corresponding drillability level, the drilling loads in penetrating five formations keep 
relatively stable and do not surpass drill tool’s load limits. As a result, it takes only 600 s and 
10 Wh drilling energy in the 0.5 m drilling process. Overall, this drillability real-time recogni-
tion drilling strategy has been verified by this multi-layered drilling experiments.

5. Prospect for future application

Although the proposed non-contact drilling and coring characteristics monitoring method, 
SVM pattern recognition method, and drillability recognition based drilling strategy in this 
chapter are more specific to the interplanetary drilling actives, it should point out that these 
technologies may also be applied to terrestrial oil and gas well drilling operations. Specially 
speaking, even although by detecting devices applied into terrestrial oil and gas well drilling 
operations, the in-situ geological information can be acquired before, due to the unpredicted 
and variable online drilling conditions, there still exists great challenges in drill bits’ selection, 
fluid system monitoring and parameters’ optimization, adjustment of drilling parameters, 
well drilling faults’ diagnosis, etc., [50, 51].

To solve the above problems, intelligent drilling technologies have been gradually widely 
employed in oil and gas well drilling activities. However, so far more attention was paid into 
the drill bit’s wearing recognition, drilling faults’ identification, formations’ lithology evolu-
tion, etc. [52–54], few works were conducted to focus on the coring characteristics monitoring 
and adjustment. Since the ultimate goal of commercial drilling is to extract oil as much as 
possible, it perhaps is better to apply some facilities to monitor the online coring results into 
the inner tube. Herein, the proposed non-contact drilling and coring characteristics monitor-
ing method is developed to conduct experimental validations, but once its specific structure 
parameters and installation conditions can be optimized further it may be employed into 
practice to enhance the online coring monitoring performance.

Given suitable drilling parameters in oil and gas well drilling are more dependent on the empiri-
cal formula concluded by experts [55], it is also urgently necessary and important to conduct 
rigorously theoretical calculation and experimental validation works on the soil-machine interac-
tion, wherein the soil or rock’s flow monograph can be comprehended more basically and the 
minimum power of the actuator under specific formation could then be referenced for future 
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application. Therefore, the proposed drilling and coring characteristics monitoring method may 
be applied to further experiments. Moreover, considering the increasing costs of human resources 
in the future, the unmanned oil and gas drilling is being more popular than before. The proposed 
drillability recognition based online drilling strategy is exactly developed for this issue. By only 
required some basic force sensor resources, it can be simply applied to recognize different drill-
ability levels of uncertain drilling formations in practice. However, it should be noted that for 
future application, more considerations should be taken into optimizing the fluid system’s dis-
turbance on the recognition and the longer depth’s coupling influence on the mechanical system.

6. Conclusions

This chapter elaborates the unique challenges in interplanetary drilling and coring mission. 
To comprehend the specific drilling and coring characteristics, a non-contact drilling and cor-
ing characteristics monitoring method has been proposed and verified. By establishing a drill-
ability classification model, different types of drilling formations are evaluated by a combined 
index. Based on the SVM pattern recognition method, a drillability recognition model has 
been built up that can accurately identify four different drillability levels after optimization. 
Experiments under a multi-layered drilling simulant revealed that this intelligent drilling 
strategy can effectively reduce the drilling loads and can be applied to future interplanetary 
unmanned drilling and coring exploration.

Acknowledgements

The authors greatly thank to the financial support by the fundamental research fund from the 
National Natural Science Foundation (Nos. 61403106, 51575122) and the Program of China 
Scholarship Council (No. 201706120153).

Author details

Junyue Tang, Qiquan Quan, Shengyuan Jiang*, Jieneng Liang and Zongquan Deng

*Address all correspondence to: jiangshy@hit.edu.cn

State Key Laboratory of Robotics and System, Harbin Institute of Technology, Harbin,  
PR China

References

[1] Harvey B. Soviet and Russian Lunar Exploration. Chichester: Praxis; 2007. DOI: 
10.1007/978-0-387-73976-2

Intelligent Drilling and Coring Technologies for Unmanned Interplanetary Exploration
http://dx.doi.org/10.5772/intechopen.75712

31



[2] Bar-Cohen Y, Zacny K. Drilling in Extreme Environments: Penetration and Sampling on 
Earth and Other Planets. Weinheim: Wiley-VCH; 2009. pp. 347-541. DOI: 10.1002/9783527 
626625

[3] Finzi A, Zazzera F, Dainese C, et al. SD2-how to sample a comet. Space Science Reviews. 
2007;128(1):281-299. DOI: 10.1007/s11214-006-9134-6

[4] Elizabeth, H. Columbia Disaster: What Happened, What NASA Learned [Internet]. 
2017. Available from: https://www.space.com/19436-columbia-disaster.html [Accessed: 
2017-11-14]

[5] Elizabeth, H. Apollo 13: Facts about NASA's near-Disaster [Internet]. 2017. Available 
from: https://www.space.com/17250-apollo-13-facts.html [Accessed: 2017-10-9]

[6] Parnell J, Cullen D, Sims MR, et al. Searching for life on mars: Selection of molecular tar-
gets for ESA’s aurora ExoMars mission. Astrobiology. 2007;7(4):578-604. DOI: 10.1089/
ast.2006.0110

[7] Quan Q, Tang J, Jiang S, et al. Control system for a drilling & coring device in lunar 
exploration. In: Proceedings of the IEEE International Conference on Information and 
Automation (ICIA '13); 26-28 August 2013; Yinchuan. New York: IEEE; 2013. pp. 579-584

[8] Zacny K, Bar-Cohen Y, Brennan M, et al. Drilling systems for extraterrestrial subsurface 
exploration. Astrobiology. 2008;8(3):665-706. DOI: 10.1089/ast.2007.0179

[9] Gao Y, Thomas E, Pitcher C. Piercing the extraterrestrial surface: Integrated robotic drill 
for planetary exploration. IEEE Robotics & Automation Magazine. 2015;22(1):45-53. DOI: 
10.1109/MRA.2014.2369293

[10] Tang J, Deng Z, Chen C, et al. Review of planetary drilling & coring technologies ori-
ented towards deep space exploration. Journal of Astronautics. 2017;38(6):555-565. DOI: 
10.3873/j.issn.1000-1328.2017.06.001

[11] Anttila M. Concept evaluation of mars drilling and sampling instrument [thesis]. 
Helsinki University of Technology: Helsinki; 2004

[12] Ran H, Zhang J, Xie W, et al. Applications study of geo drilling technology. Acta 
Geologica Sinica. 2011;85(11):1806-1822. DOI: 11-1951/P.20111025.0834.007

[13] Tang J, Deng Z, Quan Q, et al. Real-time drilling strategy for planetary sampling: Method 
and validation. Journal of Aerospace Engineering. 2016;29(5):04016033. DOI: 10.1061/
(ASCE)AS.1943-5525.0000619

[14] Tang J, Quan Q, Jiang S, et al. Investigating the soil removal characteristics of flexible 
tube coring method for lunar exploration. Advances in Space Research. 61(3):799-810. 
DOI: 10.1016/j.asr.2017.10.043

[15] Lian Y, Chen S, Meng Z, et al. Geological analysis of lunar middle and low latitude 
brightness temperature anomaly area based on chang’e-2 mrm data. Acta Geoscientica 
Sinica. 2014;35(5):643-647. DOI: 10.3975/cagsh.2014.05.15

[16] Huntress W, Moroz V, Shevalev I. Lunar and planetary robotic exploration missions in the 
20th century. Space Science Reviews. 2003;107(3):541-649. DOI: 10.1023/A:1026172301375

Drilling32

[17] Zacny K, Paulsen G, Szczesiak M, et al. Lunarvader: Development and testing of lunar 
drill in vacuum chamber and in lunar analog site of Antarctica. Journal of Aerospace 
Engineering. 2013;26(1):74-86. DOI: 10.1061/(ASCE)AS.1943-5525.0000212

[18] Harvey B, Zakutnyaya O. Russian Space Probes: Scientific Discoveries and Future 
Missions. Chichester: Praxis; 2011. DOI: 10.1007/978-1-4419-8150-9

[19] Dave A, Thompson S, McKay C, et al. The sampling handling system for the mars ice-
breaker life mission: From dirt to data. Astrobiology. 2013;13(4):354-369. DOI: 10.1089/
ast.2012.0911

[20] Glass B, Cannon H, Branson M, et al. Dame: Planetary-prototype drilling automation. 
Astrobiology. 2008;8(3):653-664. DOI: 10.1089/ast.2007.0148

[21] Glass B, Thompson S, Paulsen G. Robotic planetary drill tests. In: Proceedings of the 
International Symposium on Artificial Intelligence, Robotics and Automation in Space 
(I-SAIRAS '10), August 29 to September 1 2010. Sapporo, Japan, Tokyo: JAXA; 2010. 
pp. 464-470

[22] Moskowitz C. NASA Makes Shaved Ice on Mars [Internet]. 2008. Available from: https://
www.space.com/5632-nasa-shaved-ice-mars.html [Accessed: 2008-7-16]

[23] McKay C, Stoker C, Glass B, et al. The icebreaker life mission to mars: A search for bio-
molecular evidence for life. Astrobiology. 2013;13(4):334-353. DOI: 10.1089/ast.2012.0878

[24] Statham S. Autonomous structural health monitoring technique for interplanetary 
drilling applications using laser doppler velocimeters [thesis]. Georgia Institute of 
Technology: Atlanta; 2011

[25] Zacny K, Bar-Cohen Y. Drilling and excavation for construction and in-situ resource 
utilization. In: Badescu V, editor. Mars Prospect Energy and Material Resources. Berlin: 
Springer-Verlag; 2009. pp. 431-459. DOI: 10.1007/978-3-642-03629-3

[26] Glass B, Dave A, McKay C, et al. Robotics and automation for “icebreaker”. Journal of 
Field Robotics. 2014;31(1):192-205. DOI: 10.1002/rob.21487

[27] Heiken G, Vaniman D, French B. Lunar Sourcebook: A user’s Guide to the Moon. 
Cambridge: Cambridge University Press; 1991. pp. 475-567

[28] Quan Q, Chen C, Deng Z, et al. Recovery rate prediction in lunar regolith simulant drill-
ing. Acta Astronautica. 2017;133:121-127. DOI: 10.1016/j.actaastro.2017.01.002

[29] Tang J, Quan Q, Jiang S, et al. Experimental investigation on flowing characteristics of 
flexible tube coring in lunar missions. Powder Technology. 2018;326:16-24. DOI: 10.1016/ 
j.powtec.2017.12.013

[30] Tang J, Quan Q, Jiang S, et al. A soil flowing characteristics monitoring method in 
planetary drilling and coring verification experiments. Advances in Space Research. 
2017;59(5):1341-1352. DOI: 10.1016/j.asr.2016.12.009

[31] Quan Q, Tang J, Jiang S, et al. A real-time recognition based drilling strategy for 
lunar exploration. In: Proceedings of the IEEE International Conference on Intelligent 

Intelligent Drilling and Coring Technologies for Unmanned Interplanetary Exploration
http://dx.doi.org/10.5772/intechopen.75712

33



[2] Bar-Cohen Y, Zacny K. Drilling in Extreme Environments: Penetration and Sampling on 
Earth and Other Planets. Weinheim: Wiley-VCH; 2009. pp. 347-541. DOI: 10.1002/9783527 
626625

[3] Finzi A, Zazzera F, Dainese C, et al. SD2-how to sample a comet. Space Science Reviews. 
2007;128(1):281-299. DOI: 10.1007/s11214-006-9134-6

[4] Elizabeth, H. Columbia Disaster: What Happened, What NASA Learned [Internet]. 
2017. Available from: https://www.space.com/19436-columbia-disaster.html [Accessed: 
2017-11-14]

[5] Elizabeth, H. Apollo 13: Facts about NASA's near-Disaster [Internet]. 2017. Available 
from: https://www.space.com/17250-apollo-13-facts.html [Accessed: 2017-10-9]

[6] Parnell J, Cullen D, Sims MR, et al. Searching for life on mars: Selection of molecular tar-
gets for ESA’s aurora ExoMars mission. Astrobiology. 2007;7(4):578-604. DOI: 10.1089/
ast.2006.0110

[7] Quan Q, Tang J, Jiang S, et al. Control system for a drilling & coring device in lunar 
exploration. In: Proceedings of the IEEE International Conference on Information and 
Automation (ICIA '13); 26-28 August 2013; Yinchuan. New York: IEEE; 2013. pp. 579-584

[8] Zacny K, Bar-Cohen Y, Brennan M, et al. Drilling systems for extraterrestrial subsurface 
exploration. Astrobiology. 2008;8(3):665-706. DOI: 10.1089/ast.2007.0179

[9] Gao Y, Thomas E, Pitcher C. Piercing the extraterrestrial surface: Integrated robotic drill 
for planetary exploration. IEEE Robotics & Automation Magazine. 2015;22(1):45-53. DOI: 
10.1109/MRA.2014.2369293

[10] Tang J, Deng Z, Chen C, et al. Review of planetary drilling & coring technologies ori-
ented towards deep space exploration. Journal of Astronautics. 2017;38(6):555-565. DOI: 
10.3873/j.issn.1000-1328.2017.06.001

[11] Anttila M. Concept evaluation of mars drilling and sampling instrument [thesis]. 
Helsinki University of Technology: Helsinki; 2004

[12] Ran H, Zhang J, Xie W, et al. Applications study of geo drilling technology. Acta 
Geologica Sinica. 2011;85(11):1806-1822. DOI: 11-1951/P.20111025.0834.007

[13] Tang J, Deng Z, Quan Q, et al. Real-time drilling strategy for planetary sampling: Method 
and validation. Journal of Aerospace Engineering. 2016;29(5):04016033. DOI: 10.1061/
(ASCE)AS.1943-5525.0000619

[14] Tang J, Quan Q, Jiang S, et al. Investigating the soil removal characteristics of flexible 
tube coring method for lunar exploration. Advances in Space Research. 61(3):799-810. 
DOI: 10.1016/j.asr.2017.10.043

[15] Lian Y, Chen S, Meng Z, et al. Geological analysis of lunar middle and low latitude 
brightness temperature anomaly area based on chang’e-2 mrm data. Acta Geoscientica 
Sinica. 2014;35(5):643-647. DOI: 10.3975/cagsh.2014.05.15

[16] Huntress W, Moroz V, Shevalev I. Lunar and planetary robotic exploration missions in the 
20th century. Space Science Reviews. 2003;107(3):541-649. DOI: 10.1023/A:1026172301375

Drilling32

[17] Zacny K, Paulsen G, Szczesiak M, et al. Lunarvader: Development and testing of lunar 
drill in vacuum chamber and in lunar analog site of Antarctica. Journal of Aerospace 
Engineering. 2013;26(1):74-86. DOI: 10.1061/(ASCE)AS.1943-5525.0000212

[18] Harvey B, Zakutnyaya O. Russian Space Probes: Scientific Discoveries and Future 
Missions. Chichester: Praxis; 2011. DOI: 10.1007/978-1-4419-8150-9

[19] Dave A, Thompson S, McKay C, et al. The sampling handling system for the mars ice-
breaker life mission: From dirt to data. Astrobiology. 2013;13(4):354-369. DOI: 10.1089/
ast.2012.0911

[20] Glass B, Cannon H, Branson M, et al. Dame: Planetary-prototype drilling automation. 
Astrobiology. 2008;8(3):653-664. DOI: 10.1089/ast.2007.0148

[21] Glass B, Thompson S, Paulsen G. Robotic planetary drill tests. In: Proceedings of the 
International Symposium on Artificial Intelligence, Robotics and Automation in Space 
(I-SAIRAS '10), August 29 to September 1 2010. Sapporo, Japan, Tokyo: JAXA; 2010. 
pp. 464-470

[22] Moskowitz C. NASA Makes Shaved Ice on Mars [Internet]. 2008. Available from: https://
www.space.com/5632-nasa-shaved-ice-mars.html [Accessed: 2008-7-16]

[23] McKay C, Stoker C, Glass B, et al. The icebreaker life mission to mars: A search for bio-
molecular evidence for life. Astrobiology. 2013;13(4):334-353. DOI: 10.1089/ast.2012.0878

[24] Statham S. Autonomous structural health monitoring technique for interplanetary 
drilling applications using laser doppler velocimeters [thesis]. Georgia Institute of 
Technology: Atlanta; 2011

[25] Zacny K, Bar-Cohen Y. Drilling and excavation for construction and in-situ resource 
utilization. In: Badescu V, editor. Mars Prospect Energy and Material Resources. Berlin: 
Springer-Verlag; 2009. pp. 431-459. DOI: 10.1007/978-3-642-03629-3

[26] Glass B, Dave A, McKay C, et al. Robotics and automation for “icebreaker”. Journal of 
Field Robotics. 2014;31(1):192-205. DOI: 10.1002/rob.21487

[27] Heiken G, Vaniman D, French B. Lunar Sourcebook: A user’s Guide to the Moon. 
Cambridge: Cambridge University Press; 1991. pp. 475-567

[28] Quan Q, Chen C, Deng Z, et al. Recovery rate prediction in lunar regolith simulant drill-
ing. Acta Astronautica. 2017;133:121-127. DOI: 10.1016/j.actaastro.2017.01.002

[29] Tang J, Quan Q, Jiang S, et al. Experimental investigation on flowing characteristics of 
flexible tube coring in lunar missions. Powder Technology. 2018;326:16-24. DOI: 10.1016/ 
j.powtec.2017.12.013

[30] Tang J, Quan Q, Jiang S, et al. A soil flowing characteristics monitoring method in 
planetary drilling and coring verification experiments. Advances in Space Research. 
2017;59(5):1341-1352. DOI: 10.1016/j.asr.2016.12.009

[31] Quan Q, Tang J, Jiang S, et al. A real-time recognition based drilling strategy for 
lunar exploration. In: Proceedings of the IEEE International Conference on Intelligent 

Intelligent Drilling and Coring Technologies for Unmanned Interplanetary Exploration
http://dx.doi.org/10.5772/intechopen.75712

33



Robots and Systems (IROS '14); 14-18 September 2014; Chicago. New York: IEEE; 2014. 
pp. 2375-2380

[32] Kozan E, Liu Q. A new open-pit multi-stage mine production timetabling model for 
drilling, blasting and excavating operations. Mining Technology. 2016;125(1):47-53. DOI: 
10.1179/1743286315Y.0000000031

[33] Ersoy A. Automatic drilling control based on minimum drilling specific energy using PDC 
and WC bits. Mining Technology. 2013;112(2):86-96. DOI: 10.1179/037178403225001629

[34] Dai S, Jia Y, Zhang B, et al. Chang’e-3 scientific payloads and its checkout results. Sci. Sin. 
Tech. 2014;44(4):361-368. DOI: 10.1360/092014-42

[35] Zacny K, Cooper G. Considerations, constraints and strategies for drilling on mars. 
Planetary and Space Science. 2006;54(4):345-356. DOI: 10.1016/j.pss.2005.12.003

[36] Mitchell J, Bromwell L, Carrier WD III, et al. Soil mechanical properties at the apollo 14 
site. Journal of Geophysical Research Atmospheres. 1972;77(29):5641-5664. DOI: 10.1029/
JB077i029p05641

[37] Anand M, Crawford I, Balat-Pichelin M, et al. A brief review of chemical and mineralogi-
cal resources on the moon and likely initial in situ resource utilization (ISRU) applica-
tions. Planetary and Space Science. 2012;74(1):42-48. DOI: 10.1016/j.pss.2012.08.012

[38] Cherkasov I, Mikheev V, Smorodinov M, et al. 20 years of soviet investigation of lunar soils. 
Soil Mechanics & Foundation Engineering. 1986;23(6):241-244. DOI: 10.1007/BF01716690

[39] Rickman D, Edmunson J, McLemore C. Functional Comparison of Lunar Regoliths and 
Their Simulants. Journal of Aerospace Engineering. 2013;26(1):176-182. DOI: 10.1061/
(ASCE)AS.1943-5525.0000223

[40] Lian Y. Inversion of composition and analysis of structure in the lunar subsurface from 
chang’e microwave data [thesis]. Changchun: Jilin University; 2014

[41] Quan Q, Tang J, Yuan F, et al. Drilling load modeling and validation based on filling rate 
of auger flute in planetary sampling. Chinese Journal of Aeronautics. 2017;30(1):434-446. 
DOI: 10.1016/j.cja.2016.05.003

[42] Shi X, Jie D, Quan Q, et al. Experimental research on lunar soil simulant drilling load analy-
sis. Journal of Astronautics. 2015;35(6):648-656. DOI: 10.3873/j.issn.1000-1328.2014.06.005

[43] Yu Y, Arnold P. Theoretical modelling of torque requirements for single screw feeders. 
Powder Technology. 1997;93(2):151-162. DOI: 10.1016/S0032-5910(97)03265-8

[44] Roberts A. The influence of granular vortex motion on the volumetric performance 
of enclosed screw conveyors. Powder Technology. 1999;104(1):56-67. DOI: 10.1016/
S0032-5910(99)00039-X

[45] Zhao D, Tang D, Hou X, et al. Soil chip convey of lunar subsurface auger drill. Advances 
in Space Research. 2016;57(10):2196-2203. DOI: 10.1016/j.asr.2016.02.027

Drilling34

[46] Vapnik V, Levin E, Cun Y. Measuring the vc-dimension of learning machine. Neural 
Computation. 1994;6(5):851-876. DOI: 10.1162/neco.1994.6.5.851

[47] Ling Y, Lu W, Song A, et al. In situ regolith bulk density measurement for a coiling-type 
sampler. Journal of Aerospace Engineering. 2014;27(2):359-368. DOI: 10.1061/(ASCE)
AS.1943-5525.0000271

[48] Tang J, Quan Q, Jiang S, et al. Control method of lunar drilling based on online identi-
fication of drilling ability. Journal of Deep Space Exploration. 2015;2(4):325-332. DOI: 
10.15982/j.issn.2095-7777.2015.04.005

[49] Cristianimi N, Shawe-Taylor J. An Introduction to Support Vector Machines and other 
Kernel-based Learning Methods. Paris: Cambridge University Press; 2000. ISBN-13: 
978-052178019

[50] Bello O, Holzmann J, Yaqoob T, et al. Application of artificial intelligence methods 
in drilling system design and operations: A review of the state of the art. Journal of 
Artificial Intelligence and Soft Computing Research. 2015;5(2):121-139. DOI: 10.1515/
jaiscr-2015-0024

[51] Eski I. Vibration analysis of drilling machine using proposed artificial neural network 
predictors. Journal of Mechanical Science and Technology. 2012;26(10):3037-3046. DOI: 
10.1007/s12206-012-0813-9

[52] Guilherme I, Marana A. Papa J, et al, Petroleum well drilling monitoring through cut-
ting image analysis and artificial intelligence techniques. Engineering Applications of 
Artificial Intelligence. 2011;24(1):201-207. DOI: 10.1016/j.engappai.2010.04.002

[53] Yu J. Online tool wear prediction in drilling operations using selective artificial neural 
network ensemble model. Neural Computing & Application. 2011;20(4):473-485. DOI: 
10.1007/s00521-011-0539-0

[54] Brezak D, Starvoski T, Stiperski I, et al. Artificial neural network model for tool con-
dition monitoring in stone. Applied Mechanics and Materials. 2015;772:268-273. DOI: 
10.4028/www.scientific.net/AMM.772.268

[55] Liu H, Ma L, Huang Z. Integrated Artificial Intelligence Technology and its Application in 
Petroleum Engineering. Beijing: Petroleum Industrial Press; 2008. ISBN: 9787502165970

Intelligent Drilling and Coring Technologies for Unmanned Interplanetary Exploration
http://dx.doi.org/10.5772/intechopen.75712

35



Robots and Systems (IROS '14); 14-18 September 2014; Chicago. New York: IEEE; 2014. 
pp. 2375-2380

[32] Kozan E, Liu Q. A new open-pit multi-stage mine production timetabling model for 
drilling, blasting and excavating operations. Mining Technology. 2016;125(1):47-53. DOI: 
10.1179/1743286315Y.0000000031

[33] Ersoy A. Automatic drilling control based on minimum drilling specific energy using PDC 
and WC bits. Mining Technology. 2013;112(2):86-96. DOI: 10.1179/037178403225001629

[34] Dai S, Jia Y, Zhang B, et al. Chang’e-3 scientific payloads and its checkout results. Sci. Sin. 
Tech. 2014;44(4):361-368. DOI: 10.1360/092014-42

[35] Zacny K, Cooper G. Considerations, constraints and strategies for drilling on mars. 
Planetary and Space Science. 2006;54(4):345-356. DOI: 10.1016/j.pss.2005.12.003

[36] Mitchell J, Bromwell L, Carrier WD III, et al. Soil mechanical properties at the apollo 14 
site. Journal of Geophysical Research Atmospheres. 1972;77(29):5641-5664. DOI: 10.1029/
JB077i029p05641

[37] Anand M, Crawford I, Balat-Pichelin M, et al. A brief review of chemical and mineralogi-
cal resources on the moon and likely initial in situ resource utilization (ISRU) applica-
tions. Planetary and Space Science. 2012;74(1):42-48. DOI: 10.1016/j.pss.2012.08.012

[38] Cherkasov I, Mikheev V, Smorodinov M, et al. 20 years of soviet investigation of lunar soils. 
Soil Mechanics & Foundation Engineering. 1986;23(6):241-244. DOI: 10.1007/BF01716690

[39] Rickman D, Edmunson J, McLemore C. Functional Comparison of Lunar Regoliths and 
Their Simulants. Journal of Aerospace Engineering. 2013;26(1):176-182. DOI: 10.1061/
(ASCE)AS.1943-5525.0000223

[40] Lian Y. Inversion of composition and analysis of structure in the lunar subsurface from 
chang’e microwave data [thesis]. Changchun: Jilin University; 2014

[41] Quan Q, Tang J, Yuan F, et al. Drilling load modeling and validation based on filling rate 
of auger flute in planetary sampling. Chinese Journal of Aeronautics. 2017;30(1):434-446. 
DOI: 10.1016/j.cja.2016.05.003

[42] Shi X, Jie D, Quan Q, et al. Experimental research on lunar soil simulant drilling load analy-
sis. Journal of Astronautics. 2015;35(6):648-656. DOI: 10.3873/j.issn.1000-1328.2014.06.005

[43] Yu Y, Arnold P. Theoretical modelling of torque requirements for single screw feeders. 
Powder Technology. 1997;93(2):151-162. DOI: 10.1016/S0032-5910(97)03265-8

[44] Roberts A. The influence of granular vortex motion on the volumetric performance 
of enclosed screw conveyors. Powder Technology. 1999;104(1):56-67. DOI: 10.1016/
S0032-5910(99)00039-X

[45] Zhao D, Tang D, Hou X, et al. Soil chip convey of lunar subsurface auger drill. Advances 
in Space Research. 2016;57(10):2196-2203. DOI: 10.1016/j.asr.2016.02.027

Drilling34

[46] Vapnik V, Levin E, Cun Y. Measuring the vc-dimension of learning machine. Neural 
Computation. 1994;6(5):851-876. DOI: 10.1162/neco.1994.6.5.851

[47] Ling Y, Lu W, Song A, et al. In situ regolith bulk density measurement for a coiling-type 
sampler. Journal of Aerospace Engineering. 2014;27(2):359-368. DOI: 10.1061/(ASCE)
AS.1943-5525.0000271

[48] Tang J, Quan Q, Jiang S, et al. Control method of lunar drilling based on online identi-
fication of drilling ability. Journal of Deep Space Exploration. 2015;2(4):325-332. DOI: 
10.15982/j.issn.2095-7777.2015.04.005

[49] Cristianimi N, Shawe-Taylor J. An Introduction to Support Vector Machines and other 
Kernel-based Learning Methods. Paris: Cambridge University Press; 2000. ISBN-13: 
978-052178019

[50] Bello O, Holzmann J, Yaqoob T, et al. Application of artificial intelligence methods 
in drilling system design and operations: A review of the state of the art. Journal of 
Artificial Intelligence and Soft Computing Research. 2015;5(2):121-139. DOI: 10.1515/
jaiscr-2015-0024

[51] Eski I. Vibration analysis of drilling machine using proposed artificial neural network 
predictors. Journal of Mechanical Science and Technology. 2012;26(10):3037-3046. DOI: 
10.1007/s12206-012-0813-9

[52] Guilherme I, Marana A. Papa J, et al, Petroleum well drilling monitoring through cut-
ting image analysis and artificial intelligence techniques. Engineering Applications of 
Artificial Intelligence. 2011;24(1):201-207. DOI: 10.1016/j.engappai.2010.04.002

[53] Yu J. Online tool wear prediction in drilling operations using selective artificial neural 
network ensemble model. Neural Computing & Application. 2011;20(4):473-485. DOI: 
10.1007/s00521-011-0539-0

[54] Brezak D, Starvoski T, Stiperski I, et al. Artificial neural network model for tool con-
dition monitoring in stone. Applied Mechanics and Materials. 2015;772:268-273. DOI: 
10.4028/www.scientific.net/AMM.772.268

[55] Liu H, Ma L, Huang Z. Integrated Artificial Intelligence Technology and its Application in 
Petroleum Engineering. Beijing: Petroleum Industrial Press; 2008. ISBN: 9787502165970

Intelligent Drilling and Coring Technologies for Unmanned Interplanetary Exploration
http://dx.doi.org/10.5772/intechopen.75712

35



Chapter 3

Making the Connection for Well Control on Floaters:
Evolving Design Rationales for BOP Control Systems

Paul A. Potter

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/intechopen.77998

Provisional chapter

DOI: 10.5772/intechopen.77998

© 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons 
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution, 
and reproduction in any medium, provided the original work is properly cited. 

Making the Connection for Well Control on Floaters: 
Evolving Design Rationales for BOP Control Systems

Paul A. Potter

Additional information is available at the end of the chapter

Abstract

In this chapter, a broad technical overview is offered to illustrate the technological 
advancements that have made the original direct hydraulic system reach those system 
design features that are shown in figure overleaf, which is a modern general arrangement 
of the “multiplexing” type of the BOP control system. Behind each discrete advancement, 
it goes without saying, there was a lot of design work, influenced by the radically differ-
ent conditions in the subsea marine environment than those that we experience on land. 
Each step of this enabling technology is reviewed with in-depth reasoning explaining the 
“whys” and “wherefores” of each particular development. Let us start, as the drilling 
industry did for the development of BOP designs, at the beginning of the industry’s step 
offshore around 60 years ago. Not least, it should be emphasized that the ways in which 
the systems’ architecture has evolved have, in large part, been “driven” by the statutes 
laid out by the American Petroleum Institute (API) and later by other class societies that 
govern design compliance within the industry. The learning objectives of this chapter 
are to provide factual insights into evolving BOP control system designs as the indus-
try moved from onshore to offshore and subsequently from bottom-supported drilling 
installations to floating drilling installations. This technology also forms the basis of the 
underpinning principles of hydraulic/electro and multiplexing subsea control systems 
that are currently used in the control of all kinds of production trees, subsea production 
centers, subsea distribution, and pipe line end manifolds (PLEMs). This chapter can be 
considered as a foundation and introductory overview for the development of control 
systems used in the subsea environment and those engineering challenges and obstacles 
that have been successfully surmounted, resulting in the technology basis in use today in 
the manufacture of subsea control systems.
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1. Introduction

The challenge! How do you make this system?

It can be seen from Figures 1 and 2 that there are a number of significant differences. Perhaps, 
the most noticeable difference is that the multiplexing BOP control system depicted, in the 
previous figure, features dual redundancy hydraulic supplies and command paths (blue/
yellow BOP control pods). These are not evident in the direct hydraulic BOP control system 
shown in Figure 1 [1–3].

Both command and hydraulic pathways are extended very considerably in the subsea mul-
tiplexing version over the direct hydraulic surface BOP control system. Whether it has been 
considered by the reader at the point of reading the introduction, another very major and 
significant system design characteristic that is evident is the Class Society rules governing 
maximum closing times for BOP wellbore functions that represent the underlying design 
rationale in the development of the control system suited for the use in deep and ultra-deep 
water locations.

Figure 1. The fundamental BOP control system for a surface BOP stack.
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2. Conceptualizing the initial problems

2.1. Introduction

So, the starting baseline design is a system that is illustrated in Figure 1.

Essentially, this system is still in use today on land rigs, jack-ups, and tenders. Certainly, there 
are a number of design refinements on the basic system but the functionality and practical 
operability remain.

At this point, it should also be made clear that the core system requirements for the first land-
based control systems and those encountered on sixth-/seventh-/eighth-generation ultra-deep 
water rigs are identical.

The BOP control system’s main purpose is:

To exercise efficient and reliable control over the blowout preventer stack in the event of a 
well influx when the primary well control barrier of the hydrostatic column of drilling fluids 
in the well has not contained the well influx in the hole. Hence, we can say here that primary 
well control has been lost.

Put another way, we can state that the blowout preventer is the very last mechanical barrier 
between the well and us and is known as “secondary well control.” All exploratory, appraisal, 
and development well barriers contain a secondary well control boundary.

Figure 2. BOP multiplexing control system.
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2.2. Adaptation of land-based BOP control system for subsea service

In the most simplistic approach, we can now look at the immediate identified obstacles that 
reared up when the designers were contemplating the reality of making the current land-
based system work subsea.

Let’s refer once again to Figure 1 in greater detail.

The normal hydraulic medium used in this closed system is 10 W (10 weight—density refer-
ence) mineral-based oil, and there are no environmental “leak” concerns because the system 
is shore-based or in the case of a bottom-supported drilling installation offshore (jack-up) 
surface application.

The following two figures further highlight the material requirements in a closed hydraulic 
control system where each end-user function (blowout preventer and valve hydraulic actua-
tor) requires both a hydraulic supply and return line; this is in contrast to a subsea control 
system, which is an open hydraulic system (Figure 2).

The open hydraulic system, by definition, is one in which the displaced hydraulic fluid from 
the return/exhaust side of a hydraulic function is not routed via a dedicated return line back the 
accumulator unit reservoir but allowed to exhaust locally to the environment. In considering 
the application of BOP control subsea and in the marine environment, an open system must, 
essentially, employ a hydraulic medium which does not pollute or contaminate the environ-
ment in which displaced hydraulic fluid is being released into. Hence, a water-based hydraulic 
medium is utilized in all subsea BOP control systems (Figures 3 and 4).

The fifth figure in this chapter (Figure 5) is a simple block diagram of the most simple of a 
subsea control system maintaining closed hydraulic flow paths, while Figure 6 shows the 
hydraulic flow path for one single BOP function, in this instance, a pair of ram type preven-
ters. It should be appreciated that the single function hydraulic flow path depicted in Figure 6 
must be repeated to provide control over all BOP functions. This multiplicity of hydraulic 
flexible hoses is the basis of the perceived problem.

Let us imagine that we are in the design team that were tasked back in the early 1950s to get 
this control system working subsea.

Armed with the system architecture described briefly in the previous three pages, a simple 
approach may have been along these lines.

1. Provide a frame for the surface stack1.

2. Install the hydraulic power unit on the rig topsides and run rigid pipe for the hydraulic 
supply and return lines to the moon pool area.

