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Background:

The Pinedale anticline is classified as a low permeability “tight” gas reservoir. The field is located in the Green River Basin in an environmentally sensitive area of Wyoming (Fig. 1).  A stacked fluvial deposition environment created the reservoir of interbedded sandstone and shale.  
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Fig. 1: Location of Pinedale anticline

Due to environmental stipulations, drilling occurred in the North section of the field during the summer on an area known as the Mesa.  Around mid-October the rigs would move south ten to twenty miles for winter operations and return in early May.  This movement of the rigs provides a migration path for animals.  The field has been developed using pads where multiple wells are drilled to minimize the surface disturbance.  Significant development started with forty-acre spaced wells.  As the field has been developed the spacing has decreased to twenty, ten, and possibly five-acre spacing.  

The wells are S shaped and drilled vertically through the reservoir section from 7,500 ft to 13,700 ft TVD.  The reservoir section is drilled underbalanced with oil-based mud in six-inch hole or slimhole.  The mud weights range from 10.5 to 13.5 ppg. Through the reservoir section the rock has confined compressive strengths ranging from 50,000 to 70,000 psi. These hard abrasive sands have historically been slow and difficult to drill often requiring several bits.   The hard rock and transitional environment of a fluvial system has created difficult vibration challenges that produced additional wear on the PDC bits.   Slow-speed mud motors are utilized for performance improvements to help mitigate vibration effects and provide torque at the bit.  As the cutters have developed there have been increases in both ROP and footage.  

A typical Pinedale well is drilled in twenty-seven days, approximately 220 hours drilling the reservoir section.  As the field has developed the improved drilling performance and therefore lower costs brought about by the new PDC bits have made it more economical for down-spaced wells to access smaller reserves.   

Technology: 

PDC bits in the Mesa slimhole section face a highly interbedded section of sandstone and shale with high confined compressive strengths, which lead to impact damage and high levels of abrasive wear. These threats undermine the cutting structure integrity of PDC bits, which in turn can cause short, slow runs. To improve bit performance, advances in design and materials technology have been implemented with regard to bit blade geometry, stability, polycrystalline diamond cutters,  and thermally stable polycrystalline (TSP) gauge designs. 

The changing formations continuously redistribute the operating loads across the face of the bit during drilling, which causes high point loading at certain instances and can initiate bit instability. The new slimhole PDC bits incorporate application-specific blade geometry and enhanced stability features developed from computer simulations, full-scale laboratory drilling simulations, and verified through field testing. In the Mesa slimhole application, the lower shoulder and nose regions of the bit blade typically experienced the highest levels of impact damage and wear. The new blade geometry uses longer radius transitions from the cone through the shoulder to provide a better distribution of PDC cutters across these regions of each blade. Longer radii mean more cutters can be placed on the shoulder and nose to better distribute the drilling loads and more evenly spread the work requirements of each cutter. This is important because it greatly reduces the likelihood of overloading cutters during the transitioning between formations. To further protect the cutting structure of the bits, enhanced stability features such as computer-optimized cutter placement analysis and an increased lateral stability feature are also used. Computer modeling of drilling dynamics has long been used to predict bit stability and guide the bit designer. However, now the process has been automated to iteratively move cutting elements on a bit design a thousand times analyzing each version to find the most stable orientation of cutting elements using a new stability optimization software. This significantly reduces the design optimization time and supplies the optimum cutter layout for any design automatically. Complimenting the optimized cutter placement is an increased lateral stability feature. This feature is an area of bit body material around the shoulder and gauge cutters projected closer to the formation such that it can absorb part of the impact of lateral instability and limit the depth of cut achievable by the shoulder and gauge cutters. This acts to dampen lateral vibration and protect the cutters.  All of these design features combined work to maintain the cutting structure integrity to ensure longer runs. 

To further push PDC bit performance, advanced PDC cutter technology was developed to address the high abrasive wear and impact challenges that cannot be completely resolved by bit body design. Prior-generation PDC bits exhibited high levels of wear and edge chipping of the cutters, which limited the overall bit performance. The new cutter technology employs material and design developments to maintain an efficient cutting structure through the life of the run. 

Development of a new diamond feedstock combined with an optimized sintering process produced a cutter with a step change improvement in overall performance. The research team worked with a variety of diamond feedstock mixtures evaluating each one to produce a new diamond table with enhanced abrasion resistance. The new feedstock incorporates a grain structure comprising significantly finer average diamond grain size than previous-generation PDC cutters. New manufacturing and sintering processes developed in conjunction with the new feedstock improve the quality of the sintered diamond and the integrity of the final cutter. To further enhance the abrasion resistance of the cutter, the surface of the diamond table is leached adding a higher level of thermal stability by removing the cobalt catalyst. These features combine to form a cutter that stands out as the next generation in PDC cutter abrasion resistance in both the lab (Fig. 2) and the field. Fig. 2 shows results from an in-house rock lathe wear test comparison between the new PDC technology used in this application and a previous-generation PDC cutter used in the Mesa slimhole section. 
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 Fig. 2: Lab performance of next-generation PDC in abrasion test

