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ABSTRACT 

This research investigates changing the present means of combining jet 

and mechanical drilling and making it simpler, cheaper and adaptive to any 

conventional rig both onshore and offshore, by use of a pressure intensifier 

installed immediately above the bit. Cost savings for a 20,000 ft well would be 

approximately $3.8 million. 

A constant concern in oil well drilling has been to reduce costs. The 

combination of jet and mechanical drilling has proven to be an effective ·process 

to reduce drilling costs; The most recent practice, which capitalizes on the 

advantages of jet drilling in conjunction with traditional mechanical drilling, 

enhances rate of penetration, but this practice is expensive and requires difficult 

and complicated operational procedures. The method uses an ultra high 

pressure pump in conjunction with an isolator on the surface to pressurize 25 

gallons per minute of mud to 35,000 psi. This pressurized mud is delivered to the 

drill string, and is conveyed to special high pressure jet nozzles on the drill bit 

through an inner conduit which runs all the way down the drill pipe. This conduit 

is a stream separate from the conventional drilling mud. The bit accommodates 

the conventional nozzles and the special high pressure jet nozzles. The 

conventional and the high pressure stream of drilling fluid upon exiting the bit 

mixes and travels to the surface through the annulus. The results are quite 

impressive, a three-fold increase in the rate of penetration. However, some of 

the apparent drawbacks associated with this system are increased rig installation 

costs, installation of an inner conduit in the drill pipe, complications in fishing 
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operations, and modifications of the swivel, down hole measurement tools, 

down hole turbine and positive displacement motor. 

The objective of this thesis was to eliminate all these drawbacks by 

pressurizing 25 gallons per minute of the drilling fluid to 35,000 psi near the bit 

rather than at the surface. This requires a down hole tool, essentially a pressure 

intensifier, just above the bit. The pressure intensifier will be driven by the 

pressure energy of the drilling fluid in the drill pipe (the operating pressure of the 

pump and the hydrostatic head of the drilling fluid). Since the hydrostatic head is 

essentially free energy, this device can be operated inexpensively. Increasing the 

pressure just above the bit eliminates the necessity of the ultra high pressure 

pump, the dual pipe system and all associated equipment. 

The down hole tool will be an easy and inexpensive addition to the drill 

string allowing combined jet and mechanical drilling processes. Due to the nature 

of the idea, this technology could be used on any conventional rig. 

vi 



LIST OF TABLES 

1.1 Rig Time Breakup 1 

3.1 Field Experiences 16 

5.1 Various Points of Interest in the Tool for the Power Balance 

Calculations 43 

6.1 Compressive and Tensile Strength of Different Rocks 54 

7.1 Specific Energy Requirements For Jet Cutting Without Mechanical 

Assistance 

7.2 Specific Energy Values For Mechanical Removal Of Ribs 

7.3 Specific Energy Requirements For Jet Cutting With Various 

58 

59 

Pressures 61 

9.1 Average Cost Per Well By Depth Intervals In The United States 69 

vii 



LIST OF FIGURES 

3.1 Field set up 9 

3.2 Ultra high pressure pump 12 

3.3 Dual pipe tubular 14 

3.4 Modfied bit 15 

3.5 Modified pipe 15 

4.1 The down hole tool • elevation 20 

4.2 The down hole tool - plan 21 

4.3 Piston at top dead center 27 

4.4 Piston at bottom dead center 29 

4.5 The sleeve mechanism (up stroke) 31 

4.6 The sleeve mechanism (down stroke) 33 

4.7 The locking mechanism of sleeve 34 

4.8 Outlets from the down hole tool 36 

4.9 The nozzle arrangement on the drill bit with the concentric pipes 36 

4.10 The down hole tool and drill bit connection 37 

5.1 The down hole tool with dimensions 41 

5.2 The down hole tool with locations of interest for power balance 44 

6.1 Sequence of stages in crater mechanism 50 

6.2 High speed photographic sequence of rock failure during air drilling 51 

7.1 Jet cutting without mechanical assistance 60 

7.2 The experimental set up 60 

7.3 Specific energy versus traverse speed 62 

7.4 Depth of slot versus pressure 63 

7.5 Depth of slot ve.rsus traverse speed 63 

viii 



CHAPTER 1 

INTRODUCTION 

Drilling technology has an increasing role in the future economy of crude 

oil and natural gas. Especially deep drilling has a large potential when the 

natural gas reserves are considered. A large portion of the remaining natural 

gas reserves exist at deeper depths where oil is no longer the primary target. 

Considerable deeper drilling of present oil wells may be required to explore 

deeper gas fields. The gas prices in the last decade have compelled reduced 

drilling activity necessary for the replacement of existing reserves. Presently the 

rig count of the country delivers a bleak opportunity for the replacement of 

existing reserves. The rig count being totally dependent on the political scenario, 

scientific research seems to be the only potential alternative to alleviate the 

present condition. 

The table 1.1 illustrates that drilling is the most time consuming activity 

T bl 1 1 R' f b k a a e - 1g 1me rea UP1 

Activity Percentage of time 

Drilling 49o/o 

Tripping 23°/o 

Testing and logging 7°/o 

Mud conditioning 5% 

Trouble time 5°/o 

Wait time 4°/o 

Blowout prevention 4% 

Reaming 3°/o 
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and this activity must be the major target for improved research for cons1oerable 

reduction in the overall rig time. Research has to be focused on increasing the 

rate of penetration, and longer bit life at higher penetration rates. This has a 

direct bearing on reducing tripping time, the second most time consuming 

activity. 

Drilling has been one of the most costly operations in oil well exploration 

activities and, as of today, this field has arrived at a saturation stage in 

technology, and any further improvement in technology only reduces the time 

and costs by a single digit percentage. Although a reduction in costs by a single 

digit percentage represents a saving of several thousands of dollars, any new 

concept or idea directed towards an improvement in operations or finances is 

worth giving a serious thought by merely considering the cost factor involved in 

this part of oil well exploration. In the recent past, several investigators have 

dedicated their energy and time to adapt new and unusual techniques to solve 

the various problems encountered in oil well drilling. The alternative techniques 

included are explosives, percussion, chemical, water jet, abrasive fluid jet, 

melting, and thermal spallation methods. Evaluations were based on specific 

energy per foot drilled, penetration rates, compatibility with cuttings removal and 

well control operations. Each of these alternative methods have at least one 

major deficiency, namely explosives create a uncontrollable hole size and cutting 

removal is more difficult. Ballistic percussion is very energy efficient in large 

scale mining but difficult to implement and less efficient in performance in the 

small bore, mud filled deep wells. Thermal spallation does not work well in most 

sedimentary rocks. Rock comminution theory, along with current drilling practice, 

indicates better performance for drag and shear cutting methods over roller cone 

percussion bits for breaking rock as rock stress increases with depth. 
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Use of slim hole drilling and down hole motors has been increasing for 

several reasons. Slim holes drill quickly and cost less due to lower costs of bits, 

casing, rigs, mud, and crews. Down hole motors offer more efficient use of 

energy and better directional control. Factors important to the use and 

development of these techniques are drill string strength, directional control for 

top driven systems, down hole motor service life, and removal of abrasives from 

mud before it is re-circulated. 

After an analysis of the several proposed techniques, rock removal or 

erosion with high pressure liquid jets has emerged as a viable and promising 

technique suitable for oil well drilling. This thesis work was solely dedicated to 

improving drilling operations by increasing the rate of penetration, reducing 

drilling time, reducing tripping time, and enhancing bit life. 

The conventional drilling rig utilizes the mechanical drilling process where 

a mechanical drill bit is forced into the formation, with weight on the bit and 

simultaneously rotated. The dragging and shearing action of the bit teeth on the 

formation results in the formation failure. The idea of high pressure jet drilling 

process is to direct a high pressure jet onto the formation to obtain failure. The 

concept of combining both of these processes, mechanical drilling and jet drilling, 

would obviously realize better performance. This situation is analogous to two 

persons doing a job rather than just one. 

The technology to combine jet and mechanical is not new and various 

attempts by several investigators were made. However, the realization of the 

technical and commercial success has been almost an up hill task. The main 

difficulties faced were due to the pressurizing system located on the surface and 

the high pressure delivery system from the surface to the bit. 
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This thesis evaluates the previous technique used to combine jet and 

mechanical drilling and proves the feasibility of an innovative simpler technique. 

This technique eliminates the high pressure pump at the surface and the 

subsequent delivery system and incorporates a single down hole, near bit tool. 