3. Install a hose reel to accommodate a hose bundle.

1In this chapter, we are not considering the choke and kill lines. This becomes an integral topic in the marine drilling riser 
topics in the appropriate chapter

Drilling40

4. Interface the rigid pipework and arrange the hydraulic supply and return lines with flex-
ible hoses to a removable hose stab plate to the hose reel end plate.

5. Spool sufficient hose bundle, containing the required number of supply and return 
hydraulic hoses, for the maximum operational water depth of the rig (let us say 750 feet).

6. On the BOP stack, connect the appropriately assigned hose (supply and return to each 
function) to that function.

Figure 7 here inserted as an A3 fold-out schematic is a labeled depiction of a typical surface 
stack hydraulic power unit (HPU) and its hydraulic manifold. This is for reference in the 
forthcoming explanations.

Figure 3. Dimensional details for the land-based BOP control system.
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So, assuming that we have suitably stabilized and secured the hose bundle through the water 
column, is this going to work [3]?

No, of course not! The reasons why not are many and varied and the following list attempts 
to capture all the impossible shortfalls. These are not listed in the order of importance and 
relevance necessarily that were facing the first design team as they struggled with all the 
obvious obstacles.

Figure 4. Typical surface BOP stack, connected to BOP control system and hydraulic power unit via flexible hoses.
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2.2.1. Hydraulic communication, “surface—subsea” issues

Let us assume that the surface BOP stack has now been submerged for service subsea. Let us 
use the stack shown in Figure 4 on page 77. This basic stack shown, using today’s nomencla-
ture (API Standard 53) [4] is a Class 4 A1-R3, interpreted this means a total of four preventers, 
one of which is an annular and the remainder are ram type preventers. The hardware at the 
base of the stack is a NT2 adapter which nipples up to the riser down on a jack-up. The NT2 
adapter is not a hydraulic function on a surface BOP stack and is manually operated by a 
circular array of mechanical locking dogs [5].

And let us add that the stack has two hydraulically actuated BOP mounted valves (one on the 
choke line and the other on the kill line) [6, 7].

Therefore to now sum the quantity of supply and return hydraulic hoses required to control 
the functions of this stack if it were underwater would be:

Annular preventer 2 each 1 in. nominal diameter

Upper pipe rams 2 each 1 in. nominal diameter

Shear blind rams 2 each 1 in. nominal diameter

Figure 5. Fundamental but not practical proposed subsea adaptation of the former surface BOP control system.
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Lower pipe rams 2 each 1 in. nominal diameter

Choke high closing ratio valve (HCR) 2 each ½ in. nominal diameter

Kill HCR 2 each ½ in. nominal diameter

Figure 6. Direct hydraulic system with pneumatic control, one function.
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Figure 8 overleaf shows a scaled cross section of a hose bundle that satisfies the requirements 
to provide the above functions with hydraulic power. We can see, with some spare hoses 
surplus to requirements, the OD of the entire bundle is only ~6 in.

However, if we consider a BOP stack designed and built for subsea service (not a surface stack 
submerged!), the story is very different (Figure 8).

The subsea blowout preventer stack shown overleaf is an 18¾ in. nominal wellbore diameter, 
rated at 15000 psi maximum working pressure. This is denoted as “18¾—15 M.”

This particular blowout preventer stack is somewhat dated; “third generation” puts its age 
genre at around 15–20 years (Figure 9).

Given that the minimum outside diameter (OD) for the hose bundle is going to be around 
7½ in. (with no spare lines in the bundled matrix) and the minimum critical bend radius 
(MBR) for this bundle, let us give the reel some arbitrary dimensions, as indicated in Figure 11.

With these dimensions, the first wrap on this drum would store around 365 feet. Two wraps 
then would cover the water depth requirement of 750 feet. However, for the “storm loop” hose 
allowance in the moon pool to accommodate rig heave, another 250 feet would be required. 
This necessitates three wraps on this reel assembly.

The end plates’ diameter would be in the order of 22 feet diameter. The reel assembly, its 
prime mover, and brake assembly are large scale!

Figure 7. Skid Mounted Surface BOP Control HPU and Control Manifold.
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Typically, hose reel assemblies are installed at an intermediate elevation above the moon pool 
weather deck elevation on a mezzanine deck. Two such typical arrangements are shown in 
Figures 12 and 13.

2.2.1.1. Summarizing the impracticalities and identifying the system requirements

It has been shown that using bundled hoses of the required dimensions for the appropriate vol-
umes demanded by the various BOP stack functions is impractical in terms of the physical chal-
lenges to build and install such hose reel topsides on a floating drilling installation. However, 
there are other issues with this concept, which can be summarized in the following list:

• The hydraulic system is closed and therefore the friction losses encountered in the return 
hoses will effectively slow down the response times, which are clearly detailed and stated 
in the current specification of API 16D, Edition 4, 2004 [7].

• The system offers zero redundancy and this is considered unacceptable for such a critical 
control system which must operate reliably and remotely in the “not-unlikely” event that 
the last mechanical barrier must be put in place immediately (shutting in the well). The 
prospect of building and installing an identical arrangement to the one illustrated is not in 
any way a practical solution whatsoever.

• The hydraulic medium is environmentally unfriendly and illegal. The hydraulic medium 
used in surface BOP stack control systems cannot be used in subsea versions of the system 
(water-based, as described on page 75).

• The system concept, as shown on previous pages, offers no hydraulic usable volume in 
storage on the subsea BOP stack, hence the drawdown effect on this system would be 
formidable and further exacerbate the response time issue for pipe and annular type pre-
venters. Volumetric storage of hydraulic fluid subsea will be discussed in later sections.

Figure 8. Cross section, hose bundle for minimum outfitted. BOP stack. Hose # 1: annular preventer close; Hose # 2: 
annular preventer open; Hose # 3: upper pipe ram close; Hose # 4: upper pipe ram open; Hose # 5: shear/blind ram close; 
Hose # 6: shear/blind ram open; Hose # 7: lower pipe ram close; Hose # 8: lower pipe ram open; Hose # 9: choke HCR 
close; Hose # 10: choke HCR open; Hose # 11: kill HCR close; Hose # 12: kill HCR open.
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Figure 9. Third-generation BOP stack. Glomar Celtic Sea (Figure 10). 18¾ in.—15 M. Hose requirement—Mud boost 
valve: 2 × ½ in.; upper annular: 2 × 1½ in.; kill isolation valve: 2 × ½ in.; kill line connector: 2 × ½ in.; choke isolation valve: 
2/½ in.; riser connector sec. unlock 1 × ½ in.; lower annular: 2 × 1½ in.; S/B rams: 2 × 1 in.; upper pipe rams: 2 × 1 in.; 
middle pipe rams: 2 × 1 in.; lower pipe rams: 2 × 1 in.; wellhead connector: 2 × ½ in.
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Figure 8. Cross section, hose bundle for minimum outfitted. BOP stack. Hose # 1: annular preventer close; Hose # 2: 
annular preventer open; Hose # 3: upper pipe ram close; Hose # 4: upper pipe ram open; Hose # 5: shear/blind ram close; 
Hose # 6: shear/blind ram open; Hose # 7: lower pipe ram close; Hose # 8: lower pipe ram open; Hose # 9: choke HCR 
close; Hose # 10: choke HCR open; Hose # 11: kill HCR close; Hose # 12: kill HCR open.
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Figure 9. Third-generation BOP stack. Glomar Celtic Sea (Figure 10). 18¾ in.—15 M. Hose requirement—Mud boost 
valve: 2 × ½ in.; upper annular: 2 × 1½ in.; kill isolation valve: 2 × ½ in.; kill line connector: 2 × ½ in.; choke isolation valve: 
2/½ in.; riser connector sec. unlock 1 × ½ in.; lower annular: 2 × 1½ in.; S/B rams: 2 × 1 in.; upper pipe rams: 2 × 1 in.; 
middle pipe rams: 2 × 1 in.; lower pipe rams: 2 × 1 in.; wellhead connector: 2 × ½ in.
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• What has not been discussed are the issues surrounding the realities of topsides and 
subsea terminations for hydraulic hoses, the minimum multiplicity exampled here is 
by no means the total number of stack functions now supplied to modern deep and 

Figure 11. Typical hose reel.

Figure 10. Cross section, hose bundle for third-gen. BOP stack (scaled). Hose # 1: mud boost valve close; Hose # 2: mud 
boost valve open; Hose # 3: upper annular close; Hose # 4: upper annular open; Hose # 5: kill isolation valve close; Hose 
# 6: kill isolation valve open; Hose # 7: kill line connector extend; Hose # 8: kill line connector retract; Hose # 9: choke 
isolation valve: Close; Hose # 10: choke isolation valve open; Hose # 11: choke line connector extend; Hose # 12: choke 
line connector retract; Hose # 13: inner sweep valve close; Hose # 14: inner sweep valve open; Hose # 15: outer sweep 
valve close; Hose # 16: outer sweep valve open; Hose # 17: riser connector lock; Hose # 18: riser connector unlock; Hose # 
19: riser connector sec. unlock; Hose # 20: upper outer choke close; Hose # 21: upper outer choke open; Hose # 44: lower 
outer kill close; Hose # 23: lower annular close, Hose # 24: lower annular open; Hose # 25: shear blind rams close; Hose # 
26: shear blind rams open; Hose # 27: middle pipe rams close; Hose # 28: middle pipe rams open; Hose # 29: lower pipe 
rams close; Hose # 30: lower pipe rams open. Estimating size of hose reel required, rig operational water depth: 750 feet.
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ultra-deep water BOP stacks. The number of functions presented here for this illustra-
tive exercise is 44, and to put that into today’s context, modern stacks boast in excess of 
110 functions!

Figure 13. Cameron hose reel installed on the Iran Alborz GVA 6000 semi-submersible drilling installation.

Figure 12. Typical BOP hose reel: mezzanine-deck mounted.
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• To this point in our design rational discussion on evolving control systems, the require-
ment for a BOP stack split disconnection has not been introduced. There is a myriad 
of situations in subsea drilling operations when we need to achieve a disconnection 
whereby the lower BOP is left latched on the subsea wellhead and the lower marine riser 
package is retrieved, either to surface or “positioned” in a stand-by location in the water 
column. The design architecture surrounding this design feature will be discussed in due 
course.

• In light of the above, we can list the design features that are required for a reliable and fit-
for-purpose subsea BOP control system [7]:

 ○ Provide redundancy

 ○ Comply with legislation

 ○ Practical installation

 ○ Install stored hydraulic fluid

 ○ Compliance: anti-pollution laws

 ○ Enhance functional multiplicity

 ○ Design allowance: disconnect

2.3. Design features, first subsea BOP control system

2.3.1. Introduction

The ingenious design of the first BOP control system, which is now presented as an overview, 
was developed in the first half of the 1950s when the maximum rated water depth for drilling 
offshore off floaters was still under 1000 feet (305 m) [8].

The reasons for the water depth limitation are varied and not directly attributed to the 
restraints of the BOP control system. Some of these were marine, drilling plant topsides’ 
limitations and to a lesser extent, and capabilities of marine drilling riser (the mechanical 
connection between the subsea BOP stack and the drilling installation).

2.3.2. Concept of the hydraulic pilot-operated control system

The immediate problems facing the pioneering design group:

How do we overcome the excessive dimensions of a simple closed hydraulic system deployed 
subsea?

How do we diminish the friction losses in the closed hydraulic system where the displaced 
fluid from the “other” side of the function slows the overall response times of the ram type 
and annular type preventers?

How do we build in redundancy to a point where the critical control system can satisfy the 
most stringent of regulators for reliability?
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What can be done to minimize the risks of pollution to the marine environment?

Is there some way in which the volume/pressure drawdown effect can be reduced in the 
direct closed hydraulic system?

How should the topside equipment be arranged for optimum operation and account for rig 
motions?

What is required to configure the BOP stack to enable a disconnect while leaving the well 
secured in the coincidental event of a well influx?

Pictorially shown here are the basic principles that were proposed (Figure 14).

Pivotal to the success of the prototype design was the use of hydraulic relay valves which are 
installed in the newly conceived control pod(s) which are activated by a hydraulic pilot signal 
commanded from the surface. By the use of hydraulic relay valves and agreement that the 
displaced fluid volume from the “other” side of the function should exhaust directly through 
the “other side of the function” relay valve directly to the marine environment, it was immedi-
ately understood that the prior formidable size of the hose bundles could be greatly reduced, 
not least caused by using 3/16 in. pilot hoses in the bundle. The main hydraulic supply con-
sequently consisted of one only nominal 1 in. diameter core hose within the bundle (see top 
right of the previous figure for details).

In order to have an open hydraulic system that exhausted hydraulic fluid directly to the 
marine environment, the hydraulic medium was changed from lightweight mineral oil to 
potable water dosed with additives in small percentages of dilution. This new hydraulic 
medium necessarily influenced careful material selection of both metal and rubber sealing 
components of the hydraulic valves, regulators, and other subsea control system components. 
Not only was the marine environment a factor in dispelling the consideration of the use of 
an oil-based hydraulic medium, but also differential pressure experienced across the thermo-
plastic wall of flexible hose at increasing hydrostatic pressure from the water column depth. 
This is discussed in the next sub-section.

100% redundancy was provided by furnishing two identical systems which became color-
coded blue and yellow. The system is arranged whereby one to the two identical sides of the 
system may be used at any given moment but never both. The redundancy satisfied both 
operators, oil companies, and more importantly, class societies and legislative bodies. Since 
the early systems, levels of redundancy have been revised, and standard operating proce-
dures adopted formerly have been revised reflecting greater caution and conservatism. This 
will be discussed in due course.

By the introduction of gas pre-charged hydraulic accumulators, nominally 11 US gallons 
capacity each, the early problems of system drawdown effects were satisfactorily banished as 
the 1 in. hydraulic supply in either hose bundle maintained full system working pressure in 
the stack-mounted accumulator bottles.

This system quickly became field proven and a number of proprietary vendors produced 
their own systems, however it has to be said that all were based on the principles put forward 
originally by Paul Koomey and his design team.
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Figure 14. Concept and principles of the open BOP control system.
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The remainder of this sub-section concentrates on the general arrangement detail of the sys-
tem and its operational characteristics and finally limitations identified for this system.

2.3.3. The basic control pod

The hydraulic control system is always equipped with two control pods, designated as the 
blue or yellow pod. To maintain a fully redundant control system, both pods must be opera-
tional at all times.

Formerly, if a control pod becomes inoperable, drilling operations would be normally sus-
pended and the BOP stack controlled with the working pod until repairs are completed and 
tested. This involved the retrieval to the surface of the defective pod, repair and test on surface 
before re-deploying subsea to latch back into its dedicated receptacle on the LMRP.

More recently with the advent of deep water drilling, the majority of oil companies will 
not allow continued drilling operations for the retrieval of one pod to surface for repair. 
If repairs are to be performed in the midst of a drilling program, drilling operations are 
suspended, and the well made safe and the entire LMRP retrieved to surface to repair the 
faulty control pod.

The active and selected control pod is normally alternated between the pods weekly or after 
a BOP stack test.

Koomey Shaffer introduced a 42 line retrievable pod which featured a double female recep-
tacle design. The separate receptacles enable both the pod to be retrieved or else the entire 
LMRP (Figure 15).

Later, as the drilling contractors began to use BOP stacks with greater number of functions, 
Shaffer and others introduced a 64 line control pod, which, while featuring a different geom-
etry (cubical rather than cylindrical) operated in the same manner and was intended for 
retrieval during drilling operations (Figure 16).

2.3.4. Control system hoses

2.3.4.1. Introduction

Proprietary manufacturers of subsea hose bundle strive to provide a product which has a 
low volumetric expansion characteristic (VEC). This ensures that API closing times are not 
exceeded for ram type and annular type preventers. In the electro-hydraulic control system, 
the single greatest contributor to lengthening response times is the hydraulic pilot pressure 
build time and transport time.

2.3.4.2. Pressure characteristics of the control fluid

The fluid parameters that govern the transmission time of a hydraulic signal through a ther-
moplastic tube are:
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• The density of the fluid

• The viscosity of the fluid

• The un-dissolved gas in the fluid

• The bulk modulus of the fluid

Figure 15. The 42 line Koomey control pod.
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The values may change, but this is usually associated with significant changes in the ambient 
operating temperatures. An extreme example is the difference in control fluid parameters 
in tropical climates. As opposed to climates in far northerly and southerly latitudes, there 
will be no monoethyleneglycol (MEG) added to the control fluid medium since the seawater 
temperature at the mudline is significantly above freezing point. (This is applicable for the 
relatively shallow water depths in which this type of BOP control system is used, and the 
previous statement is not true for ultra-deep water: >6000 feet.)

We can say that the density and viscosity of the fluid will remain close at their optimum 
values in this operational water depth.

2.3.4.3. Factors influencing time response

One of the basic concerns in regard to using thermoplastic hose to transport hydraulic flu-
ids to great depths is differential pressure across the tube wall. At great depths, the external 
pressure may be sufficient to collapse the hose. The pressure at which collapse takes place is 
dependent upon the hose construction and the nominal diameter of the hose [4, 7].

Figure 16. The Koomey Shaffer 64 line retrievable control pod.
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The dominant property of differential pressure in this application arises from the differences 
between seawater and control fluid densities. Wherever in this type of system, there exists 
a degree of density difference across the hose tube wall, a chance of invoking hose collapse 
is possible. For instance, at a depth of 5000 feet, a thermoplastic hose containing a typical 
mineral oil as the hydraulic medium found in surface stack control systems will experience 
an overburden of around 220 psi, which is quite sufficient to collapse a hose. Pressures as little 
30 psi can cause collapse of hoses with nominal diameters in the range of 3/8–½ in.

API specification 17E: specification for subsea production control umbilicals, states for collapse pres-
sure [9]:

“The minimum value of external collapse pressure shall be 150% of the difference in the static head due 
to hydrostatic pressure at the maximum design depth less the static head at that depth due to the service 
fluid (hydraulic medium).”

Further unwanted differential pressure will be generated if the hydraulic lines are not 100% 
fluid filled. If any entrapped air is present in the tube length, the hydrostatic pressure will 
dominate and tube collapse will occur. This is easily eradicated by thorough purging and 
venting of all lines in the subsea umbilical hose bundle. The presence of air, however small, 
also dramatically increases response times due to the compressibility of gases [3].

The differential problem is overcome by choosing a hydraulic medium which has a specific 
gravity that is close to seawater.

Seawater has a gravity of ~1.03 and water is 1.00. Providing that the hydraulic medium is 
water-based with additives that only change the specific gravity to a new value remains close 
to that of the specific gravity of seawater then the possibility of hose collapse is virtually 
obviated.

2.3.4.3.1. Viscoelasticity

Hoses, being composites with polymeric constituents are found to behave in a time dependent 
viscoelastic manner when applied load is a hydraulic charge as found within a pilot line hose.

The result of the viscoelasticity manifests itself in a pressure decay after initial pressurization. 
This is not detrimental for the pilot signals in this application since the hydraulic pilot-operated 
relay valves subsea “fire” and “vent” at pressures well below the nominal pilot pressure of 
3000 psi. Figure 17 shows the pressure decay versus time. The typical time constraints are well 
beyond time of the hydraulic relay valves “firing” in this control system.

2.3.4.3.2. Hose geometry changes during pressurization

Extensive laboratory testing has been performed to assess the changes in hose geometry sub-
jected to a step positive change in internal pressure. The changes in geometry were measured 
using strain gauges, both axially and circumferentially affixed to the outer surface length of 
the hose under test.
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Figure 17. Pressure decay in thermoplastic hoses due to viscoelasticity.
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The axial gauges measured any bending strains incurred and the circumferential gauges 
monitored hoop stresses. It was found that the hose length shortened with pressurization 
and this is explained by the layers of hose braiding attempting to establish a neutral lay angle 
during the buildup of pressure. The effect is almost instantaneous and remains constant, and 
hence the axial strain is not responsible for the viscoelastic effect.

Measured hoop strains correlate to observed pressure responses and shown typical visco-
elastic behavior. In tandem with strain measurements, volume measurements have been 
recorded to estimate the variation in wall thickness. Such measurements have been quantified 
using two equations which account for the bulk modulus and pressure decay following initial 
viscoelastic expansion of the hose under test.

Results from these tests showed that both the internal and external diameters of the hose 
increased with pressurization although the OD significantly less than the ID of the hose.

Overall, this indicates that all hydraulic pilot hoses will “accept” more fluid when a pressure 
signal is initiated from the source and will duly expand in direct correlation with the VEC of 
the hose: dependent upon construction and materials. At pressure equilibrium (e.g., 3000 psi), 
the hydraulic pressure peak will transit the length of the hose at approximately the speed of 
sound.

2.3.4.3.3. Behavioral phenomena of thermoplastic hose

All hoses that are constructed of material that use a composition of polymers and fibers may 
be classed as thermoplastic hoses. When subjected to pressure changes internally and exter-
nally, they exhibit a viscoelastic time-related response. After an initial pressurization, the 
pressure decays over a period of time as the hose dilates (see the previous figure) [3].

The extent of the dilation is dependent upon a number of factors such as hose material, con-
struction, age, environment, and so on. A similar effect occurs when the hose is depressur-
ized, this being a time-related contraction effect.

Against logical intuition, hoses bundled together exhibit greater volumetric expansion (VE) 
than identical hoses pressurized in isolation. There is a mathematical proof for these phe-
nomena but suffice it to say that the reason is simply because there are effects from adjacent 
bundled hoses which remain pressurized against those vented to zero gauge.

It is known that aging in hoses reduces VE which acts in our favor (in drilling BOP controls) 
but is considered detrimental in production control systems.

Minimizing the effects of VE promotes faster response times in hydraulically piloted BOP 
control systems since the pod-mounted relay valves will not “fire” until they have sufficient 
pressure in the hydraulic pilot signal: normally around 500–700 psi.

The following figures illustrate some of the effects of the volumetric expansion characteristic 
in thermoplastic hoses (Figures 18–20).
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Figure 18. Time response curves from Hydril® empirical testing.
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Figure 19. Typical response times for 1/4 in. and 1/2 in. Diameter thermoplastic hose.
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Figure 20. VE curves for high pressure thermoplastic hose.
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Figure 19. Typical response times for 1/4 in. and 1/2 in. Diameter thermoplastic hose.
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Figure 20. VE curves for high pressure thermoplastic hose.
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3. Summary

In this chapter, we have explored the evolving design technology that enabled a surface land-
based BOP control system to be used reliably in the subsea marine environment. Further, 
design teams have provided the following system features to the subsea BOP control system:

• 100% inbuilt design redundancy: based on the high level of safety criticality of the subsea 
BOP control system (the last barrier). Given fundamental design principles of the subsea 
hydraulic control pod.

• The use of hydraulic devices (such as relay valves and regulators) to satisfy legislative close 
times on BOP preventers and BOP-mounted valves (Choke and Kill).

• An insight into the development of flexible hydraulic hose to maximize short response 
times by the limitation of the design VEC of elastomeric hose materials.

• The principles employed to overcome hydraulic drawdown through extended lengths of 
hydraulic line/hose (accumulator introduction).
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Abstract

Performance issues of vegetable oil or bio-based oil drilling fluids are generally inferior 
as compared to synthetic based drilling fluids. This chapter focuses largely on thermal 
conductivity and rheological properties of bio-based oil drilling fluid as its core issues. 
Unstable drilling fluids do not only incur in downtime for maintenance, but it indirectly 
affects production capacity as well. To overcome these issues, nanoparticles acts as addi-
tives to improve the thermo-physical traits of bio-based oil drilling fluid. The scope of 
this chapter focuses on dispersion of graphene oxide at very low concentration, namely 
25, 50 and 100 ppm, to improve the thermal conductivity and rheological properties of 
bio-based oil drilling fluid. The data obtained from thermal conductivity and rheological 
experimental works were validated with various thermal conductivity and rheological 
models.

Keywords: bio-based oil drilling fluid, nanoparticles, thermal conductivity, rheology, 
graphene oxide

1. Introduction

Statistics have shown world energy consumption continues to experience growth rate sine 
year 1990 with oil, natural gas and coal remaining as the major energy consumer [1]. Market 
report [2] has outlined increment in drilling activities and exploration as well as development 
of unconventional gas reserves will meet product’s demands. The report also reported key 
players in the oil and gas industry to shift their focus in developing nanotechnology-based 
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solutions to overcome technological and environmental challenges. Asia Pacific was evalu-
ated to have the highest market growth by 5.8% from 2016 to 2024 period [2].

Drilling fluids are highly regarded as one of the most important component in any drilling 
operations as it acts as a heat and solid circulating system, and a lubricant. It is reported that 
more than half of present global oil reserves stands at 4200 m below sea level at extreme tem-
perature and pressure conditions [3]. However, extreme temperature and pressure conditions 
will cause drilling fluids to deteriorate. Deterioration in drilling fluids incurs downtime for 
maintenance and affects production capacity indirectly. Additives such as barite and benton-
ite are used to maintain density, rheology, temperature stability and fluid loss control proper-
ties of drilling fluids. However, this imposes several limitations including costly treatment 
cost and its inability to perform under HTHP conditions. For example, oil based muds have 
good lubricity properties, low torque and drag resistance [4] but performs poorly in terms of 
fluid loss circulation and elastomer compatibility [5], expensive and proved to be costly in 
terms of treatments and disposal of its cuttings. In addition, contaminated oil-based muds are 
often disposed to the surroundings, prompting environmental pollution to the surrounding 
seabed life and killing off coral reefs [6, 7]. Therefore, emphasis on drilling fluid containing 
biodegradable and environmental-friendly properties is inexorable for the preservation of 
marine environment.

The need to develop an environmental friendly drilling fluid system containing desirable 
attributes such as low toxicity, biodegradable and environmental friendly properties are 
highly demanded [8]. Some of the vegetable oils considered to be prospective base fluids are 
rapeseed oil, sunflower oil, palm oil and groundnut oil [5]. The ester composition within veg-
etable oils has intrinsic ability to biodegrade at the presence of “built-in” oxygen in esters [9]. 
However, esters contain high viscosity properties due to the presence hydrogen bonding of 
–OH groups in unsaturated fatty acids [5]. However, hydrogenation process is able to convert 
double bonds of unsaturated fats into saturated fats, thus altering the viscosity properties of 
vegetable oils to be less viscous. Vegetable oils such as Jatropha oil have higher flash point, 
better thermal stability and lower toxic compositions are advantageous over to diesel based 
muds [10]. Agwu et al. [11] had proven diesel oil to be chemically unstable in pour point 
and fire point analysis at extreme temperatures as compared to soybean oil. While chemical 
modifications such as hydrogenation process converts vegetable oils into less viscous states, 
it cannot be denied that oil-based fluids still possess low thermal conductance. To resolve 
such challenges faced by ester-based drilling fluids, incorporation and assimilation of nano-
technology into bio-based drilling fluids, such as nanoparticle additives, to be able to perform 
equally or better than the current conventional drilling fluids.

Nanofluids are binary systems [12] consisting of a base liquid suspended with metallic or 
non-metallic nanoparticles that acts as a colloidal suspension within the fluid with nanopar-
ticles at average sizes of 100 nm or less [13]. Although nanofluids are often focused towards 
heat transfer applications, Choi [14] had proposed an important role for nanofluids for cool-
ing and lubrication of drilling bits in future drilling operations. Nanoparticles are known to 
improve the rheological, mechanical and thermal properties of a given base fluid as they have 
higher specific surface areas, mechanical strengths and lower melting points [15]. Comparing 
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to micrometre and millimetre sized additives, nanomaterials also possess better dispersion 
stability, reduced pumping power [16] and clogging issues [17] In general, oil-based drilling 
fluids are known to possess low thermal conductance, thus requiring nanoparticle additive to 
achieve better conductivity properties.

Graphene oxides are heterogeneous compounds which contain oxygen groups bonded to 
graphene sheets via oxidation process. Oxidized from graphite, graphite oxides readily exfo-
liate when undergoing ultrasonic process [18] as shown in Figure 1. Carbonyl and carboxyl 
groups are attached to the basal plane of graphene oxide [19]. Interestingly, graphene oxide 
possesses both soluble and non-soluble behaviours, which makes it versatile for production 
of nanofluids with a wide range of compatibility.

Presence of oxygen atoms can lead to alteration in vibrational characteristics of scattered pho-
nons and subsequently reduce the free mean path [20]. The reduction of mean free path of 
phonons can lead to reduction in thermal conductivity properties. However, Mahanta and 
Abramson [21] suggested oxygen atoms paved interlayer interactions that induces higher 
phonon frequency and contributes to thermal conductivity increment. Functionalization of 
oxygen-groups on graphene sheets were used to enhance stability of nanoparticle suspen-
sions in fluids through electrostatic stabilization from the media polarity [22].

2. Thermal conductivity and rheological properties

Thermal conductivity enhancement is influenced by several factors, such as Brownian motion 
of nanoparticles, nanolayer, nanoparticle clustering and other external parameters such as 
volume fraction, nanoparticle size and temperature [23]. Jang and Choi [24] discovered the 
random motion of Brownian motion contributed to 6% of total thermal conductivity enhance-
ment. Nanolayers shown in Figure 2 act as a barrier for thermal conductance which low-
ers the overall thermal conductivity of nanofluid. There are instances where clustering of 
nanoparticles by Van der Waals forces induces local percolation structure that can enhance 
thermal conductance of nanofluids [23].

However, a fractal model developed [25] showed no changes in thermal conductivity proper-
ties of nanofluid from clustering effects as the enhancement effects are counterbalanced from 

Figure 1. Schematic model of a graphene oxide sheet [18].
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reduced convection of particles. This claim was in good agreement that clustering effect per-
forms poorly on stability and thermal conductivity of nanofluid [26].

Hadadian et al. [22] prepared different masses of graphene oxide in 50 mL of distilled water 
and ethylene glycol and were subjected to 15 min of ultrasonication to produce a homog-
enous suspension. They yielded a maximum 30% thermal conductivity enhancement with 
0.07 mass fraction graphene oxide, owing to the excellent geometry of graphene oxide such as 
high interfacial area and comprised of sheet-like arrangements favourable for formation of a 
percolation structure. Ijam et al. [27] added graphene oxide nanosheets ranging from 0.01 to 
0.10 wt% into deionized water to be sonicated for 10 min before further diluted with ethylene 
glycol to obtain deionized water/ethylene glycol mixing ratio of 60:40. Their findings showed 
maximum thermal conductivity enhancement of 10.47% was obtained from maximum gra-
phene oxide loading at 45°C in which they have highlighted the effects of sheet sizes to form 
a percolation pathway according to the percolation theory.

It is important to know the rheological behaviour of various types of fluids. The addition of 
nanoparticles into base fluids can alter the liquid’s thermo-physical properties. Such enhance-
ments are useful in heat transfer applications because of the high transfer enhancement in 
nanofluids. Therefore, the viscosity of fluid is greatly increased even at very low nanoparticle 
loadings [28]. Nevertheless, high viscosity properties enable solids such as drill cuttings to be 
suspended at stagnant conditions and prevents sagging process [29]. The trade-off for hav-
ing high fluid viscosity incurs higher pumping costs of the fluid. Vajjha and Das [30] had 
proven nanoparticle concentrations greater than 3 vol% increases cost of pumping. Therefore, 
consideration for suitable nanoparticle selection should be taken into account for certain 
applications such as drilling purposes. Ijam et al. [27] compared shear stress and viscosity 
of graphene oxide-water nanofluids and concluded viscosity to function with respect to tem-
perature. The increase in temperature weakens the intermolecular forces between particles 
to lower viscosity of nanofluids. Under high shear rate, viscosity of graphene oxide-water 
decreases exponentially until it reaches a point where it is independent of shear rate.

However, the rheological properties of nanofluids are still widely debatable among research-
ers. Fluctuating results were reported by various researchers stating addition of nanopar-
ticles gives an increment or decrement of viscosity properties of nanofluids [31]. For example,  

Figure 2. Schematic cross diagram of nanolayers at solid/liquid interface of nanoparticles and liquid [38].
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Wang et al. [32] dispersed graphene nanoparticles at low loadings into ionanofluid and was 
found to possess slightly lower viscosity at higher temperatures as compared to its counter-
part base fluids due to the self-lubrication of graphene nanoparticles. Lu et al. [33] concluded 
rheological properties to be highly dependent on nanoparticle concentrations. At very low 
loadings, nanofluids with Newtonian behaviours can produce shear-thinning non-Newtonian 
behaviour when subjected to high nanoparticle concentrations due to strong particle-particle 
interactions interrupted by shear rates exceeding a specific critical value.

3. Thermal conductivity and rheological models

3.1. Thermal conductivity models

Conventional thermal conductivity models are used for the prediction of thermal conductiv-
ity of nanofluids based on several main key parameters such as nanoparticle volume frac-
tion (φ), thermal conductivity of nanoparticle (kp), thermal conductivity of base fluid (kbf) 
and shape factor (n) for nanoparticle types. Effective medium theory (EMT) models, such 
as, Maxwell model [34], Hamilton-Crosser model [35] and Bruggeman model [36], are static 
models that predict based on the assumptions that particles are motionless and heat transfer 
between both continuous and dispersed phases are diffusive [37].

3.1.1. Maxwell model

Maxwell had developed the first EMT model to predict suspensions containing diluted par-
ticles (< 1 vol% concentration) [34]. The assumption basis of this model is that the particles 
are non-interacting with each other and is spherical in shape. Maxwell model is expressed as:

   k  nf   =  [  
 k  p   + 2  k  bf   + 2 ( k  p   −  k  bf   ϕ) 

  _______________   k  p   + 2  k  bf   − 2 ( k  p   −  k  bf   ϕ)   ]   k  bf    (1)

where knf is thermal conductivity of nanofluid, kp is thermal conductivity of nanoparticle, 
kbf is thermal conductivity of base fluid and φ is the volume fraction of nanoparticle. The 
Maxwell model was reported to predict well for relatively large particle size at micro- and 
millimetre scales.

3.1.2. Hamilton-Crosser model

The Hamilton-Crosser (HC) model is expressed when the thermal conductivity of particle is 
greater than the thermal conductivity of liquid by 100 times (kp/kbf > 100). The HC model is an 
extension of Maxwell’s model which takes shape factor, n, of particles into account in calcula-
tion. The shape factor is defined as the ratio of surface area of the sphere with constant volume 
as particle to the surface area of the particle.

   k  nf   =  k  bf   [1 +   
 k  p   +  (n − 1)   k  bf   +  (n − 1)  ( k  p   −  k  bf  ) ϕ

   _____________________   k  p   +  (n − 1)   k  bf   −  ( k  p   −  k  bf  ) ϕ  ]   (2)
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Hadadian et al. [22] prepared different masses of graphene oxide in 50 mL of distilled water 
and ethylene glycol and were subjected to 15 min of ultrasonication to produce a homog-
enous suspension. They yielded a maximum 30% thermal conductivity enhancement with 
0.07 mass fraction graphene oxide, owing to the excellent geometry of graphene oxide such as 
high interfacial area and comprised of sheet-like arrangements favourable for formation of a 
percolation structure. Ijam et al. [27] added graphene oxide nanosheets ranging from 0.01 to 
0.10 wt% into deionized water to be sonicated for 10 min before further diluted with ethylene 
glycol to obtain deionized water/ethylene glycol mixing ratio of 60:40. Their findings showed 
maximum thermal conductivity enhancement of 10.47% was obtained from maximum gra-
phene oxide loading at 45°C in which they have highlighted the effects of sheet sizes to form 
a percolation pathway according to the percolation theory.