The new PDC cutter design focused on maintaining cutting efficiency and durability through the entire run by using a thinner diamond table and a new interface to better optimize the stress distribution within the table. A thinner diamond table reduces the cross-sectional area of diamond exposed to formation in the worn state. This is important because as the diamond wears forming a larger and larger footprint on the borehole, the force or weight on bit (WOB) required todrill ahead increases proportionately. Therefore a thinner diamond table reduces the WOB requirements of the bit in the worn state improving the overall efficiency of the bit. To complement the thinner table, the research team designed a new interface geometry between the diamond and the tungsten carbide substrate (Fig. 3), optimizing the balance of internal residual stresses and external applied loads on the cutter (Fig. 4). The interface geometry plays a crucial role in cutter durability by minimizing and controlling the occurrence of residual stresses that arise from the thermal expansion coefficient mismatch between the diamond and tungsten carbide (Fig. 3). Using physical specimen analysis and finite element analysis of previous-generation PDC cutters to steer the design, the geometry minimizes the interaction of the residual stresses and loads encountered during drilling in critical regions of the cutter for both the new and worn states. This greatly reduces the tendency for crack generation and propagation within the cutter during service improving the overall durability of the cutter. In Fig. 4, the residual hoop stresses are shown with dark blue regions indicating the regions of high compressive residual stresses and a few small red spots indicating areas of high tensile residual stresses. The design effectively neutralizes the tensile residual stresses along the cutting edge, which typically contribute to the fracture and failure of PDC cutters.  
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Fig. 3: Next-generation PDC interface between tungsten carbide substrate and diamond table. 
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Fig. 4: Finite element analysis of hoop stresses inside the new PDC cutter

The resulting product of the finer diamond feedstock with optimized processing, thinner diamond table, and optimized interface geometry provides a cutter that wears smooth with higher wear resistance and better durability to reliably maintain a sharper cutting edge longer, translating to longer runs with a higher average penetration rate. 

Finally, with the advanced bit design features and PDC cutter technology, the gauge protection needed to be upgraded to ensure the ability to drill an in-gauge hole on the longer faster runs. Previous-generation bits employed a mixture of tungsten carbide and natural diamond, or widely spaced TSP material triangles across the gauge region of the bit design. These materials and designs did not always maintain their integrity through long, hard, abrasive sections so a new TSP material and design layout were tested and incorporated into the new bit designs for the application. The new TSP discs offer a larger surface area of thermally stable, abrasion-resistant material for gauge protection against the formation. Applying the TSP discs in a new layout with tighter spacing, the new TSP gauge provides a higher diamond surface area than seen on previous bit designs ensuring better gauge protection through the length of the run. 

Performance:

The 6-inch PDC bits have been put to the test in the Warbonnet field with the operator over the past year. These bits are used from 7,600 ft MD to TD and overall the new technology has improved ROP by 28% and distance drilled by 4%. The largest increase in performance has been seen in the interval from 9,300 to 10,500 feet MD where ROP has increased 60% while distance drilled has increased 17%. Out of a total of 13 runs for this interval, 10 were with the new technology (Fig. 5). 
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Fig. 5: PDC bit runs for interval

Fig. 5 shows the PDC bit runs for the interval. Grey dotted lines are the average Depth In, Depth Out and ROP for the entire data set. The new technology has given a visible increase in ROP over the previous technology. 

Recent wells have been drilled with packed-bottomhole assemblies, with between five and six stabilizers. As mentioned in the background section, BHAs include a low-speed, high-torque motor for improved drilling dynamics. Drilling through these very hard formations causes high vibrations throughout the drillstring. Operating parameters have been similar throughout the testing and implementation of the new bit technology. WOB ranges from 8 to 15 Klbs, while rev/min are kept between 75 and 110. Mud is pumped at an average of 210 gallons per minute, with pump pressures around 2500 to 3000 psi. The fact that operating parameters have been constant throughout the implementation helps confirm the effectiveness of the new technology.

The previous technology bits drilled an average of 2,075 ft with an ROP of 24.8 ft/hr, over three runs. The best performance these bits achieved was 2,212 ft at 24.6 ft/hr. Performance improved through this interval when testing of new cutters began. Over four runs with the test bits, average ROP improved 16% to 28.8 ft/hr. The best performing test bit achieved 2,515 ft drilled at 27.9 ft/hr. Performance continued to improve when the new bits were introduced, complete with all updates. This new bit frame increased distance drilled over the test bits by 10% to over 2,200 ft and ROP by nearly 25% to 36 ft/hr. The best performing bit drilled over 2,700 ft at a penetration rate of 37 ft/hr. Overall ROP increased 60% and distance drilled increased 17% going from the previous technology to the new PDC technology.  

Dull conditions, like operating parameters, have remained very similar throughout the implementation of the new technology. Bits have the majority of the wear as abrasive wear over the shoulder of the blades, with IADC grades between 2 and 6. The grades represent the amount of cutter that has worn away in eighths of an inch, so a 4 would indicate half of the diamond table is worn away. The abrasive wear leaves a flat edge along the exposed cutter. The cutters also saw some impact damage, which results in chipping of the diamond table and breaking of the cutter also. The bits were pulled for penetration rate as they neared the end of the interval. Despite the dull condition not improving with the new technology, the fact that the bits are drilling further and faster indicates the new technology is helping to slow the wear on the cutting structure of the bit and allow deeper bit runs.

Conclusion:

Innovative technology has helped the operator realize high savings through a more efficient slimhole bit for drilling high-strength formations. Improvements in blade geometry and stability features help to distribute the cutting forces more efficiently, while new cutter technology and gauge material give the bit more durability and longer life. While the greatest increase in performance was seen with a Depth In from 9,300 to 10,500 ft MD in the Warbonnet field, the same new technology is used on Riverside, Boulder and Mesa wells on the Pinedale Anticline. The operator has seen performance increases of 6-28% in ROP and up to a 30% increase in distance drilled. This technology continues to evolve as operators and service companies work together to reach their targets more efficiently. 
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