This tool is essentially a dual piston type pressure intensifier. The pressure 

intensifier is driven by the hydraulic horse power associated with the mud stream 

flowing down the drill string. The mud stream has the energy provided by the 

operating pressure of the mud pumps and the hydrostatic head available at the 

drill bit. As this energy is a function of depth, the deeper the hole drilled the 

higher would be the power associated with the mud, near the bit. The outlet of 

the pressure intensifier is discharged through a delivery pipe to special high 

pressure jet nozzles located on the bit. The bit is modified to accommodate 

special jet nozzles apart from the three conventional nozzles. 

As the depth increases, the power available to drive the pressure 

intensifier also increases. The pressure at the outlet of the pressure intensifier 

increases proportionately and thus allows a greater jet energy available for 

drilling. This turns out to be a great benefit because the formations at deeper 

levels are progressively more consolidated and hard. 

The simultaneous application of these two processes can improve the rate 

of penetration 1.5 to 3 times the conventional rate2. The simultaneous action of 

jet drilling would reduce the load on the mechanical drilling which would enable a 

lower rotation per minute and lower weight on the bit, thus enhancing the bit life 

and reducing the number of trips. 
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CHAPTER 2 

LITERATURE REVIEW 

Mike Cure of Grace Drilling Company and Pete Fontana of FlowDril Corp. 

have commercially realized a technology2 to combine jet and mechanical drill ing. 

It was successfully tested in several East Texas wells. Testing was done with 

· pressures up to 35,000 psi produced by a ultra high pressure pump on the 

surface. Very impressive results, with an increase in rate of penetration 1.5 to 3 

times the conventional rate were realized. The high rate of penetration with jet

assisted mechanical drilling enables the use of low weight on the bit and thus 

increases the life of bits. The other obvious advantage is the decrease in 

tripping time. Overall, drilling time was reduced, the number of drilling bits used 

were reduced, and tripping time was reduced, thus realizing a considerable 

saving in drilling costs. The system consisted of a ultra high pressure pump on 

the surface to pressurize 20 - 30 gallons of mud a minute and deliver it to special 

high pressure nozzles on the bit through a small diameter piping running down 

inside the drill pipe and drill collars from the surface to the bottom. Considerable 

changes in surface equipment and down hole tubular were necessary for this 

system. The gooseneck, swivel, kelly, drill pipes and drill collars were modified 

to accommodate the dual pipe system. 

David A. Summers and Richard L. Henry of University of Missouri-Rolla had 

done studies in the laboratory to evaluate the specific energy requirements for 

water jet cutting of rock with and without mechanical assistance3• The relative 

efficiencies were evaluated in the pressure range of 5,000 psi to 25,000 psi. 

Water jets were alone utilized in the first case for rock removal, and in the 

second case water jets were allowed to cut slots and the ridges were removed 
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with a mechanical cutter. A high pressure jet nozzle of diameter 0.023 in. was 

used on samples of Berea sandstone and Indiana limestone. The results proved 

that cutting slots by water jet and the removal of ridges with a mechanical cutter 

were markedly more advantageous than the removal of rock with water jet alone. 

An efficiency gain of 15 times was realized with the system using water jet 

cutting with mechanical assistance. The experimental results obtained in the 

laboratory using quasi-homogeneous, isotropic non-fractured samples were 

indirectly related to the underground rock removal problems where different 

conditions exist especially due to the in situ stress. However, the experimental 

results give an indication of the water jet pressure energy required and also the 

overall power consumption levels. 

A.W. lyoho discusses the various applications of high pressure water jet 

rock removal technology4 in geothermal wells, underground mining, drilling in 

coal, environmental applications, horizontal wells, re-entry wells, coiled tubing 

applications, and enhanced oil recovery. The use of high pressure jet 

technology requires sophisticated equipment, control systems, and expensive 

delivery system. So the recent trend in research is to combine relatively low 

pressure jets (5000 psi) with mechanical drilling. The water jets used are 

abrasive laden to improve the performance and rate of penetration. The energy 

of the high pressure jet is rapidly reduced as the depth increases due to the 

need to overcome the energy of the fluid that exits the hole. This problem was 

solved by introducing the jets in pulses and directing the rotating jet in a slightly 

offset angle. 

The high pressure jet generally tries to enter any mechanical flaws in the 

rock face and further weaken the rock face and remove the dislodged particles. 

Other mechanisms of rock removal relevant to high pressure jet drilling are 
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discussed. Results prove that with the mastery attained in this emerging 

technology, reliable equipment, and experience, the area of horizontal oil well 

drilling will be a potential candidate. The tool is well suitable for drilling short 

radius wells and is also suitable for drilling a number of radials from a single well 

bore. The main reason for this is the necessity of low weight on bit due to the 

combined action of two processes: viz. mechanical drilling and the abrasive 

laden high pressure jet. The constraints on weight on bit for the directional 

control in deviated and horizontal drilling is completely eliminated. The low 

weight on bit enables a better control on the hole angle. Bechtel<4l attempted to 

drill a lateral hole off a previously drilled vertical hole. Coiled tubing was used 

with jet heads. The tool was advanced not by the weight on bit but by jet 

pressure and injection force. 

Alan D. Peters of Penetrators, Inc. discusses another interesting 

application, of drilling small diameter radial holes9 to penetrate the damaged 

zone around a producing well bore. The tool named LancesM Formation 

Penetrator activates itself down hole when pressurized. With the application of 

10,000 psi, a steel punch from the tool punches a hole in the casing. 

Immediately, a jet from the lance provided cuts through the cement sheath and 

proceeds drilling a small pilot hole into the damaged formation. As drilling 

progresses, the lance extends horizontally into the formation up till a length of 1 0 

feet. The discharge used was 20 gallons per minute of clean fluid. Once drilling 

is over the pressure is reduced to retract the lance into the tool. This paper9 

again proves the tremendous potential of jet cutting in the drilling industry. 
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CHAPTER 3 

THEPRESENTTECHNOLOGY 

3.1 Introduction 

The first attempt to combine jet and mechanical drilling involved 

pressurizing the entire mud stream1 up to a pressure of 15,000 psi and thus 

increasing the hydraulic horsepower of the bit nozzles. Higher rates of 

penetration, 2 to 3 times the conventional rate, were observed. However this 

system was not commercially accepted due to the inability of the mud pumps, 

swivel, drill pipe, and bit nozzles to operate economically and reliably. Moreover 

the high circulating pressures rendered the system unacceptably hazardous. 

In 1991, Mike Cure of Grace Drilling Company, Dallas, Texas and Pete 

Fontana of Flowdril Corporation , Kent, Washington, commercially realized a 

technology for jet-assisted mechanical drilling1.2. They observed impressive 

results through the increase in rate of penetration from 1.5 to 3 times the 

conventional rate, lesser bit wear, larger drilling time and fewer trips for bit 

change. This technology was tried in several East Texas wells and very 

impressive results were observed. This technology makes use of a dual pipe 

system which requires several changes in surface equipment, tubular, wire line 

service tools, etc. This chapter discusses in detail the present technology for 

combining jet and mechanical drilling. 

3.2 Field Setup2 

The set up involves an elaborate arrangement of surface equipment. 

Figure 3.1 gives a detailed idea of the setup. The surface equipment mainly 

consists of a drilling fluid condition equipment, ultra high pressure pumps, 
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isolator, and the necessary piping to deliver the clean high pressure mud to the 

drill string. The drill string consists of the same equipment as found on a 

conventional rig namely, swivel, kelly, drill pipe, drill collars, stabilizers, subs, and 

other bottom hole assemblies. The swivel, kelly, drill pipe, drill collars, 

stabilizers, subs and other bottom hole assemblies are modified to 

accommodate the dual pipe system. In other words all these pieces of 

equipment accommodate an inner high pressure tubing of diameter 1.625 "OD. 

This tubing runs down the center of the drill string from the surface to the bit, and 

exits to special high pressure nozzles situated on the bit. The bit accommodates 

both, the three conventional nozzles and the special high pressure nozzles for jet 

cutting. Only 20 to 30 gal/ min of mud is pressurized with the ultra high pressure 

pump for the sake of jet drilling. Approximately 400 gal/ min of mud is pumped 

into the drill string with the conventional mud pumps. Therefore two mud streams 

exist, one the 20 to 30 gal/ min of clean pressurized mud, and the other 400 gal 

per min of regular mud. The high pressure mud flows through the inner high 

pressure tubing and the regular mud flows through the annulus between the drill 

string and the inner tubing. Both of these streams on exiting through their 

respective nozzles mix together in the annulus and return to the surface with the 

cuttings. The high pressure jet would assist the normal mechanical drilling which 

is due to rotating drill string and weight on bit. 

The drilling fluid conditioning equipment conditions the mud and cleans it 

of all abrasive materials. This clean fluid ensures long life of the ultra high 

pressure pump. The ultra high pressure pump is a critical part because of the 

amount of pressure it generates (35,000 psi). This clean fluid prevents the mud 

cut of the pump which is otherwise a normal occurrence in the conventional mud 
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pumps. This cleaning equipment pressurizes only 20 to 30 gal I min of mud 

since this is the quantity required for jetting action. 