It is important to know the rheological behaviour of various types of fluids. The addition of 
nanoparticles into base fluids can alter the liquid’s thermo-physical properties. Such enhance-
ments are useful in heat transfer applications because of the high transfer enhancement in 
nanofluids. Therefore, the viscosity of fluid is greatly increased even at very low nanoparticle 
loadings [28]. Nevertheless, high viscosity properties enable solids such as drill cuttings to be 
suspended at stagnant conditions and prevents sagging process [29]. The trade-off for hav-
ing high fluid viscosity incurs higher pumping costs of the fluid. Vajjha and Das [30] had 
proven nanoparticle concentrations greater than 3 vol% increases cost of pumping. Therefore, 
consideration for suitable nanoparticle selection should be taken into account for certain 
applications such as drilling purposes. Ijam et al. [27] compared shear stress and viscosity 
of graphene oxide-water nanofluids and concluded viscosity to function with respect to tem-
perature. The increase in temperature weakens the intermolecular forces between particles 
to lower viscosity of nanofluids. Under high shear rate, viscosity of graphene oxide-water 
decreases exponentially until it reaches a point where it is independent of shear rate.

However, the rheological properties of nanofluids are still widely debatable among research-
ers. Fluctuating results were reported by various researchers stating addition of nanopar-
ticles gives an increment or decrement of viscosity properties of nanofluids [31]. For example,  

Figure 2. Schematic cross diagram of nanolayers at solid/liquid interface of nanoparticles and liquid [38].
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Wang et al. [32] dispersed graphene nanoparticles at low loadings into ionanofluid and was 
found to possess slightly lower viscosity at higher temperatures as compared to its counter-
part base fluids due to the self-lubrication of graphene nanoparticles. Lu et al. [33] concluded 
rheological properties to be highly dependent on nanoparticle concentrations. At very low 
loadings, nanofluids with Newtonian behaviours can produce shear-thinning non-Newtonian 
behaviour when subjected to high nanoparticle concentrations due to strong particle-particle 
interactions interrupted by shear rates exceeding a specific critical value.

3. Thermal conductivity and rheological models

3.1. Thermal conductivity models

Conventional thermal conductivity models are used for the prediction of thermal conductiv-
ity of nanofluids based on several main key parameters such as nanoparticle volume frac-
tion (φ), thermal conductivity of nanoparticle (kp), thermal conductivity of base fluid (kbf) 
and shape factor (n) for nanoparticle types. Effective medium theory (EMT) models, such 
as, Maxwell model [34], Hamilton-Crosser model [35] and Bruggeman model [36], are static 
models that predict based on the assumptions that particles are motionless and heat transfer 
between both continuous and dispersed phases are diffusive [37].

3.1.1. Maxwell model

Maxwell had developed the first EMT model to predict suspensions containing diluted par-
ticles (< 1 vol% concentration) [34]. The assumption basis of this model is that the particles 
are non-interacting with each other and is spherical in shape. Maxwell model is expressed as:
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where knf is thermal conductivity of nanofluid, kp is thermal conductivity of nanoparticle, 
kbf is thermal conductivity of base fluid and φ is the volume fraction of nanoparticle. The 
Maxwell model was reported to predict well for relatively large particle size at micro- and 
millimetre scales.

3.1.2. Hamilton-Crosser model

The Hamilton-Crosser (HC) model is expressed when the thermal conductivity of particle is 
greater than the thermal conductivity of liquid by 100 times (kp/kbf > 100). The HC model is an 
extension of Maxwell’s model which takes shape factor, n, of particles into account in calcula-
tion. The shape factor is defined as the ratio of surface area of the sphere with constant volume 
as particle to the surface area of the particle.
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where n can be represented with n = 3/ψ, ψ is the sphericity of the particle. Generally, n = 3 is 
taken for spherical particles while n = 6 is considered for cylindrical shape particles.

3.1.3. Bruggeman model

Unlike Maxwell model, Bruggeman model is applicable for two binary mixtures with no par-
ticle concentration limitations. However, Bruggeman model tends to deviate from Maxwell 
model at higher concentrations. The Bruggeman model is similar to that of Maxwell model 
as both models use the same assumption basis that the shape of particles are spherical. The 
Bruggeman model is written as follows:

 ϕ  (  
 k  p   −  k  eff   ______  k  p   + 2  k  eff  

  )  +  (1 − ϕ)  (  
 k  p   −  k  eff   ______  k  p   + 2  k  eff  

  )  = 0  (3)

where φ is the volume fraction of nanoparticles dispersed, kbf is the thermal conductivity of 
base fluid, kp as the thermal conductivity of nanoparticles and keff as the effective thermal 
conductivity of nanofluid.

3.2. Rheological models

Rheological models are used to determine the relationships between shear stress and shear 
rate as different applications possess different characteristics. Non-Newtonian models such 
as Bingham Plastic model [39] and Power Law model [40] are commonly used to predict rheo-
logical behaviours and are considered in this study.

3.2.1. Bingham Plastic model

Bingham Plastic fluids are unique as it has “infinite” viscosity until adequate stress is applied 
to initiate flow process. The Bingham Plastic model is as follows:

  σ =  σ  0   + 𝜇𝜇𝜇𝜇  (4)

where σ is the shear stress, σo is the limiting shear stress, μ is the viscosity and γ is the shear 
rate. The limiting shear stress is often referred to as Bingham Yield Stress of the material. 
This model is suitable for concentrated mixtures and colloidal systems possessing Bingham 
behaviours.

3.2.2. Power Law model

Generally known as Ostwald model, non-Newtonian materials behave with respect to shear 
rate to produce two effects, namely shear thinning and shear thickening. Shear thinning yield 
lower viscosity when subjected to higher shear rate while shear thickening contradicts. The 
thickening is normally associated with the increase in sample volume and is known as dilat-
ancy. The Power Law model is as follows:

Drilling70

  σ = μ .  γ   n   (5)

where μ is the fluid viscosity, σ is the shear stress, γ is the shear rate and n is the power law 
index of the material. Shear thinning behaviour exhibits itself at n < 1 while n > 1 converts the 
material into a shear thickening fluid. This model is only limited to a small shear rate range as 
predictions from the model will deviate at a higher shear rate range.

4. Experimental study

4.1. Homogenization process

In this study, hydrogenated base oil (HBO) as base fluid and graphene oxide paste are supplied 
by a local company supplier. HBO is derived from vegetable oil through catalytic hydrotreating 
process and contains alkane chain branch between C15-C18. For the characterization of nanopar-
ticles, graphene oxide paste was subjected to FTIR (Perkin Elmer) with wavenumber ranging 
from 500 to 4000 cm−1 and TEM (Zeiss Libra 200FE) analysis at magnification range at 20,000x 
to 800,000x values. The HBO and graphene oxide paste were homogenized through a hydrody-
namic cavitation unit at a constant flow rate of 1.5 L/min for 3 hours duration with an average of 
10 bars pressure. The orifice diameter and length are 1 mm and 30 mm respectively. The sche-
matic diagram is as shown in Figure 3. The hydrogenated oil-based nanofluids were transferred 
to an ultrasonic bath (Bath Ultrasonic Branson 8510E – DTH) for further homogenization.

4.2. Thermal conductivity properties analysis

Thermal conductivity analysis of hydrogenated oil-based nanofluids are carried out 
with KD2 Pro Thermal Properties Analyser equipped with KS-1 sensor with dimension  

Figure 3. Schematic diagram of hydrodynamic cavitation unit (HDV: hydrodynamic vessel, MV: mixer vessel, PG: 
pressure gauge, RP: rotary pump, HDP: hydrodynamic pump).
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Parameters Specifications

Density (kg/m3) 780 (at 15°C)

Initial boiling point (°C) <300

Final boiling point (°C) <330

Flash point (°C) 90

Kinematic viscosity (mm2/s) 2–2.6 (at 40°C)

Table 2. Product specification of hydrogenated oil-based fluid.

1.3 mm diameter × 60 mm length) which complies with ASTM D5334-14 standards. The 
parametric studies in thermal conductivity analysis are divided into three categories, 
mainly the effect of temperature, the effect of nanoparticle concentrations and the effect 
of nanoparticle types. The temperature parameter in this study is set within the ranges of 
30–50°C with a 5°C increase at each interval step. The presence of nanoparticles suspended 
within each sample move freely under elevated temperature, prompting fluctuations in 
thermal conductivity results. Therefore, each sample was repeated three times to ensure 
mean thermal conductivity is obtained. Further detailed explanation on the method can be 
found in our earlier work [48].

4.3. Rheological properties analysis

The parametric studies considered for the rheological properties analysis are viscosity values 
and shear stress values of hydrogenated base oil nanofluid with respect to shear rate and tem-
perature. Rheological properties were measured using Malvern Bohlin Gemini II Rheometer 
following the method discussed in our earlier work [56].

5. Results and discussions

5.1. Characterization of graphene oxide

Tables 1 and 2 show the product specification of graphene oxide paste and vegetable oil by 
the local supplier respectively.

Carbon content (%) >99.8

Oxygen content (%) <0.05

Thermal conductance (W/m K) 2800

X-Y dimensions (μm) 0.06–1

Z dimensions (μm) 0.002–0.005

Table 1. Product specification of graphene oxide paste.
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Two characterizations were used to characterize graphene oxide paste, namely FTIR analysis 
and TEM analysis. Figures 4 and 5 show FTIR spectra analysis and TEM imaging of graphene 
oxide paste respectively.

At 3500 cm−1 range, O-H group is present in graphene oxide as shown in Figure 4 and is 
further supported by the findings of Farbod et al. [17]. Absorption peak between 1630 and 

Figure 4. FTIR spectra analysis of graphene oxide.

Figure 5. TEM image of graphene oxide at 31,500× (left) and 80,000× (right) magnifications.
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1730 cm−1 is assigned to C=O stretching of carboxylic and specific carbonyl functional groups 
[41]. The remaining peaks confirms the presence of carbon–carbon bonds which constitutes 
primarily from graphene sheets.

Stacking of graphene oxide sheets were outlined at 31,500× magnification in Figure 5 that 
shows folds and bends existing on the surface of graphene oxides. Schniepp et al. [42] 
explained that functionalized graphene sheets are distinctively different from graphene with 
the attachments of epoxy, hydroxyl and carboxyl groups on graphene sheets. The attachments 
of these groups posed lattice defects during thermal reduction process leading to the forma-
tion of defects on the surface of graphene oxides [42].

5.2. Thermal conductivity analysis

The effects of temperature and nanoparticle concentrations on thermal conductivity analy-
sis was investigated. The analysis for graphene oxides dispersed in hydrogenated oil-based 
fluids were carried out at temperature of 30°C, 40°C and 50°C nanoparticle concentrations at 
25 ppm, 50 ppm and 100 ppm.

Thermal conductivity of hydrogenated oil-based nanofluids as shown in Figure 6 and Table 3  
increases linearly with temperature similar to the conclusions of other researchers [21, 43]. 
The increased in thermal conductivity values were regarded to the effects Brownian motion 
and micro-convection of nanoparticles induced by at higher temperature [19]. The influences 
of phonons, molecular diffusion and collision, and free electrons plays a vital role in this 
scenario [43]. Higher temperature provides better transfer of heat with regards to high pho-
non vibrations while intense molecular collisions enable better thermal conductivity between 
nanoparticles suspended.

Furthermore, Figure 6 highlighted the dependency of thermal conductivity with respect to 
nanoparticle loadings. This trend is more apparent as high particle concentration contrib-
utes to higher collision between nanoparticles which prompted better diffusion and conduc-
tance of heat [43]. The same trend can be observed from the findings of other researchers [44]. 
Although thermal conductivity increment rate is apparent, it does not increase anomalously. 
The slight fluctuations in were attributed to the clustering of nanoparticles which prompted 
instability of the nanofluid suspensions. The choice of base fluid with low thermal conduc-
tance influences the suspension of nanoparticles into aggregates due to the immense intermo-
lecular attraction force at a nanoscale at increasing concentration [45]. In Figure 6, 100 ppm 
showed lower thermal conductivity as compared to 25 ppm and 50 ppm concentration at 
35°C onwards. This phenomenon is regarded to clustering of nanoparticles formed from high 
volume concentrations resulting in nanoparticle instability in the nanofluid. Agglomerations 
can provide local heat percolations that improves thermal conductivity [23] at sufficient 
higher energy input as shown at 50°C, however, the tendency of nanoparticles clustering 
that leads to settling of aggregates due to lower energy input into the system will result in 
reduced overall thermal conductivity enhancement. Furthermore, aggregations formed leads 
to larger variation in particle distribution and poses stability problems at higher temperature 
[45]. Hence, this could also be the contributing factor to the decrease in thermal conductivity 
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Figure 6. Thermal conductivity comparison of graphene oxide-hydrogenated oil nanofluid at 25 ppm, 50 ppm and 
100 ppm.

Nanofluid type Concentration 
(ppm)

Temperature 
(°C)

Mean thermal 
conductivity (W/mK)

Standard deviation 
(W/mK)

Graphene oxide–
hydrogenated oil

25 30 0.1394 0.00518

35 0.1408 0.00349

40 0.1770 0.00914

45 0.1898 0.01242

50 0.1958 0.02191

50 30 0.1464 0.00723

35 0.1396 0.00659

40 0.1753 0.02404

45 0.1830 0.03290

50 0.1940 0.03401

100 30 0.1397 0.00437

35 0.1543 0.01409

40 0.1640 0.01284

45 0.1736 0.02755

50 0.2044 0.04361

Table 3. Thermal conductivity analysis of graphene oxide-hydrogenated oil based nanofluid with respect to different 
particle concentration and temperature.
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Figure 7. Thermal conductivity enhancement comparison between graphene nanosheets, carbon nanotubes and 
graphene oxide at 50°C and 100 ppm.

performance at higher nanoparticle concentrations due to stability issues. Although presence 
of oxygen groups provides better stability and paved interlayer interactions [21] for improved 
thermal conductivity properties, the resulting shear pressure induced by hydrodynamic cavi-
tation process have strained the structure of nanoparticle and in return, affects the stability of 
graphene oxide in this study.

The findings of this study are compared against our previous experimental work [46, 47] 
where graphene nanosheet and carbon nanotubes nanoparticles were selected. From Figure 7,  
graphene nanosheets have higher thermal conductivity as compared to carbon nanotube and 
graphene oxide by a slight margin at 50°C and 100 ppm. The high surface area to volume ratio 
and intrinsic thermal conductivity values of graphene nanosheets [48] contribute hugely to 
the increase in thermal conductivity of nanofluids at very low nanoparticle concentrations. 
Furthermore, larger sheet sizes attract one another and for conducting percolation pathway 
to conduct heat more efficiently [27], providing better thermal conductivity of graphene 
nanosheet and graphene oxide nanofluids as compared to carbon nanotube nanofluids.

A comparison between experimental data and the classical thermal conductivity models is 
shown in Figure 8. Similar to graphene nanosheets, graphene oxides are graphene sheets 
functionalized with oxide groups attached on the surface of the nanosheets. The Maxwell 
model is able to predict closely at 100 ppm as compared to lower particle concentrations. 
According to Gupta et al. [49], the contradictions between graphene nanosheets and graphene 
oxides is possibly influenced by different particle sizes. Gupta et al. [49] had compared the 
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sizes in their study and other researchers which lead to the conclusion of the role of particle 
sizes in the distribution and network formation for heat transfer. There have been various 
researches to improve Maxwell model with the inclusion of particle sizes [50] which can fur-
ther improve the predictions of the models. In general, prediction of the models improved 
with respect to concentration, but consideration of higher nanoparticle concentrations should 
be modelled as well for a more accurate prediction by the models.

5.3. Rheological analysis

Figure 9 shows the relationship of viscosity, shear rate and shear stress against the rheological 
behaviour of hydrogenated oil-based nanofluid. At low shear stress, Bingham fluids behave 
similar to a solid but flows in liquid manner when adequate stress is applied as shown in 
Figure 9 (right) while Newtonian fluid will display constant viscosity regardless of the shear 
rate applied. From here, we can infer hydrogenated oil-based fluid to follow a non-Newtonian  
behaviour profile with a shear thinning behaviour.

Figure 10 showed the comparison of viscosity profiles at 30°C, 40°C and 50°C with respect to 
increasing logarithmic shear rates and nanoparticle concentrations. The addition of graphene 
oxide does not influence the viscosity profile of pure hydrogenated oil-based fluid as shown 
in Figure 9. At higher shear rates, the viscosity of the nanofluids are closely similar at all con-
centrations with viscosity values overlapping each other.

Figure 8. Comparison between experimental data and thermal conductivity models at 25, 50 and 100 ppm graphene 
oxide concentration.
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Furthermore, larger sheet sizes attract one another and for conducting percolation pathway 
to conduct heat more efficiently [27], providing better thermal conductivity of graphene 
nanosheet and graphene oxide nanofluids as compared to carbon nanotube nanofluids.

A comparison between experimental data and the classical thermal conductivity models is 
shown in Figure 8. Similar to graphene nanosheets, graphene oxides are graphene sheets 
functionalized with oxide groups attached on the surface of the nanosheets. The Maxwell 
model is able to predict closely at 100 ppm as compared to lower particle concentrations. 
According to Gupta et al. [49], the contradictions between graphene nanosheets and graphene 
oxides is possibly influenced by different particle sizes. Gupta et al. [49] had compared the 
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sizes in their study and other researchers which lead to the conclusion of the role of particle 
sizes in the distribution and network formation for heat transfer. There have been various 
researches to improve Maxwell model with the inclusion of particle sizes [50] which can fur-
ther improve the predictions of the models. In general, prediction of the models improved 
with respect to concentration, but consideration of higher nanoparticle concentrations should 
be modelled as well for a more accurate prediction by the models.

5.3. Rheological analysis

Figure 9 shows the relationship of viscosity, shear rate and shear stress against the rheological 
behaviour of hydrogenated oil-based nanofluid. At low shear stress, Bingham fluids behave 
similar to a solid but flows in liquid manner when adequate stress is applied as shown in 
Figure 9 (right) while Newtonian fluid will display constant viscosity regardless of the shear 
rate applied. From here, we can infer hydrogenated oil-based fluid to follow a non-Newtonian  
behaviour profile with a shear thinning behaviour.

Figure 10 showed the comparison of viscosity profiles at 30°C, 40°C and 50°C with respect to 
increasing logarithmic shear rates and nanoparticle concentrations. The addition of graphene 
oxide does not influence the viscosity profile of pure hydrogenated oil-based fluid as shown 
in Figure 9. At higher shear rates, the viscosity of the nanofluids are closely similar at all con-
centrations with viscosity values overlapping each other.

Figure 8. Comparison between experimental data and thermal conductivity models at 25, 50 and 100 ppm graphene 
oxide concentration.
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Figure 10. Comparison between viscosities at different concentration with respect to shear rate at 30°C, 40°C and 50°C.

At higher shear rate, the viscosity of nanofluids at various concentrations is seen decreas-
ing exponentially towards the viscosity of the base fluid. However, upon closer inspection 
showed viscosity of hydrogenated oil-based nanofluids are higher compared to its base 
fluid counterpart. Similar to other studies carried out, the viscosity of nanofluids increases 
with higher concentrations but reduces when subjected to higher shear rates [51–52]. 

Figure 9. Graphical illustrations of shear stress (left) and viscosity (right) with respect to shear rate of hydrogenated 
oil-based fluid at 30°C.
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Interparticle frictions increase due to higher concentrations of nanoparticle suspended, 
thus highlighting the fluid’s resistance to flow and subsequently increased the viscosity of 
nanofluids [43]. Furthermore, temperature parameter plays an important role in viscosity 
properties. Lower viscosity values are obtained at higher temperature and vice versa for 
constant nanoparticle concentrations due to the influence of temperature on the intermo-
lecular attractions between nanoparticles and base fluid’s particles. Interparticle and inter-
molecular adhesive forces of particles decreased at higher temperature because of higher 
energy input into the system [53], leading to the decrease of fluid’s viscosity. This phenom-
enon was also observed by other researchers showing the effects of temperature against 
viscosity of nanofluids [19].

Two different behaviours of hydrogenated oil-based nanofluids can be deduced from this 
study, namely shear thinning and shear thickening behaviours. The nanofluids displayed 
shear thinning behaviour at lower shear rate while slight shear thickening behaviour was 
observed at higher shear rate instead due to percolation structure effects of nanoparticles 
suspension in base fluid [27, 54]. At high shearing rates, the formed percolation structure is 
broken down to form primary particles to form higher shear stress.

The rheological behaviour of hydrogenated oil-based nanofluids over the range of 30–50°C at 
concentrations 25 ppm, 50 ppm and 100 ppm were compared with non-Newtonian rheological  

Figure 11. Comparison between experimental data and rheological models at different concentrations at 30°C, 40°C 
and 50°C.
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models consisting of Bingham Plastic model and Power Law model as shown in Figure 11 
respectively. In Figure 11, it was observed 25 ppm concentration of graphene oxide dis-
persed yields the lowest shear stress while 50 ppm has the highest shear stress values at 
higher shear rates. A plausible explanation to this anomaly could be the increased stacking 
of graphene oxide sheets trapped due to the spindle’s rotating movement. Comparisons have 
shown Bingham model gave better predictions of graphene oxide-hydrogenated oil-based 
nanofluids compared to Power Law model. The Power Law model over-predicted the shear 
stress values at higher shear rate due to the flow behaviour index at n > 1. Furthermore, 
hydrogenated oil-based nanofluid has comparatively similar yield stress values at different 
concentrations at higher temperatures. The rheological behaviour of hydrogenated oil-based 
nanofluids approaches a limit in which the shear stress values are independent to the concen-
tration of nanoparticles at high temperature [55].

From the experimental analysis, hydrogenated oil-based fluid exhibits a non-Newtonian 
behaviour. Although the fluid exhibited zero shear stress at low temperature, the decreased 
in viscosity of hydrogenated oil-based fluid exhibited shear-thinning properties. However, 
the flocculation structure of nanoparticles was broken apart to form primary particle which 
led to slight shear thickening behaviour at higher shear rates. Similar to other findings, higher 
concentration of nanoparticles exhibits higher viscosity and shear stress properties but varia-
tions are insignificant upon comparison. Furthermore, the shear stress values are indepen-
dent to the concentration of nanoparticles dispersed at higher temperature. The comparison 
between Bingham model and Power Law model showed Bingham model predicting better 
results data as compared to Power Law model at all concentrations, nanoparticle types and 
temperature.

6. Conclusion

In this study, graphene oxide-hydrogenated oil nanofluids were homogenized through com-
bination of hydrodynamic cavitation and ultrasonication combination process at 25 ppm, 
50 ppm and 100 ppm respectively. FTIR analysis had shown presence of large –OH groups 
concentration while TEM analysis shows severe defects and bends attributed to attach-
ments of various groups on the surface. Findings have shown addition of graphene oxide 
into hydrogenated oil showed remarkable improvements of 12.00% in thermal conductivity 
enhancement at 100 ppm and 50°C. Furthermore, the rheological properties of hydrogenated 
oil nanofluid showed no significant changes in rheological behaviour when compared against 
the base fluid. Hydrogenated oil-based nanofluids have shown to possess both shear thinning 
and shear thickening behaviours at lower shear rates approaching higher shear rate range 
with increased viscosity at higher nanoparticle concentrations. Conventional thermal conduc-
tivity models were able to predict graphene oxide-based nanofluids accurately at higher par-
ticle concentration while Bingham Plastic model had shown to fit well against experimental 
data at all concentrations and temperature, thus proving addition of graphene oxide does not 
change the intrinsic behaviour of hydrogenated oil.
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Abstract

This chapter focuses on the development of solid control system that is suited for drilling 
12.25-inch hole. The first part discusses the performance of rate of penetration (ROP), 
equivalent circulating density (ECD) and drill string drag while the second part of the 
chapter discusses about the effect of solid control system performance to mud properties 
plastic viscosity (PV), yield point (YP), and low gravity solid (LGS). The input parameters 
were gathered from two different set up of solid control systems that were used in Well 
A and Well B. The result is mainly based on the performance of original solid control sys-
tem new design vs. old design. Installation of distributor tank and channeling the mud 
to respective shale shakers significantly enhanced the system and operational perfor-
mance. The ROP at 12.25-inch drilling was improved by 20%. New design, on an average, 
improved the ECD margin by reducing additional pressure exerted using original mud 
from 4.9 to 2.9%. High ECD margin is not recommended because it can break the weak 
formation. Mud properties while drilling the 12.25-inch hole section; PV, YP and LGS 
values were improved by 14, 17, and 25% respectively.

Keywords: solid control, 12.25-inch hole, ROP, ECD, mud rheology, LGS

1. Introduction

The effective performance of solid control equipment is to remove drilled solids from the 
drilling mud which acts as a key factor to have good mud properties [1]. Solid and particles 
that are not removed during the circulation will remain in the system and lead to reduction 
of size that may increase the difficulty on removing process using mechanical solid control 
equipment (SCE). Mud properties must be maintained within the acceptable specification to 
allow efficient cutting transport to surface [2]. Quantities of high solid content present in mud 
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always perceived as a vital factor affecting the operation efficiency and equipment wear issues. 
Ineffective solid control system and inadequate understanding of mud properties create addi-
tional risk and uncertainties to downhole condition. Drilling the 12.25 hole section using old 
design solid control system produced unequal distribution of the mud flow over the shakers 
screen. The mud flow only concentrated at middle shale shaker that connected to flow line 
while the others shaker received minimal flow. This situation tends to be overloaded only in 
the middle shale shaker unit. In rig site practice, the shakerman adjusting the baffle plate at 
possum belly increases the flow. However, it increased mud losses through the solid control 
unit and continuous plugging of the mesh in the solid control unit. Due to ineffective shale 
shaker and overflow of mud at possum belly, the flow was bypassed to prevent mud surface 
losses but it plugged the apex cones of hydrocyclone. By-passed the shale shaker unit result 
high drilled solids content circulated back and not remove from the system. Mud properties, 
such as YP, PV and LGS, were studied to investigate the significant effect of poor solid control 
system processing toward the performance of ROP, ECD and drag. This investigation evalu-
ated the performance of solid control equipment before and after the introduction of mud flow 
distributor tank for mud return from the well while drilling the 12.25 inch hole. The methods 
used were gathering from various sources including case study on the rig operation, reports, 
personnel experience, publication and discussion for drilling the 12.25-inch hole section. The 
theory and literature review related to solid control system, mud properties and correlation to 
drilling operation also were studied to gain previous research related to the problem. Solid con-
trol system was then redesigned to investigate its affect toward mud properties and operation 

Figure 1. Solid control phases diagram. (Note: Personal experience).

Drilling88

performance. Comprehensive analysis was made to discuss the relation of poor solid control 
system, mud properties and drilling operation (Figure 1).

2. Solid content and mechanical solid control system

The commercial solids (barite) and non-commercial solid (drilled cuttings) are two pri-
mary sources of solid particles that exist during drilling. Solid that are concentrated in 
the mud are classified either based on specific gravity (SG) or density and particle size. 
Solid SG higher than 4.2 (weight material) are categorized as high-gravity solid (HGS) 
while solid with SG 1.6 to 2.9 (average 2.6) is categorized as low-gravity solid (LGS) 
(Figure 2).

The solid control system sequence consists of shale shakers, hydrocyclones (desander and 
desilter) and centrifuge. Each mechanical equipment work independently depends on the 
solid particles sizes. The equipment is connected in series, and each stage of processing per-
formance is partly dependent upon the previous equipment. By-passing the shaker screen 
is not recommended because failure to discard the solid particles at the shale shakers unit 
would overload the downstream equipment. Drilled solids that are not removed during the 
first circulation through the surface equipment are always subject to mechanical degradation 
[3]. The smaller the particle, the greater the surface area may develop, and it is causing greater 
effect to the mud system (Figures 3 and 4).

Figure 2. Particle diameter [7].
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3. Development of solid control equipment

During drilling operation, the circulated mud carries drilled cuttings to surface. These solids 
are then treated at mechanical solid control system by separating them from the mud accord-
ing to the particles size. In this chapter, the research focuses on maximizing the efficiency of 
equipment performance and separation because the old design was inefficient to remove the 
solid from the mud. The flow line distributor was installed at the end of return line to the 

Figure 3. Old design solid control system.

Figure 4. New design solid control system. (Note: Figures 3 and 4 is based on personal experience).

Drilling90

shale shakers and replaced the high-pressure hose to rigid piping system for reducing pres-
sure loss due to vibration. This system allows the solids containing drilling mud to be divided 
equally between the desire numbers of shale shakers. Mud circulation without any reduction 
in solid concentration may thicken the fluid viscosity and develops resistance to flow charac-
ter of the mud. This brings to the changes in its density, rheology and other properties. The 
utmost advantage is to remove as much solids practically to reduce down time which con-
tributed from plug flow lines, fluid end repair, drill string erosion and re-drilling of solids as 
drilling fluid recycles itself through the mud system loop [1].

3.1. Effect of solid particles on MW

Density or MW is measured and expressed in pounds per gallons (lb/gal), pound cubic feet 
(lb/ft3) and grams per cubic centimeter (g/cm2). It is an important property to maintain the 
well hydrostatic and prevent gas influx migration into the wellbore. Some of weight mate-
rial such as barite and hematite are added into the mud to increase the mud weight. Mud in 
the wellbore column must exert a greater pressure than the fluids in porous rocks that are 
penetrated by the bit. The pressure exerted by the drilling mud at any depth or gradient of 
pressure is related to its density. Denser or viscous mud may exert excessive pressure to the 
wellbore and causing loss of circulation.

3.2. Effect of solid particles on well bottom-hole pressure

High solid content ultimately can increase the density and viscosity of the mud. Hence, it 
exposes the well to high BHP and mud properties contamination. Moreover, high horse 
power is also required to break up the gel and pump the mud for circulation. This not only 
triggers to hydraulic fracturing effect but also induces the tendency of mud losses into the 
formation. Under the primary well control requirement, the mud density must be formulated 
to compensate the desire BHP either meet or exceed the pore pressure of the rock formation. 
Failure to control the build of solid and regrinding the same drilled cutting may increase the 
mud surface area become very difficult to remove using mechanical solid control equipment. 
High solids are abrasive and can increase filter cake thickness. The higher of filter cake, the 
higher chances of drill string to get stuck due to differential sticking effect. Thin and imperme-
able filter cake is important to reduce contact area across the drill string.

3.3. Effect of solid particles on PV

PV is a function of solids concentration, size and shape of the solid particles and viscosity 
of liquid phase [4]. It is regarded as a guide to solid control for field application [5]. PV is 
directly proportional to the increasing of solid volume percentage, or if the volume percent 
remains constant, the size of the particles decreases. Decreasing particle size may increases 
surface area that leads to fractional drag problem. This plastic viscosity is sensitive to the 
concentration of solid and depends largely on the bulk volume of solids in the mud [6]. A 
low PV implies lower ECD exerted at bottom while high PV trigger to an increase of ECD 
because high pumping pressure is needed to break the gel. YP/PV ratio is a significant indica-
tor of drilling fluid condition, low ratio indicates smaller tendency for gas cutting, swabbing 
pressure and greater settling velocity of cuttings whereas high ratios indicate coagulation and 
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Failure to control the build of solid and regrinding the same drilled cutting may increase the 
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High solids are abrasive and can increase filter cake thickness. The higher of filter cake, the 
higher chances of drill string to get stuck due to differential sticking effect. Thin and imperme-
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remains constant, the size of the particles decreases. Decreasing particle size may increases 
surface area that leads to fractional drag problem. This plastic viscosity is sensitive to the 
concentration of solid and depends largely on the bulk volume of solids in the mud [6]. A 
low PV implies lower ECD exerted at bottom while high PV trigger to an increase of ECD 
because high pumping pressure is needed to break the gel. YP/PV ratio is a significant indica-
tor of drilling fluid condition, low ratio indicates smaller tendency for gas cutting, swabbing 
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flocculation [7]. Removal of drilled solids from a drilling fluid will decrease plastic viscosity, 
and if this solid remains in the fluids, it will grind into smaller and more numerous particles 
which increases plastic viscosity and decreases drilling performance [8].

3.4. Effect of solid particle on YP

YP is the initial resistance of the fluids to flow caused by the electrochemical forces between 
the particles. It is also expected to be a function of the solid concentration of the solids and 
those factors, such as surface charges and potential, which affect the interparticle forces [9]. 
YP and gel strength should be low enough to allow sand and shale cuttings to settle out and 
entrained gas to escape, minimize swabbing effect during pulling the string out of hole and 
permit the circulation to be started at low pump pressure [10]. Efficient elimination of drilled 
solids right after the fluid leaves the annulus was the best solution to avoid drilling fluid-
cutting interaction that subsequently can increase the fluid density [11]. A change in the PV of 
drilling mud can cause small changes in YP. Therefore, it is always important to keep the vis-
cosity of a mud from getting too low. The mud should have minimum viscosity properties to 
lift the cuttings from bottom of the hole to surface. The mud must capable to keep the weight-
ing material and drilled cuttings in suspension while circulating or stop pumping. Normal 
reaction in the event of poor cutting transport is to increase the YP of the mud. However, the 
significant increase in YP may result poor performance of the finest mesh at shaker screen. 
Changing the mesh screen to a coarser screen decreases the quantity of drilled solid that can 
be removed [12].

3.5. Effect of solid particle on ROP

Rheological and filtration properties become difficult to control when the concentration of 
drilled solid become excessive [1]. High particulate solids in the mud reduce ROP because of 
increase in mud density and viscosity. The higher the mud density, the greater the differen-
tial pressure exerts. ROP decreases when differential pressure increases. Lower mud density 
may decrease the dynamic chip hold down and permitting faster RPM. Low viscosity mud 
promotes fast penetration because of good scavenging of drilled cuttings. Despite applying 
more WOB and RPM can comfortably achieve the desire ROP, but drilling with contaminated 
mud properties decreases in ROP in a long run. Darley mentioned that low concentration of 
noncolloidal drilled solid below 4% capable to maintain ROP at high level [3]. Mud properties 
such as PV and yield stress/gel strength showed that although these properties have effects 
on ROP, but not very significant, only annular pressure losses seemed to drastically affect the 
ROP which is directly related to ECD [5].

3.6. Effect of solid particle on drag and ECD

The fluid rheology plays an important role for solid transport and optimizes the hole cleaning 
[14]. The best way to pick solid is with a low viscosity fluid in turbulent flow. Hole cleaning 
can be optimized by the use of drilling mud with low gel strength and with low viscosity 
within the shear rates exposed to the annular flow [13]. In situations where ECD is not a limit-
ing factor, high viscosity fluids with high YP/PV ratios are preferred. Under situation where 
ECD is a limiting factor, the use of thin fluids in turbulent flow should be considered. Driller 
must ensure the ECD as well as its static density is within the safe limit. ECD is the effective 
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density of a moving fluid and slightly more than the static density because of the friction 
pressure drop in the annulus. ECD depends on the pump rates and fluid viscosity. Therefore, 
regulation of ECD within limits means keeping viscosity low. The main cause of elevated 
viscosity is low gravity solid (LGS) increased. Close monitoring on solid control equipment 
must be performed to ensure that LGS are kept to a minimum [14].