The ultra high pressure pump as shown in Figure 3.2 is truck mounted 

and is mechanical crankshaft driven. These pumps require 600- 800 bhp. 

Because of the high pressure, any suspended abrasive particle is removed by 

the cleaning equipment before it passes through the pump. 

The drill string contains a inner tubing to deliver the high pressure mud 

from the surface to the bit. This tubing is made of berryllium - copper alloy and 

the centralizer design ensures the tubing's entire stabilization in the 5 inch drill 

pipe. Berryllium - copper alloy was chosen as it is more impervious to chloride 

stress cracking. The life of this tubing goes beyond that of the drill pipe. The 

connections are so designed that, when the drill pipe connections are made, 

automatically the inner tubing gets connected. 

3.3 Modifications on Conventional System2 

Modifications need to be made on the swivel, drill pipes, drill collars, 

stabilizers, subs, and drill bits to apply this technology on a conventional drilling 

rig for combined jet and mechanical drilling. 

3.3.1 Swivel 

The main functions of the swivel are to keep itself non-rotating, allow the 

rotation of the kelly and to convey the mud stream from the gooseneck to the 

kelly. Previously only one mud stream needed to be handled. With this new 

system, the swivel needs to accommodate two separate mud streams, the high 

pressure mud stream and the regular mud stream. To facilitate this, a high 

pressure swivel was built into the conventional swivel. 
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Fig 3.2 - Ultra High Pressure Pump2 
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3.3.2 Tubular 

The tubular used consisted of a dual - pipe design. A beryllium - copper 

tubing of 1.625" 00 was placed concentrically in each tubular (see Figure 3.3). 

The tubing and the tubular were of the same length. Originally, a 15-5 stainless 

steel tubing was used. Because of its susceptibility to chloride stress corrosion 

cracking and greater wall thickness, it was replaced by beryllium - copper tubing. 

The tubing was well centralized within a 5" 00 drill pipe. 

3.3.3 Drill Bits 

The bits used were three-cone roller bits (see Figure 3.4). The high 

pressure nozzles can be installed on any bit by minimal machining. The drill bit 

shank and throat only need to be machined to accommodate the high pressure 

nozzle and the high pressure tubing. The nozzles can be accommodated on any 

bit regardless of the manufacturer. 

3.3.4 Check Valve 

A check valve was provided to prevent entry of the mud into the high 

pressure tubing through the special nozzles, in the event of ultra high pressure 

pump failure. The one-way check valve closes in the event of a failure to protect 

the nozzles from being choked and to assist in well control operations. 

3.3.5 Tubular Connections 

A slip fit connection is provided to the inner tubing to ensure proper 

automatic connection and sealing when the drill pipes are threaded (see Figure 

3.5). This design is very critical because it governs the pressure drop in the 

inner tubing, pin wear of the inner conduit, and stabbing damage to sealing 
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Fig 3.3 - Dual Pipe Tubular2 
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Fig 3.4 - Modified Bit2 
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Fig 3.5 - Modified Pipe2 
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elements. Proper clearances and coating materials were selected for system 

integrity. 

3.4 Field Tests and Results2 

This system was tried with impressive results in several wells in East 

Texas. An increase in rate of penetration 1.5 to 3 times were realized. Table 3.1 

shows the East Texas wells drilled and the increase in rate of penetration 

observed. 

T bl 31 F ld E 2 a e . - 1e xpenences 

Wells Formations Increase in R 0 P 

Test well no.1 Glen Rose 1.7 

Rodessa 2.4 

Pettit 2.5 

Travis Peak 2.4 

Test well no. 2 Glen Rose 1.9 

Rodessa 1.8 

Pettit 2.5 

Travis Peak 2.4 

Test well no. 3 Glen Rose 1.4 

Rodessa 2.0 

Pettit 2.4 

Travis Peak 2.8 

Cotton Vallev 2.3 

Most of the formations were drilled with less weight on bit. In E .C Powers 

No 61ocated at Panola county, and operated by Texaco (test well no. 3) the 
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portion from 3,278 f1 to 9,960 ft was drilled with this technology. Portions where 

normal weight on bit was applied, an instantaneous increase in rate of 

penetration over 3 times the conventional rate was experienced. The drilling of 

the deviated leg in the Rodessa and upper Travis Peak formations was done 

with a soft formation bit (4-4-7) and low weight on bit (8,000 lb- 12,000 lb). This 

bit drilled about 2,700 f1 in 83 hours and was still reusable. The average rate of 

penetration obtained with this bit was 32.4 ft/hour. After the use of combined jet 

and mechanical drilling on two wells in the hard rock Travis Peak formation, the 

operator Texaco declared this system is .. workable ... 2 

3.5 Drawbacks 

In spite of the impressive results obtained in these test wells some 

drawbacks do lie in this system. Some of the important disadvantages in this 

system are listed as follows: 

1. Increased rig installation costs. The surface equipment necessary viz. 

the drilling fluid condition equipment, the ultra high pressure pump, the 

modified swivel, tubular with dual pipe, etc., are the extra investments 

a drilling company has to make. 

2. The modified swivel has proven itself operational for only 160 hours at 

20,000 psi to 30,000 psi. 

3. Modifying wire line observation tools and all down hole tools like 

positive displacement motors, turbines, jars, etc., because of the dual 

pipes involved in this system will be very tedious and expensive. 

4. Fishing operations will be more complicated. 

5. The concentric high pressure tube within the drill pipe is laborious to 

install. 
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6. The stab seal design of the inner conduit cannot be completely 

dependable. 

These drawbacks compel costly changes and modifications in drilling 

operations like fishing, deviation measurements, MWD, turbo drilling and 

horizontal drilling. 
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CHAPTER 4 

THE DOWN HOLE TOOL 

4.1 Introduction 

The main purpose of this research was to eliminate all the drawbacks 

associated with the present system mentioned in Chapter 3, section 3.5. The 

goal was to eliminate all the extra paraphernalia used, namely, the mud cleaning 

equipment, the ultra high pressure surface pump, the modified swivel, the dual 

pipe tubular, and replace them with a single down hole tool about the length of a 

single drill pipe. 

This tool would essentially be a pressure intensifier made immediately 

above the bit. The modified bit in conjunction with this down hole tool will 

produce the same effects as that of the present system. 

4.2 General Description 

The down hole tool, basically a pressure intensifier, will use the concept of 

increasing pressure by employing a two-piston arrangement, a driving piston of 

larger area, and a driven piston of smaller area. The ratio in pressure increase 

will be the ratio of the two areas (see Figure 4.1 ). The larger piston will be driven 

by the pressure of the mud in the drill string. The smaller piston moving in a 

smaller cylinder will suck in the normal drilling mud during its suction stroke and 

discharge it at higher pressure to the special high pressure nozzles in the drilling 

bit. 

The inlet ports to the bigger cylinder will be open to the drilling mud so 

that the bigger piston is driven by the hydrostatic pressure and operating 

pressure of the drilling mud. The outlet ports of the drilling mud will 
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communicate to a sepaiate chamber. This chamber will be open to the outlet 

ports of the bigger cylinder, the inlet port of the smaller cylinder, and a special 

nozzle on the bit. This will enable a part of the outlet drilling fluid from the bigger 

cylinder to enter the inlet of the smaller cylinder, and the rest of the fluid to exit 

the single nozzle exclusively connected to this chamber. 

This arrangement will be included because of the fact that the outlet from 

the bigger cylinder cannot be opened to the inside of the drill string, as the 

pressure around this cylinder arrangement will be the same. The outlet ports 

need to be communicated to a pressure lower than that at the inlet ports to allow 

the motion of the piston. If the pressures at both the inlet and outlet ports are 

equal, both the sides of the piston will be subjected to equal pressures, resulting 

in the stalling of the piston. It is for this reason that the outlet ports will be 

communicated to the outside of the drill string (open hole) at the drill bit. Outside 

the drill bit (i.e., the annulus) only the hydrostatic head of the drilling mud column 

in the annulus exists. This is lower than the pressure that exists inside the drill 

string. Inside the drill string, the pressure of the mud comprises the operating 

pressure of the mud pumps, and the hydrostatic pressure of the drilling mud 

column in the drill string. Therefore, the difference in pressure between the 

inside of the drill string and the annulus will be actually the pressure available to 

drive the piston. This pressure will be the operating pressure of the mud pumps. 

The hydrostatic head of the drilling mud inside the drill string that tends to power 

the piston will be nullified by the back pressure at the outlet, which is the 

hydrostatic head of the drilling mud in the annulus. Since the hydrostatic 

pressure will be nullified, only the operating pressure of the mud pump will be 

available for powering the piston. 
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The cylinder will be one piece, with the upper part having a larger 

diameter to accommodate the bigger piston, and the lower part with a smaller 

diameter to accommodate the smaller piston. Both of the pistons will be 

connected together and move only in their respective cylinders. The cylinders 

will have ports for the inlet and outlet. The inlet ports will communicate to the 

drilling mud flowing down the drill string and the outlet ports will exit into the 

chamber. This chamber will not be in communication with the drilling mud 

flowing down the drill string and will be filled only with the outlet drilling mud from 

the bigger cylinder. This will isolate the chamber from the drilling mud pressure 

inside the drill string. The smaller cylinder again will have two ports, the inlet port 

and the outlet port. The inlet port will be connected to the chamber, so that 

during the suction stroke of the smaller piston, drilling mud will be sucked into the 

smaller cylinder from this chamber. The outlet port of the smaller cylinder will be 

coaxial to the drill string and will be connected with a short pipe to the special 

high pressure nozzles. 

The opening and closing of the inlet and outlet ports of the bigger cylinder 

will be achieved by providing a sleeve. This sleeve which will be cylindrical in 

shape slides over the main cylinder. The inner diameter of the sleeve and the 

outer diameter of the cylinder will be the same. The sleeve will have ports 

drilled on its circumference, and will be designed to remain in just two positions, 

one during the upstroke of the piston and the other during the down stroke of the 

piston. During the up stroke, only one set of ports in the sleeve will 

communicate with the respective ports of the cylinder, to enable the drilling mud 

in the drill string to enter the cylinder through the inlet port situated below the 

larger piston and push the piston up. Simultaneously, the drilling mud above the 

larger piston will be allowed to exit into the chamber, through the outlet ports 
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situated above the larger piston. Similarly during the down stroke, another set of 

ports of the sleeve will be in communication with the respective ports of the 

cylinder, to enable the drilling mud in the drill string to enter the cylinder through 

the inlet port situated above the larger piston and push the piston down. 

Simultaneously, the drilling mud below the larger piston will be allowed to exit 

into the chamber, through the outlet ports situated below the larger piston. 

The inlet port of the smaller cylinder will communicate to the chamber. 

The inlet port will be operated by the same sleeve. It will allow flow of drilling 

mud only from the chamber to the smaller cylinder during the up stroke of the 

piston and will not allow any flow from the cylinder to the chamber during the 

down stroke of the piston. During the up stroke, the sleeve will be in its lower 

piston and the inlet port of the smaller cylinder will be in communication with the 

chamber. This will enable the drilling mud to enter the smaller cylinder from the 

chamber, through the ports. During the down stroke, the sleeve will be in its 

upper position and the inlet port of the smaller cylinder will not be in 

communication with the chamber and so the highly pressurized mud will be 

discharged through the outlet port. The outlet port will have a one way valve. 

The valve allows the pressurized drilling mud to flow from the smaller cylinder to 

the high pressure nozzle on the drill bit. This will have another function viz. in 

case of tool failure mud along with cuttings from the open hole will not enter the 

high pressure nozzle and plug it. 

On the upper face of the larger piston will be threaded with a long thin 

cylindrical rod. This rod will be provided to shift the positions of the sleeve. 

The cylinder head contains a circular opening in the center. The rod exactly fits 

into this circular opening and projects out of the cylinder. This arrangement will 

be well sealed to prevent any leakage from or into the cylinder. The rod also 
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slides up and down through this hole during the up stroke and down stroke of the 

piston. The head of the sleeve again will have a circular opening of diameter just 

larger than the rod diameter. The rod passes through this opening on the sleeve 

head and would freely move, as there will be ample clearance, through this 

opening during the up stroke and down stroke of the piston. The rod will have 

two stoppers positioned, such that the opening in the sleeve head will be always 

between these two stoppers. During the down stroke of the piston the rod will 

also move down. Just before reaching the bottom dead center, the upper 

stopper on the rod will start moving the sleeve down. This downward motion of 

the sleeve will continue till the piston reaches the bottom dead center. When the 

piston reaches the bottom dead center the sleeve will be completely moved and 

fixed in position. At this position, one set of ports of the sleeve and cylinder will 

be in communication to allow the up stroke of the piston. During the up stroke, 

the top stopper will move away from the sleeve head while the bottom stopper 

will move towards the sleeve head. Just before reaching the top dead center 

the bottom stopper will start moving the sleeve up. This upward motion of the 

sleeve will continue till the piston reaches the top dead center. When the piston 

reaches the top dead center, the sleeve will be completely moved and fixed in 

position. At this position, another set of ports of the sleeve and cylinder will be in 

communication to allow the down stroke of the piston. The whole process will be 

repeated. The sleeve will be held in position with a ball spring arrangement. 

This whole arrangement as shown in Figure 4.1 will be placed in a 

cylindrical shaped stationary container. This container will be closed at the top 

and has an opening only for the outlet of the chamber and the high pressure 

outlet from the smaller cylinder. This will completely enclose the portion above 
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the cylinder head and also the rod that protrudes out of the cylinder he&~~. 

Because of this container, the rod, the stoppers, and the opening on the sleeve 

head arrangement will be isolated from the drilling mud in the drill string. The 

sleeve will be in close fit with this container and will allow the sliding of the sleeve 

in between this container and the cylinder. The leakage between the sleeve and 

the cylinder, and the sleeve and the container will be prevented by the inclusion 

of seals and a-rings. The container will have ports on its circumference in line 

axially with the inlet ports and outlet ports of the cylinder. The sleeve in its two 

different positions will allow the communication of respective ports on th.e 

cylinder and the container. 

The chamber will be fixed adjacent to the container, on the side of the 

outlet ports. The chamber will be again cylindrical shaped with openings in line 

axially with the outlet ports of the container. The outlet of the container will serve 

as the chambers inlet. Two outlets will be provided to the chamber, one will be 

the inlet to the smaller cylinder and the other will be to the opening on the drill bit. 

4.3 The Working of the Down Hole Tool 

4.3.1 The Ports and the Piston 

4.3. 1.1 Down Stroke 

The ratio of decrease in the piston areas will be the ratio of increase in 

the pressure. The piston will have a top dead center and the bottom dead 

center. Now consider the piston at the top dead center (see Figure 4.3). The 

sleeve will be in its top position. The lower inlet ports and the upper outlet ports 

will be closed because of the position of the sleeve. The upper inlet ports and 

the lower outlet ports will be open. In this position, drilling mud in the drill string 
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Note the upper inlet port and lower outlet port are open. 

Fig 4.3- Piston at Top Dead Center 
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will enter the bigger cylinder above the piston and push the piston down. 

Simultaneously the mud below the larger piston will be forced out into the 

chamber through the lower outlet ports. The piston arrangement will continue its 

motion towards the bottom dead center. During its downward motion the smaller 

piston forces highly pressurized drilling mud to the special jet nozzles on the drill 

bit. 

Also at this position of the sleeve the inlet port of the smaller cylinder will 

not be in communication with the chamber. Therefore the pressurized mud is 

sent through the outlet port of the smaller cylinder to the special jet nozzles. 

4.3.1.2 Up Stroke 

Now consider the bottom dead center (see Figure 4.4). The sleeve will be 

in its bottom position. The upper inlet ports and the lower outlet ports will be 

closed because of the position of the sleeve. The lower inlet ports and the upper 

outlet ports will be open. In this position, drilling mud in the drill string will enter 

the bigger cylinder below the piston and push the piston up. Simultaneously, the 

mud above the larger piston will be forced out into the chamber through the 

uppe"f outlet ports. The piston arrangement will continue its motion towards the 

top dead center. 

In this position of the sleeve, the inlet port of the smaller cylinder will be in 

communication with the chamber, enabling the drilling mud from the chamber to 

enter the smaller cylinder. The mud entry will be facilitated by the reduction in 

pressure due to the upward movement of the smaller piston. The one-way valve 

provided just above the nozzle prevents any mud from entering the smaller 

cylinder from the annulus. 
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Note the lower inlet port and upper outlet port are open. 

Fig 4.4 - Piston at Bottom Dead Center 
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4.3.2 The Sleeve Mechanism 

The sleeve will be moved into its position with the help of the stoppers on 

the rod. One end of the rod will be threaded to the piston, so that the rod will 

also move with the piston. When the piston makes its upper or lower stroke, the 

stoppers on the rod will knock the sleeve into its upper and lower positions 

respectively. 