4. Methodology

4.1. Setup of solid control system

The solids control comprises of three: shale shakers, hydrocyclones (Desander and Desilter), 
and centrifuge. The introduction of flow distributor tank at the end of the flowline and 

Figure 5. Flow diagram of the methodology. (Note: Based on personal experience).
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density of a moving fluid and slightly more than the static density because of the friction 
pressure drop in the annulus. ECD depends on the pump rates and fluid viscosity. Therefore, 
regulation of ECD within limits means keeping viscosity low. The main cause of elevated 
viscosity is low gravity solid (LGS) increased. Close monitoring on solid control equipment 
must be performed to ensure that LGS are kept to a minimum [14].
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redistribute the mud through lines to respective shale shakers is designed to optimize the 
mud flow performance. This improvement minimized the tendency of shale shakers over-
flow and reduced processing overloading (Figure 5).

4.2. Data acquisition and measurement

Data collection and evaluation of the mud properties include PV, YP and LGS. These mea-
sures are used as a tool to evaluate the efficiency of the mechanical equipment. The drilling 
parameters including ECD and ROP are obtained from real-time downhole acquisition tool. 
Drill string drag is recorded after each drill pipe connection to monitor the hole condition. 
Mud parameters and drilling data are correlated to oversee the drilling performance. Gradual 
changes in mud properties such as high ECD and poor ROP are significantly reflect to the 
ineffective of solid control system.

5. Results and discussion

Field data are obtained from onshore drilling in Borneo Block. All data are obtained from two 
different wells with similar lithology called Well A and Well B. The Well A was drilled using 
original solid control system while Well B was drilled with New developed design. The perfor-
mance of both systems was compared while drilling the 12.25 inch section. A total of 40 mud 
samples were collected and measured to evaluate the PV, YP and LGS. These results act as a 
preliminary step to investigate the performance of the mud on ROP, ECD and drill string drag 
to justify the performance of the new design in this analysis.

Figure 6. YP (lbs/100 ft2) vs. data point. (Note: Based on personal experience).
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5.1. Performance of solid control system on plastic viscosity

Figure 6 shows the tabulated PV of new design and old design solid control system. At the 
start of drilling operation, PV for both systems performed on the same trend. This reflects 
the solid separation and treatment was working effectively. As drilling deeper at Well A with 
old system and more drilled cuttings excavated, the mud viscosity was getting thicker that 
resulted the PV to gradually increase. Increase of PV is subjected to drilling the Well B with 
new system design had improved the solid removal processing by 14% as compared to old 
design. The performance of new system was economical and reliable as system capability jus-
tifies it to maintain the PV reading throughout the operation. The inability of the old design to 
eliminate rapid development of mud contamination significantly leads to overloading works 
at downstream equipment which increase solid contents in the drilling mud. Frequent mesh 
screen plugging, discharge rope from the hydrocyclone and solid recirculation contributed 
to poor solid removal and PV increment. Spray discharge was not achieved because the old 
design utilized high pressure hose as a suction line to desander and desilter. Pressure gener-
ated to feed the mud into desander and desilter through suction hose caused vibration, pres-
sure loss and inconsistent mud flow.

5.2. Performance of solid control system on yield point

Figure 7 shows the tabulated YP for old design and new design. The YP of old design gradu-
ally increased because solid in the drilling mud was not properly discarded while drilling 
well A. Mud overflow on the shale shakers was frequently observed, and occasionally the 

Figure 7. YP (lbs/100 ft2) vs. data point. (Note: Based on personal experience).

Solid Control System for Maximizing Drilling
http://dx.doi.org/10.5772/intechopen.76149

95



redistribute the mud through lines to respective shale shakers is designed to optimize the 
mud flow performance. This improvement minimized the tendency of shale shakers over-
flow and reduced processing overloading (Figure 5).

4.2. Data acquisition and measurement

Data collection and evaluation of the mud properties include PV, YP and LGS. These mea-
sures are used as a tool to evaluate the efficiency of the mechanical equipment. The drilling 
parameters including ECD and ROP are obtained from real-time downhole acquisition tool. 
Drill string drag is recorded after each drill pipe connection to monitor the hole condition. 
Mud parameters and drilling data are correlated to oversee the drilling performance. Gradual 
changes in mud properties such as high ECD and poor ROP are significantly reflect to the 
ineffective of solid control system.

5. Results and discussion

Field data are obtained from onshore drilling in Borneo Block. All data are obtained from two 
different wells with similar lithology called Well A and Well B. The Well A was drilled using 
original solid control system while Well B was drilled with New developed design. The perfor-
mance of both systems was compared while drilling the 12.25 inch section. A total of 40 mud 
samples were collected and measured to evaluate the PV, YP and LGS. These results act as a 
preliminary step to investigate the performance of the mud on ROP, ECD and drill string drag 
to justify the performance of the new design in this analysis.

Figure 6. YP (lbs/100 ft2) vs. data point. (Note: Based on personal experience).

Drilling94

5.1. Performance of solid control system on plastic viscosity

Figure 6 shows the tabulated PV of new design and old design solid control system. At the 
start of drilling operation, PV for both systems performed on the same trend. This reflects 
the solid separation and treatment was working effectively. As drilling deeper at Well A with 
old system and more drilled cuttings excavated, the mud viscosity was getting thicker that 
resulted the PV to gradually increase. Increase of PV is subjected to drilling the Well B with 
new system design had improved the solid removal processing by 14% as compared to old 
design. The performance of new system was economical and reliable as system capability jus-
tifies it to maintain the PV reading throughout the operation. The inability of the old design to 
eliminate rapid development of mud contamination significantly leads to overloading works 
at downstream equipment which increase solid contents in the drilling mud. Frequent mesh 
screen plugging, discharge rope from the hydrocyclone and solid recirculation contributed 
to poor solid removal and PV increment. Spray discharge was not achieved because the old 
design utilized high pressure hose as a suction line to desander and desilter. Pressure gener-
ated to feed the mud into desander and desilter through suction hose caused vibration, pres-
sure loss and inconsistent mud flow.

5.2. Performance of solid control system on yield point

Figure 7 shows the tabulated YP for old design and new design. The YP of old design gradu-
ally increased because solid in the drilling mud was not properly discarded while drilling 
well A. Mud overflow on the shale shakers was frequently observed, and occasionally the 

Figure 7. YP (lbs/100 ft2) vs. data point. (Note: Based on personal experience).

Solid Control System for Maximizing Drilling
http://dx.doi.org/10.5772/intechopen.76149

95



unit was bypassed to minimize the surface losses. By passing the solid control unit signifi-
cantly overload the downstream mechanical equipment and result the equipment incapable 
to remove the solid efficiently. Changes in low shear rate viscosity reflect to the mud YP. In 
this condition, colloidal clay platelets link together (flocculate) with consequent increase in 
their specific surface area. When mud is at static condition, the mud contains high solid and 
becomes attractive and repulsive. Stable and consistent mud flow distribution to shale shak-
ers was helpful in controlling the YP build up. The ability of the new design to maintain the 
YP showed that the solids were properly separates by the system and result in low pressure 
loss while the drilling mud was circulated. Consistent value of YP at new design while drill-
ing the section typically provides good cutting carrying capacity (CCC) of the drilling fluid. 
Good control of YP reduces the chances of pressure spike that can break the formation which 
may result circulation lost. Sufficient YP and gel strength were achieved at acceptable gel 
strength to help for cutting suspension while circulating and pump shutdown. Moreover, the 
mud was capable to lift the cuttings from bottom of the hole to surface.

5.3. Performance of solid control system on low-gravity solid

Figure 8 shows the tabulated LGS for old design and new design. Rapid increment of LGS while 
drilling Well A was obvious due to inability of the old design to remove the solid efficiently from 
drilling mud. At the start of drilling operation, both designs removed the solid effectively from 
the drilling mud as the LGS was tabulated at the range of 7–8%. As drilling Well A deeper, the 
solid control equipment (SCE) of old design was observed getting poor in handling the mud 

Figure 8. LGS (%) vs. data point. (Note: Based on personal experience).

Drilling96

return from the well. Frequent shale shakers overflow and bypassing the shakers in order to 
prevent massive surface loss of expensive fluids significantly created additional risk to the solid 
removal processing. The situation results of the LGS in the mud system rapidly increased to 14%. 
High solid content in this mud was considerably abrasive and may degrade down the drilling 
equipment through silt size. The smaller the particles, the more pronounced the effect on the mud 
properties because smaller particles are more difficult to remove or control its effect on the fluid. 
Recirculating of mud that contained drilled solid may gradually deteriorate mud properties. The 
upper limit of the solid fraction should be in the range of 6–8% by volume. The new design of 
solid control system as tabulated in Figure 8 shows that the system LGS was improved with 
system removal by 25% when drilling Well B which showed an average reading of LGS at 8.7%.

5.4. Performance of solid control system on mud weight and equivalent circulating 
density

Well A was drilled using old design solid control system. The section was from 760 to 2163 m 
MDRT. MW was gradually increased from 10 to 11.6 ppg mud to maintain the hydrostatic 

Figure 9. Section depth vs. MW & ECD (new design).
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Figure 10. Section depth vs. MW & ECD (old design).

pressure in the column. Early tabulated data on the top section demonstrated a good ECD 
trend with no significant pressure spike. As drilling reached to 1124 m MDRT depth, ECD 
spike was increased up to 12.4 ppg. Failures to transport the cutting effectively to surface 
exposed the formation to pressure spike. It occurred because drilled cutting that remains in 
the well created tight tolerances between hole and drill string geometries. Poor hole cleaning 
triggered high ECD that can break the formation and losses of mud. ECD trend progressively 
built up, and pressure spike was observed at 1244 and 1474 m MDRT. Well circulation was 
commenced until the hole clean, but the entire operation progress became slows. The flow 
rate was ramped up in controlled manner to minimize the risk of pressure spike and high 
ECD. The ROP was also controlled to reduce the impact of high ECD. The average ECD addi-
tive factor was 0.6 ppg that is equivalent to 4.9% increment from original MW during mud 
than in dynamic condition (Figures 9 and 10).

Well B was drilled using new design of solid control system. The section was drilled from 
750 to 2200 m MDRT. The MW used to drill this section was 10.0 to 11.9 ppg and gradually 
increased to maintain the hydrostatic pressure in the column. The tabulated data show that the 
ECD was consistent at safe drilling margin until section TD at 2150 m MDRT. No significant 
ECD spike was observed throughout the operation. A slight increase was observed at 1935 m 
MDRT with 12.32 to 12.5 ppg, but the impact is still below the fracture gradient. Increase in 
ECD occurred because more cutting bed accumulated on the low side of drill string. Due to 
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gravity effect at deviated hole, heavier cuttings and mud along the lower side of the hole 
moved at lower rate than the clean mud on the upper side. Peak performance of solid separa-
tion equipment is essentially important to ensure the LGS, YP and PV are maintained within 
the acceptable envelope. These parameters provide good cutting transport and no excessive 
pumping pressure required to break the gel. The average ECD additive factor was 0.3 ppg that 
is equivalent to 2.9% increment from original MW during mud flow in dynamic condition.

5.5. Performance of solid control system on rate penetration

The ROP trend of old design was seen concentrated at range between 40 and 60 m/h. ROP was 
controlled in such manner due to ECD surge. Mud properties specification was not within the 
recommended limit, and it significantly influenced the ROP consistency. Continuous of solid 
built up in the mud system altered the mud properties which eventually causing in poor drill-
ing performance. Drilled solids circulated up the annulus increased the pressure differential 
and lead to slower drilling. Instantaneous maximum ROP achieved using old design SCE was 
62 m/h with 48.78 m/h on average. Drilling the same section for Well B using new design solid 
control system showed improvement on ROP trend. Maximum instantaneous ROP was reg-
istered at 77 m/h with 61 m/h in average. Efficient solid removal using new design improved 
the ROP performance by 25% (Figure 11).

5.6. Performance of old design of solid control system on hooks load

Drag force is known as difference between free rotating weight and the force required to move 
the string up and down in the hole. Pick-up (P/U) drag force usually higher than the free rotat-
ing weight while slack-off (S/O) force is lower than the free rotating weight. String weight or 

Figure 11. Section depth vs. ROP.
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tion equipment is essentially important to ensure the LGS, YP and PV are maintained within 
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Figure 12. Hook load effect vs. depth (old design).

free rotating weight on this analysis represented by the green curve. Data were taken while the 
string was off bottom to compare0 the modeling string weight and actual weight. As designed 
expectation, the plots should tabulate across and along the modeling string weight at any 
well depth. Drilling the Well A using old design system, more solids were not properly sepa-
rated from the mud. This increased the mud viscosity and altered the mud properties. In this 
chart, the hook load readings when P/U the drill string was tabulated between 0.2 and 0.3 FF 
as shown in Figure 12. Occasionally, the plot exceeded that friction factor line as observed 
at depth around 1550 and 1900 m MDRT. Pile up of drilled cuttings bed and accumulation 
increased the drill string contact with the wellbore. Mud circulation for hole cleaning was 
performed to remove the cuttings from the well. S/O weight of the drill string in this chart 
was observed between 0.2 and 0.3 FF. The plots were occasionally tabulated exceeding the 
0.3 FF. This condition indicated that more drilled cutting was still sticking and restricting 
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the drill string to move down. It required extra cumulative axial force to free the drill string. 
Lower S/O FF represents high hook load and vice versa. Failure to effectively transport the 
cuttings to surface result in a number of drilling problems including: excessive overpull on 
trips, high rotary torque, stuck pipe, hole-pack off, excessive ECDs and cutting accumulation.

5.7. Performance of new design of solid control system on hook load

The new design system effectively separated the drilled cuttings from the mud and allowed each 
of the equipment to work at peak performance. Mud properties were within the design speci-
fication with no severe solid contamination result improvement on PV, YP and LGS reading.  

Figure 13. Hook load effect vs. depth (new design).
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Figure 12. Hook load effect vs. depth (old design).
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well depth. Drilling the Well A using old design system, more solids were not properly sepa-
rated from the mud. This increased the mud viscosity and altered the mud properties. In this 
chart, the hook load readings when P/U the drill string was tabulated between 0.2 and 0.3 FF 
as shown in Figure 12. Occasionally, the plot exceeded that friction factor line as observed 
at depth around 1550 and 1900 m MDRT. Pile up of drilled cuttings bed and accumulation 
increased the drill string contact with the wellbore. Mud circulation for hole cleaning was 
performed to remove the cuttings from the well. S/O weight of the drill string in this chart 
was observed between 0.2 and 0.3 FF. The plots were occasionally tabulated exceeding the 
0.3 FF. This condition indicated that more drilled cutting was still sticking and restricting 
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the drill string to move down. It required extra cumulative axial force to free the drill string. 
Lower S/O FF represents high hook load and vice versa. Failure to effectively transport the 
cuttings to surface result in a number of drilling problems including: excessive overpull on 
trips, high rotary torque, stuck pipe, hole-pack off, excessive ECDs and cutting accumulation.

5.7. Performance of new design of solid control system on hook load

The new design system effectively separated the drilled cuttings from the mud and allowed each 
of the equipment to work at peak performance. Mud properties were within the design speci-
fication with no severe solid contamination result improvement on PV, YP and LGS reading.  

Figure 13. Hook load effect vs. depth (new design).
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The hook load chart indicated that P/U weight was concentrated at 0.2 FF but occasionally 
exceeded 0.2 FF. Good control of mud return and consistent distribution flow to solid control 
system allowed effective solid particles separation. S/O weight of the drill string was observed 
tabulated below the 0.2 FF but occasionally exceeded 0.2 FF. This indication represented that 
the hole was not piled up with drilled cuttings. Less axial force was required to move the drill 
string as there was no severe contact of drilled cuttings with the string (Figure 13).

6. Conclusion

A new solid control system was developed with detailed studies on the effect of drilled solids 
to mud properties and drilling performance. The following conclusion can be drawn from 
this investigation and as an improvement of the rig solid control system.

1. The installation of mud distributor tank enhance the flow stability and regulate the circula-
tion of mud from the well.

2. Comparing the old design while drilling 12.25-inch hole section, the new design improved 
the mud properties of PV by 14%, YP by 17% and LGS by 25%.

3. New design improved the ROP by 20% while drilling the 12.25-inch hole section.

4. New design improved average ECD margin by reducing additional pressure exerted us-
ing original mud from 4.9 to 2.9% at 12.25 inch. High ECD margin is not recommended 
because it can break the weak formation.

5. Drill string drag effect to the hook load for P/U and S/O at Old design were tabulated be-
tween 0.2 and 0.3 FF while drilling the section with New design were mostly tabulated at 
0.2 FF and less.
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Abstract

The prediction and the optimization of the rate of penetration (ROP), an important mea-
sure of drilling performance, have increasingly generated great interest. Several empirical
techniques have been explored in the literature for the prediction and the optimization of
ROP. In this study, four commonly used artificial intelligence (AI) algorithms are explored
for the prediction of ROP based on the hydromechanical specific energy (HMSE) ROP
model parameters. The AIs explored are the artificial neural network (ANN), extreme
learning machine (ELM), support vector regression (SVR), and least-square support vector
regression (LS-SVR). All the algorithms provided results with accuracy within acceptable
range. The utilization of HMSE in selecting drilling variables for the prediction models
provided an improved and consistent methodology of predicting ROP with drilling effi-
ciency optimization objectives. This is valuable from an operational point of view, because
it provides a reference point for measuring drilling efficiency and performance of the
drilling process in terms of energy input and corresponding output in terms of ROP. The
real-time drilling data utilized are must-haves, easily acquired, accessible, and controlla-
ble during drilling operations.

Keywords: artificial intelligence, ROP prediction, neural network, data analytics, least
square support vector regression, specific energy, drilling efficiency, extreme learning
machine

1. Introduction

The speed at which a drill bit breaks the rock under it to deepen the hole is called rate of
penetration (ROP). The ROP prediction is necessary for effective drilling and cost optimization;
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therefore, it has been of great concern to drilling engineers during the last decades [1, 2].
Maximization of ROP is often directly related to the minimization of drilling costs and,
therefore, it is a significant measure of drilling performance. Hydrocarbon accumulations are
becoming more increasingly difficult to find and reach in terms of depth and remoteness of
location, and therefore more complex wells are being drilled. Effective prediction of ROP
becomes imperative in order to improve efficiency of the drilling process, enables drilling
engineers, and operations team to properly estimates the time for the drilling phase of opera-
tions, the associated costs, and properly phase the operation in order to save cost. ROP
prediction also helps to explain the reason behind a sudden slowness in the drilling process,
and therefore helps in making informed decisions on the optimization strategy to adopt.

There are several techniques present to predict ROP, each with its own merits and demerits,
and there is no acceptable universal model for all conditions, as the nature of the relationships
among the parameters that affects ROP is quite complex and unique for each case. Traditional
ROP model usually predicts ROP with lots of assumptions and wide range of uncertainties
due to the complexity in the interactions of several parameters which affects ROP. ROP follows
a complex relationship with several drilling parameters such as string rotation (RPM), weight
on bit (WOB), mud weight (MW), flow rate, bit hydraulics, formation properties such as
compressive strength, pore pressure gradient; mud properties, mud hydraulics, borehole
deviation, size, and type of bit used. In some cases, increasing WOB and RPM could results in
decreasing ROP, as there is an interaction of these inputs with other factors that affects ROP.
The understating of the underlying complex relationships among these parameters is impor-
tant in the accurate prediction and optimization of ROP [3].

Predictive data-driven (PDA) modeling involves searching through complex data to identify
patterns and adjust the program actions accordingly. During drilling operations, lots of real-
time data are being gathered with quite a number related to ROP but are riddled with lots of
uncertainties and complex relationships which are better handled by data-driven analytical
techniques. The ability of AI techniques, to work through complex data sets and establish a
relationship or trend without prior assumptions has made it endearing to the hearts of engi-
neers who seek to solve complex drilling engineering problems, especially when the geology
and rock mechanic parameters differs from well to well, and therefore may have different
recommended drilling parameters within a wide range [4].

Several researches have been carried out in predicting and optimizing ROP using AI techniques.
Jahanbakhshi developed an artificial neural network (ANN) modeling for predicting ROP as a
real-time analytical approach with encouraging results [5]. Bodaghi et al. showed that optimized
SVR has better accuracy and robustness in the prediction of ROP compared to back propagation
neural network (BPNN), and is a practicable method to implement for drilling optimization [6].
Also, Shi et al. in their study showed a promising prospect for extreme learning machine (ELM)
and upper-layer-solution-aware, in predicting ROP, as they outperform the ANNmodel [7]. The
study of Moraveji and Naderi concluded that response surface methodology, RSM statistical
model provides an efficient tool for prediction of ROP as a function of controllable and uncon-
trollable variables with a reasonable accuracy [8]. Mantha and Samuel, using ANN, SVR, and
classification regression trees (CART) in their study, shows ROP follows a complex relationship
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which cannot be comprehensively explained by traditional models alone. Application of data-
driven analytics using several machine learning algorithms coupled with regression analysis can
help in better understanding and predicting ROP [3].

This study seeks to improve ROP prediction by proposing the utilization of HMSE parameters
as inputs in the prediction of ROP by four AI techniques. The capability of the four AI
techniques namely artificial neural network (ANN), extreme learning machine (ELM), support
vector regression (SVR), and least-square support vector regression (LS-SVR) are compared. To
demonstrate this, a case study is presented using real data from two development wells from
onshore Niger Delta hydrocarbon province. The results shows all the AI techniques predicted
ROP within acceptable accuracy range and provided an improved and consistent methodol-
ogy of predicting ROP with drilling efficiency optimization objectives.

2. ROP models

ROP is an important drilling parameter as a measure of performance in terms of both drilling
cost savings and drilling efficiency. It is defined as the slope of the depth evaluated over a short
time. It gives a perspective of how fast or slow a particular formation is being drilled or how
operational conditions affect the functioning of the drilling system. The mathematical expres-
sion of ROP is given as [9]:

ROP tð Þ ¼ dh
dt

(1)

Factors affecting ROP can be divided into the following [5, 10];

• Personnel/Rig efficiency: this refers to the man-power and efficiency of the hardware
involved in drilling operation. The experience of the personnel matters and is often a
determinant in the selection of certain drilling parameters which affects ROP. The age,
ratings, and technology of the drilling rig and associated hardware system also affects the
efficiency of the selected drilling parameters to deliver optimum ROP output.

• Characteristics of the formation such as strength, hardness/abrasiveness, formations
stress, elasticity, plasticity, pore pressure, balling tendency, porosity and permeability, etc.
These parameters that controls ROP with varying degrees of uncertainties in the subsur-
face. The elasticity and ultimate strength of the formation are the most important param-
eters that affect ROP. In elastic environments, the normal compaction trend (NCT)
indicates the increase in formation strength with increasing depth of burial. This relation-
ship does not hold in carbonate environments. The chemical composition of the formation
also affects ROP, with formation containing abrasive minerals rapidly dulling the bit
while formation with gummy clay minerals clings to the bit to ball up. All these are
uncontrollable factors that affect ROP [9].

• Mechanical factors such as RPM, bit type, and WOB can be often referred to as the bit
operating conditions.
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Bit type selection is dependent on the type of formation to be drilled with a significant
effect on ROP. Some bits such as roller cone bits with large cone offset angle and long
teeth are only practical for soft formations due to fast tooth wear and hence a quick loss of
ROP in harder formation. The fixed cutter bit is one where there are no moving parts, but
drilling occurs due to shearing, scraping, or abrasion of the rock. Fixed cutter bits can be
either polycrystalline diamond compact (PDC) or grit hot-pressed inserts (GHI) or natural
diamond. They can also be matrix-body or steel-body, the selection of which depends on the
application and the environment of use. Matrix is desirable as a bit material, because its
hardness is resistant to abrasion and erosion. It is capable of withstanding relatively high
compressive loads, but, compared with steel, has low resistance to impact loading. PDC bits
are generally used for drilling soft but firm, and medium-hard, nonabrasive formations that
are not sticky. The choice of bit therefore has a significant impact on ROP [9].

RPM: this is the revolutions per minute which represents the rotational speed of the drill
string. The top drive system (TDS) is a revolutionary introduction into the rig system in
the early 1980s, it provides clockwise torque to the drill string to drill a borehole. Figure 1
shows an experimental result which proves that ROP usually increased linearly with
increasing values of RPM up to a certain point for a particular formation illustrated as
segment a-b, provided all other drilling parameters are kept constant, after which ROP
starts to diminish as seen in segment b-c. Point b, is called “the bit floundering point.”

Weight on bit (WOB): the WOB represents the amount of axial force applied onto the bit
which is then transferred to the formation causing it to break. The significance of WOB as a
factor affecting ROP can be seen as illustrated in Figure 2. The figure shows zero ROP until the
inertial breaking WOB is applied to the formation at point a. The ROP increases rapidly with
increasing WOB as observed in segment a-b; then, a linear increase in ROP is observed in

Figure 1. Typical response of ROP to RPM.
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segment b-c followed by only a slight increase in ROP at a high value WOB in segment c-d. In
extreme cases, a further increase in WOB will lead to a decrease in ROP as seen in segment d-e.
The point at which this occurs is called floundering point.

• Hydraulic factors: this refers to the bit hydraulics, and the two main hydraulic factors
with significant effects on ROP are (i) jet velocity, and (ii) bottom hole cleaning. Significant
improvement in ROP could be achieved if proper nozzles were selected for a proper
jetting action at the bit as drilling fluids flows at a determined flowrate through the drill
string and the bit nozzles into the annulus. This promotes better cleaning action at the bit
face as well as bottom hole.

Bottom hole cleaning is an important mechanism of removing drilled cuttings from the
face of the bit. The jetting action of the mud passing through the bit nozzles has to provide
enough velocity and cross flow across the surface of the bit to remove the newly drilled
cuttings effectively as the bit penetrates the formation. This will prevent bit balling and
regrinding of drilled cuttings by moving them up the annulus to maximize drilling
efficiency of the bit.

• Drilling fluid properties: the two main mud properties with significant impact on hole
cleaning are the mud density and viscosity.

Mud density: aside serving as the primary control of the well, that is, prevention of
formation-fluid intrusion into the wellbore, the mud density functions as mechanical
stabilization of the wellbore. Increasing the mud density beyond required to serve the
aforementioned functions, is detrimental to ROP, and may cause induced losses by frac-
turing the formation under the in-situ stress condition. An increase in the mud density
causes a decrease in ROP. This is because it causes an increase in bottom hole pressure
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beneath the bit causing a chip hold-down effect. Hence, regrinding of drilled cuttings with
adverse effect on penetration rate.

Viscosity tends to decrease ROP as it increases in drilling fluids. Plastic viscosity is the
resistance of the drilling fluid to flow caused by mechanical friction within the fluid. With
high viscosity, cuttings tend to remain stuck on the bottomof the hole causing their re-drilling
and this leads to reduction in the performance of the bit. It affects the hydraulic energy
available at the bit nozzles for cleaning due to parasitic frictional losses in the drill string [9].

2.1. ROP empirical models

There has been many proposed empirical ROP models in the last 3 decades; however, three of
them are quite popular for estimating ROP, they are (i) Maurer’s ROP model, (ii) Galle and
Woods ROP model, and (iii) Bourgoyne-Young ROP model.

2.1.1. Maurer’s model

Maurer [11] developed a ROP model based on a theoretical penetration equation as a function
of WOB, RPM, bit size, and rock strength derived for a roller-cone type bit. A mathematical
relation between rate of drilling, WOB, and RPM based on perfect hole cleaning condition was
achieved as a function of depth. The ROP equation was thus given as:

dFD
dt

¼ 4
πd2b

dV
dt

(2)

Here, FD = footage drilled by bit (ft), t = time (h), V = Volume of rock removed, db = diameter of bit.

2.1.2. Galle and woods’ model

Galle and Woods, in their work, investigated the effects of bit cutting structure dullness, WOB,
and RPM on ROP, rate of tooth wear and bearing life for roller cone bits. The result of their work
is a presentation of graphs and procedures for field applications to determine the best combina-
tion of constant WOB and RPM [12]. They presented a drilling rate equation as follows:

dFD
dt

¼ Cfd
W

k

ap
r (3)

Here, Cfd = formation drillability parameter, a = 0.028125h2 + 6.0 h + 1 time, hr, h = bit tooth
dullness, fractional tooth height worn away, in, p = 0.5 (for self-sharpening or chipping type bit
tooth wear), k = 1.0 (for most formations except very soft formations), 0.6 (for very soft
formations), r = RPM function, W= function of WOB and db, such that W ¼ 7:88WOB

db
.

2.1.3. Bourgoyne and Young ROP model

The most popular of the ROP model is Bourgoyne and Young ROP model used to calculate
the ROP. In their work, they presented a mathematical relationship using a complex drilling
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model to capture the effects of changes in the various drilling parameters. They proposed an
eight function empirical relationship to model the effect of most of drilling variables [1]. The
equation form is

dROP ¼ f R a1; ::…; a8; p2;…:; p8
� �

(4)

¼ Exp a1 þ
X8

i¼2

aipi

 !
, (5)

Here, a1 = formation strength parameter, a2 = exponent of the normal compaction trend,
a3 = under compaction exponent, a4 = pressure differential exponent, a5 = bit weight exponent,
a6 = rotary speed exponent, a7 = tooth wear exponent, and a8 = hydraulic exponent.

2.1.4. Hydromechanical specific energy ROP model (HMSE)

Approaching the drilling process as a closed system in terms of energy input in the form of
applied drilling parameters, and a corresponding output, in the form of ROP, brought about
the concept of specific energy (SE). This concept was first introduced by Teale in [13]. Further
work has been done to fully capture the mechanical and hydraulic energy input and their
relationship with ROP. The HMSE concept states that “the energy required to remove a unit
volume of rock comes primarily from the torque applied on the bit, the weight on bit (WOB),
and the hydraulic force exerted by the drilling fluid on the formation” [14]. Specific energy is
therefore a significant measure of drilling performance, especially of the cutting efficiency of
bits and rock hardness [15]. The equation form is:

HMSE ¼ F
Ab

þ 120π:N:T
Ab:ROP

þ 1154η:Δpb:Q
Ab:ROP

(6)

Rearranging

ROP ¼ 120π:N:T þ 1154η:Δpb:Q
Ab:HMSE� F

� �
(7)

Here, HMSE = hydromechanical specific energy in psi, F = WOB in lbs, N = RPM, T = TORQ in
lb-ft, Ab = bit cross sectional area in in2, ROP = rate of penetration in ft/hr, Q = mud flow-in rate
in gallons per minute, η = dimensionless energy reduction factor depending on bit diameter,
and Δpb = pressure loss at bit in psi.

The use of HMSE-derived ROP model drilling parameters have been proposed in this study
because it fully captures the relevant controllable parameters that affects ROP. Also, from an
operational point of view, it is valuable because it provides a reference point for measuring
drilling efficiency and performance of the drilling process in terms of measuring energy input
and corresponding output in terms of ROP. The SE concept became a key element for the fast
drill process (FDP) [16]; the process of drilling with the highest possible ROP in terms of
technical and economical limits. In early 2004, Exxon Mobil Corporation used the process to
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Approaching the drilling process as a closed system in terms of energy input in the form of
applied drilling parameters, and a corresponding output, in the form of ROP, brought about
the concept of specific energy (SE). This concept was first introduced by Teale in [13]. Further
work has been done to fully capture the mechanical and hydraulic energy input and their
relationship with ROP. The HMSE concept states that “the energy required to remove a unit
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because it fully captures the relevant controllable parameters that affects ROP. Also, from an
operational point of view, it is valuable because it provides a reference point for measuring
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optimized their drilling operation with a result of an astonishing increase in ROP by 133%
proven the concept a useful one [16, 17].

3. Artificial intelligence (AI) techniques

Artificial intelligence (AI) can be described as the imitation of human intelligence processes by
machines, especially computer systems. These processes include the acquisition of information
from sets of data, use logic of their interdependency to reach approximate or definite conclu-
sions while self-correcting [18]. AI was coined by John McCarthy, an American computer
scientist, in 1956 at The Dartmouth Conference where the discipline was born [19]. According
to artificial intelligence applications institute (AIAI), AI areas of application are; case-based
reasoning: a technique for utilizing historical datasets to guide diagnosis and fault finding;
evolutionary algorithms: an adaptive search technique with very broad applicability in sched-
uling, optimization, and model adaptation; planning and workflow: modeling, task setting,
planning, execution, coordination, and presentation of activity-related information; intelligent
systems: an approach of building knowledge-based systems; and knowledge management:
the identification of knowledge assets in an organization, and support for knowledge-based
work [20].

Some of the advantages of AI techniques include, but not limited to ability to model complex,
nonlinear processes without priori relationship assumption between input and output vari-
ables; potential to generate accurate analysis and results from large historical databases; ability
to analyze large datasets to recognize patterns and characteristics in situations where rules are
unknown or relationship and dependency of variables are complex; cost-effectiveness: many
AI algorithms have the advantage of execution speed, once they have been trained. The ability
to train the system with data sets, instead of writing programs, makes it more cost-effective
and changes can be easily implemented when need arises. Multiple algorithms can be com-
bined taking competitive advantages of each algorithm to develop an ensemble AI tools. AI
techniques can be deployed to solve routine boring tasks which would be completed faster
with minimal errors and defects than human [21].

AI techniques limitations includes some of them being tagged as “black boxes,” which merely
attempt to chart a relationship between input and output variables based on a training data
set. This raises some concerns regarding the ability of the tool to generalize to situations that
were not well represented in the data set. However, application of the right domain knowledge
helps to address this limitation. Other limitations are the lack of human touch, enormous
processing time for large datasets and requirement for high computational resources and
skills.

Despite some of the disadvantages of AI techniques, their overwhelming advantages have
made them endearing in different fields, including the exploration and exploitation of oil and
gas. Recent advancement in the collection and transmission of real-time drilling data coupled
with insufficiency of empirical ROP models to unveil the real-time downhole conditions has
made researchers to shift into AI techniques for prediction purpose. Furthermore, the effects of
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all factors affecting ROP and downhole conditions are inherent in the collected surface drilling
data. Applying data-driven predictive analysis has proven useful in decoding the hidden
information in these drilling data.

Table 1 shows some recent work done using artificial intelligence to predict ROP. ANN has
been the most often used. What is also clear in the literature review is that the selection of input
is not consistent and some may be difficult to obtain in some instances. Also, for optimization
purpose while drilling, some of the variables included in the models are not controllable
factors that can be adjusted in real time.

3.1. Some artificial intelligence techniques

Below are of some of the AI techniques considered in this study. A summary of their charac-
teristics is presented in Table 2.

3.1.1. Artificial neural network (ANN)

Artificial neural networks, ANN, are designed based on the examination of biological central
nervous systems and neurons, axons, dendrites, and synapses. Similarly, an ANN is composed
of elements that are called “neurons,” “units,” or “processing elements” (PEs). Each PE has a
specification of input/output (I/O) and they are connected together to form a network of nodes
for mimicking the biological neural networks, hence they are called “artificial neural network,”
ANN.