4.3.2.1 Up Stroke of the Piston 

As the rod will be threaded to the piston, it will slide through the cylinder 

head, upward during the up stroke of the piston (see Figure 4.5). The lower inlet 

ports and the upper outlet ports will be open. Drilling mud from the drill string will 

enter the lower inlet port and push the piston up. Simultaneously, the drilling 

mud above the piston will be forced out through the upper outlet ports. The 

piston now will move up, along with the sliding the rod up through the cylinder 

head. 

When the rod moves up, the upper stopper of the rod will move away from 

the sleeve head, and the lower stopper of the rod will move towards the sleeve 

head. Before the piston will reach the top dead center, i.e., at a length equal to 

the inlet port diameter, below the top dead center, the lower stopper will start 

pushing the sleeve up. The sleeve will be pushed up till the piston reaches the 

top dead center. At the top dead center, the sleeve will be fixed in its upper 

position. Now the upper inlet ports and the lower outlet ports ~ill be open and 

will be ready for the down stroke of the piston. The sleeve will be moved up 

through a length equal to the diameter of the ports. 
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Note the lower stopper has knocked the sleeve into its upper position. 

Fig 4.5 - The Sleeve Mechanism (Up Stroke) 
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4.3.2.2 Down Stroke of the piston 

The upper inlet ports and the lower outlet ports of the bigger cylinder will 

be open and the inlet port of the smaller cylinder will be closed. Drilling mud 

from the drill string will enter the upper inlet ports, and push the piston down. 

Simultaneously, the drilling mud below the piston will be forced out through the 

lower outlet ports. The piston now will move down, along with the sliding the rod 

down through the cylinder head. 

When the rod moves down, the lower stopper of the rod will move down 

and away from the sleeve head, and the upper stopper of the rod will move down 

and towards the sleeve head. Before the piston will reach the bottom dead 

center, i.e., at a length equal to the inlet port diameter, above the bottom dead 

center, the upper stopper will start pushing the sleeve down {see Figure 4.6). 

The sleeve will be pushed down till the piston reaches the bottom dead center. 

At the bottom dead center, the sleeve will be fixed in its lower position. Now the 

lower inlet ports and the upper outlet ports will be open and will be ready for the 

up stroke of the piston. The sleeve will be moved down through a length equal 

to the diameter of the ports. 

The sleeve will be fixed in its two positions with a ball and socket 

arrangement. Two sockets will be machined at the inner surface of the sleeve, 

respectively for the upper and lower positions {see Figure 4. 7). The cylinder 

body will have a hole drilled in its body to accommodate a spring and a ball. The 

spring will push the ball into the socket cut in the sleeve and will hold it in 

position. Figure 4.7 shows the two positions of the sleeve, the upper and lower 

position. 
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Sle(Ye in lower Po~ition 

Note the upper stopper has knocked the sleeve into its lower position. 

Fig 4.6- The Sleeve Mechanism (Down Stroke) 
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Fig 4.7- The Locking Mechanism of the sleeve 
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4.4 The Cutlets from the Tool 

There will be three outlets from the tool viz. the high pressure outlet from 

the smaller cylinder, the outlet from the chamber, and the conventional mud 

stream (see Figure 4.8). The first two outlets will be in two concentric pipes. 

The inner pipe will carry the high pressure outlet and the annulus (outer pipe) will 

carry the outlet from the chamber. The annulus space between this concentric 

pipe and the drill collar will be the conduit for the normal drilling fluid in the drill 

string. The concentric pipe will extend till the box joint of the down hole tool. 

The down hole tool will be attached to the drill bit. The drill bit will be 

modified with the inclusion of special jet nozzles for the high pressure mud, and 

the opening for the outlet from the chamber. The high pressure nozzle will be 

placed concentric to the opening for the outlet from the chamber (see Figure 

4.9). The opening and nozzle assembly will be fitted to two concentric pipes. 

The inner pipe will be connected to the jet nozzle and the annulus or outer pipe 

will be connected to the opening. This concentric pipe will extend up to the 

threads on the pin joint of the drill bit. 

The concentric pipes of the down hole tool and the drill bit will be provided 

a stab seal design for their connection (see Figure 4.10). The drill bit when 

made up with the down hole tool, the concentric pipes within them will 

automatically be connected. 
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Fig 4.8- The Outlets from the Down Hole Tool 

J---- Jet No~~le 

Fig 4.9- The nozzle arrangement on the drill bit with the concentric pipes. 
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Fig 4.1 0 - The down hole tool and drill bit connection. 

4.5 The Mud Cleaning Device 

At a pressure of 35,000 psi, the smaller cylinder and piston can get mud 

cut (be worn away by the abrasiveness of the mud) . It is imperative to clean the 

mud and remove solid particles before it enters the smaller cylinder. Alan D. 

Peters had used 2 - 20 microns cleaning filters for the LancesM Formation 

Penetrator-9. A similar filter would be ideal in this case. The location of the filter 

will be at the inlet of the smaller cylinder, so that only the clean filtrate will enter 

the smaller cylinder. During the down stroke, no mud enters the smaller cylinder 

because its inlet will be in the closed position. The mud will exit the lower outlet 

and flow through the chamber. During its flow, the mud will pass around the filter 

and remove the solid particles that were entrapped during the suction stroke. 

This will ensure the smooth functioning of the filter. 
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CHAPTER 5 

SIZING AND CALCULATIONS OF THE DOWN HOLE TOOL 

5.1 Introduction 

The first generation tool will be designed for a 13.25" pipe diameter. After 

the fabrication and testing of this tool this tool can be designed for smaller 

diameter holes. The sizing and design of this tool will be based on various 

findings of Summers and Mike Cure1.2.3. Their work has proved the effects of 

some of their chosen parameters like the pressure at the jet nozzle, the size of 

nozzles, and the discharge through the nozzles. The calculations will proceed 

with these parameters as a primary basis. The space restrictions, and the power 

available will be the secondary basis. 

The power available to drive this tool will basically be the operating 

pressure of the mud pumps. A practically feasible mud pump pressure will be 

approximately 3000 psi. So the design and sizing of this tool will be based on a 

driving pressure of 3000 psi, i.e., the pressure available to drive the larger piston. 

The final goal will be to produce a pressure of 35,000 psi at the special jet 

nozzle. 

5.2 Sizing of the down hole tool 

Due to the abrasive nature of the fluid that will be handled and the 

abusive down hole conditions the velocity of the piston will be restricted to 1 ft I 

sec. 

The velocity of the fluid in the smaller cylinder 

The discharge required through the nozzle 

The diameter of one nozzle 
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= 1 ft I sec, 

= 20 gal I min - Q, 

= 0.0338 in.- Dn, 



The jet nozzle velocity = 1450 ft I sec - V n, 

Number of high pressure jet nozzles on the bit = 5, 

The driving pressure = 3000 psi - P 1, 

The pressure required at the jet = 35,000 psi- P2. 

Area of one nozzle An 7t 2 =-xD 4 n 

= 
3· 

141 
X 0. 03382 

4 

An = 8.96 x 1 0 - 4 sq in. 

Total area of nozzles Ant =An x 5 = 8.96 x 10-4 x 5 

Ant = 4.48 x 1 0 - 3 sq in. 

Let A 1 be the cross-sectional area of the smaller cylinder 

A1 = 4.48 X 1 0-{l X 1450 
1 

A1 = 6.496 sq in. 

Th t
. . . R 35000 

era 10 1n pressure Increase = 
3000 

R=11.7. 

Let A2 be the cross-sectional area of the larger cylinder 

A2 = 11.7 X A1 
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= 11.7 X 6. 496 

A2 = 76.0032 sq in. 

Let D1 be the diameter of the smaller cylinder and D2 be the diameter of the 

bigger cylinder. 

D, =2x~ =2x~6·:96 =2.875in. 

D _ 2 f,i2 _ 2 ~76.0032 _ 9 8. 
2 - X - X - • tn. 

1t 1t 

Therefore, the diameter of the smaller cylinder= 2.875 in. 

Diameter of the larger cylinder = 9.8 in. 

The stroke length = 24 in. 

The inlet and outlet port diameter = 1 in. 

The port diameters are arbitrarily selected to minimize pressure losses. 

The sleeve movement from its lower position to to its upper position will be 

equal to the port diameters (see Figure 5.1 ). The cylinder length to 

accommodate the stroke length will be 55 in. 

Diameter of the cylinder = diameter of the larger piston + (2 x wall 

thickness) 

= 9.8 + (2 X 0.4) 

= 10.6 in. 

The length of the rod will be 50 in. Figure 5.1 shows the rod length will 

have to be at least 50 in. to allow the stoppers to reciprocate above the cylinder 

head only. The lower stopper will be fixed at a distance of 27 in. from the top of 

the piston. This distance will be minimum required so that when the piston is at 

its bottom dead center the lower stopper is just above (a clearance of 1 in. is 
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Fig 5.1 - The down hole tool with dimensions 
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provided) the cylinder head. The upper stopper will be f1,:ed at a distance of 23 

in. from the lower stopper. This length is again required to push the sleeve at the 

appropriate point of time. 