Model Input
number

Input variables Output

ANN 9 UCS, bit size, bit type, drillability coefficient, gross hours drilled, WOB, RPM, drilling
mud density, and AV (Apparent Viscosity) [22]

ROP

ANN 20 Differential pressure, hydraulics, hole depth, pump pressure, density of the overlying
rock, equivalent circulating density, hole size, formation drillability, permeability and
porosity, drilling fluid type, plastic viscosity of mud, yield point of mud, initial gel
strength of mud, 10 min gel strength of mud, bit type and its properties, weight on the bit
and rotary speed, bit wear, and bit hydraulic power [5]

ROP

ANN 7 Depth, bit weight, rotary speed, tooth wear, Reynolds number function, ECD, and pore
pressure gradient [23]

ROP

ANN 9 Formation drillability, formation abrasiveness, bearing wear, tooth wear, pump rate,
rotating time, rotary torque, WOB, and rotary speed [24]

ROP

SVR 12 Viscosity, MW, pump rate, well deviation, RPM, WOB, depth, formation, bit size, and bit
tooth wear [6]

ROP

ANN 6 Rock strength, rock type, abrasion, WOB, RPM, and mud weight [25] ROP and
wear

ANN 13 Bit Type, IADC Codes, Bit diameter, Bit Status, Measure Depth, True Vertical Depth,
Weight on Bit, Rotary Speed, Torque, Pump Flow Rate, Stand Pipe Pressure, mud weight,
and Formation Mineralogy [26]

ROP

Table 1. Summary of some recent applications of AI in ROP prediction.
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The use of ANN as a reliable universal estimator in constructing nonlinear models from data is
very common. It is capable of approximating both linear and nonlinear functions defined over
a range of data to the desired degree of accuracy using an appropriate number of hidden
neurons, this has been proven mathematically [27]. Being data-driven models, they learn from
training data presented to them and do not require any a priori assumptions about the
problem, not even information about statistical distributions. In petroleum engineering, the
training data may be assembled from experimental data, past field data, numerical reservoir
simulation, real-time data, or a combination of these [5]. Though assumptions are not required,
knowledge of the statistical distribution of the input data and domain knowledge of the
problem can help to speed up training. Several issues such as the ability to run parallel
processes and apply learning instead of programming have made ANN an efficient tool to be

Artificial
intelligence
techniques

Characteristics Advantages Limitations

ANN Nonlinearity
Input-output mapping, supervised
learning while working through
training samples
Evidential response
Neurobiological analogy
Very large scale integration
applicability

Ability to run parallel
processes and apply learning
Complex linear and nonlinear
relationships can be derived
using ANN
Flexible input/output Less
sensitive to noise

Black box models: it is not
possible to explain how the
results were calculated in any
meaningful way
Many optimizing parameters to
be set in defining model to avoid
overtraining
Requirements of elaborate
training examples

ELM Input weights and biases, are assigned
randomly without any dependency
Fast learning process by using a fixed
nonlinear transformation in the
training phase
An innovative training algorithm for
Single-hidden Layer Feed-forward
Neural networks SLFN

Online real-time application
Avoids unnecessary human
intervention
Reduces computational
burden
Needs less training time
Prediction accuracy slightly
better than ANN
Easy implementation

Suffers from uncertainty
Suffers generalization
degradation problem
Black box models

SVR Supervised learning
Maximal hyperplane is constructed to
separate a high dimensional space of
input vectors mapped with the feature
space
Its core feature in control of its
attractiveness is the notion of an ε-
insensitive loss function

Invaluable for the estimation
of both real valued and
indicator functions
Handles very high
dimensional data
Can learn very high elaborate
concepts
More stable
Robust to ‘outliers’ (i.e., data
samples outside ε-insensitive
zone)

Consumes lots of computer
resources
Time consuming for training,
testing and validation of models
Uses a complex quadratic
programming approach making
it difficult for very large datasets
Black box model

LS-SVR LS-SVRs are closely related to
regularization networks and Gaussian
processes but additionally emphasize
and exploit primal-dual interpretations
Simplified algorithm

Requires less effort in model
training in comparison to the
original SVR, owing to its
simplified algorithm

Highly sensitive to outliers
Ineffective at handling non-
Gaussian noise
Consumes lots of computer
resources

Table 2. Summary of AI techniques used in the case study.
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applied in various fields of engineering [28]. In the training process, weights and biases of the
network are adjusted on basis of learning rules and completing training; these fixed weights
and biases act as the memory of the network.

Some of the advantages of ANN are; ability to handle linear and nonlinear models: complex
linear and nonlinear relationships can be derived using neural networks. Flexible input/out-
put: neural networks can operate using one or more descriptors and/or response variables.
They can also be used with categorical and continuous data. Noise: neural networks are less
sensitive to noise than statistical regression models. While some of the major limitations are;
Black box models: it is not possible to explain how the results were calculated in any meaning-
ful way. Optimizing parameters: there are many parameters to be set in a neural network and
optimizing the network can be challenging, especially to avoid overtraining [23, 27, 29–32].

3.1.2. Extreme learning machine (ELM)

Extreme learning machines (ELM) are derived from ANN, it is however a generally unified
single layer feed-forward network framework with less requirement of human interventions
and thus has been found to run faster than most conventional neuron-based techniques. This is
notably due to the fact that the learning parameters of its hidden nodes, including input
weights and biases, are assigned randomly without any dependency, and the simple general-
ized operation that is involved in the determination of the output weights. The training phase
with data in the ELM algorithm is efficiently completed using a fixed nonlinear transformation
which is a fast learning process. The efficiency of ELM in online or real-time applications
cannot be over emphasized as it automatically determines all the network parameters analyt-
ically and therefore avoids unnecessary human intervention [33].

Also, the universal approximation ability of the standard ELM with additive or Radial Basis
Function (RBF) activation function has been proved [7, 33]. Success story of the application of
ELM in many real-world problems is well documented especially in classification and regres-
sion problems on very large scale datasets. ELM is very efficient and effective as an innovative
training algorithm for single-hidden layer feed-forward neural networks (SLFNs) [33].

Some of the merits and limitations of ELM can be summarized as follows: ELM reduces the
computation burden without sacrificing the generalization capability in the expectation sense.
ELM needs much less training time compared to popular ANN and SVM/SVR. The prediction
accuracy of ELM is usually slightly better than ANN and close to SVM/SVR in many applica-
tions. Compared with ANN and SVR, ELM can be implemented easily since there is no
parameter to be tuned except an insensitive parameter L. It should be noted that many
nonlinear activation functions can be used in ELM [33]. While the limitations are ELM suffered
from both the uncertainty and generalization degradation problem and for the widely used
Gaussian-type activation function, ELM degraded the generalization capability [34].

3.1.3. Support vector regression (SVR)

Support vector regressions (SVRs) methodology involves a group of related supervised learn-
ing methods employed for both regression and classification problems. They fall in the
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The use of ANN as a reliable universal estimator in constructing nonlinear models from data is
very common. It is capable of approximating both linear and nonlinear functions defined over
a range of data to the desired degree of accuracy using an appropriate number of hidden
neurons, this has been proven mathematically [27]. Being data-driven models, they learn from
training data presented to them and do not require any a priori assumptions about the
problem, not even information about statistical distributions. In petroleum engineering, the
training data may be assembled from experimental data, past field data, numerical reservoir
simulation, real-time data, or a combination of these [5]. Though assumptions are not required,
knowledge of the statistical distribution of the input data and domain knowledge of the
problem can help to speed up training. Several issues such as the ability to run parallel
processes and apply learning instead of programming have made ANN an efficient tool to be

Artificial
intelligence
techniques

Characteristics Advantages Limitations
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learning while working through
training samples
Evidential response
Neurobiological analogy
Very large scale integration
applicability

Ability to run parallel
processes and apply learning
Complex linear and nonlinear
relationships can be derived
using ANN
Flexible input/output Less
sensitive to noise

Black box models: it is not
possible to explain how the
results were calculated in any
meaningful way
Many optimizing parameters to
be set in defining model to avoid
overtraining
Requirements of elaborate
training examples

ELM Input weights and biases, are assigned
randomly without any dependency
Fast learning process by using a fixed
nonlinear transformation in the
training phase
An innovative training algorithm for
Single-hidden Layer Feed-forward
Neural networks SLFN

Online real-time application
Avoids unnecessary human
intervention
Reduces computational
burden
Needs less training time
Prediction accuracy slightly
better than ANN
Easy implementation

Suffers from uncertainty
Suffers generalization
degradation problem
Black box models

SVR Supervised learning
Maximal hyperplane is constructed to
separate a high dimensional space of
input vectors mapped with the feature
space
Its core feature in control of its
attractiveness is the notion of an ε-
insensitive loss function

Invaluable for the estimation
of both real valued and
indicator functions
Handles very high
dimensional data
Can learn very high elaborate
concepts
More stable
Robust to ‘outliers’ (i.e., data
samples outside ε-insensitive
zone)

Consumes lots of computer
resources
Time consuming for training,
testing and validation of models
Uses a complex quadratic
programming approach making
it difficult for very large datasets
Black box model

LS-SVR LS-SVRs are closely related to
regularization networks and Gaussian
processes but additionally emphasize
and exploit primal-dual interpretations
Simplified algorithm

Requires less effort in model
training in comparison to the
original SVR, owing to its
simplified algorithm

Highly sensitive to outliers
Ineffective at handling non-
Gaussian noise
Consumes lots of computer
resources

Table 2. Summary of AI techniques used in the case study.
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applied in various fields of engineering [28]. In the training process, weights and biases of the
network are adjusted on basis of learning rules and completing training; these fixed weights
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Black box models: it is not possible to explain how the results were calculated in any meaning-
ful way. Optimizing parameters: there are many parameters to be set in a neural network and
optimizing the network can be challenging, especially to avoid overtraining [23, 27, 29–32].

3.1.2. Extreme learning machine (ELM)

Extreme learning machines (ELM) are derived from ANN, it is however a generally unified
single layer feed-forward network framework with less requirement of human interventions
and thus has been found to run faster than most conventional neuron-based techniques. This is
notably due to the fact that the learning parameters of its hidden nodes, including input
weights and biases, are assigned randomly without any dependency, and the simple general-
ized operation that is involved in the determination of the output weights. The training phase
with data in the ELM algorithm is efficiently completed using a fixed nonlinear transformation
which is a fast learning process. The efficiency of ELM in online or real-time applications
cannot be over emphasized as it automatically determines all the network parameters analyt-
ically and therefore avoids unnecessary human intervention [33].

Also, the universal approximation ability of the standard ELM with additive or Radial Basis
Function (RBF) activation function has been proved [7, 33]. Success story of the application of
ELM in many real-world problems is well documented especially in classification and regres-
sion problems on very large scale datasets. ELM is very efficient and effective as an innovative
training algorithm for single-hidden layer feed-forward neural networks (SLFNs) [33].

Some of the merits and limitations of ELM can be summarized as follows: ELM reduces the
computation burden without sacrificing the generalization capability in the expectation sense.
ELM needs much less training time compared to popular ANN and SVM/SVR. The prediction
accuracy of ELM is usually slightly better than ANN and close to SVM/SVR in many applica-
tions. Compared with ANN and SVR, ELM can be implemented easily since there is no
parameter to be tuned except an insensitive parameter L. It should be noted that many
nonlinear activation functions can be used in ELM [33]. While the limitations are ELM suffered
from both the uncertainty and generalization degradation problem and for the widely used
Gaussian-type activation function, ELM degraded the generalization capability [34].

3.1.3. Support vector regression (SVR)

Support vector regressions (SVRs) methodology involves a group of related supervised learn-
ing methods employed for both regression and classification problems. They fall in the
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category of generalized linear classifiers (GLCs). In SVRs, a maximal hyperplane is constructed
to separate a high dimensional space of input vectors mapped with the feature space. It was
initially designed as a classifier only to be modified in a later study by Vapnik [35] as a support
vector regressor (SVR) for regression problems. Its robustness in a single model estimation
condition has been testified to [36]. Hence, it can be considered invaluable for the estimation of
both real valued and indicator functions as common in pattern recognition and regression
problems, respectively.

When used as a regressor, SVRs attempt to choose the “best” model from a list of possible
models (i.e., approximating functions) f x;ωð Þ, where a set of generalized parameters is given
by ω. Generally, “good” models are those that can generalize their good predictive perfor-
mance on an out-of-sample test set. This is often determined by how well the model minimizes
the cost function while training with the training data. The core feature of SVR regression in
control of its attractive properties is the notion of an ε-insensitive loss function. SVR is suitable
for estimating the dominant model under multiple model formulation, where the objective
function can be viewed as a primal problem, and its dual form can be obtained by constructing
Lagrange function and introducing a set of (dual) variables.

SVRs generalization characteristics are ensured by the special properties of the optimal hyper-
plane that maximizes the distance to training examples in a high dimensional feature space. It
has been shown to exhibit excellent performance [32]. The merits and limitations of SVRs are
summarized thus; merits: SVRs can deal with very high dimensional data; they can learn very
elaborate concepts; usually works very well. While the limitations are: requirement of both
positive and negative examples; the need to select a good kernel function; consumes lots of
memory and CPU time; there are some numerical stability problems in solving the constrained
[30, 37, 38]. Analysis of (linear) SVR indicates that the regression model depends mainly on
support vectors on the border of ε-insensitive zone; SVR solution is very robust to “outliers”
(i.e., data samples outside ε-insensitive zone). These properties make SVM very attractive for
its use in an iterative procedure for multiple model estimation.

3.1.4. Least square support vector regressions (LS-SVR)

LS-SVRs are reformulated versions of the original SVRs algorithm for classification and
function estimation, which maintains the advantages and the attributes of the original SVRs
theory. LS-SVRs are closely related to regularization networks and Gaussian processes but
additionally emphasize and exploit primal-dual interpretations [39]. LS-SVR possesses excel-
lent generalization performances and is associated with low computational costs. LS-SVR
requires less effort in model training in comparison to the original SVR, owing to its simpli-
fied algorithm. It minimizes a quadratic penalty on the slack variables which allows the
quadratic programming problem to be reduced to a set of matrix inversion operations in the
dual space, which takes less time compared to solving the SVR quadratic problem [40].
Robustness, sparseness, and weightings can be incorporated into LS-SVRs where needed
and a Bayesian framework with three levels of inference has also been developed [41]. Some
of its limitations include being ineffective at handling non-Gaussian noise as well as being
sensitive to outliers [42].
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4. Case study

A case study is presented below to illustrate one of the advantages inherent in combining AI
techniques with domain expert knowledge for improved prediction and optimization of dril-
ling rate of penetration.

4.1. Data description

In this study, data from two development wells from onshore Niger Delta hydrocarbon prov-
ince were used for the development and testing of the models, in each of the AI algorithms
compared. The field is about 95 square kilometers in extent with a northwest-southeast
trending dual culmination rollover anticline. The wells chosen represents the best in terms of
drilling performance as measured by best ROP and bit runs for all the three hole sections
considered. The formations encountered are mainly consolidated intercalation of shales and
shallow marine shoreface sands with a normal compaction trend, a typical elastic depositional
environment of the Niger Delta. The field is a mainly gas field with some of the reservoirs
having significant oil rims.

The wells used for the study were selected for ROP prediction because they were the best in
class in terms of drilling performance, a result of carefully optimized drilling parameters and
practices. The repeatability of such feat is highly desirable, and hence the choice of the wells.
The formations encountered are well correlated across the field with lateral continuity. These
two wells fairly represents the field with Well-A located in the Eastern flank of the field while
Well-B is located 8 km to the west of Well-A and just about 3 km to the field western boundary.
While Well-A is highly deviated and deeper in reach with maximum inclination of 74� at total
depth of 11,701 ft TVD, Well-B is slightly deviated with maximum inclination of 23� at total
depth of 9000 ft TVD The wells are also similar in terms of drilling equipment, the same rig
was used for their construction; bit type and bottom hole assembly (BHA) used were same,
hence, they were both drilled with the same bottom hole hydraulics. Details of the bit used in
the three hole sections included in this research are presented in Table 3.

BHA No. Type Make/Model IADC
Code

Initial
status

Nozzle
Size

TFA IADC Dull Grade

16” Hole section

1 Tri-Cone bit Baker Hughes Christensen bits/
MXL-DS3DDT

135 New 22*3; 1*20 1.42 6-5-WT-A-E-1/16-FC-PR

12-1/4” Hole section

1 PDC Bit VAREL PDC(VTD713 P2DGX) New 16*5; 18*2 1.479 2-2-CT-A-X-1/16-WO-TD

8 1/2” Pilot hole section

1 PDC Bit BM 563 New 16*2; 13*8 1.17 1-1-WT-A-X-1-NO-TD

Table 3. Bit details.
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category of generalized linear classifiers (GLCs). In SVRs, a maximal hyperplane is constructed
to separate a high dimensional space of input vectors mapped with the feature space. It was
initially designed as a classifier only to be modified in a later study by Vapnik [35] as a support
vector regressor (SVR) for regression problems. Its robustness in a single model estimation
condition has been testified to [36]. Hence, it can be considered invaluable for the estimation of
both real valued and indicator functions as common in pattern recognition and regression
problems, respectively.

When used as a regressor, SVRs attempt to choose the “best” model from a list of possible
models (i.e., approximating functions) f x;ωð Þ, where a set of generalized parameters is given
by ω. Generally, “good” models are those that can generalize their good predictive perfor-
mance on an out-of-sample test set. This is often determined by how well the model minimizes
the cost function while training with the training data. The core feature of SVR regression in
control of its attractive properties is the notion of an ε-insensitive loss function. SVR is suitable
for estimating the dominant model under multiple model formulation, where the objective
function can be viewed as a primal problem, and its dual form can be obtained by constructing
Lagrange function and introducing a set of (dual) variables.

SVRs generalization characteristics are ensured by the special properties of the optimal hyper-
plane that maximizes the distance to training examples in a high dimensional feature space. It
has been shown to exhibit excellent performance [32]. The merits and limitations of SVRs are
summarized thus; merits: SVRs can deal with very high dimensional data; they can learn very
elaborate concepts; usually works very well. While the limitations are: requirement of both
positive and negative examples; the need to select a good kernel function; consumes lots of
memory and CPU time; there are some numerical stability problems in solving the constrained
[30, 37, 38]. Analysis of (linear) SVR indicates that the regression model depends mainly on
support vectors on the border of ε-insensitive zone; SVR solution is very robust to “outliers”
(i.e., data samples outside ε-insensitive zone). These properties make SVM very attractive for
its use in an iterative procedure for multiple model estimation.

3.1.4. Least square support vector regressions (LS-SVR)

LS-SVRs are reformulated versions of the original SVRs algorithm for classification and
function estimation, which maintains the advantages and the attributes of the original SVRs
theory. LS-SVRs are closely related to regularization networks and Gaussian processes but
additionally emphasize and exploit primal-dual interpretations [39]. LS-SVR possesses excel-
lent generalization performances and is associated with low computational costs. LS-SVR
requires less effort in model training in comparison to the original SVR, owing to its simpli-
fied algorithm. It minimizes a quadratic penalty on the slack variables which allows the
quadratic programming problem to be reduced to a set of matrix inversion operations in the
dual space, which takes less time compared to solving the SVR quadratic problem [40].
Robustness, sparseness, and weightings can be incorporated into LS-SVRs where needed
and a Bayesian framework with three levels of inference has also been developed [41]. Some
of its limitations include being ineffective at handling non-Gaussian noise as well as being
sensitive to outliers [42].
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4. Case study

A case study is presented below to illustrate one of the advantages inherent in combining AI
techniques with domain expert knowledge for improved prediction and optimization of dril-
ling rate of penetration.

4.1. Data description

In this study, data from two development wells from onshore Niger Delta hydrocarbon prov-
ince were used for the development and testing of the models, in each of the AI algorithms
compared. The field is about 95 square kilometers in extent with a northwest-southeast
trending dual culmination rollover anticline. The wells chosen represents the best in terms of
drilling performance as measured by best ROP and bit runs for all the three hole sections
considered. The formations encountered are mainly consolidated intercalation of shales and
shallow marine shoreface sands with a normal compaction trend, a typical elastic depositional
environment of the Niger Delta. The field is a mainly gas field with some of the reservoirs
having significant oil rims.

The wells used for the study were selected for ROP prediction because they were the best in
class in terms of drilling performance, a result of carefully optimized drilling parameters and
practices. The repeatability of such feat is highly desirable, and hence the choice of the wells.
The formations encountered are well correlated across the field with lateral continuity. These
two wells fairly represents the field with Well-A located in the Eastern flank of the field while
Well-B is located 8 km to the west of Well-A and just about 3 km to the field western boundary.
While Well-A is highly deviated and deeper in reach with maximum inclination of 74� at total
depth of 11,701 ft TVD, Well-B is slightly deviated with maximum inclination of 23� at total
depth of 9000 ft TVD The wells are also similar in terms of drilling equipment, the same rig
was used for their construction; bit type and bottom hole assembly (BHA) used were same,
hence, they were both drilled with the same bottom hole hydraulics. Details of the bit used in
the three hole sections included in this research are presented in Table 3.

BHA No. Type Make/Model IADC
Code

Initial
status

Nozzle
Size

TFA IADC Dull Grade

16” Hole section

1 Tri-Cone bit Baker Hughes Christensen bits/
MXL-DS3DDT

135 New 22*3; 1*20 1.42 6-5-WT-A-E-1/16-FC-PR

12-1/4” Hole section

1 PDC Bit VAREL PDC(VTD713 P2DGX) New 16*5; 18*2 1.479 2-2-CT-A-X-1/16-WO-TD

8 1/2” Pilot hole section

1 PDC Bit BM 563 New 16*2; 13*8 1.17 1-1-WT-A-X-1-NO-TD
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As explained in Section 2.4, the specific energy concept in the drillability of a formation
is being explored in this study with particular focus on hydromechanical specific energy,
HMSE. The HMSE concept states that “the energy required to remove a unit volume
of rock comes primarily from the torque applied on the bit, the weight on bit (WOB),
and the hydraulic force exerted by the drilling fluid on the formation” [14]. Drilling data
from surface data logging (SDL) tools were used in this study. These were real-time data
collected at surface and could be transmitted via satellite to a central location while
drilling. Among the numerous data usually collected are; measured depth (MD), hookload
(HKLD), weight on bit (WOB), pipe rotation per minute (RPM), rotary torque (TORQ),
mud flow-in rate (GPM), total gas (TG), pump strokes per minute (SPM), pits volume
change, mud flow-out rate percentage (FFOP%), mud weight in (MW), etc. Since ROP
prediction using the hydromechanical specific energy ROP model is the focus of
the research, efforts to use as many data that affects ROP were consciously made. Given
the HMSE Eqs. (6) and (7) in Section 2.4, [14]. It is necessary therefore, to reorganize the
collected data and focus on those with physical relationship with ROP based on the
HMSE-ROP model.

It is important to mention that the surface drilling mechanics data are inexpensive to collect
during drilling operations; the sensors can be calibrated without disturbing drilling operations
and are a must-have for drilling operations. Hence, continuous drilling data such as MD,
WOB, RPM, flow rate, mud weight, bit size, TORQ, SPP from the two wells were used in this
study. Data quality checks were performed on individual wells and simple activity logic was
applied to ensure only on-bottom drilling data were used. Noise, as a result of sensor issues,
and spurious data points within the dataset were filtered out of the collection first using
activity code to sort the data and manually removing data points that are out of range using
excel spreadsheet.

4.2. Details of the experiment/methodology

The following approach was used in the preparation of the model using data from the selected
well as follows:

1. Collect and explore the datasets: raw data from the two wells, which included several
drilling equipment parameters, were explored to analyze properties of interesting attri-
butes as it relates to the objective of the study. Eight measured drilling parameters of
interest were eventually selected for this study.

2. Data integrity check: verify the data quality and identify plausibility of values from
operational point of view.

3. Sorting of data: using drilling activity code to separate on-bottom parameters of the
identified predictors (drilling parameters to be used for ROP prediction in the AI models)
from HMSE-ROP model. Clean datasets by removing noise either as a result of sensor
calibration issues or as equipment malfunctioning using operational background knowl-
edge. The total number of drilling variables which were used as predictors of ROP is
presented in Table 4.
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Statistical properties of the data in various forms such as standard deviation, mean, median,
etc., were taken before training the learning models. Statistical analysis helped to reveal certain
characteristics of the datasets, one of such important characteristics is standard deviation as
can be seen in Tables 5 and 6.

It reveals that the dataset varies widely as a result of the different lithological units penetrated,
and as such data normalization was carried out as part of preprocessing. This brought the
various data within same range to align their distributions and prevented biasing of the model
toward large values that are present in the dataset [6].

Data splitting and model development: to ensure uniform distribution of the data point and
removed effect of biased sampling, the normalized data were then randomized before used in
the model development. Data from the two wells were randomly split into 70% for training,
15% for testing and 15% for validation with which the algorithms were trained, modified to
come up with an acceptable model for testing in each of the artificial intelligence techniques.

Well-Code No of data Utilized drilling parameters (Predictors)

Well-A (Dataset 1) 3641 WOB, RPM, TORQ, SPP, GPM, Depth, MW, Bit Size

Well-B (Dataset 2) 5228 WOB, RPM, TORQ, SPP, GPM, Depth, MW, Bit Size

Key: weight on bit (WOB), bit rotation per minute (RPM), rotary torque (TORQ), stand pipe pressure (SPP), flow rate in
gallons per minute (GPM), mud weight (MW).

Table 4. Streamlined datasets for each of the wells (predictors) used in the models.

Depth
(ft)

Flowrate
(gpm)

WOB
(klb)

RPM
(rpm)

TORQ
(kf-p)

SPP
(psig)

MW
(ppg)

Bit Size
(inch)

ROP
(fph)

Min 2681.3 450 1 2 1.33 1232 8.6 12.25 9

Max 12982.5 1108 68 142 20.32 4216 11.5 16 170

SD 83.94 6.72 28.75 3.47 557.65 0.78 — 40.26

Median 916 14 129 19.51 2878 10.4 — 82.6

Mean 899.59 14.70 117.93 17.73 2878.82 10.29 — 84.43

Table 5. Statistical analysis of Well-A (Dataset A).

Depth
(ft)

Flowrate
(gpm)

WOB
(klb)

RPM
(rpm)

TORQ
(kf-p)

SPP
(psig)

MW
(ppg)

Bit Size
(inch)

ROP
(fph)

Min 302.4 375 2 10 1 317 8.9 8.5 2.7

Max 9264 2449 47 152 24.28 3522 10.5 16 281

SD 135.15 8.43 51.77 4.47 629.79 0.51 — 117.10

Median 888 16 41 7.06 2272 9.26 — 158

Mean 887.93 16.05 79.21 7.94 2372.71 9.68 — 177.22

Table 6. Statistical analysis of Well-B (Dataset B).
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As explained in Section 2.4, the specific energy concept in the drillability of a formation
is being explored in this study with particular focus on hydromechanical specific energy,
HMSE. The HMSE concept states that “the energy required to remove a unit volume
of rock comes primarily from the torque applied on the bit, the weight on bit (WOB),
and the hydraulic force exerted by the drilling fluid on the formation” [14]. Drilling data
from surface data logging (SDL) tools were used in this study. These were real-time data
collected at surface and could be transmitted via satellite to a central location while
drilling. Among the numerous data usually collected are; measured depth (MD), hookload
(HKLD), weight on bit (WOB), pipe rotation per minute (RPM), rotary torque (TORQ),
mud flow-in rate (GPM), total gas (TG), pump strokes per minute (SPM), pits volume
change, mud flow-out rate percentage (FFOP%), mud weight in (MW), etc. Since ROP
prediction using the hydromechanical specific energy ROP model is the focus of
the research, efforts to use as many data that affects ROP were consciously made. Given
the HMSE Eqs. (6) and (7) in Section 2.4, [14]. It is necessary therefore, to reorganize the
collected data and focus on those with physical relationship with ROP based on the
HMSE-ROP model.

It is important to mention that the surface drilling mechanics data are inexpensive to collect
during drilling operations; the sensors can be calibrated without disturbing drilling operations
and are a must-have for drilling operations. Hence, continuous drilling data such as MD,
WOB, RPM, flow rate, mud weight, bit size, TORQ, SPP from the two wells were used in this
study. Data quality checks were performed on individual wells and simple activity logic was
applied to ensure only on-bottom drilling data were used. Noise, as a result of sensor issues,
and spurious data points within the dataset were filtered out of the collection first using
activity code to sort the data and manually removing data points that are out of range using
excel spreadsheet.

4.2. Details of the experiment/methodology

The following approach was used in the preparation of the model using data from the selected
well as follows:

1. Collect and explore the datasets: raw data from the two wells, which included several
drilling equipment parameters, were explored to analyze properties of interesting attri-
butes as it relates to the objective of the study. Eight measured drilling parameters of
interest were eventually selected for this study.

2. Data integrity check: verify the data quality and identify plausibility of values from
operational point of view.

3. Sorting of data: using drilling activity code to separate on-bottom parameters of the
identified predictors (drilling parameters to be used for ROP prediction in the AI models)
from HMSE-ROP model. Clean datasets by removing noise either as a result of sensor
calibration issues or as equipment malfunctioning using operational background knowl-
edge. The total number of drilling variables which were used as predictors of ROP is
presented in Table 4.
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Statistical properties of the data in various forms such as standard deviation, mean, median,
etc., were taken before training the learning models. Statistical analysis helped to reveal certain
characteristics of the datasets, one of such important characteristics is standard deviation as
can be seen in Tables 5 and 6.

It reveals that the dataset varies widely as a result of the different lithological units penetrated,
and as such data normalization was carried out as part of preprocessing. This brought the
various data within same range to align their distributions and prevented biasing of the model
toward large values that are present in the dataset [6].

Data splitting and model development: to ensure uniform distribution of the data point and
removed effect of biased sampling, the normalized data were then randomized before used in
the model development. Data from the two wells were randomly split into 70% for training,
15% for testing and 15% for validation with which the algorithms were trained, modified to
come up with an acceptable model for testing in each of the artificial intelligence techniques.

Well-Code No of data Utilized drilling parameters (Predictors)

Well-A (Dataset 1) 3641 WOB, RPM, TORQ, SPP, GPM, Depth, MW, Bit Size

Well-B (Dataset 2) 5228 WOB, RPM, TORQ, SPP, GPM, Depth, MW, Bit Size

Key: weight on bit (WOB), bit rotation per minute (RPM), rotary torque (TORQ), stand pipe pressure (SPP), flow rate in
gallons per minute (GPM), mud weight (MW).

Table 4. Streamlined datasets for each of the wells (predictors) used in the models.
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TORQ
(kf-p)

SPP
(psig)

MW
(ppg)

Bit Size
(inch)

ROP
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Min 2681.3 450 1 2 1.33 1232 8.6 12.25 9

Max 12982.5 1108 68 142 20.32 4216 11.5 16 170

SD 83.94 6.72 28.75 3.47 557.65 0.78 — 40.26

Median 916 14 129 19.51 2878 10.4 — 82.6
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Table 5. Statistical analysis of Well-A (Dataset A).
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Mean 887.93 16.05 79.21 7.94 2372.71 9.68 — 177.22

Table 6. Statistical analysis of Well-B (Dataset B).
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Data integrity and similarity were also preserved in all methods to avoid bias in evaluating
different algorithms across the four AI techniques.

Model development: the implementation of ANN was carried out using MatLab® ANN
toolbox. The implementation was based on the backpropagation algorithm with momentum
and adaptive learning rate, and the sigmoidal functions. In the implementation of ELM, the
algorithm was based on MatLab® regularized ELM codes found in ELM algorithms [43]. The
SVR and LS-SVR model was implemented using the least-square-SVM (LS-SVM) proposed by
Valyon and Horvath [44] combined with other functions found in the LS-SVMlab1.8 code [45].
The code was slightly modified to include heavy tailed RBF (htrbf) kernel proposed in
Chapelle et al. [46].

Train models and cross validate to select best model: in the training of ANN model, weights
and biases of the networks were updated by Levenberg-Marquart (LM) algorithm while the
number of hidden layers and neurons was randomly investigated from 1 to 5 and 10 to 100,
respectively, in a loop. The algorithm was run for 500 times, and the best models that gave the
least RMSE values in the cross-validation results were selected. Similar procedure was used in
the training of the ELM models except that number of neuron range from 50 to 5000. In the
training of SVR and LS-LSVR models, the algorithms hyper-parameters (e-tube (epsilon),
tunning parameter (C), lambda and kernel for SVMR and tunning parameter (gam) and kernal
for LS-SVMR) were optimized using cross-validation technique. For each run, a kernel func-
tion was chosen and investigated for different range of values of other parameters in a loop.
The Kernel function and other corresponding hyper-parameters with the least RMSE values
during cross-validation of each run were identified as the best model. Table 7 shows the final
selected model hyper-parameters.

Testing and evaluation of models: the models were tested using the testing data and
the three set evaluation criteria: cc, RMSE and testing time were recorded for evaluation
models.

AI techniques Well-A Well-B

SVR C = 9.4422e+08,
kernel, = ‘htrbf’
kernel option = [0.0391, 1.04267],
lambda = 0.00310
epsilon = 0.0464

C = 1.4035e+08,
kernel, = ‘htrbf’
kernel option = [0.0733,1.01050],
lambda = 5.38274e-04
epsilon = 0.0880,

LS-SVR gam = 5.750319e+02
kernel, = ‘htrbf’,
kernel option = [8.3120e-04, 0.4753]

gam = 990,000
kernel, = ‘htrbf’,
kernel option = [3.6048e-06,0.9228]

ANN Activation functions = [logsig, tansig, purelin]
Hidden nodes = [51,19]

Activation functions = [tansig, logsig, purelin]
Hidden nodes = [61, 71]

ELM Activation function = tribas
Node = 1241
Regularization = 15.7419

Activation function = tribas
Node = 2731
Regularization = 81.9853

Table 7. Summary of optimized parameters used in the implementation of models.
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The flowchart presented in Figure 3 summarizes the processes.

Data from each well were randomly split into 70% for training, 15% for testing, and 15% for
validation with which the algorithms were trained, modified to come up with an acceptable
model for testing in each of the artificial intelligence techniques.

To ensure uniform distribution of the data point and removed effect of biased sampling, the
normalized data were then randomized before use in the model development. To avoid bias in
evaluating different algorithms across the four AI being compared, data integrity and similar-
ity were preserved in all methods. Three performance measures: root mean square error
(RMSE), correlation coefficient (cc), and testing time were used to assess the performance of
the algorithms.

4.3. Performance assessment criteria

To establish a valid evaluation of the performance of the different AI being compared, the
assessment criteria used in petroleum journals were considered as the criteria for measuring
performance [27, 32]. The criteria are as follows.

Figure 3. Methodology flowchart.
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Data integrity and similarity were also preserved in all methods to avoid bias in evaluating
different algorithms across the four AI techniques.
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toolbox. The implementation was based on the backpropagation algorithm with momentum
and adaptive learning rate, and the sigmoidal functions. In the implementation of ELM, the
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Valyon and Horvath [44] combined with other functions found in the LS-SVMlab1.8 code [45].
The code was slightly modified to include heavy tailed RBF (htrbf) kernel proposed in
Chapelle et al. [46].

Train models and cross validate to select best model: in the training of ANN model, weights
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respectively, in a loop. The algorithm was run for 500 times, and the best models that gave the
least RMSE values in the cross-validation results were selected. Similar procedure was used in
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The Kernel function and other corresponding hyper-parameters with the least RMSE values
during cross-validation of each run were identified as the best model. Table 7 shows the final
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Testing and evaluation of models: the models were tested using the testing data and
the three set evaluation criteria: cc, RMSE and testing time were recorded for evaluation
models.
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kernel option = [0.0391, 1.04267],
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kernel option = [8.3120e-04, 0.4753]

gam = 990,000
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ANN Activation functions = [logsig, tansig, purelin]
Hidden nodes = [51,19]

Activation functions = [tansig, logsig, purelin]
Hidden nodes = [61, 71]

ELM Activation function = tribas
Node = 1241
Regularization = 15.7419

Activation function = tribas
Node = 2731
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Table 7. Summary of optimized parameters used in the implementation of models.
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The flowchart presented in Figure 3 summarizes the processes.

Data from each well were randomly split into 70% for training, 15% for testing, and 15% for
validation with which the algorithms were trained, modified to come up with an acceptable
model for testing in each of the artificial intelligence techniques.

To ensure uniform distribution of the data point and removed effect of biased sampling, the
normalized data were then randomized before use in the model development. To avoid bias in
evaluating different algorithms across the four AI being compared, data integrity and similar-
ity were preserved in all methods. Three performance measures: root mean square error
(RMSE), correlation coefficient (cc), and testing time were used to assess the performance of
the algorithms.

4.3. Performance assessment criteria

To establish a valid evaluation of the performance of the different AI being compared, the
assessment criteria used in petroleum journals were considered as the criteria for measuring
performance [27, 32]. The criteria are as follows.
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4.3.1. Correlation coefficient (CC)

This is a measure of the strength of relationship between the predicted value and the actual
value being predicted. It indicates how far the model prediction deviates from the real value
with high values indicating good performance and vice versa.

cc ¼
P

ya � y0a
� �

yp � y0p
� �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP
ya � y0a
� �2 yp � y0p

� �2r (8)

4.3.1. Root mean-squared error (RMSE)

This can be interpreted as the standard deviation of the variance of the predicted value from
the corresponding observed value. It is a measure of absolute fit and indicates how close the
predicted values are from the actual observed values.

rmse ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x1 � y1
� �2 þ x2 � y2

� �2 þ…:þ xn � yn
� �2

n

s
(9)

The strategy followed is to implement the four techniques under the same data and processing
conditions as described above to avoid bias in evaluating different algorithms [29, 30, 47].
Also, the design of the individual models utilized the cross-validation technique to select the
optimal tuning hyper-parameters with the validation data set using the RMSE evaluation
criteria to measure their performance. Runs for each of the techniques were repeated several
times using a loop, in order to optimize the hyper-parameter of the models while using cross-
validation to select the best model for the algorithms. The testing data is run on the model and
cc, RMSE and testing time were recorded to evaluate the model for comparison.

4.4. Experimental results and discussion

In the implementation of each of the techniques tested for ROP prediction, the training,
validation, and testing data described above were used.

• Dataset A which comprises of eight HMSE-ROP related drilling parameters from Well-A.

• Dataset B which comprises of eight HMSE-ROP-related drilling parameters from Well-B.

The datasets are presented in Table 8.

Dataset Drilling parameters (Predictors)

A Depth, WOB, RPM, TORQ, Flowrate, SPP, MW and Bit Size for Well-A

B Depth, WOB, RPM, TORQ, Flowrate, SPP, MW and Bit Size for Well-B

Table 8. Drilling parameters used in each of the two datasets.
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Tables 9 and 10 show the results of the four AI algorithms used for ROP prediction in the
study. After several runs, the best model in each were tested and evaluated to be adjudged the
best. The algorithms were independently tested with eight drilling parameters presented in
Table 8.

4.5. Discussion of results

Each of the four AI techniques tested exhibited its competitive performance as shown in the
results. Figures 4–6 show the performance of the four techniques in each of the dataset both
during the training and testing, and therefore revealed their respective comparative strong and
weak points. The comparative results of the four AIs applied to the two datasets using the
same drilling parameters were plotted and are as shown in Figure 4.

RMSE and CC as earlier defined are measures of performance in terms of accuracy, with the
algorithm exhibiting lowest RMSE and highest CC being the most accurate predicting algo-
rithm. In Figure 4, a cross-plot of the testing correlation coefficient (cc) against the testing root
mean square error (RMSE) shows that in Well-A the best performance in terms of accuracy in
the algorithms is produced by LS-SVR followed closely by SVR while the least accurate
performance is seen in ELM and ANN. The same pattern is repeated in Well-B with LS-SVR
exhibiting the best performance and ANN and ELM performance are not remarkably far from
each other. The overall best performance is LS-SVR performance in Well-B. This is as a result of
the data density in Well-B as seen in Table 3. Therefore, LS-SVR provides an excellent function
estimation capability.

By comparing the testing time as seen in Tables 7 and 8, and plotting in Figure 5, it is evident
that among the four algorithms tested, LS-SVR and SVR in both wells require considerable
amount of time for model testing, while ANN and ELM require the minimum time for the

Training RMSE Testing RMSE Training CC Testing CC Testing Time

SVR 14.39394 23.29097 0.937030 0.808604 2.839218

ANN 27.26942 27.58479 0.737530 0.715336 0.031200

LS-SVR 10.82009 21.57755 0.966169 0.837852 2.730018

ELM 23.17740 27.08876 0.819712 0.731162 0.078000

Table 9. Dataset A results.

Training RMSE Testing RMSE Training CC Testing CC Testing Time

SVR 10.73935 21.71836 0.980072 0.910637 5.725237

ANN 26.41347 28.04187 0.866958 0.845982 0.031200

LS-SVR 3.69279 18.83404 0.997702 0.933733 5.460035

ELM 25.01964 27.98157 0.881806 0.846528 0.140401

Table 10. Dataset B results.
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The strategy followed is to implement the four techniques under the same data and processing
conditions as described above to avoid bias in evaluating different algorithms [29, 30, 47].
Also, the design of the individual models utilized the cross-validation technique to select the
optimal tuning hyper-parameters with the validation data set using the RMSE evaluation
criteria to measure their performance. Runs for each of the techniques were repeated several
times using a loop, in order to optimize the hyper-parameter of the models while using cross-
validation to select the best model for the algorithms. The testing data is run on the model and
cc, RMSE and testing time were recorded to evaluate the model for comparison.

4.4. Experimental results and discussion

In the implementation of each of the techniques tested for ROP prediction, the training,
validation, and testing data described above were used.

• Dataset A which comprises of eight HMSE-ROP related drilling parameters from Well-A.

• Dataset B which comprises of eight HMSE-ROP-related drilling parameters from Well-B.

The datasets are presented in Table 8.

Dataset Drilling parameters (Predictors)

A Depth, WOB, RPM, TORQ, Flowrate, SPP, MW and Bit Size for Well-A
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Table 8. Drilling parameters used in each of the two datasets.
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Tables 9 and 10 show the results of the four AI algorithms used for ROP prediction in the
study. After several runs, the best model in each were tested and evaluated to be adjudged the
best. The algorithms were independently tested with eight drilling parameters presented in
Table 8.

4.5. Discussion of results

Each of the four AI techniques tested exhibited its competitive performance as shown in the
results. Figures 4–6 show the performance of the four techniques in each of the dataset both
during the training and testing, and therefore revealed their respective comparative strong and
weak points. The comparative results of the four AIs applied to the two datasets using the
same drilling parameters were plotted and are as shown in Figure 4.

RMSE and CC as earlier defined are measures of performance in terms of accuracy, with the
algorithm exhibiting lowest RMSE and highest CC being the most accurate predicting algo-
rithm. In Figure 4, a cross-plot of the testing correlation coefficient (cc) against the testing root
mean square error (RMSE) shows that in Well-A the best performance in terms of accuracy in
the algorithms is produced by LS-SVR followed closely by SVR while the least accurate
performance is seen in ELM and ANN. The same pattern is repeated in Well-B with LS-SVR
exhibiting the best performance and ANN and ELM performance are not remarkably far from
each other. The overall best performance is LS-SVR performance in Well-B. This is as a result of
the data density in Well-B as seen in Table 3. Therefore, LS-SVR provides an excellent function
estimation capability.

By comparing the testing time as seen in Tables 7 and 8, and plotting in Figure 5, it is evident
that among the four algorithms tested, LS-SVR and SVR in both wells require considerable
amount of time for model testing, while ANN and ELM require the minimum time for the
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same process. The density and amount of data used for Well-B as can be seen in Table 3, is
evidently responsible for the extra time it takes for testing the model.

The application of domain knowledge and in particular, the utilization of specific energy as a
concept in selecting the controllable drilling parameters used in the prediction of ROP has
proven valuable with all the AI models showing accuracy within acceptable range. A depth
plot of actual ROP against the predicted ROP from all the AI models is presented in Figure 6.
As can be observed, the qualitative difference is quite elusive showing that the four AI models
are good predictors with reasonable accuracy.

In summary, the LS-SVR produces the best ROP model for the two dataset in term of accuracy,
while it requires considerable amount of testing time of the four AI techniques compared.
Therefore, it is more suitable for situations where accuracy is most desirable. Whereas, ELM
and ANN requires the shortest testing execution time and are less accurate, they are more

Figure 4. CC-RMSE plot showing testing results for dataset 1 and 2 for wells A and B, respectively.

Figure 5. Testing time for each of the algorithms tested with the two datasets.
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suitable for scenarios where the execution time critical. It must however be stated, that the use
of drilling domain knowledge in the choice of drilling parameters has enhance the accuracy of
all the AI algorithm predicted ROPs to be within acceptable range, while using variables from
HMSE-ROP model as input.

5. Conclusion

AI techniques have increasingly proved to be of immense value in the oil and gas industry
where it has been employed by different segments of the industry. Traditional methods has not
been able to manage such huge impacts in such a short time as AI methods because of its
ability to decipher hidden codes and complex relationships within the enormous data collected
daily during drilling operations. However, application of the right domain expert knowledge
has shown improved performance in the deployment of AI techniques. This technique and its
application leads to time and cost saving, minimized risk, improved efficiency and solutions
many optimization problems. The ability of the technique to retrain itself with life data within
a shorter time has made it a major founding block for drilling automation.

This paper presents an improved methodology of predicting ROP with real-time drilling
optimization in mind. Recent studies in the use of AI in the prediction of ROP shows some
inconsistency in the selection of input variables. The parameters used in this study are the must
haves and easily accessible parameters which can mostly be adjusted while drilling and are
therefore controllable. The utilization of HMSE-ROP model has also enhanced the perfor-
mance of the models as a result of selecting few variables with established relationship to
ROP even though nonlinear. All the methods used provided good degree of accuracy, and
therefore presented the engineers with options to use whichever algorithm is suitable for their

Figure 6. AI predicted ROPs plotted against actual ROP for Well-A and -B.
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same process. The density and amount of data used for Well-B as can be seen in Table 3, is
evidently responsible for the extra time it takes for testing the model.
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scenarios. It is therefore recommended that the HMSE variables should always be included in
the data attributes in the prediction of ROP as they are good predictors.

Nomenclature

AI artificial intelligence

AIAI artificial intelligence applications institute

ANN artificial neural network

BHA bottom hole assembly

CART classification regression trees

CIT computational intelligence techniques

CPU computer processing unit

db diameter of bit

DEO drilling efficiency optimization

DSE drilling specific energy

ELM extreme learning machine

FD footage drilled by bit, ft

GHI grit hot-pressed inserts

GLC generalized linear classifiers

GPM gallon per minute

HMSE hydraulic mechanical specific energy

IADC international association of drilling contractors

LSSVR least square support vector regression

LWD logging while drilling

MATLAB matrix laboratory

MD measured depth

MWD measurement while drilling

NPT non-productive time

Δpb pressure loss at bit in psi

PDA predictive data-driven analysis

PDC polycrystalline diamond compact
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PDM positive displacement motor

Q mud flow-in rate in gallons per minute

RMSE root mean square error

ROP rate of penetration, ft/h

RPM rotation per minute

SDL surface data logging

SE specific energy

SFLA shuffled frog leaping algorithm

SLFN single-hidden layer feedforward neural

SPM strokes per minutes

SPP stand pipe pressure

SVR support vector regression

t time, h

TDS top drive system

TG total gas

TRQ torque

TVD true vertical depth

WDM warren drilling model

WOB weight on bit, lbs

Cfd formation drillability parameter

W function of WOB and db

η dimensionless energy reduction factor depending on bit diameter
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scenarios. It is therefore recommended that the HMSE variables should always be included in
the data attributes in the prediction of ROP as they are good predictors.
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Abstract

Mechanical specific energy (MSE) has been widely used to quantify drilling efficiency and
maximize rate of penetration (ROP) in oil and gas wells drilling. In this chapter, MSE
models respectively for directional or horizontal drilling and rotating drilling with posi-
tive displacement motor (PDM) are established based on the evaluation of virtues and
defects of available MSE models. Meanwhile methods for drilling performance prediction
and optimization based on MSE technologies are presented. Field data presented in this
chapter indicates that the developed MSE models estimate MSE values with a reasonable
approximation in the absence of reliable torque measurements, the method for optimizing
drilling parameters can estimate optimum WOB values with different RPM to drill a
specific formation interval with PDM. It also show that the optimum WOB is low for
rotating drilling with PDM compared with the conventional drilling without PDM,
increasing WOB does not always increase ROP but is more likely to decrease ROP. The
drilling performance prediction and optimization methods based on MSE technologies
could be effectively used to maximize ROP and allow operators to drill longer and avoid
unnecessary trips, and is worthy to be applied and promoted with highly diagnostic
accuracy, effective optimizing and simple operation.

Keywords: mechanical specific energy, drilling performance optimization, positive
displacement motor, optimum WOB, maximize rate of penetration

1. Introduction

Maximizing ROP to reduce drilling cost in oil and gas development is the permanent objective
of drilling researchers [1–4]. Numerous methods have been developed for optimizing drilling
parameters to maximize ROP, and they are similar to drill rate and drill-off tests in that they
observe trends in performance and attempt to identify the founder point, which is the point at
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which the ROP is maximized [5]. Although these methods have enhanced drilling perfor-
mance, they do not provide an objective assessment of the true potential ROP, only the
founder point of the current system. Actually the process of optimizing drilling parameters
should be not only drilling system specific but also formation specific. MSE is defined as the
mechanical work done to excavate a unit volume of rock, it could provide an objective
assessment of the drilling efficiency and an objective tool to identify the bit founder. The initial
MSE model for rotating drilling system was proposed by Teale in 1965 [6]. In this model, as the
majority of field data is in the form of surface measurements, which results in MSE’s calcula-
tion containing even large sources of error. Then numerous investigators were motivated to
develop more accurate models. These models include those presented by Pessier and Fear [7],
Dupriest and Koeteritz [5], Armenta [8], Mohan et al. [9], Cherif [10], Mohan et al. [11] and
they have been widely used in bit selection, drilling efficiency quantification, drilling perfor-
mance monitoring, drilling performance optimization, ROP improvement and so on. Although
the MSE obtained from these models are more and more precisely model the actual downhole
drilling in vertical wells, currently there are few effective MSE models to precisely model the
actual downhole drilling in directional or horizontal wells due to the majority of field data is in
the form of surface measurements.

Moreover, in recent years, PDM has gained widespread use in the hard formation drilling to
improve ROP. In rotating drilling with PDM, the power section of PDM converts hydraulic
energy of mud flow into mechanical rotary power, the surface rotation is superimposed on
downhole motor rotation. During slide drilling, bit rotation is generated only from the PDM as
drilling fluid is pumped through the drill string. However, the PDM’s performance is con-
trolled by the combination of the rotor/stator lobe configuration, and the direct measurement
of PDM rotary speed and torque in down hole has proven difficult. Therefore, currently there
are also few effective MSE models to precisely model the actual downhole drilling for rotating
drilling with PDM.

In this chapter, MSE models respectively for directional or horizontal drilling and rotating
drilling with PDM are established based on the evaluation of key MSE models and the analysis
on PDM performance, meanwhile methods for drilling performance prediction and optimiza-
tion based on MSE technologies are presented.

2. Mechanical specific energy model development

2.1. Key models of mechanical specific energy

Mechanical specific energy (MSE) has been defined as the mechanical work done to excavate a
unit volume of rock. Teale in 1965 initially proposed the MSE model for rotating drilling
system [6].

MSE ¼ WOB
Ab

þ 120π � RPM � T
Ab � ROP

(1)

Drilling134

In the above model, torque at the bit is a main variable. Although torque at the bit can be easily
measured in the laboratory and with Measurement While Drilling (MWD) systems in the field,
the majority of field data is in the form of surface measurement. While in the absence of reliable
torque at the bit measurements, the calculation of MSE based on this model contains even large
sources of error. Therefore, it is only used qualitatively as a trending tool.

In 1992, Pessier and Fear provided a simple method of the calculation of torque at bit while in
the absence of reliable torque measurements and optimized Teale’s model [7].

MSE ¼ WOB � 1
Ab

þ 13:33 � μb � RPM
Db � ROP

� �

μb ¼ 36
T

Db �WOB

(2)

The above model’s parameters are easy to be obtained on the ground, and its calculation
precision has been improved, as a result, it has a common usage in the drilling industry. In
this model, the torque of bit is calculated through WOB. However, WOB is always read based
on the surface measurement, which is not the bottom hole real WOB. As for directional and
horizontal drilling, there is a great difference between the bottom hole real WOB and the WOB
of surface measurement [12]. And every bit has a certain mechanical efficiency in drilling even
for the new bits, thus Pisser’s model has a limited application and also exists a certain error in
MSE calculation.

Given the bit had a certain mechanical efficiency in the actual drilling process, Dupriest, Cherif
and Amadi defined a mechanical efficiency on the base of Teale model [5, 10, 13].

MSE ¼ Em � WOB
Ab

þ 120 � π � RPM � T
Ab � ROP

� �
(3)

Dupriest and Koederitz thought peak bit efficiencies are always in the 30–40% range, therefore
thought the mechanical efficiency were 35% [5]. However, this is a controversial issue due to
the bits’ mechanical efficiency depending on a variety of factors, and it may vary greatly from
the assumed 35%. Cherif argued that the mechanical efficiency were 26–64% instead of 35%
[10]. In directional and horizontal drilling, the MSE values may eventually become several
times the formation CCS due to torsional friction. So Amadi and Iyalla thought the mechanical
efficiency were 12.5% in directional and horizontal drilling [13]. Actually the mechanical
efficiency is not only bit specific but also formation specific, and it may vary greatly from bit
to bit and formation to formation, so it must be determined according to the real drilling
conditions. Therefore, the model also has certain limitations.

Recently some researchers think that hydraulic energy also aids in actual drilling for certain
formations, then they add the hydraulic term to the MSE function as [9, 11].

MSE ¼ WOB
Ab

þ 120π � RPM � T
Ab � ROP

þ β � ΔPb �Q
Ab � ROP

(4)
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which the ROP is maximized [5]. Although these methods have enhanced drilling perfor-
mance, they do not provide an objective assessment of the true potential ROP, only the
founder point of the current system. Actually the process of optimizing drilling parameters
should be not only drilling system specific but also formation specific. MSE is defined as the
mechanical work done to excavate a unit volume of rock, it could provide an objective
assessment of the drilling efficiency and an objective tool to identify the bit founder. The initial
MSE model for rotating drilling system was proposed by Teale in 1965 [6]. In this model, as the
majority of field data is in the form of surface measurements, which results in MSE’s calcula-
tion containing even large sources of error. Then numerous investigators were motivated to
develop more accurate models. These models include those presented by Pessier and Fear [7],
Dupriest and Koeteritz [5], Armenta [8], Mohan et al. [9], Cherif [10], Mohan et al. [11] and
they have been widely used in bit selection, drilling efficiency quantification, drilling perfor-
mance monitoring, drilling performance optimization, ROP improvement and so on. Although
the MSE obtained from these models are more and more precisely model the actual downhole
drilling in vertical wells, currently there are few effective MSE models to precisely model the
actual downhole drilling in directional or horizontal wells due to the majority of field data is in
the form of surface measurements.

Moreover, in recent years, PDM has gained widespread use in the hard formation drilling to
improve ROP. In rotating drilling with PDM, the power section of PDM converts hydraulic
energy of mud flow into mechanical rotary power, the surface rotation is superimposed on
downhole motor rotation. During slide drilling, bit rotation is generated only from the PDM as
drilling fluid is pumped through the drill string. However, the PDM’s performance is con-
trolled by the combination of the rotor/stator lobe configuration, and the direct measurement
of PDM rotary speed and torque in down hole has proven difficult. Therefore, currently there
are also few effective MSE models to precisely model the actual downhole drilling for rotating
drilling with PDM.

In this chapter, MSE models respectively for directional or horizontal drilling and rotating
drilling with PDM are established based on the evaluation of key MSE models and the analysis
on PDM performance, meanwhile methods for drilling performance prediction and optimiza-
tion based on MSE technologies are presented.

2. Mechanical specific energy model development

2.1. Key models of mechanical specific energy

Mechanical specific energy (MSE) has been defined as the mechanical work done to excavate a
unit volume of rock. Teale in 1965 initially proposed the MSE model for rotating drilling
system [6].

MSE ¼ WOB
Ab

þ 120π � RPM � T
Ab � ROP

(1)
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In the above model, torque at the bit is a main variable. Although torque at the bit can be easily
measured in the laboratory and with Measurement While Drilling (MWD) systems in the field,
the majority of field data is in the form of surface measurement. While in the absence of reliable
torque at the bit measurements, the calculation of MSE based on this model contains even large
sources of error. Therefore, it is only used qualitatively as a trending tool.

In 1992, Pessier and Fear provided a simple method of the calculation of torque at bit while in
the absence of reliable torque measurements and optimized Teale’s model [7].

MSE ¼ WOB � 1
Ab

þ 13:33 � μb � RPM
Db � ROP

� �

μb ¼ 36
T

Db �WOB

(2)

The above model’s parameters are easy to be obtained on the ground, and its calculation
precision has been improved, as a result, it has a common usage in the drilling industry. In
this model, the torque of bit is calculated through WOB. However, WOB is always read based
on the surface measurement, which is not the bottom hole real WOB. As for directional and
horizontal drilling, there is a great difference between the bottom hole real WOB and the WOB
of surface measurement [12]. And every bit has a certain mechanical efficiency in drilling even
for the new bits, thus Pisser’s model has a limited application and also exists a certain error in
MSE calculation.

Given the bit had a certain mechanical efficiency in the actual drilling process, Dupriest, Cherif
and Amadi defined a mechanical efficiency on the base of Teale model [5, 10, 13].

MSE ¼ Em � WOB
Ab

þ 120 � π � RPM � T
Ab � ROP

� �
(3)

Dupriest and Koederitz thought peak bit efficiencies are always in the 30–40% range, therefore
thought the mechanical efficiency were 35% [5]. However, this is a controversial issue due to
the bits’ mechanical efficiency depending on a variety of factors, and it may vary greatly from
the assumed 35%. Cherif argued that the mechanical efficiency were 26–64% instead of 35%
[10]. In directional and horizontal drilling, the MSE values may eventually become several
times the formation CCS due to torsional friction. So Amadi and Iyalla thought the mechanical
efficiency were 12.5% in directional and horizontal drilling [13]. Actually the mechanical
efficiency is not only bit specific but also formation specific, and it may vary greatly from bit
to bit and formation to formation, so it must be determined according to the real drilling
conditions. Therefore, the model also has certain limitations.

Recently some researchers think that hydraulic energy also aids in actual drilling for certain
formations, then they add the hydraulic term to the MSE function as [9, 11].

MSE ¼ WOB
Ab

þ 120π � RPM � T
Ab � ROP

þ β � ΔPb �Q
Ab � ROP

(4)
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Hydraulic energy has a great influence on drilling efficiency, but its role is complex. In conven-
tional rotating drilling, bit hydraulics mainly accounts for the removal of cuttings from the
bottom hole by jet-erosion, and the jet from bit nozzles could hardly aid in rock-broken
especially in the deep and hard formations. Therefore, the MSE model is suitable for high
pressure jet drilling and soft formation drilling.

In the above MSE models, MSE’s calculation containing even large sources of error due to the
majority of field data is in the form of surface measurements. Especially in directional and
horizontal drilling, WOB and torque of surface measurement differs greatly from bottom hole
actual WOBb and torque [12]. Therefore, few of the above MSE models can precisely model the
actual downhole drilling in directional or horizontal wells. Moreover, in rotating drilling with
PDM, the surface rotation is superimposed on downhole motor rotation [14]. During slide
drilling, bit rotation is generated only from the PDM as drilling fluid is pumped through the
drill string. However, the direct measurement of PDM rotary speed and torque in down hole
has proven difficult, so few of the above MSE models can also precisely model the actual
downhole drilling for rotating drilling with PDM.

2.2. Mechanical specific energy model of directional or horizontal drilling

2.2.1. Model of bottom hole WOBb

Undersection trajectory of directional well or horizontal well can reduce drag greatly com-
pared to a conventional tangent section due to well friction. Therefore, there is a great differ-
ence between surface measured WOB and bottom hole WOBb at the bit. The surface measured
WOB is actually the bottom hole WOBb acting on the ground. Therefore, by analyzing the
internal force of drill string produced by bottom hole WOBb in each well section, we can get
the formula between the surface measured WOB and bottom hole WOBb.

(1) In bends section.

In 2008, Aadnoy formulated the drag model in bends and straight sections [15]. In the process
of drilling, assuming the string contacts lower side, so the drag model in bends section is as
follows

F2 ¼ f α2ð Þ þ F1 � f α1ð Þð Þ � e�μ α2�α1ð Þ (5)

where:

f αð Þ ¼ w � R
1þ μ2 1� μ2� �

sinαþ 2μ cosα
� �

(6)

If WOBb ¼ 0, assuming that the force at the upper end of the bend is F10, and the force at the
lower end of the bend is F20. If WOBb > 0, using that the force at the upper end of the bend is

F1
0 0
, and the force at the lower end of the bend is F2

0 0
, then gives

WOBb ¼ 0:
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F20 ¼ f α2ð Þ þ F10 � f α1ð Þð Þ � e�μ α2�α1ð Þ
�

(7)

WOBb > 0:

F2
0 0 ¼ f α2ð Þ þ F1

0 0 � f α1ð Þ
� �

� e�μ α2�α1ð Þ (8)

Eq. (7) minus Eq. (8), we get

F20 � F2
0 0 ¼ F10 � F1

0 0
� �

e�μ α2�α1ð Þ (9)

Obviously, “F20-F2
0 0
” is the internal force of drill string produced by bottom hole WOBb at the

lower end of the bend, “F10-F1
0 0
” is the internal force of drill string produced by bottom hole

WOBb at the upper end of the bend. So we may express Eq. (9) as follows

Fi2 ¼ Fi1 � e�μ α2�α1ð Þ (10)

where:

α2 � α1 ¼ Δα ¼ Δγ (11)

(2) In straight sections.

In straight sections, the drag model is as follows in the process of drilling

F2 ¼ F1 þ w � Δs � μ sinα� cosα
� �

(12)

If WOBb ¼ 0, assuming that the force at the upper end is F10, and the force at the lower end is

F20. If WOBb > 0, using that the force at the upper end is F1
0 0
, and the force at the lower end is

F2
0 0
, then gives.

WOBb ¼ 0:

F2 0 ¼ F1 0 þ w � Δs � μ sinα� cosα
� �

(13)

WOBb > 0:

F2
0 0 ¼ F1

0 0 þ w � Δs � μ sinα� cosα
� �

(14)

Eq. (13) minus Eq. (14), we get

F2 0 � F2
0 0 ¼ F10 � F1

0 0
(15)

Apparently, “F20 � F2
0 0
” is the internal force of drill string produced by bottom hole WOBb at

the lower end, “F10 � F1
0 0
” is the internal force of drill string produced by bottom hole WOBb at

the upper end. So we may express Eq. (15) as follows
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Hydraulic energy has a great influence on drilling efficiency, but its role is complex. In conven-
tional rotating drilling, bit hydraulics mainly accounts for the removal of cuttings from the
bottom hole by jet-erosion, and the jet from bit nozzles could hardly aid in rock-broken
especially in the deep and hard formations. Therefore, the MSE model is suitable for high
pressure jet drilling and soft formation drilling.

In the above MSE models, MSE’s calculation containing even large sources of error due to the
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Undersection trajectory of directional well or horizontal well can reduce drag greatly com-
pared to a conventional tangent section due to well friction. Therefore, there is a great differ-
ence between surface measured WOB and bottom hole WOBb at the bit. The surface measured
WOB is actually the bottom hole WOBb acting on the ground. Therefore, by analyzing the
internal force of drill string produced by bottom hole WOBb in each well section, we can get
the formula between the surface measured WOB and bottom hole WOBb.

(1) In bends section.

In 2008, Aadnoy formulated the drag model in bends and straight sections [15]. In the process
of drilling, assuming the string contacts lower side, so the drag model in bends section is as
follows
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where:
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(6)

If WOBb ¼ 0, assuming that the force at the upper end of the bend is F10, and the force at the
lower end of the bend is F20. If WOBb > 0, using that the force at the upper end of the bend is

F1
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, and the force at the lower end of the bend is F2

0 0
, then gives

WOBb ¼ 0:
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Obviously, “F20-F2
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” is the internal force of drill string produced by bottom hole WOBb at the

lower end of the bend, “F10-F1
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” is the internal force of drill string produced by bottom hole

WOBb at the upper end of the bend. So we may express Eq. (9) as follows

Fi2 ¼ Fi1 � e�μ α2�α1ð Þ (10)

where:

α2 � α1 ¼ Δα ¼ Δγ (11)

(2) In straight sections.

In straight sections, the drag model is as follows in the process of drilling

F2 ¼ F1 þ w � Δs � μ sinα� cosα
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(12)

If WOBb ¼ 0, assuming that the force at the upper end is F10, and the force at the lower end is

F20. If WOBb > 0, using that the force at the upper end is F1
0 0
, and the force at the lower end is
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Eq. (13) minus Eq. (14), we get

F2 0 � F2
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(15)

Apparently, “F20 � F2
0 0
” is the internal force of drill string produced by bottom hole WOBb at

the lower end, “F10 � F1
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” is the internal force of drill string produced by bottom hole WOBb at
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Fi2 ¼ Fi1 (16)

Therefore, in the straight sections, internal force produced by bottom hole WOBb in each cross-
section of the drill string is the same. As for straight sections, α2 � α1 ¼ Δα ¼ 0, so Eq. (16) is
the same as Eq. (10). Therefore, Eq. (10) is also suitable for straight section.

(3) Formula between WOB and WOBb.

In the horizontal well, on the surface

Fi ¼ Fi1 ¼ WOB, α1 ¼ 180 ∘ ,γ ¼ 0 ∘ (17)

At the bit

Fi ¼ Fi2 ¼ WOBb, α2 ¼ 180 ∘ þ γb (18)

and

Δα ¼ Δγ ¼ γb (19)

Insert Eqs. (17), (18) and (19) into Eq. (10), then we get the formula betweenWOB andWOBb in
horizontal well [12].

WOBb ¼ WOB � e�μγb (20)

Figure 1 shows the relationship between weight on the bit ratio and bottom hole inclination, it
indicates that there is a big difference between the surface measured WOB and bottom hole
WOBb for horizontal well drilling.

2.2.2. Model of bottom hole torque at the bit

Torque at the bit can be measured with MWD systems in the field. However, the majority of
field data is in the form of surface measurements, it usually uses of surface torque to calculate
MSE, which results in the value of MSE eventually is inflated by torsional friction. In horizon-
tal drilling, the baseline trend of MSEmay become several times the rock confined compressive
strength (CCS). For this reason, Pessier and Fear introduced a bit-specific coefficient of sliding
friction to express torque as a function of WOB, which has been widely used to compute MSE
values in the absence of reliable torque measurements [7].

T ¼
ðDb=2

0

ð2π
0

r2
4μbWOB
πD2

b

drdθ ¼
ðDb=2

0

8μbWOB
D2

b

r2dr ¼ μb �WOB �Db

3
(21)

In Eq. (21), WOB is changed with WOBb. Then we get the model of bottom hole torque at the
bit [12].

Tb ¼
μb �WOBb �Db

3
¼ μb �WOB � e�μγb �Db

3
(22)
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Usually the bit sliding coefficient of friction is assumed to be of an average value of 0.3 and 0.85
[16] for rollercone and PDC bits respectively.

2.2.3. Mechanical specific energy model of directional or horizontal well

WOB and torque are key variables in MSE calculation. In directional or horizontal drilling, they
are greatly inflated for well friction. Eqs. (20) and (22) are the model of bottom hole WOBb and
model of bottom hole torque at the bit, which are modified by wellbore wall friction coefficient
and bottom hole inclination. They can fit the bottom hole’s actual working conditions. How-
ever, it has also been observed, from lab data under confined bottom hole pressure, that MSE is
often substantially higher than the rock CCS, even when the bit is apparently drilling effi-
ciently, for bit has a certain mechanical efficiency in the actual drilling process even for a new
bit [5]. Finally, substitute Eqs. (20) and (22) in Teale model (Eq. (1)) and consider the mechanical
efficiency (Em) of the new bit, we can get a new model of MSE which can be shown as [12].

MSE ¼ Em �WOBb � 1
Ab

þ 13:33 � μb � RPM
Db � ROP

� �
(23)

WOBb ¼ WOB � e�μγb (24)

The bit sliding coefficient (μb) of friction is assumed to be of an average value of 0.3 and 0.85 for
rollercone and PDC bits respectively [16]. The drill string sliding coefficient (μ) of friction is

Figure 1. Relationship between weight on the bit ratio and bottom hole deviation angle (μb is set to 0.35) [12].
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Fi2 ¼ Fi1 (16)

Therefore, in the straight sections, internal force produced by bottom hole WOBb in each cross-
section of the drill string is the same. As for straight sections, α2 � α1 ¼ Δα ¼ 0, so Eq. (16) is
the same as Eq. (10). Therefore, Eq. (10) is also suitable for straight section.

(3) Formula between WOB and WOBb.
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At the bit

Fi ¼ Fi2 ¼ WOBb, α2 ¼ 180 ∘ þ γb (18)

and

Δα ¼ Δγ ¼ γb (19)

Insert Eqs. (17), (18) and (19) into Eq. (10), then we get the formula betweenWOB andWOBb in
horizontal well [12].

WOBb ¼ WOB � e�μγb (20)

Figure 1 shows the relationship between weight on the bit ratio and bottom hole inclination, it
indicates that there is a big difference between the surface measured WOB and bottom hole
WOBb for horizontal well drilling.

2.2.2. Model of bottom hole torque at the bit

Torque at the bit can be measured with MWD systems in the field. However, the majority of
field data is in the form of surface measurements, it usually uses of surface torque to calculate
MSE, which results in the value of MSE eventually is inflated by torsional friction. In horizon-
tal drilling, the baseline trend of MSEmay become several times the rock confined compressive
strength (CCS). For this reason, Pessier and Fear introduced a bit-specific coefficient of sliding
friction to express torque as a function of WOB, which has been widely used to compute MSE
values in the absence of reliable torque measurements [7].