The length between the sleeve head and the cylinder head (the over hang 

of the sleeve) will have to be 25 in. This length is equal to the stroke length of 

the piston plus the clearance between the lower stopper and the cylinder head 

when the piston is at the bottom dead center (see Figure 5.1 ). 

The length of the sleeve = length of the overhang + the clearance + the 

length of the cylinder 

= 25 + 1 +55 

= 81 in. 

Inner diameter of the sleeve = outer diameter of the cylinder 

= 10.6 in. 

Outer diameter of the sleeve = Inner diameter of the sleeve + (2 x wall 

thickness) 

= 10.6 + (2 X 0.25) 

= 11.1 in. 

The container's length will be dictated by the rod protrusion above the 

cylinder head when the piston will be in the top dead center. 

The length of the container = length of the cylinder + the length of the rod 

over hang + the clearance between the rod and the container 

=55+ 50+ 1 

= 106 in. 

Diameter of the container = outer diameter of the sleeve + (2 x wall 

thickness) 

= 11.1 + (2 x 0.25) = 11 .6 in. 
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5.3 Power balance calculations 

The tool will be designed to have a fluid velocity of 1 ft I sec in the smaller 

cylinder. This velocity will also dictate the velocity of the piston. Since the stroke 

length is 24 in. the time for one stroke will be 2 sees. 

The hydraulic horse power associated with the drilling mud at various 

points in and around the tool will be determined and an attempt will be made to 

balance the power. This procedure will prove the theoretical feasibility of this 

tool (see Figure 5.2). The various points in and around the tool are numbered 

and shown below to facilitate in this calculation. 

Table 5.1 -Various point of interest in the tool for the power balance calculation. 

Location Number Rate of flow Stroke Volume 

SmallerCylinder 1 01 V1 

Volume below the piston 2 0? V? 

Volume above the piston 3 Q3 v~ 

Drill string above the tool 4 04 -
Drill string below the tool 5 Qfi -

Outlet of the chamber 6 On Vr. 

The time for one stroke will be 2 sees and the stroke length will be 24 in. 

V 
_ px2.8752 x24 _

155 8
. 3 

1- 4 - . In 

Q = 155·8 in
3 

x0.004329 gal x60 sec= 20.23 gal/min. 1 2 sees in3 min 

In the above equation 0.004329 is a conversion constant from cubic inch to 

gallons and 60 is to convert seconds to minute. 
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Fig 5.2 - The down hole tool with locations of interest for the power balance 

calculation 
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v2 = ~x(9.82 -2. 8752 )x24=1654.51 in3, 

1654.51 
02= 

2 
x0.004329x60=214.8gal/min, 

v3 = ~ x9.82 x24 = 1810.31 in3' 

1810.31 
03 = 

2 
x 0.004329 x 60 = 235.1 gal/ min. 

Normally the rate of discharge of drilling mud during a routine drilling 

operation will be 400 gal I min. 

04 = 400 gal/min 

Os = 04-03 = 400-235.1 = 165 gal/min 

0 = ( V3 + V2- V1) x 0_004329 x 60 = <1810.31+ 1654.51-155.8) 
6 4secs 4 

xO. 004329 x 60 = 214.9 gal I min. 

The power balance will be calculated at two conditions, one during the 

down stroke and the other during the up stroke. 

5.3.1 Power balance during the down stroke 

Let the pressure P1 available at the tool to drive the bigger piston be 8000 

psi (the hydrostatic pressure plus the operating pressure). Let the operating 

pressure be 3000 psi and the hydrostatic pressure 5000 psi. The backpressure 
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P2 that will act against the driving of the piston will be the hydrostatic pressure, 

5000 psi. 

The hydraulic horse power associated with the drilling mud at position 4 

will be split into two streams, one the high pressure stream and the other the 

conventional stream. 

. Q x Pressure 
The hydraulic horse·power = HP 

1714 

Power available at 4 = (power at 3) - (power at 2) + (power at 5) + (power at 7) 

400x8000 235.1x8000 214.8x5000 165x8000 214.9x5000 
= - + +-----

1714 1714 1714 1714 1714 

1866.98 = 1 097.32 - 626.6 + 770.13 + 626.89 

1866.98 = 1867.74 

The right-hand side in actual situation will be less than the left-hand side, 

because of friction. 

Now consider the power at position 3 and at position 2. Power at position 3 

should be more than power at position 2 to drive the piston down. At position 3, 

the pressure will be 8000 psi since it will be in communication with the main mud 

stream in the drill string. At position 2, the pressure will be 5000 psi since it will 

be in communication with the annulus. 

The piston driving power during down stroke = (power at 3) • (power at 2) 

235.1 X 8000 214.8 X 5000 20 X 5000 - -
1714 1714 1714 

= 1097.32- 626.6- 58.34 

= 412.36 HP. 

. 412.36x1714 
The pressure associated with this 20 gal/ m1n of mud = 20 

= 35339 psi. 
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This is a confirmation. This pressure is almost equal to the pressure P3 

calculated using the ratio of the areas of the two pistons. 

Therefore, 412.36 HP will be available to drive the piston downward. 

Neglecting friction this power will be transmitted to the fluid at position 1. So the 

20 gal/ min of fluid at position 1 will have a power of 412.36 HP. This proves the 

theoretical feasibility of the tool. 

Ultimately the tool will accomplish the task of creating a stream of 20 

gallons per min of mud at 470 HP from a main stream of 400 gallons per minute 

of mud at 1867 HP. 

5.3.2 Power balance during the up stroke 

The numbers used in section 5.3.1 will be used again in this section. 

Power at 4 = (power at 5) + (power at 2) - (power at 3) + (power at 6) 

400x8000 (400-214.8)x8000 214.8x8000 235.1x5000 235.1x5000 
----= + - +-----

1714 1714 1714 1714 1714 

1866.98 = 864.41 + 1002.57 - 685.82 + 685.82 

1866.98 = 1866.98 

The right-hand side in actual situation will be less than the left hand side, 

because of friction. 

Now consider the power at position 3 and at position 2. Power at position 3 

should be less than power at position 2 to drive the piston up: At position 3 the 

pressure will be 5000 psi since it will be in communication with the annulus. At 

position 2 the pressure will be 8000 psi since it will be in communication with the 

main mud stream in the drill string. 

The piston driving power during up stroke = (power at 2} - (power at 3) 
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214.8 X 8000 235.1 X 5000 =-----
1714 1714 

= 1 002.57 - 685.82 

= 316.75 HP. 

Therefore, 316.75 HP will be available to drive the piston upward. 

Neglecting friction this power will be transmitted to the fluid at position 2 and 

forces the mud into the chamber against the back pressure provided by the 

annulus. This proves the theoretical feasibility of the tool during the up stroke. 
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CHAPTER 6 

THE DRILLING MECHANISM 

6.1 Introduction 

This chapter will address rock failure mechanism at work during 

mechanical drilling and jet drilling. A knowledge of this concept will be essential, 

to intrinsically understand the drilling mechanism when both the processes jet 

and mechanical drilling will be applied. 

The mechanisms usually encountered will be 

1. wedging, 

2. scraping and grinding, 

3. erosion by fluid jet action, 

4. percussion or crushing, and 

5. torsion or twisting. 

All these mechanisms are interrelated, and in one set of conditions one or 

more mechanisms may be dominant. Usually two or more mechanisms 

contribute together for rock removal. 

6.2 Rock failure mechanism with mechanical drilling7 

The most important mechanism that causes cratering during drilling will be 

discussed. This mechanism will be usually associated with tooth bits. Figure 6.1 

shows the sequence of various stages of the crater mechanism in rock removal. 

Figure 6.2 shows the sequence of photographs taken by high speed movie 

cameras of full scale bits drilling with air. A similarity will be noticed in the 

proposed mechanism and the photographs. 
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(A) TOOTH IMPACT 
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Fig 6.1 - Sequence of stages in crater mechanism 7 
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(a) I -

(b) 

. ~·- , Fig 6.2- High speed photographic sequence of rock failure during air drilling7 

,, 
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As shown in Figure 6.1 when the bit tooth exerts enough force and exceeds the 

crushing strength of the rock a small wedge of finely powdered rock will be 

formed directly beneath the tooth bit. Further application of force by the bit tooth 

will compress the wedge formed. The compressed wedge will exert lateral 

forces on the surrounding hard rock. When the shear strength of the rock will be 

exceeded by the shear stress, a fracture will start propagating along a maximum 

shear surface. The force at which the fracture will just form is called the 

threshold force. When the force exerted by the bit will exceed the threshold 

force, subsequent fracturing will occur in the rock surrounding the compressed 

wedge and will leave them broken and disconnected from the parent rock 

material. 

At low differential pressures (i.e., the difference between the hydrostatic 

pressure of the fluid column in the well bore and the formation pressure will be 

less), the cuttings in the zone of broken rock will be easily ejected. At high 

differential pressures, the forces acting on the the face of the rock will be 

considerably high. This high downward force and the frictional forces between 

the cuttings will not allow the easy ejection of the cuttings from the zone of 

broken rock. In this case, the cuttings will start getting displaced along fracture 

planes parallel to initial fracture. So at high values of differential pressure the 

crushed rock is deformed in a plastic manner, giving an appearance of plastically 

deformed craters. Craters formed in this manner are called pseudoplastic 

craters. 

The drilling action associated with large offset angle roller bits will be more 

complex. Apart from this crushing or wedging mechanism, grinding, scraping 

and twisting mechanism, due to the alternate rolling and dragging action of the 

roller cones, will also contribute to rock failure. 
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6.3 Rock failure mechanism with high pressure jets4 

There are several theories to describe how the high pressure liquid jet 

penetrates the rock. The modeling has been based on mechanical approach to 

rock failure. The high pressure jet normally has rapidly changing pressure 

values acr~ss its diameter and they work at different levels. When the high 

pressure jets reaches the rock face it seeks flaws and cracks on the rock face. 

The high pressure jet penetrates the rock and propagates the flaws and cracks 

furthur into the rock. The differential pressure across the jet diameter helps in 

dislodging rock particles from the parent rock. In granular materials like 

sandstone, material removed by jetting action are at their grain size. 

A smaller grain size or denser material indicates tighter packing of grains. 

To penetrate the tiny flaws or crevices in these rocks requires higher pressures 

and larger surface area of the jet. 

Another theory associates with the cavitation phenomenon. During the 

jetting action under water, cavitation is unavoidable. Cavitation bubbles are 

formed and they exist at virtually no pressure. They stay for a short duration in 

the high pressure zone of the jet. The cavitation bubbles formed always collapse 

creating microscopically small and very intense jets. When these cavitation 

bubbles collapse against the rock face impact pressures as high as 1,000,000 

psi are created against the rock face. This further weakens the rock and can be 

exploited by the main jet. 

The pressure of the jet required to drill through a formation depends on its 

physical properties mainly the compressive and tensile strength. The pressure 

required to cut a formation is the threshold pressure. This threshold pressure 

varies for each rock since their compressive and tensile strength varies. Table 

6.1 below shows some of the rocks with their compressive and tensile strengths. 
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Table 6.1 -Compressive and tensile strength of different rocks 

Rock Type Compressive Tensile .· Threshold 

Strenqth (psi) Strength (psi) Pressure (psi) 

Sandstone 2800-8400 56- 168 2000 - 4200 

Limestone 2240-7840 168-336 3600-6000 

Dolomite 4480 - 16,500 168-504 4200-7300 

Granite 5600 - 25,600 168-280 6200-9800 

Another theory10 is based on Griffith's failure criterion. After the 

impingement of the jet on the rock surface, the pressurized fluid enters any flaws 

or cracks and crevices or the pore spaces. In a continuous jetting process, the 

jet applies a quasi- static pressure over the rock surface. The fluid in the pore 

spaces are pressurized. Simulataneously the surrounding rock is stressed. 

When the stresses induced exceeds the strength of the rock, cuttings are 

generated and ejected. The loci of points where fracture is likely to be initiated 

can be found using the Griffith failure criterion. This criterion assumes that the 

cracks and spaces in a rock have a flat elliptical shape. The fracture initiates 

somewhere on the surface of the ellipse. 

The stress field can be assumed to be governed by z, r and e, cylindrical 

coordinates. The z direction co axial to the nozzle axis, r direction normal to the 

z direction and e the angular position of a point on a plane normal to the z 

direction. The three principal stresses are given by 
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The principal maximum stress is the one with the highest value and the .principal 

minimum stress is the one with the lowest value. 

Griffith failure criterion states(1o> 

1. If crmax - crmin > 0 and 3crmax + crmin < 0 , T0 is the tensile strength of the rock, 

2. 

then fracture initiates when 

and the fracture plane makes an angle ~ with the minor axis of the flat 

elliptical shaped crack. The angle ~ is given by 

If a - cr . > 0 and 3crmax + <>"m·n > 0 then fracture initiates when max m1n 1 

here the fracture plane coincides with the major axis of the ellipse. 
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CHAPTER 7 

ENERGY REQUIREMENTS3 

7.1 Introduction 

David A. Summers and Richard L. Henry3 of University of Missouri-Rolla 

conducted experiments to calculate specific energy requirements for removing I 

breaking rock. The experiments were carried out on samples of Berea sand 

stone and Indiana limestone using a nozzle diameter of 0.23 inches. The 

samples used were quasi-homogeneous, isotropic non- fractured, and are 

different from in-situ conditions. The parameters that control the cutting rate of 

jet are also investigated. In short, the pressures and the power consumption 

requirements can be established. 

7.2 Cutting Mechanism 

The cutting mechanism involves the jet acting as a wedge in some 

circumstances and attacks the weaker sections of the rock, weakening the rock 

further and resulting in rock removal. The samples used in the laboratory are 

quasi- homogeneous, non- isotropic, and non- fractured. The rock in in-situ 

conditions are stressed and include flaws. Therefore the performance figures 

are higher in actual field practice when compared to laboratory performance. 

7.3 Experiment and results 

Two types of experiments were conducted to assess the total energy 

requirements for removing a given volume of rock. The two types differed only in 

the means of rock removal and they are: 

(i) Jet cutting of rock with mechanical assistance. 

56 



This involves rotating jets that cut slots on the rock and the ribs in

between the slots are removed by mechanical cutters. 

(ii) Jet cutting of rock without mechanical assistance. 

This involves again rotating jets that cut slots on the rock and the ribs in

between the slots are also removed by jetting action. 

7.3.1 Jet cutting of rock without mechanical assistance 

The experiment was initiated by first traversing (see Figure 7.1) the jet 

across the length of the rock specimen and cutting a slot. The next traverse was 

made at a distance of one inch from the previous. The distance of each 

subsequent pass was halved from the previous slot. Thus after repeated 

passes, each pass closer to the previous one it was observed, for the intervening 

ribs to be removed, the distance between passes will have to be one-eighth of an 

inch or five times the nozzle diameter. The nozzle diameter used was 0.023 in. 

McClain and Cristys remove ribs one inch wide. The nozzle diameters used 

were 3 to 6 millimeter, 10 times more than what Dr. Summers3 used. 

The energy requirement calculated was the kinetic energy of the jet that 

was spent to remove a required volume of rock. The velocity of the jet v was 

calculated using the formula3 

v = 8.81x .JP 
where v is in meters per second and p the manifold pressure in 

atmospheres. Table 7.1 on the next page shows the energy requirements for 

rock cutting using only jetting action and without mechanical assistance. 
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T ~ble 7.1 3. Specific energy ( x 1 000 joules I cm3) requirements for jet cutting 
Without mechanical assistance. 

Berea Sandstone 

5,000 psi 10,000 psi 25,000 psi 

Traverse 

Speed 1 Pass Pass & rib 1 Pass Pass & rib 1 Pass Pass & rib 

in/min 

86 2.12 1.21 4.34 1.32 5.90 ·2.86 

60 - - 2.75 1.40 - -

12 - - 10.35 5.90 - -

6 - - 23.90 10.24 - -

3 - - 36.20 17.60 - -

1.2 - - 65.00 31.25 - -

Indiana Limestone 

10,000 psi 20,000 psi 30,000 psi 

Traverse 

Speed 1 Pass Pass & rib 1 Pass Pass & rib 1 Pass Pass & rib 

in/min 

14.60 54 39 60 29 70.5 37.9 

3.60 285 75 195 64 154.0 111.0 

1.80 262 86 215 86 - -

0.45 903 439 590 284 712 399.0 

Note: Specific energy values for the pass and rib are calculated from the 
volume of rock removed when the second pass removes the rib. 
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7.3.2 Jet cutting of rock with mechanical assistance 

The sample rock was held in lathe chuck and rotated at various speeds. 

The nozzle was fixed on the lathe carriage, and traversed the rock face (see 

Figure 7 .2). Different rotation speeds and traverse rates were used. The nozzle 

stand off distance was one inch and the nozzle diameter was 0.023 in. 

The jet energy required was computed in the same fashion described in 

sec 7 .3.1. The mechanical energy required to remove rock was based on 

dropping of known weights, from known heights, on to the wedges in th~ slot to 

determine minimum breakage energy. 