T ¼
ðDb=2

0

ð2π
0

r2
4μbWOB
πD2

b

drdθ ¼
ðDb=2

0

8μbWOB
D2

b

r2dr ¼ μb �WOB �Db

3
(21)

In Eq. (21), WOB is changed with WOBb. Then we get the model of bottom hole torque at the
bit [12].

Tb ¼
μb �WOBb �Db

3
¼ μb �WOB � e�μγb �Db

3
(22)
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Usually the bit sliding coefficient of friction is assumed to be of an average value of 0.3 and 0.85
[16] for rollercone and PDC bits respectively.

2.2.3. Mechanical specific energy model of directional or horizontal well

WOB and torque are key variables in MSE calculation. In directional or horizontal drilling, they
are greatly inflated for well friction. Eqs. (20) and (22) are the model of bottom hole WOBb and
model of bottom hole torque at the bit, which are modified by wellbore wall friction coefficient
and bottom hole inclination. They can fit the bottom hole’s actual working conditions. How-
ever, it has also been observed, from lab data under confined bottom hole pressure, that MSE is
often substantially higher than the rock CCS, even when the bit is apparently drilling effi-
ciently, for bit has a certain mechanical efficiency in the actual drilling process even for a new
bit [5]. Finally, substitute Eqs. (20) and (22) in Teale model (Eq. (1)) and consider the mechanical
efficiency (Em) of the new bit, we can get a new model of MSE which can be shown as [12].

MSE ¼ Em �WOBb � 1
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þ 13:33 � μb � RPM
Db � ROP

� �
(23)

WOBb ¼ WOB � e�μγb (24)

The bit sliding coefficient (μb) of friction is assumed to be of an average value of 0.3 and 0.85 for
rollercone and PDC bits respectively [16]. The drill string sliding coefficient (μ) of friction is

Figure 1. Relationship between weight on the bit ratio and bottom hole deviation angle (μb is set to 0.35) [12].
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assumed 0.25 to 0.4, usually use the value of 0.35 [17, 18]. The mechanical efficiency (Em) of a
new bit can be got by core samples’ laboratory studies, or inversed by adjacent wells logging
data.

2.3. Mechanical specific energy model for rotating drilling with PDM

According to the field experience, the bit’s mechanical rotary energy has a much higher
efficiency on rock breaking than the hydraulic energy. If the hydraulic energy of mud flow is
converted into mechanical rotary power, it could improve ROP greatly. In the field, PDM has
gained widespread use in the hard formation drilling to improve ROP. In rotating drilling with
PDM, the power section of PDM converts hydraulic energy of mud flow into mechanical
rotary power, the surface rotation is superimposed on downhole motor rotation (see Figure 2)
[14]. Moreover, during slide drilling, bit rotation is generated only from the PDM as drilling
fluid is pumped through the drill string. Due to the direct measurement of PDM rotary speed
and torque in down hole has proven difficult, so currently there are few effective MSE models
to precisely model the actual downhole drilling for rotating drilling with PDM.

2.3.1. PDM performance

In PDM, the power section converts hydraulic energy of mud flow into mechanical rotary
power. The output parameters of its mechanical horsepower are rotor torque and rotary speed,
whereas differential pressure and mud flow rate are its operational parameters. However, the
direct measurement of PDM rotary speed and torque in down hole has proven difficult. The
key design parameter that relates PDM output parameters to its operational parameters is
PDM unit displacement. It is defined as the mud volume required to revolve a PDM rotor shaft
one revolution and can be found on PDM performance data sheets. Then the ideal PDM output
torque and rotary speed can be defined by [19].

Figure 2. PDM converts hydraulic energy of mud flow into mechanical rotary power [14].
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Tideal ¼ 3:066 � ΔPm � q (25)

RPMideal ¼ Q
q

(26)

However, in actual drilling process, leakage and torque losses play important roles in the
performance of a PDM. The actual rotary speed of the PDM is decreased by the slip flow
through the seal line, and the actual torque is also decreased by the resisting torque due to
mechanical friction, elastomeric friction and viscous shearing of drilling fluid. The actual PDM
output torque and rotary speed can be estimated by

Tm ¼ Tideal � ΔT (27)

RPMm ¼ Q�Qslip

q
(28)

Torque losses is given by [20].

ΔT ¼ π2i4

2 1� ið Þ 2� ið Þ3
RPMm

δ
D3

hLsμþ Cf
π 1� i2
� �

4 2� ið Þ2 D
2
hphΔPm þ 2Fny

3π
(29)

Slip flow is estimate as

Qslip ¼
πδ3DhnsΓi tanα

12μLsLm

i
1� i

� �
ΔPm (30)

In Eqs. (29) and (30), many parameters are functions of motor geometry, property and even
drilling conditions, some of them are difficult to be determined. Therefore, the prediction of Tm

and RPMm has proven difficult. However, in PDM the mechanical power is converted by
hydraulic horsepower, and it depends on the converting efficiency of the PDM. Then the
mechanical power can be predicted based on its input hydraulic power. The mechanical
horsepower provided by PDM can be estimated by [21].

MHP ¼ Tm

550
2π
60

� �
� RPMm (31)

The hydraulic horsepower can be given as

HHP ¼ Q � ΔPm

1714
(32)

Their relationship can be written as

MHP ¼ η �HHP (33)

In Eqs. (32) and (33), the operating differential pressure drop across the motor, at a constant
flow rate, can be measured by comparing off-bottom (zero torque) and on-bottom surface
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performance of a PDM. The actual rotary speed of the PDM is decreased by the slip flow
through the seal line, and the actual torque is also decreased by the resisting torque due to
mechanical friction, elastomeric friction and viscous shearing of drilling fluid. The actual PDM
output torque and rotary speed can be estimated by
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In Eqs. (29) and (30), many parameters are functions of motor geometry, property and even
drilling conditions, some of them are difficult to be determined. Therefore, the prediction of Tm

and RPMm has proven difficult. However, in PDM the mechanical power is converted by
hydraulic horsepower, and it depends on the converting efficiency of the PDM. Then the
mechanical power can be predicted based on its input hydraulic power. The mechanical
horsepower provided by PDM can be estimated by [21].

MHP ¼ Tm
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The hydraulic horsepower can be given as

HHP ¼ Q � ΔPm

1714
(32)

Their relationship can be written as

MHP ¼ η �HHP (33)

In Eqs. (32) and (33), the operating differential pressure drop across the motor, at a constant
flow rate, can be measured by comparing off-bottom (zero torque) and on-bottom surface
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standpipe pressures. Flow rate can also be easily obtained on the surface. The efficiency of a
particular type of motor can be estimated based on data measured on test stands [22].

2.3.2. A MSE model for rotating drilling with PDM

In rotary-drilling with PDM (see Figure 3), the mechanical work required to remove a unit
volume of rock comes from the WOB, torque at bit provided by surface rotation and torque at
bit provided by PDM rotation. The total mechanical work done by the bit in 1 h can be
estimated as

W t ¼ WOBb � ROPþ 60 � 2π � RPMs � Ts þ 60 � 2π � RPMm � Tm (34)

In the above model, RPMs is bit rotary speed provided by surface rotation; Ts is torque at bit
provided by surface rotation; RPMm is PDM output rotary speed; Tm is PDM output torque.
As PDM is near above bit, bit rotary speed and torque provided by PDM can be nearly
considered as PDM’s output rotary speed and torque.

Please note that every bit has a mechanical efficiency for drilling when it is produced. The
mechanical efficiency is mainly related to the bit’s cutting structure and exists all along the
drilling process [10, 11]. Given the mechanical efficiency of the new bit, the mechanical work
required to break the rock drilled in 1 h can be nearly expressed as

WV ¼ Wt � Em (35)

Figure 3. Rotating drilling system with PDM [14].
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The volume of rock drilled in 1 h is

V ¼ Ab � ROP (36)

MSE has been defined as the mechanical work done to excavate a unit volume of rock. By
combining Eqs. (34), (35) and (36), then the MSE for rotating drilling with PDM can be
expressed by

MSE ¼ WV

V
¼ Em �WOBb � ROPþ 60 � 2π � RPMs � Ts þ 60 � 2π � RPMm � Tm

Ab � ROP
(37)

However, the mechanical energy provided by the surface has a great transmission loss in
horizontal and directional drilling. Chen et al. formulated a relationship between bottom hole
WOB and the surface measured WOB and presented a method to calculate torque of bit in
directional and horizontal drilling [12].

WOBb ¼ WOB � e�μsγb

μb ¼ 36
Ts

Db �WOB � e�μsγb

(38)

Then the mechanical specific energy provided by the surface can be estimated as

Em �WOBb � ROPþ 60 � 2π � RPMs � Ts

Ab � ROP

¼ Em �WOB � e�μsγb
1
Ab

þ 13:33 � μb � RPMs

Db � ROP

� � (39)

According to Eqs. (31), (32) and (33), the mechanical specific energy provided by the down
hole motor can also be estimated as

Em � 60 � 2π � RPMm � Tm

Ab � ROP
¼ Em � 1155:2 � ηΔPmQ

Ab � ROP
(40)

Finally, substitute Eqs. (39) and (40) into Eq.(37), we can get a new MSE model for rotating
drilling with PDM [14].

MSE ¼ Em � WOB � e�μsγb
1
Ab

þ 13:33μb � RPMs

Db � ROP

� �
þ 1155:2 � ηΔPmQ

Ab � ROP

� �
(41)

For slide drilling, bit rotation is generated only from the PDM as drilling fluid is pumped
through the drill string. The MSE can be estimated by [14].

MSE ¼ Em � WOB � e�μsγb � 1
Ab

þ 1155:2 � ηΔPmQ
Ab � ROP

� �
(42)

Note that ΔPm is the pressure drop across the PDM, and η is the efficiency of PDM but not the
bit. RPMs is drill pipe rotary speed.
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For slide drilling, bit rotation is generated only from the PDM as drilling fluid is pumped
through the drill string. The MSE can be estimated by [14].

MSE ¼ Em � WOB � e�μsγb � 1
Ab

þ 1155:2 � ηΔPmQ
Ab � ROP

� �
(42)

Note that ΔPm is the pressure drop across the PDM, and η is the efficiency of PDM but not the
bit. RPMs is drill pipe rotary speed.
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3. Drilling performance prediction and optimization based on mechanical
specific energy technologies

3.1. Confined compressive strength

Teale’s laboratory experiment showed that MSE was numerically close to the unconfined
compressive strength (UCS) of the formation at maximum drilling efficiency [6]. However,
the tests were conducted at atmospheric conditions. In the real drilling process, MSE is numer-
ically close to the CCS of the formation at maximum drilling efficiency. In other words, when
drilling achieves a maximum drilling efficiency, the minimum MSE is reached and is roughly
equal to the CCS of the rock drilled [14].

MSE minð Þ ¼ CCS (43)

Therefore, MSE can be used to detect the peak drilling efficiency by surveilling MSE to see if
the MSE(min) is roughly equal to the CCS of the rock drilled.

The widely practiced and accepted method for calculating CCS of rock is as follows [18].

CCS ¼ UCSþDp þ 2Dp � sinϕ
1� sinϕ

(44)

In bottom-hole drilling conditions, for permeable rock, the bottom hole confining pressure can
be expressed as

Dp ¼ ECDp � Pp (45)

3.2. Drilling performance prediction and optimization for directional or horizontal drilling

3.2.1. Rate of penetration model based on mechanical specific energy

The rock strength at the rock-bit interface is best defined by CCS. Given the MSE model of
directional or horizontal drilling takes the mechanical efficiency (Em) of the new bit into
account, so we can assume that MSE is equal to the CCS of the formation. Substituting MSE
in terms of CCS, then ROP can be predicted as follows [12].

ROP ¼ 13:33 � μb � RPM
Db

CCS
Em �WOB�e�μγb � 1

Ab

� � (46)

The above ROPmodel is relatively simple. By using this model we can quickly predict the ROP
with reasonable accuracy for all of the bit types, according to the formation properties and the
drilling environment. One limitation of the ROPmodel is that it does not recognize the founder
point of any given bit, which means it can predict a higher ROP than is achievable as WOB and
RPM increase beyond the bit’s optimum combination [23].
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3.2.2. Drilling performance prediction and optimization method

MSE is the amount of energy required to destroy a unit volume of rock and it provides a means
of evaluating and optimizing drilling performance. By comparing MSE to the predicted CCS,
as well as by comparing actual ROP to the predicted ROP, drilling performance and bit
condition can be evaluated. The drilling performance can be evaluated and predicted by
Eqs. (44) and (46). When MSE is equal to the predicted CCS, or actual ROP is equal to the
predicted ROP, it indicates that drilling performs well and the bit is operating at its peak
efficiency.

Drilling performance optimization based on MSE technologies means real-time analyzing of
MSE and adjusting drilling parameters accordingly to minimize drilling problems and maxi-
mize ROP. When a bit is operating at its peak efficiency, the ratio of energy to rock volume will
remain relatively constant, and MSE is nearly equal to the CCS of the formation. This relation-
ship is used operationally by observing whether the minimum MSE is equal to the CCS of the
formation while adjusting drilling parameters such as WOB or RPM to maximize ROP. If the
minimum MSE remains equal to the CCS of the formation while increasing WOB, the bit is
assumed to be still efficient. If MSE increases significantly and is much higher than the CCS of
the formation, the bit has foundered and drilling problems may occur, such as vibrations, bit
balling, bottom hole balling and dull bits. The driller then determines the most likely cause of
founder and drilling problems, and adjusts parameters accordingly. Adjustments continue to
be made until the MSE value is minimized equally to CCS of the formation.

Based on the relations between MSE, drilling parameters and ROP, an appropriate predicting
and optimizing method can be proposed by analyzing bottom-hole conditions of drilling and
determining the reasonability of drilling parameters. Figure 4 is the flow chart of the drilling
performance prediction and optimization method [12].

As shown in Figure 4, when MSE(min) = CCS, and ROP/WOB = constant >0, it is in the region
B as Figure 5 [12] indicate. MSE is low and nearly equal to CCS. The slope of the line is
relatively constant for a given formation, bit and rotary speed. The drilling efficiency remains
at its peak efficiency. In this region, the bit is not constrained by a unique inefficiency, it simply
needs more energy. Just by increasing WOB or RPM, the ROP will increase greatly and
eventually approach the founder point. When ROP/WOB6¼constant > 0, it is close to the
highest ROP that can be achieved with the current system and reached the region C. But if
ROP further increases, then bit balling and bottom hole balling will occur. Therefore drilling
parameters should be better set in the area near to the founder point to ensure that drilling
performs efficiently and safely. Real-time MSE surveillance can be used to find the founder
point. If MSE remains constant, the bit is efficient, if the MSE rises, the system is foundering.

When MSE(min) > CCS, it is in the region C, MSE is high and even several time of CCS. As
ROP increases, down hole cuttings accumulate, which leads to bit balling, bottom hole balling,
and constrains the energy from bit transfer to the rock, as a result ROP drops. If WOB further
increases, vibrations will occur and ROP will decrease greatly. In this region, in order to extend
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the range of balling period and maximize ROP, nozzles and flow rates can be modified to
achieve the highest hydraulic horsepower per square inch (HSI) possible with the available rig
equipment. If reaching the rated power of the equipment, WOB should reduce, and drilling
parameters should be set in the intersect area between region B and region C.

3.3. Drilling parameters optimization for rotating drilling with PDM

Real-time optimization of drilling parameters during drilling operations aims to optimize
WOB, RPM for obtaining maximum ROP [24, 25]. The process is not only formation specific

Figure 5. Relationship between the traditional ROP vs. WOB plot and the new MSE vs. ROP plot [12].

Figure 4. Flow chart of drilling performance prediction and optimization [12].
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but also drilling system specific. Figure 6 shows a classic drill-off curve [5]. The point at which
the ROP stops responding linearly with increasing WOB is referred to as the founder point
where the ROP is maximized. The correspondingWOB at this point is taken to be the optimum
WOB. Figure 7 shows field data from three drill-off tests with an insert bit [5, 14]. It indicates
that the bit is prone to founder with high RPM, and the optimum WOB decreases obviously
with the increase of RPM of bit. Moreover, the founder point changes greatly with the change
of RPM of bit. In rotating drilling with PDM, the surface rotation is superimposed on PDM
rotation, the RPM of bit is high and could be changed greatly. It not only makes the bit be easy
to reach the founder point even at lowWOB, but also makes the founder point be difficult to be
identified. MSE surveillance provides an objective assessment of the drilling efficiency and an

Figure 6. Relationship between the traditional ROP versus WOB plot [14].

Figure 7. Field data from three drill-off tests [5].
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objective tool to identify the founder point. Therefore, real-time optimization of drilling
parameters for rotating drilling with PDM can be performed by identifying the founder point
of the bit in specific formation drilling based on MSE surveillance.

As aforementioned, MSE is the amount of energy required to destroy a unit volume of rock.
When a bit is operating at its peak efficiency, the ratio of energy to rock volume will remain
relatively constant. The minimum MSE is reached and it correlates with the CCS of the
formation. This relationship is used operationally by observing whether the MSE(min) is
roughly equal to the CCS of the formation while adjusting drilling parameters such as WOB
or RPM to maximize ROP. If the MSE(min) remains roughly equal to the CCS of the formation
while increasing WOB, the bit is assumed to be still at its peak efficient. If the MSE(min)
increases significantly and is much higher than the CCS of the formation, the bit has foun-
dered. The causes of founder are bit balling, bottom hole balling and vibrations. If the causes of
founder are not addressed when they occur, overall drilling performance will suffer and tools
will be damaged.

Bit balling and bottom hole balling are terms used to describe build-up of material on the bit
and bottom hole that inhibits transfer of a portion of the WOB to the cutting structure. They
usually occur in soft formations, and can be relieved by increasing flow rates and reducing
WOB. When drilling in hard formation with a PDM, bit balling and bottom hole balling are
unlikely to occur, while vibrations are very common. Down hole vibrations include three
modes: whirl (lateral), stick-slip (torsional) and bit bounce (axial). They amplify loads
downhole, resulting in a host of bit and tool failures that not only increase the number of trips
required, but also the costs of tool repair and replacement. Actually these vibrations in rotating
drilling with PDM could be effectively eliminated by adjusting WOB or RPM on the surface.

Whirl can be effectively eliminated by reducing RPM while increasing WOB. Stick-slip can be
minimized by reducing WOB and increasing RPM. As for bit bounce, if the bouncing is
initiated when running high WOB and low RPM, the solution is to increase RPM and reduce
WOB. Conversely, if the problem begins with higher RPM and lower WOB, the answer is to
reduce RPM and increase WOB. It may also even be necessary to stop surface rotation and
simply drill in slide mode (bit rotation is generated only from the PDM) through the problem-
atic formation [26].

Assume the bottom hole is effectively cleaned, then based on the above analysis, a drilling
parameters optimization method for rotating drilling with PDM can be proposed to maximize
ROP and allow operators to drill longer and avoid unnecessary trips. Figure 8 is the flow chart
of the drilling parameters optimization method for rotating drilling with PDM [14], and it is
based on real-time MSE surveillance to find the founder point of the bit [12]. When MSE
(min) = CCS, the bit performs in the region B as shown in Figure 6 and the drilling efficiency
remains at peak efficiency. In this region, the bit is not constrained by a unique inefficiency, it
simply needs more energy. Given a RPM, just by increasing WOB, the ROP will increase
greatly and eventually approach the founder point.

When MSE(min) > CCS, and MSE(min) is even several time of CCS, the bit is floundering and
drilling problems may occur. Adjustments of WOB and RPM need to be made until the MSE
(min) value is minimized and roughly equal to the CCS of the formation. The process of
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adjustment is shown in Figure 8. As drilling with PDM provides much higher RPM at the bit
than the conventional rotating drilling could achieve, the bit is easy to reach the founder point
even with low WOB. Further increasing WOB or RPM is more likely to decrease ROP and
worsen the drilling problems. Moreover, high WOB that will generate excessive torque for the
PDM may make PDM stalled, and RPM may also cause excessive vibration of the drill pipe.
Therefore, the adjustment for rotating drilling with PDM is to reduce WOB first and then
gradually increase WOB, and do the same manipulation for RPM until MSE(min) = CCS. The
adjustment should not be in a very wide range. If MSE still much higher than the CCS of the
formation after the adjustment of WOB and RPM, down hole conditions should be checked to
see if the bit and PDM were damaged.

4. Field case

4.1. Field case no.1: verification of MSE model and drilling performance prediction of
directional or horizontal drilling

In order to verify the accuracy of the MSE model of directional or horizontal drilling, several
other key models of MSE (such as Teale model [6], Pessier model [7], Dupriest model [5]) are

Figure 8. Flow chart of drilling parameters optimization for rotating drilling with PDM [14].
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PDM may make PDM stalled, and RPM may also cause excessive vibration of the drill pipe.
Therefore, the adjustment for rotating drilling with PDM is to reduce WOB first and then
gradually increase WOB, and do the same manipulation for RPM until MSE(min) = CCS. The
adjustment should not be in a very wide range. If MSE still much higher than the CCS of the
formation after the adjustment of WOB and RPM, down hole conditions should be checked to
see if the bit and PDM were damaged.

4. Field case

4.1. Field case no.1: verification of MSE model and drilling performance prediction of
directional or horizontal drilling

In order to verify the accuracy of the MSE model of directional or horizontal drilling, several
other key models of MSE (such as Teale model [6], Pessier model [7], Dupriest model [5]) are

Figure 8. Flow chart of drilling parameters optimization for rotating drilling with PDM [14].
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carried out and compared against field data. Initially, MSE is calculated respectively by these
MSE models using surface measured data and plotted vs. depth. The results are compared
with the rock CCS to verify the accuracy of the MSE model of directional or horizontal drilling.
Then, the actual ROP and the predicted ROP which is calculated with Eq. (46) are both plotted
vs. depth to verify the accuracy of the ROP prediction model, and the drilling parameters
WOB, RPM, and MSE are also plotted vs. depth to explain the observed pattern. Furthermore,
actual ROP and the predicted ROP of each bit are also plotted.

This well’s trajectory is designed with a kick-off point (KOP) at 2925 m with a build rate of 5�/
30 m dogleg severity (DLS) until reaching 90� at 3465 m, and then steered a horizontal section
to 4043 m measured depth. The log data of vertical section and horizontal section are used to
calculate MSE respectively by Teale model, Pessier model, Dupriest model and the MSE model
of directional or horizontal drilling. CCS is determined by Eq. (44) to verify the accuracy of
thesemodels. The comparison of MSE calculated results and CCS are showed on Figures 9 and 10
respectively in vertical section and horizontal section. It shows that the calculation errors of
Teale model, Pessier model, Dupriest mode are apparently inflated in horizontal section. The
MSE estimated with the MSE model of directional or horizontal drilling has the best correla-
tion with CCS, and the order of models from good to poor in accurately predicting correlation
effect is the MSE model of directional or horizontal drilling, Pessier model, Dupriest model
and Teale model. In vertical section, the correlation effect of MSE model of directional or
horizontal drilling, Pessier model, Dupriest model is relatively close, but far better than Teale
model. In horizontal section, MSE values calculated with Teale model is more than 10 times of
CCS, and MSE values calculated with Pessier model and Dupriest model are several times of
CCS. As for the MSE model of directional or horizontal drilling, its MSE values are close to
CCS. The correlation effect of the MSE model of directional or horizontal drilling in horizontal
section is close to that of in vertical section. So the correlation effect of the MSE model of
directional or horizontal drilling is apparently better than Pessier model, Dupriest model and
Teale model in both vertical section and horizontal section.

Figure 9. Comparison of MSE calculated results and testing CCS in vertical section.
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Figure 11 plots the predicted ROP and the actual ROP vs. depth, and the drilling parameters
WOB, RPM, and MSE are also included on Figure 11. The predicted ROP is calculated with
Eq. (46). As indicated in Figure 11, the predicted ROP matches well with the actual ROP,
which reveals that the ROP predict model’s prediction accuracy is high, and can fully meet
the needs of the field. Therefore, the MSE model of directional or horizontal drilling can be
quantitatively applied. Figure 12 plots ROP prediction accuracy of each bit. A, B, and C bit’s
ROP prediction accuracy respectively are 84.8% (A), 91.2% (B), 76.8% (C). In the section of
2700–2750, 2830–2890 and 3167–3215 m, the predicted ROP is higher than the actual ROP. The
drilling parameters WOB, RPM, and MSE plotted vs. depth are used to explain the observed
pattern in Figure 11.

In 2700–2750 m, MSE value increases and actual ROP reduces greatly, and the predicted ROP
is higher than the actual ROP. After the WOB increases from 30 to 52 kN from 2730 to 2766 m,
MSE value reduces to the baseline trend and the actual ROP increases. In this section, as the
hydraulics and bit rotating speed don’t change, so it can’t be bit balling and bottom hole
inadequate cleaning. Therefore, it is likely that whirl leads energy cannot effectively passed to
the bit, as a result actual ROP decreases. And in fact, whirl is also observed in this section. In
2830–2890 m and 3167–3215 m, MSE value increases slowly and actual ROP reduces greatly,
trip-out and discovery that bit was badly damaged. Change a new bit and drill with the same
drill parameter, MSE value decreases and actual ROP increases.

4.2. Field case no.2: drilling parameters optimization for rotating drilling with PDM

To verify the new mechanical specific energy model, drilling data of a 2621-ft section of a
vertical well have been used to calculate the profiles of CCS and MSE with depth. The drilling
data, including WOB, surface RPM, ROP, mud flow rate and on-bottom PDM differential
pressure, were recorded for every 1-ft step from 4072 to 6693 ft. The lithology is limestone
and the section was drilled with 22 in bits and a 9:10 lobe ratio PDM. The efficiency of PDM is

Figure 10. Comparison of MSE calculated results and testing CCS in horizontal section.
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carried out and compared against field data. Initially, MSE is calculated respectively by these
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70%. MSE is estimated by the newMSE model for rotating drilling with PDM (Eq. (41)). CCS is
calculated by Eq. (44) using the field’s log data. The comparison of the calculated MSE against
CCS is shown in Figures 13 and 14. Figure 13 shows the MSE(min) is roughly equal to the CCS
of the formation almost along all the well depth apart from the well sections: 5502–5606 ft,
5948–6045 ft, 6564–6693 ft. In the sections of 5502–5606 ft and 5948–6045 ft, the applied WOB is
very high and more than 46 kbl. Severe vibrations were observed in these two sections. In the
section of 6564–6693 ft, relatively lowWOB is applied and around 8–20 kbl. While trip-out, it is

Figure 11. ROP predicted result and bottom-hole condition analysis.
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found that the bit was badly damaged. Figure 14 reveals that the MSE values are minimized
and have good correlation with the CCS when the ROP is high, while with low ROP the MSE
values are obviously higher than the CCS of the formation. Therefore, when drilling with a
high efficiency and free of drilling complications, the MSE(min) estimated by the MSE Model
for rotating drilling with PDM is roughly equal to the CCS of the formation along all the well
depth. This indicates that the MSE Model for rotating drilling with PDM estimates MSE values
with a reasonable approximation and can meet the needs of field applications.

In order to demonstrate the applicability of the proposed drilling parameters optimization
method, drilling operation of a 2855-ft interval of an anhydrite and dolostone formation with a
9.5 in PDM and 16 in PDC bit is analyzed to determine the optimum WOB value in the same

Figure 12. ROP predicted results of different bits type.

Figure 13. MSE and CCS vs depth.
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vertical well from 7651 to 10,499 ft. The PDM is a high RPM motor with a 5:6 lobe configura-
tion which provides moderate torque values. PDM unit displacement is 6.67 gal/rev, and the
PDM output rotary speed is estimated by Eq. (26).

Figure 15 plots the drilling parameters versus depth to illustrate the sensitivity of ROP and
MSE of this operation to WOB and RPM. MSE vs. ROP and the average ROP of various well

Figure 14. MSE and CCS vs ROP002E.

Figure 15. Drilling parameters optimization.
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sections are respectively shown in Figures 16 and 17. From 7651 to 7713 ft, the applied WOB is
as high as 34.7.4 kbl, the value of MSE is apparently greater than CCS (MSE(min) > CCS). This
indicates that the bit is foundered and the average ROP is 5.9 ft/h. From 7714 to 8094 ft, WOB is
adjusted to around 6.6–11 kbl and RPM almost remains at 240, then MSE(min) = CCS and the
average ROP increases to 38.1 ft/h. It drills with high efficiency. At around 8084 ft, when WOB
further increases from 8.8 to 11 kbl, the MSE value increases obviously and MSE(min) > CCS.
From 8095 to 8842 ft, WOB increases to around 17.6 kbl. However, the MSE(min) mounts up to
several times of CCS, and the average ROP decreases to 15.1 ft/h. At 8435 ft, when the flow rate
increases to 1056.0 gal/min from 1001.6 gal/min and RPM increases to 249 from 240, the MSE

Figure 16. MSE vs ROP.

Figure 17. The average ROP.
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value further inflates. Therefore, when RPM is around 240, the drilling system’s optimum
WOB is 8.8–11 kbl. At around 8843 ft, WOB is adjust to 8.8–11 kbl, the MSE value is minimized
and close to the CCS of the formation. From 8843 to 9842 ft, WOB remains around 8.8–11 kbl, it
drills with a relatively high efficiency and the average ROP is 19.4 ft/h. At 9731 ft, the flow rate
increased to 1097.6 gal/min from 1056.0 gal/min and RPM increased to 258 from 249. The MSE
value is minimized and MSE (min) = CCS while WOB reduced to 7.3–9.5 kbl. At 9888 ft, when
WOB increases from 7.3 to 9.5 kbl, the MSE value rockets and MSE(min) > CCS. From 9843 to
10,499 m, WOB increases to more than 26.5 kbl, the MSE value is more than ten times of CCS
and the average ROP is 11.2 ft/h. This indicates that when RPM is around 258, the drilling
system’s optimum WOB is 7.3–9.5 kbl.

Based on the above drilling parameters optimization analysis, it is also found that ROP is
sensitive to high WOB values for rotating drilling with PDM, and increasing WOB does not
always increase ROP but is more likely to decrease ROP. Moreover, the optimumWOB always
changes with RPM for rotating drilling with PDM. The proposed method for optimizing
drilling parameters can be used to real time estimate optimum WOB values with different
RPM to drill a specific formation interval. It can be effectively and easily used, and is worthy to
be applied and promoted.

5. Summary and conclusions

In this chapter, MSE models respectively for directional or horizontal drilling and rotating
drilling with PDM are established, meanwhile methods for drilling performance prediction
and optimization based on MSE technologies are presented. The following remarks provide a
summary with conclusions on the basis of case studies.

1. A formula between bottom hole WOBb and the surface measured WOB is developed, and
the bottom hole WOBb has been introduced to calculate torque of bit of directional or
horizontal wells.

2. The MSE models respectively for directional or horizontal drilling and rotating drilling
with PDM estimate MSE values with a reasonable approximation in the absence of reliable
torque measurements, they can be widely used in the drilling industry.

3. ROP is sensitive to high WOB values for rotating drilling with PDM. The optimumWOB is
low for rotating drilling with PDM compared with the conventional drilling without PDM,
increasing WOB does not always increase ROP but is more likely to decrease ROP.

4. The method for optimizing drilling parameters can real time estimate optimum WOB
values with different RPM to drill a specific formation interval with PDM. It could be
effectively used to maximize ROP and allow operators to drill longer and avoid unneces-
sary trips in rotating drilling with PDM.

5. Drilling performance prediction and optimization methods based on MSE technologies is
worthy to be applied and promoted with highly diagnostic accuracy, effective optimizing
and simple operation.
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Nomenclature

Ab bit area (in2)

CCS confined compressive strength (psi)

Cf coefficient of dry friction and is assumed to be constant for all rotational speeds

Db bit diameter (in)

Dh diameter of the housing (in)

Dp ECDp-Pp(psi)

ds diameter of the shaft pitch circle (in)

ECD equivalent circulating density (ppg)

ECDp pressure in psi exerted by an ECD in ppg

Em mechanical efficiency of new bit

Fi internal force of drill string produced by bottom hole WOBb (lbf)

Fi1 internal force of drill string at the upper end produced by bottom hole WOBb (lbf)

Fi2 internal force of drill string at the lower end produced by bottom hole WOBb (lbf)

Fn the resultant force acting at the contact point (lbf)

HHP hydraulic horsepower (hp)

i winding ratio

Lm length of the PDM (in)

Ls total length of the seal line (in)

MHP mechanical horsepower provided by PDM (hp)

MSE mechanical specific energy (psi)

n number of shaft lobes of the motor (winding number)

ns number of mud motor stage

ΔPb pressure drop across the bit (psi)

Ph pitch of the housing (in)

ΔPm differential pressure across the PDM (psi)

Pp pore pressure (psi)

Q flow rate (gal/min)

q PDM unit displacement (gal/ rev)
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Qslip Mud slip flow through the PDM (gal/min)

ROP rate of penetration (ft/h)

RPM bit rotating speed (rpm)

RPMideal ideal PDM rotary speed (rpm)

RPMs bit rotary speed provided by surface (rpm)

RPMm PDM output rotary speed (rpm)

T torque at bit (ft-lbf)

ΔT torque loss (ft-lbf)

Tideal ideal PDM output torque (ft-lbf)

Ts torque at bit provided by surface (ft-lbf)

Tm PDM output torque (ft-lbf)

UCS unconfined compressive strength (psi)

V volume of rock drilled in one hour (ft-in2)

Wt total mechanical work done by the bit in one hour (ft-lbf)

WV mechanical work required to break the rock drilled in one hour (ft-lbf)

WOB weight on bit of surface measurement (lbf)

WOBb bottom hole actual weight on bit (lbf)

y contact semi-width (in)

α helix angle of seal line (degree)

β coefficient of hydraulic horsepower

δ clearance of the slip passage (in)

μb bit-specific coefficient of sliding friction

μs coefficient of friction of drill string

μ viscosity of mud (cp)

γ well inclination (rad)

Δγ additional well inclination (rad)

γb inclination of the bottom hole (rad)

ϕ rock internal angle of friction (degree)

Γi configuration correction factor

η efficiency of PDM
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RPM bit rotating speed (rpm)

RPMideal ideal PDM rotary speed (rpm)
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Abstract

Gas drilling technology has been widely promoted and applied in recent years. Known for
being capable of discovering and protecting reservoirs, improving the penetration rate
and avoiding loss circulation, two key issues of gas drilling still need to be addressed.
First, a more accurate way of determining the gas injection rate is needful. In this text, we
present a modified mathematical model for predicting the optimum range of gas injection
rate required to balance the borehole cleaning and well-integrity issues. The optimum gas
injection rate should be sought between the minimum value required for hole cleaning
and the maximum permissible value to avoid hole erosion. Good consistency between the
model prediction and field problem-free nitrogen gas injection rate indicates the reliability
of the proposed model. Second, the problem of environmental pollution and wasting of
resources caused by direct discharging or combustion of the returned gas is to be solved.
To address the latter issue, we introduce a new technology of gas recycling system (GRS).
Our research group has carried out a comprehensive investigation, including integration
design, technological process, cuttings transport analysis, separation and filter equipment
selection, and control system design. The feasibility of GRS has been verified through an
open-loop pilot test.