The energy requirements for jet cutting of rock with mechanical assistance 

is shown in Table 7.2 and Table 7.3. 

Table 7.23 -Specific energy values for mechanical removal of ribs. 

Specific enerQy values 

Slot width , in. 1.0 0.5 0.25 

Slot depth, in. 

0.26 - 6.12 0.51 

0.44 0.44 1.52 0.39 

0.59 0.30 0.46 0.17 

0.62 0.40 0.50 0.05 

0.67 0.23 0.21 0.05 

0.94 0.19 0.20 -

Note: Specific energies are in joules I cm3 
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Fig 7.1 - Jet cutting without mechanical assistance3 

~· .··· 

Fig 7.2 - The experimental set up3 
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Table 7.33 - Specific energy requirements for jet cutting with various pressures. 

Speed in ft I min. 

No. of 30.3 71.1 106.8 140.3 421 

Pressure passes 

Ksi 

5 1 520 240 210 190 105 

2 450 290 340 240 210 

5 810 360 330 260 155 

10 1170 740 640 460 250 

10 1 300 270 210 155 100 
J 

2 540 370 290 250 160 

5 1150 520 430 350 200 

10 1750 1030 830 350 180 

15 1 360 280 220 190 110 

2 610 380 300 270 160 

5 1180 870 670 475 300 

10 2240 1040 870 675 400 

20 1 510 280 310 145 110 

2 690 345 340 350 200 

5 1130 420 880 610 340 

10 2190 1280 1030 890 430 

Note: Specific energy values are in joules I cm3 
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7.4 Interpretation of results and summary 

At higher traverse speeds it can be observed from Table 7.3 that, less 

energy is consumed and the cutting is efficient. This is because of the fact that 

at higher traverse speeds, the interference from the water that leaves the rock 

face is less during cutting. Figure 7.3 shows the graph between the specific 

energy consumed and traverse speeds, at various pressures. 

The depth cut with 20,000 psi is about twenty times greater than that cut 

with a 5,000 psi jet. The deeper the cut, less the mechanical energy required to 

remove the ribs and a greater spacing of nozzles will be possible. At high 

pressures, for the same depth of cut, less energy is required than with low 

pressures. 

Table 7.2 shows the energy required to remove the ribs is negligible when 

compared to the ribs removed by the jet action. From this, it can be concluded 

that jet-assisted mechanical drilling is easier and requires less energy than jet 

drilling without mechanical assistance. 
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CHAPTER 8 

APPLICATIONS 

8.1 Introduction 

Combining jet and mechanical drilling is not new to the drilling industry. 

The concept of increasing the pressure of the mud stream and thus the 

hydraulic horse power at the bit, to improve the rate of penetration, was realized 

much earlier. Various means to combine these two processes were tried. 

The drilling mud apart from its other functions, will now have this 

additional function of eroding the formation below the bit. This technology has 

only been intermittently used in this industry for a variety of reasons. The main 

reason being limited number of people interested in finding new ways to combine 

jet and mechanical drilling. 

8.2 Petroleum Applications 

The biggest advantage will be the increase in rate of penetration, or lesser 

time to drill a given well. The cost reduction will be proportionate to the reduction 

of drilling time. In the drilling industry even a few percent reduction in drilling 

time will realize thousands of dollars of savings. Bits can be run longer and its 

life span increased, which directly indicates fewer bits to drill a well. Costly bits 

can thus be avoided. Since bits can be run longer, tripping time will be 

considerably reduced. 

8.2.1 Deep drilling 

Deep drilling has its own disadvantages. More rotation time, low rate of 

penetration in consolidated hard formation , high tripping time, and low footage 
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attained by each bit. Since this tool aims at attacking these disadvantages, deep 

drilling will be one of the most suitable candidate for combined jet and 

mechanical drilling. 

8.2.2 Re-entry wells 

Many deep wells have been abandoned because of the huge monetary 

investments involved dur to low rate of penetration observed at greater depths. 

Further drilling could have been thus abandoned. These wells can be a very 

suitable candidate for this technology. Higher rates of penetrations, fewer 

number of bits, lesser tripping time, and the overall reduction in drilling time will 

definitely be a economic relief for the completions of these deep wells. 

8.2.3 Horizontal wells 

Another exciting candidate will be horizontal wells, especially the short 

radius horizontal wells. The main difficulty faced in drilling short radius wells is 

the azimuth and inclination control. The hole control becomes difficult due to the 

fact that penetration solely depends on the weight on bit and the forward 

advance of the drilling assembly. Incorrect weight on bit will definitely alter the 

hole profile and further in very short radius wells applying weight on the bit will 

become a herculean task as the whole weight of the string would rest on the 

curve. Another disadvantage is that the length of the horizontal section will be 

limited because, after a certain length, application of the weight on bit will 

become impossible. 

With this tool, the jetting action can obtain penetration, and drilling will not 

solely depend on the weight on bit. Thus the profile of the hole can be well 

maintained and longer horizontal sections can be drilled without much difficulty. 
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The kick off can be done with jetting action alone.4 The kick of, zone can 

be under-reamed to accommodate a jetting tool to orient itself in the required 

direction. The drilling of the lateral portion can then be executed with a hybrid 

bit, the down hole tool, a down hole motor, and coiled tubing assembly. 

8.2.4 Enhanced oil recovery 

The advent of this technology in horizontal drilling will certainly be a boon 

to enhanced oil recovery. Longer horizontal sections means fewer horizontal 

wells and tremendous cost savings in drilling the vertical sections of the_extra 

wells. Radials can be more confidently attempted. This will create more efficient 

injection and production wells. 
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CHAPTER 9 

CONCLUSIONS 

The demand to come out with new concepts in drilling technology has 

been more than ever demanding. As of today, of all the possible known 

techniques available for drilling, jet drilling has commanded the limelight. This 

technology has not grown enough mainly because of the fact that only a limited 

number of people have dedicated themselves to this field. 

The goal of this thesis has been to improve drilling performance and 

simulatneously reduce costs. Rates of penetration with this special down hole 

tool can be 1.5 to 3 times that of the conventional drilling system. This increase 

in rate of penetration can be achieved with bits designed for softer formation 

(cheaper bits), less weight on bit, reduced rotation speed of the rotary, enhanced 

life of bit, less tripping time, and overall reduction in drilling time. 

Less weight on bit and reduced rotation speed of the rotary, increases the 

bit life. This allows the bit to stay longer in the hole, provide more footage and 

thus reduce the number of trips to change bits. A given well can be completed 

with less number of bits. 

Cure2 has already proven an increase in rate of penetration by a factor of 

1.5 to 3 times. Normally the average drilling time for a deep well is 49°/o. With 

three fold increase in the rate of penetration, the drilling time will be reduced to 

16.33°/o, i.e., 32.67°/o of the rig time is saved. Due to the assistance of jet drilling, 

the load on mechanical drilling is considerably reduced. This will certainly 

enhance the bit life and reduce tripping time. So the final saving of the overall rig 

time will be definitely greater than 32.67%. 
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Table 9.1 -Average Cost per well by depth intervals in The United States11 

(Thousands of Dollars) 

Avg. 

cost 

Year Depth Interval (Feet) for 

total 

wells 

drilled 

Under5000 5000-9999 1 0000-14999 15000-19999 Over 20000 

1986 89.7 420.0 1598.6 4824.5 13022.1 364.6 

1987 87.0 335.1 1282.0 3326.1 12737.8 279.6 

1988 98.0 365.7 1466.3 3970.9 9574.9 354.7 

1989 102.1 395.4 1553.7 4104.4 13924.1 362.2 

1990 119.8 438.9 1455.9 3915.0 11849.5 383.6 

Table 9.1 shows an increase in cost from $119,800 for a well under 5000 

ft, to $11,849,500 for a well over 20,000 ft in the year 1990. The average cost for 

total wells drilled during 1990 was $383,000. Directly relating overall rig time to 

costs, a 32.67% saving in overall rig time would yield a $125,322 saving in the 

average cost for total wells drilled. Therefore, the average cost for a well can be 

reduced from $383,600 to $258,277. 

This cost saving will be much higher for deeper wells. The cost as the 

table shows for a well deeper than 20,000 ft is $11,849,500. A 32.67°/o savings in 

terms of dollars will be $3,87 4 ,786. Therefore the costs for a 20,000 ft plus well 

can be reduced from $11,849,500 to $7,974,713. 
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The table shows an annual escalation in costs. Projecting these values for 

the years to come would certainly indicate higher costs. So this tool can certainly 

be a greater cost reducer in the future years. 

Since the drilling time is reduced by 33o/o, the risk to the environment, and 

safety hazards would be reduced by a like amount, as the drilling rig would be 

employed for lesser time. 
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