Keywords: air and gas drilling, optimum gas injection rate, gas recycling system,
penetration rate, gas-recycling drilling

1. Introduction

Air and gas drilling technology is the utilization of mainly (>97% in volume) compressed air or
other gases (e.g., nitrogen or natural gas) as a rotary drilling circulating fluid to carry the rock
cuttings to the surface. When the gases are injected into the well with incompressible fluids
such as fresh water, oil, or drilling mud, the operations are called aerated drilling or stable
foam drilling if foaming agents are added to create a continuous foam circulating fluid. Due to
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the strong capability of cutting transportation of the aerated drilling and foam drilling, the gas
injection rate calculation is less significant compared to that in air and gas drilling. Therefore,
discussion of aerated and foam drilling is beyond the scope of this chapter.

Gas injection rate is one of the basic parameters during the design process of air and gas
drilling. On the one hand, overestimated value of required gas injection rate may lead
to high equipment investment, high cost, and ice balling of drill bit. On the other hand,
underestimated value of required gas injection rate may cause cuttings transport and pipe-
sticking problems. However, how to find the optimum gas injection rate accurately remains
a question.

Several criteria and methods for determining the minimum gas volume requirement have been
used in the gas drilling industry. They fall into two categories: (1) the minimum velocity
criterion and (2) the minimum kinetic energy criterion. The minimum velocity criterion con-
siders the interactions between solid particles, fluids, and the boundary of flow domain
(borehole wall). The concept of terminal velocity is used to determine the minimum required
gas velocity at the deepest large annulus. The terminal velocity of a solid particle can be
influenced by many factors, including size, shape, and density of the particle; density and
viscosity of the fluid and flow regime. Among many mathematical models proposed to
account for the effects of these factors, Gray’s model has been widely accepted for small-size
hole drilling because it considers particle-wall interaction [1, 2].

The minimum kinetic energy criterion was established in 1950s based on Angel’s pioneering
work [3]. The mixture of gas and solid is treated as one homogeneous phase with mixture
density and velocity, i.e., interactions between particles and fluids are not considered. Several
models have been presented, for example, see [3–6]. Although McCray and Cole’s model
permits a constant-percentage slip velocity of solid particles, it uses the same particle lift
criterion as Angel’s model. The criterion for the minimum volume requirement is based on
the experience gained from quarry drilling with air. The minimum annular velocity to effec-
tively remove solid particles from the borehole is usually assumed to be 15 m/s, or 50 ft./sec (ft/s),
under atmospheric conditions. This velocity was believed to be high enough to remove dust-
like particles in air drilling. Although big cuttings not removed from the vicinity of the bit by
the circulating air are reground by the bit teeth, it would be uneconomical to lift large cuttings
without first trying to control their initial size at the bit. It is reported in [7] that the gas flow
rate values obtained from Angel’s method were at least 25% below the actual field’s needs.
This motivated numerous investigators to develop more accurate models to determine the
minimum required gas injection rate for gas drilling, for example, see [8–17].

Guo et al. performed a comparison of results from the model calculation and the field experi-
ence [18]. The comparison shows that, among those existing models, only the result given by
Angel’s is mostly consistent with actual needs. Guo et al. found that the assumption of
Weymouth friction-model is the reason for the underestimation. The Weymouth friction-model
is suitable for smooth pipe walls, but not for the borehole walls which are rather rough. Then
Guo et al. introduced Nikuradse’s friction factor into Angel’s model so that the modified
model become more reasonable and practical. However, due to the difficulty in determining
the friction factor, the application of Guo’s model is limited to some extent. The latter moti-
vates us to develop a new mathematical model to determine the gas injection rate. Li et al. [19]
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investigated the optimum range of nitrogen injection rate in shale gas well drilling. Chen et al.
[20] present a method for determining the minimum gas injection rate required for hole
cleaning in horizontal gas drilling.

Recent developments in gas drilling include thermal failure of rock and gas temperature
prediction. Zhang et al. [21] determined the effect of fluid temperature on rock failure in
borehole drilling with gas. Li et al. [22] identified the complexity of thermal effect on rock
failure in gas-drilling shale gas wells. Li et al. [23] developed a closed-form mathematical
model for predicting gas temperature in gas-drilling unconventional tight reservoirs. Guo
et al. [24] presented an analytical thermal-model for optimization of gas-drilling in unconven-
tional tight-sand reservoirs. Guo et al. [25] published a mathematical modeling of heat transfer
in counter-current multiphase flow found in gas-drilling systems with formation fluid influx.
Other recent development in gas drilling includes distribution of the sizes of rock cuttings in
gas drilling [26] and gas-lift drilling [27].

Another key issue of air and gas drilling to be solved is the environmental pollution and
wasting of resources caused by direct discharging or combustion of the returned gas. To
address this problem, our research group developed a new gas recycling system [28–30].
Unlike the conventional gas drilling process, the returned gas is re-injected into the wellbore
after treatment by separators and fine filters, rather than being discharged or burned directly.
The impurity content, humidity and other parameters of the treated gas can fully meet the
requirements of the gas suction standard of a compressor. Therefore, the returned gas can be
recycled through compressors, and consequently, the objectives of saving resources, lowering
the cost, and environmental protection are achieved.

In the current work, a modified mathematical model for predicting the minimum gas injec-
tion rate is derived, taking into account Charles’ theory of particle grinding energy. The
maximum required value of gas injection rate is estimated using the sonic flow criterion at a
bit. The proposed model allows calculating the optimum range of gas injection rate more
precisely. Also, we present our work in developing the gas recycling system, including the
corresponding equipment, operating procedure, and results of a pilot test. The test results
indicate a promising prospect of GRS.

The structure of the text is as follows. Section 2 presents the modified mathematical model for
predicting the optimum gas injection rate and the comparison between the model prediction
and the field experience. Section 3 demonstrates the newly developed gas recycling system.
Section 4 concludes this chapter.

2. Mathematical model for gas injection rate

2.1. The minimum required gas injection rate

It is shown in [18] that only the result given by Angel’s minimum kinetic energy criterion has a
trend that is consistent with field experience, although the minimum volumetric gas require-
ments are underestimated. We believe that this underestimation is partially because Angel’s
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predicting the optimum gas injection rate and the comparison between the model prediction
and the field experience. Section 3 demonstrates the newly developed gas recycling system.
Section 4 concludes this chapter.

2. Mathematical model for gas injection rate

2.1. The minimum required gas injection rate

It is shown in [18] that only the result given by Angel’s minimum kinetic energy criterion has a
trend that is consistent with field experience, although the minimum volumetric gas require-
ments are underestimated. We believe that this underestimation is partially because Angel’s
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model does not consider the gas energy consumed on grinding cuttings from large size to
small size in the borehole annular space. We propose the following equation to modify Angel’s
model (derivation is given in Appendix):
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rg and vg in Eq. (1) are dependent on gas-flow-rate through bottom hole pressure; therefore,

this equation has to be solved for Qg0 numerically.

2.2. The maximum permissible gas injection rate

The excessive gas flow rate through bit can cause several problems including borehole erosion,
hole deviation, and ice-balling of drill bit [2]. These problems are usually associated with the
sonic flow condition at bit. The temperature of gas at bit can be much lower than expected under
sonic flow conditions. This low temperature is due to the Joule-Thomson cooling effect, i.e., a
sudden gas expansion below the bit orifice causes a significant temperature drop. The tempera-
ture can easily drop to below ice point, resulting in ice-balling of the bit if water exists. Even
though the temperature can still be above the ice point, it could be below the dew-point of water
vapor, resulting in the formation of liquid water which promotes mud ring problems in the
annulus. If natural gas is used as the drilling fluid, it can form gas hydrates with water around
the bit, i.e., hydrate balling. The temperature at the bit orifice downstream may be predicted by
assuming an isentropic process for an ideal gas flowing through bit orifices [2]. The bit upstream
temperature may be lower than the geothermal temperature at the bit depth because the down-
stream gas cools the bit body, and the bit body, in turn, cools the upstream gas. The process can
continue until a dynamic equilibrium with geothermal and gas temperatures is reached at the
bottom of the hole. Ref. [31] presented an analytical method for predicting borehole enlargement
due to low-pressure and low-temperature effects. In additional to the borehole erosion, hole
deviation and ice-balling, the sonic flow condition can also cause pipe sticking problem [2].

The flow equation for subsonic flow is given by [2]:
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Eq. (4) relates the upstream pressure to the down-stream pressure only in subsonic flow
conditions. This relation was first presented in [32]. The boundary between the sonic flow and
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subsonic flow is identified by the critical downstream to upstream pressure ratio pdn
pup

¼ 2
kþ1
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¼ 0:53 when k is 1.4 for air [32]. The choke flow coefficient C takes the maximum value of 1.2,
according to [32]. Substituting C = 1.2, k = 1.4, and the critical pressure ratio of 0.53 into Eq. (4)
gives an expression of the maximum gas flow rate without causing sonic flow as:

Qgmax ¼
3:25Anpupffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
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If the operating gas injection rate is higher than this value, larger orifice area An should be
utilized to expand the maximum permissible flow rate. If changing the orifice area An is not an
option, a flow diverging joint (FDJ) should be employed at the shoulder of the drill collar.
Application procedure of FDJ is reported in the literature, for example, see [33].

2.3. Application examples

Shale sections of two wells in the Daqing Field, China, were drilled with nitrogen. Basic data are
shown in Table 1. For the hole section in Well no. 1, Angel’s model predicted the minimum
required gas injection rate of 69 standard cubic meter per minute (Nm3/min). For the hole section
in Well no. 2, Angel’s model gave the minimum required gas injection rate of 66 Nm3/min.

The initial cuttings size was estimated on the basis of rate of penetration and rotary speed to be
about 6 mm. The average cuttings size received at surface was observed to be about 1 mm.
Assuming the major content of the shale is clay, its fragmentation energy is 6. 3 kWh/t. The n-
value in Eq. (1) reflects the amount of fragmentation energy from the lowing gas. An empirical
n = 1/ 3 is assumed based on the observations that the average size of returned drill cuttings is
significantly larger when the drilling string is not rotating while the gas booster is turned on.

Site elevation (above mean sea level) 200 m

Ambient pressure 0.1 MPa

Ambient temperature 20�C

Relative humidity 10%

Geothermal gradient 3C/100 m

Specific gravity of rock 2.7 water = 1

Hole section in Well no. 1 2840–3650 m

Hole section in Well no. 2 2550–3305 m

Bit diameter 215.9 mm

Drill pipe outer diameter 127 mm

Bit orifices 14.29 mm�3

Rate of penetration 18 m/h

Rotary speed 50 rpm

Table 1. Basic data for the nitrogen drilling cases in the Daqing Field, China.
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utilized to expand the maximum permissible flow rate. If changing the orifice area An is not an
option, a flow diverging joint (FDJ) should be employed at the shoulder of the drill collar.
Application procedure of FDJ is reported in the literature, for example, see [33].
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Shale sections of two wells in the Daqing Field, China, were drilled with nitrogen. Basic data are
shown in Table 1. For the hole section in Well no. 1, Angel’s model predicted the minimum
required gas injection rate of 69 standard cubic meter per minute (Nm3/min). For the hole section
in Well no. 2, Angel’s model gave the minimum required gas injection rate of 66 Nm3/min.

The initial cuttings size was estimated on the basis of rate of penetration and rotary speed to be
about 6 mm. The average cuttings size received at surface was observed to be about 1 mm.
Assuming the major content of the shale is clay, its fragmentation energy is 6. 3 kWh/t. The n-
value in Eq. (1) reflects the amount of fragmentation energy from the lowing gas. An empirical
n = 1/ 3 is assumed based on the observations that the average size of returned drill cuttings is
significantly larger when the drilling string is not rotating while the gas booster is turned on.
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On the one hand, the latter phenomenon is due to the weak ability of cuttings transportation of
gas, i.e., the cuttings have to be fine enough so as to be returned from the bottom. On the other
hand, the excessive gas injection rate is non-commercial and may lead to the ice-balling of drill
bit induced by Joule Thompson effect as we have mentioned in the previous text. Moreover,
field practice and theoretical analysis have shown that the returned debris in gas drilling is
extremely fine, regardless of strata types [34]. Utilizing this value in the new model expressed
by Eq. (1) gives the minimum required gas injection rate of 85 and 82 Nm3/min for the two hole
sections in Well no. 1 andWell no. 2, respectively. The maximum permissible gas injection rates
were calculated by Eq. (5) to be 144 and 134 Nm3/min for the two hole sections in Well no. 1
and Well no. 2, respectively.

Table 2 shows a comparison of model-calculated data and field-applied gas injection rates.
Using the new model and a design factor of 1.15, The designed gas injection rate was 1.15�85,
or 97.8 Nm3/min. For the hole section in Well no. 1. The section was drilled with a fixed
compressor capacity of 120 Nm3/min, which is between the minimum required gas rate of
85 Nm3/min and the maximum permissible gas rate of 144 Nm3/min, with no problem of hole
cleaning and hole enlargement. Using the new model and the same design factor of 1.15, the
designed gas injection rate was 1.15�82, or 94.3 Nm3/min for the hole section in Well no. 2. The
section was drilled smoothly with a fixed compressor capacity of 95 Nm3/min, which is between
the minimum required gas rate of 82 Nm3/min and the maximum permissible gas rate of
134 Nm3/min. This comparison indicates a good consistency between the model-predicted
optimum range of gas injection rates and the field-observed problem-free gas injection rates.

3. New technology of gas recycling drilling

The current gas drilling practice of handling gas returned from the borehole is to discharge it to
the atmosphere directly. If the gas can be recycled in the same way as drilling mud, the energy
consumption and drilling cost can be greatly reduced. The recycling system can also allow the
produced gas from the reservoir to be compressed and transported to the gas gathering system
in the field. The overall efficiency of gas drilling will be improved significantly.

The gas recycling system (GRS) has been investigated at the China University of Petroleum,
Beijing (CUPB), for several years. A systematic research and development group at the CUPB

Well no. 1 2

Hole section (m) 2840–3650 2550–3305

The minimum required gas injection rate (Nm3/min) — —

Angel’s model 69 66

The new model 85 82

The maximum permissible gas injection rate (Nm3/min) 144 134

Field-applied gas injection rate (Nm3/min) 120 95

Table 2. Comparison of model-calculated data and field observations.
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carried out a comprehensive study including an integration design, technological process
investigation, cuttings transport analysis, separation and filter equipment selection, and con-
trol system design.

3.1. System description

The general idea of the GRS is to separate gas effectively from the gas-liquid-solid mixtures
returned from the well and re-inject the gas back into the well. At the same time, cuttings and
fluids are discharged after the separation. During the natural gas drilling process, the sepa-
rated gas can be released to the gas gathering system in the field. The integrated design of the
process is illustrated in Figure 1.

When nitrogen is used as the drilling fluid, a low-capacity nitrogen generator is employed to
supply nitrogen gas and inject it into the well. If the well is deep, compressors or boosters may
be used to provide the required injection pressure. When the gas pressure and volume reach
the required value for recycling, the gas drilling process can be initiated. Because the nitrogen
gas is recycled, only a low-capacity nitrogen generator is required for supplying a small
amount of nitrogen gas to make up the losses due to leakage and to meet the requirement of
additional gas volume in the wellbore as depth increases.

The major equipments in the GRS are described as follows:

Compressors and boosters: The compressors and boosters used in the gas recycling system
are the standard equipment used in conventional gas drilling operations. After filtration, the
clean nitrogen gas is introduced into the system through parallel connections.

Figure 1. A sketch of the gas recycling system.
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Primary separator: The primary separator separates drill cuttings of larger than 0.1 mm equiv-
alent diameter by centrifugal force. Water is introduced into the separator to dilute the cuttings
in the separator. The solid particles and liquid are discharged at the bottom of the separator.
The separated gas exits the separator at the top and flows into a cyclone separator for further
purification. The discharge system was designed to prevent gas loss and liquid overflow by
automatically maintaining the dynamic liquid level during the solids and liquids discharge
process in the pressurized separator. It is expected that any liquid hydrocarbon/condensate
from the drilled formation will drain out of the system at the bottom of the separator.

Cyclone separation unit: Two cyclone separators are used to separate solid particles of a size
larger than the 7 μm equivalent diameter. An air-lock and waste-discharge device is specially
designed in the separator to guarantee the timely debris-discharging by using the recycled
water and the gas tightness. Consequently, the separator can work continuously without
deposition of debris. Use of the two cyclone separators in series guarantees that most, although
not 100%, of the drill cuttings are removed from the gas phase. The gas phase with small
particles (dust) is led to a fine filter for further purification.

Fine filter: The fine filter works on the principle of filtration and aggregation to remove the
solid particles that are larger than the 3 μm equivalent diameter. The purity of the post-
separation gas is superior to the atmospheric air in terms of particle concentration. The filtered
gas is introduced to the compressors for injection into the well. Two fine filters are prepared for
alternation. If the debris is overstocked in one of the fine filters, the other one is switched over
duly. And the element of the overstocked filter is replaced.

3.2. Operating procedure

The procedure of operating the GRS is different from that of the conventional gas drilling
system. The procedure is outlined as follows:

Air displacement: If the upper well section is drilled with mud, one can follow the conven-
tional air drilling procedure to lift the liquid and dry the hole with compressed air in order to
save the cost of nitrogen generation. When the air lift is completed, one can replace the air in
the well with nitrogen gas to ensure safe drilling.

Preparation of nitrogen gas: The nitrogen generator is started first. The generated nitrogen gas
is injected into the well by the compressors. Drilling operation is initiated when the gas
pressure and gas flow rate reach the desired levels for the well condition.

Nitrogen supplement: The fluid mixture returned from the well is led to the separation system
to remove solids and liquids. The separated gas from the gas-liquid-solid mixture is fed into
the compressors and boosters and reinjected into the well. The nitrogen generator runs inter-
mittently to make up for the gas loss in the system and the increased borehole volume as the
well deepens.

Drill pipe connection operation: Pipe connection will cause some gas loss. The loss in the
annulus can be controlled by closing the rotating head. To minimize the gas loss, one can use
the check valves in the drill string to prevent backflow of nitrogen gas during pipe connections.

Drilling170

Treatment of drilling complications: In case of drilling complications such as borehole col-
lapse and excessive formation liquid influx, the nitrogen gas flow rate should be increased
immediately. The nitrogen generator should be turned on as soon as possible to provide
additional nitrogen gas volume. For instance, if the normal gas circulation rate is 120 Nm3/
min and the capacity of the membrane nitrogen is 30 Nm3/min, turning on the nitrogen
generator will increase the gas rate to 150 Nm3/min. Because the gas is still in recycling, gas
shortage will not be a problem. Moreover, as time passes, the gas volumetric flow rate in the
well will continue to increase to clean the borehole.

System control: The process in the GRS is more complicated than that in a conventional gas
drilling system. The gas supplement rate adjustment, the valve activation during pipe connec-
tion, the timely turning on/off of the nitrogen generator, etc., cannot be achieved by manual
operations. An automatic control system was implemented in the developed gas recycling
system to ensure operational safety.

3.3. Pilot test

To verify the feasibility of the GRS and the performance of the related equipment, the devel-
opment group at the CUPB conducted a special test of the system on the Dayi101 well in 2010.
An open loop mode was adopted to ensure the safety of the drilling operation. The assembled
system is shown in Figure 2.

The GRS was installed in the middle of the blooie line. This arrangement was based on two
considerations. First, the setup location was not close to the drilling floor to prevent its direct
influence on the drilling floor operations should complications occur. Second, the location was
not close to the outlet of the blooie line, thereby avoiding the impact of the igniting device on
the GRS. The safe distance is essential for preventing hazardous conditions when gas leaks
from the separation system.

Figure 2. A gas recycling system installed in Sichuan province of China.
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The first objective of the pilot test was to assess the performance of the separation and filtration
equipment. This was achieved by evaluating the capacity of separation and filtration equip-
ment, including separating performance of the first and second cyclone separators, stability of
the separation system, and the purity of gas at the outlet of the fine filter. The second objective
of the test was to assess the adaptability of separation and filtration equipment to the drilling
conditions, including normal drilling condition and complication condition such as formation
fluid influx. Three working conditions were created. The first condition was the closed-gas
flow test to check the liability of the separation system. The second condition was the normal
gas drilling test to examine the effectiveness of the separation system. The third condition was
the formation fluid influx test to inspect the adaptability of the new system.

Gas tightness test: After the third openhole section of Dayi 101 had been drilled with water, a
gas lift was conducted to blow off water and cuttings out of the hole. It took 8 hours to dry the
hole completely. The gas circulation was normal. This was a favorable condition for the tightness
test of the new system. During the tightness test, the gas injection pressure was 3.8 MPa and the
gas injection rate was 90 Nm3/min. A small leak was found at the outlet of the second cyclone
separator. After an investigation, it was confirmed that a collision had occurred to the outlet of
the separator during transportation, which damaged the gaskets and caused the leak. After the
gaskets were replaced, no more leaks were found during a half-hour test, which indicated that
the seal was effective. It provided a sound base for conducting the subsequent tests.

Separation test: Water zones were encountered during drilling in the fourth openhole section.
The drilling operation was immediately stopped for discharging water. During this period, a
separation system test was conducted. The injection gas pressure was about 4.6 MPa and
injection gas rate was 90 Nm3/min. Visible dust and water were seen at the outlet of the blooie
line in the beginning, as shown in Figure 3a and b. After switching to the separation system,
however, the gas at the outlet was seen to be clean and no water droplets were observed, as
shown in Figure 4a and b. This indicated that the formation water and cuttings had been
separated effectively by the system. The white mist was caused not by the solid dust, but by
the high velocity of gas. However, there was no evidence of any remaining liquid hydrocar-
bon/condensate in the gas stream.

Because the formation water influx was little and the amount of dust was small in the hole
drying process, the system worked effectively. The next step was to test the separation system
in normal drilling conditions in which a large amount of dust exists in the system.

Figure 3. Water and dust was seen at the outlet of the blooie line before separation.
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The drilling process started after the hole drying operation. To ensure operational safety, a driller
was appointed to control the valve on the blooie line (V1 in Figure 1). In case of an unforeseen
situation, the V1 should be immediately switched to the conventional work position.

The output at the exit of the blooie line was normal after the drilling operation began. Therefore,
the inlet valve (V2 in Figure 1) to the separation system was opened and the Vl was closed. Then
the full stream of the gas-liquid-solid mixture returned from the well entered the separation
system. To better observe the effect, the water pump for dust removal was closed temporarily.
Dust appeared at the exit of the blooie line before separation. After resuming the water injection
with the pump to initiate separation, no visible dust was observed at the exit of the blooie line.
The filtered gas was very clean. The test result showed that the separation was effective.

As the separated gas was prepared for recycling, its purity must meet the requirement of the
compressor. Therefore, a dust concentration test was conducted for the separated gas. Before the test,
the dust concentration of the air at the well site was measured to be 0.03–0.1 mg/m3. The concentra-
tion monitoring instruments were installed at both the inlet and outlet of the filter. The quality
parameters of the gas were recorded and analyzed automatically. The monitoring result showed
that the dust concentration at the inlet of the filter was 50–80 mg/m3 and that at the outlet
was 0.05–0.08 mg/m3. This means that the purity of the filtered gas reached the level of the

Figure 4. No water or dust was seen at the outlet of the blooie line after separation.

Figure 5. The contrast curve of TSI AM510 measurements and PALAS 3000 measurements.
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atmospheric air. It is believed that the filter device completely blocked dust particles that are
larger than 3 μm equivalent diameter and the purified gas met the requirement of the
compressor.

In order to ensure the accuracy of the measurements, a calibration test for the on-site monitor
TSI AM510 was further conducted. The calibration device PALAS 3000 is a more accurate
instrument suitable for indoor test. A calibrated contrast curve is presented in Figure 5, which
shows that the dust concentration was much lower than that of the field data. This again
proves the reliability of the separation and filtration system.

It was known from the data collected by the mud logger that the stand pipe pressure increased by
only 0.1 MPa because of the separation process. This is the total pressure drop in the separation
system. Apparently, the separation system has negligible effect on the drilling pressure.

3.4. Problems and solutions

The first open-loop field test of the GRS was essentially successful. All the equipment was in
working order and the separation efficiency was high. This work served as a solid base line for
more closed-loop tests. The following problems were found during the test:

3.4.1. Continuous discharge design

According to the original plan, the separated cuttings should be discharged continuously by
circulating water. However, the electrical motor for suction pump was not explosion-proof. It
did not meet the field security requirement. Therefore, the gas discharge mode had to be
adopted. All electrical equipment must be explosion-proof in the future design. In the dis-
charge process, the working condition of the second cyclone separator was normal. However,
the blooie line of the first separator was blocked for a moment. Larger size blooie line should
be adopted in the future design.

3.4.2. The height of the equipment and skid mounted design

The current separation system is about 7 m high. Collision may occur easily during the
transportation and installation process. This height is also inconvenient for monitoring and
maintenance of the system. Therefore, the equipment’s height should be reduced in the subse-
quent design without affecting separation efficiency. At this time, the design of a new horizon-
tal separation system has been completed. After further improvements, a skid mounted system
will be fabricated for easy transportation and equipment integration.

3.4.3. System measurement and control design

When a closed-circulation is achieved, the operating parameters such as pressure and gas flow
rate should be monitored in real time for safety. Valve switching should be used with both
manual and automatic modes. In addition, a real-time alarm system should be added for safe
operation. Due to the constraints of time and field conditions, an onsite reading method was
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used in this test. The automatic measurements and control systems should be emphasized in
subsequent development.

3.4.4. Compressor inlet design

The entrance of a conventional compressor is open to air. Because the separated gas needs to be
introduced to the compressor through piping, a proper parallel gas distributing manifold
should be designed to fit the compressor inlet. Currently, such a manifold has been conducted
and tested with conventional compressors and the result is satisfactory.

3.5. Operational risks

Some operational risks still exist with the new technology. These risks include: (1) quick addition
of gas volume into the borehole in an emergency, (2) oxygen rust corrosion, and (3) downhole
fire/explosion.

Whenever the hole cleaning raises a concern because of drill cuttings accumulation, borehole
collapse, excessive formation liquid influx, and/or gas leakage, it is imperative to automatically
switch on the membrane nitrogen generator for increasing gas input volume to the system.
This step will minimize drilling complications and ensure smooth drilling. Since nitrogen gas
is highly compressible, which does not cause an immediate pressure drop in the borehole, it
may be a good practice to select between 25 and 35% of the capacity of the membrane nitrogen
generator using normal nitrogen drilling practice.

Rust corrosion due to oxygen in a wet system is a concern in any nitrogen gas drilling if the
oxygen filters do not perform well, whether the system is an open or a closed one. Fortunately,
most membrane nitrogen generators remove oxygen to much lower than percent level and no
significant risk is expected. Because CO2 and H2S corrosion occurs in wet systems, they should
be minimized with inhibitors whenever these gases are encountered during drilling.

Downhole fire/explosion can occur when drilling hydrocarbon-bearing zones in the presence
of oxygen. For this to happen, the oxygen/hydrocarbon ratio has to be in a certain range. In
systems containing natural gas and air only, the natural gas concentration needs to be between
5 and 15%, depending on pressure. Since air contains about 21% of oxygen while membrane-
generated nitrogen contains less than 5% oxygen, it is uncommon to see a downhole fire/
explosion in a nitrogen gas drilling operation.

4. Conclusions

Regarding the determination of the required gas injection rate and direct discharge of the
returned gas in gas drilling, we derived a mathematical model for predicting the optimum
range of gas injection rate, developed a new technology of gas recycling drilling, established a
system of gas separation and filtration corresponding in the GRS, and performed a pilot test.
This study allows for drawing the following conclusions:
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1. Based on the modified energy criterion, the minimum required gas injection rate for hole
cleaning is nearly proportional to the grinding energy contributed by the flowing gas.

2. The range of the optimum required nitrogen gas injection rate given by the newly devel-
oped mathematical model is consistent with field experience.

3. The first open-loop field test on the GRS was successful. The purity of the post-separation
gas is superior to the atmospheric air in terms of particle concentration. The filtered gas
met the requirement of gas compressor and circulation in the well. The success of the test
has laid a good foundation for future development of the system. The GRS has been
proven to be a viable and feasible innovation for reducing the cost of gas drilling. It has a
huge potential to be applied to the gas drilling operations including nitrogen drilling and
natural gas drilling. This technology is predicted to have a huge impact on reducing the
cost of gas drilling and improving drilling performance.

A. The minimum energy criterion for hole cleaning considering cuttings
grinding

According to Angel [3], the gas stream at bottom hole should be powerful enough to have at
least a kinetic energy given by the following expression:

1
2
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2
g0 (A.1)

The right-hand-side of Eq. (A.1) is equal to 142 J/m3.

Angel’s energy criterion underestimates the gas flow rate requirement for hole cleaning possi-
bly because it does not consider the gas energy consumed on grinding cuttings from large size
to small size in the borehole annular space. We propose the hypothesis that gas stream should
have at least the kinetic energy of.
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where Wg is the gas energy spent on grinding cuttings, J/m3.

Gas drilling produces drill cuttings of dust-like. The fine sizes of the solid particles are believed
to be resulted from many times of collisions of drill cuttings to the borehole wall and drill
string. If this is true, the energy spent on the collision must be from the flowing gas and the
rotating drill bit and drill string. Consider the work done during the collision. Charles’ equa-
tion for grinding energy has been widely used in the powder grinding industry [35]:

dW ¼ �cx�adx (A.3)
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where W is the energy requirement for crushing an individual particle, x is particle diameter, c
is a proportionality coefficient, and a is a diameter index. When the particle is ground from its
initial diameter D to its final diameter d, Eq. (A.3) can be integrated to obtain a relation:

W ¼ k
1
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� 1
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� �
(A.4)

where b ¼ a� 1 and k ¼ c
a�1.

In gas drilling, the initial cuttings equivalent diameter is usually in the order of 10 mm. The
final cuttings equivalent diameter is normally greater than 0.5 mm. This particle size range
falls into the category of Bond Crack Propagation where b ≈ 0:5. Eq. (A.4) then degenerates to.
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where W is the energy requirement for crushing an individual particle, kWh; Wi = k/10
represents the fragmentation energy determined in standard test [35], kWh/t.

If the energy requirement is expressed in Joule per particle, Eq. (A.5) becomes:
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where w is the energy requirement for crushing an individual particle, J; rs is the density of
solid particle, kg/m3.

The number of drill cuttings (m) created by the drill bit in a unit volume of gas at standard
condition can be estimated on the basis of rate of cuttings volume generation (Qc), volume of
individual cuttings (Vc), and gas injection rate (Qg0):

m ¼
Qc
Vc

Qg0
(A.8)

The rate of cuttings volume generation is expressed as:

Qc ¼
cπD2

hhROP

4 60ð Þ (A.9)

where Dh is the hole diameter, m; hROP is the rate of penetration, m/hr.
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where Dh is the hole diameter, m; hROP is the rate of penetration, m/hr.
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Assuming cuttings sphericity 1.0, the volume of individual cuttings is.

Vc ¼ 4π
3

D
2

� �3

(A.10)

Substituting Eqs. (A.9) and (A.10) into Eq. (A.8) results in

m ¼ D2
hhROP

40Qg0D
3 (A.11)

The energy requirement for grinding all particles in a unit volume of gas is then expressed as.

W ¼ mw (A.12)

It is understood that crushing energy should be from rotating drill bit, drill string, and the
flowing gas. Assuming the fraction of the crushing energy from the flowing gas is fg, we have

Wg ¼ f gmw (A.13)

Substitution of Eqs. (A.7) and (A.11) into Eq. (A.13) yield:
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Substituting Eq. (A.14) into Eq. (A.2) results in:
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To make the model easy to be adopted in existing computer models, this equation can be
rewritten in the same form of Angel’s equation as:
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where

n ¼ Wg
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(A.17)

Nomenclature

An total nozzle area, mm2

C choke flow coefficient (≈1.2 according to Guo and Liu [2])
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d final diameter, m

D initial diameter, m

Dh hole diameter, m

Fg fraction of grinding energy contributed by the flowing gas, dimensionless

hROP rate of penetration, m/h

k heat capacity ratio of gas (≈ 1.4 according to Guo and Liu [2])

pdn downstream pressure, MPa absolute

pup upstream pressure, MPa absolute

Qg0 the minimum required gas volumetric flow rate at standard condition, Nm3/min

Sg gas specific gravity, air = 1

tup upstream temperature, �C

Wg the energy spent on grinding cuttings by the gas stream, J/m3

Wi fragmentation energy, 6.30 kWh/t for clay and 12.74 kWh/t for limestone

Greek symbols

rg gas density at bottom hole condition, kg/m3

vg gas velocity at bottom hole condition, m/s

rg0 gas density at standard condition (0. 1 MPa, 15�C), 1.22 kg/m3

vg0 Angel’s gas velocity at standard condition for hole cleaning (0. 1 MPa, 15�C),
15 m/s

rs density of solid particle, kg/m3
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m ¼ D2
hhROP

40Qg0D
3 (A.11)

The energy requirement for grinding all particles in a unit volume of gas is then expressed as.

W ¼ mw (A.12)

It is understood that crushing energy should be from rotating drill bit, drill string, and the
flowing gas. Assuming the fraction of the crushing energy from the flowing gas is fg, we have

Wg ¼ f gmw (A.13)

Substitution of Eqs. (A.7) and (A.11) into Eq. (A.13) yield:

Wg ¼
100f gD

2
hWirshROP

Qg0

1ffiffiffi
d

p � 1ffiffiffiffi
D

p
� �

(A.14)

Substituting Eq. (A.14) into Eq. (A.2) results in:

1
2
rgv

2
g ¼

1
2
rg0v

2
g0 þ

100f gD
2
hWirshROP

Qg0

1ffiffiffi
d

p � 1ffiffiffiffi
D

p
� �

(A.15)

To make the model easy to be adopted in existing computer models, this equation can be
rewritten in the same form of Angel’s equation as:

1
2
rgv

2
g ¼

1
2
rg0 vg0

ffiffiffiffiffiffiffiffiffiffiffi
1þ n

p� �2
(A.16)

where

n ¼ Wg
1
2 rg0v

2
g0

(A.17)

Nomenclature

An total nozzle area, mm2

C choke flow coefficient (≈1.2 according to Guo and Liu [2])
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d final diameter, m

D initial diameter, m

Dh hole diameter, m

Fg fraction of grinding energy contributed by the flowing gas, dimensionless

hROP rate of penetration, m/h

k heat capacity ratio of gas (≈ 1.4 according to Guo and Liu [2])

pdn downstream pressure, MPa absolute

pup upstream pressure, MPa absolute

Qg0 the minimum required gas volumetric flow rate at standard condition, Nm3/min

Sg gas specific gravity, air = 1

tup upstream temperature, �C

Wg the energy spent on grinding cuttings by the gas stream, J/m3

Wi fragmentation energy, 6.30 kWh/t for clay and 12.74 kWh/t for limestone

Greek symbols

rg gas density at bottom hole condition, kg/m3

vg gas velocity at bottom hole condition, m/s

rg0 gas density at standard condition (0. 1 MPa, 15�C), 1.22 kg/m3

vg0 Angel’s gas velocity at standard condition for hole cleaning (0. 1 MPa, 15�C),
15 m/s

rs density of solid particle, kg/m3
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