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ABSTRACT

More and more wells  drilled today are moving towards horizontal and deviated profiles.  Over 30% of the rigs in US drill horizontal wells. Over the last decade rotary steerable systems have proven to be cost effective, efficient and reliable technology to drill horizontal wells. But unfortunately more than 50 % of the horizontal wells drilled today are in the range of 10 -15deg /100ft curvature rates, which is well beyond the capability of any rotary steerable systems in the market. Hence operators have to depend on the traditional positive displacement motors to drill these wells.

This paper outlines the operating principle of next generation drilling technology. This unique and novel steering technology   is capable of delivering reliable and consistent dog legs of up to 15deg /100ft in soft or hard formation with all the benefits of a fully rotating rotary steerable system.  This paper also discusses the case studies of the wells drilled using this technology during field trials.

INTRODUCTION

Rotary steerable systems have proven to be efficient drilling machines due to their ability to eliminate slide rotate profile resulting in smooth well bores, and the advantage of  continuous rotation of drill string resulting in good cutting transportation .However maximum consistent dogleg severity of the RSS is limited. For example in case of a 81/2in or 83/4in hole section the maximum dogleg severity  of  RSS available in the market from  major service companies is about 6 to 8deg /100ft.  

Graph 1 shows the effect of Dog Leg  Severity  on True Vertical Depth and Horizontal displacement.  A traditional RSS at max DLS capability will require almost twice the horizontal displacement to land the well compared to that of a motor at 15deg/100ft.

Graph 2 shows the trend of Rig activity in US moving away from vertical drilling to horizontal and deviated drilling. More than 50% of these horizontal wells are drilled at 10-15deg/100ft.
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 Graph 1: Effect of DLS on Horizontal Displacement to land the well 
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    Graph 2: Trend of Rig activity in US

Based on the market need and the technology gap of the existing rotary steerable systems in the market, a project to develop high dogleg RSS was launched. 

PRINCIPLE OF OPERATION

Traditionally, all RSS are divided into Push or Point the Bit systems. Push the Bit systems are generally simple and involve a mechanical device that pushes against the borehole wall misaligning the axis of the tool to the borehole axis to deliver the force at the bit to deviate the wellbore in the desired direction. Due to this, Push the Bit systems are very much affected by the environment, such as formation type and borehole profile. Point the Bit systems are complex mechanically, with an internal “bend” in the tool causing the misalignment of tool and borehole axis which results in the directional response. Due to the internal nature of the bend, these are less prone to the environmental effects.

The new High Dogleg RSS (Figure 1) is a hybrid system that combines the best features of Push and Point the Bit systems and is capable of delivering consistent and reliable high DLS in soft or hard formations. In order to maximize the RSS benefit, all components of this system rotate fully with the drill string.  In steering mode, the electronics stabilize a geostationary valve that diverts about 4 -5% of the mud to the pistons internal to the Steering unit. When energized, the pistons strike against the inner diameter (ID) of the steering sleeve. The amount of deflection of the steering sleeve is limited mechanically and electronically. The sleeve is hinged on a universal joint which is the heart of the system. Universal joint has 2 degrees of freedom and is placed close to the bit. It acts as a pivot point and points the bit in the desired direction. In neutral mode, electronics rotate the valve continuously, and the bit force is uniformly distributed along the borehole wall, as well as along with borehole axis. 
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    Figure 1: Sketch of High dogleg RSS

PRODUCT QUALIFICATION

High Dog Leg RSS was designed to keep the total mechanical components to minimum in order to maximize reliability. Each and individual component of the system was qualified by destructive testing to million of cycles in the test facility at load conditions. 

After component level qualification, the system as whole was further subjected to environmental qualifications. Some of the environmental qualification testing includes testing at pressure and temperature, subjecting tool to level 3 shocks environment, erosion testing with sand content in the mud, testing the functionality of tool with lost circulation materials.  All these tests were done to the required specifications of the product.

Once the mechanical integrity of the tool was proven, many drilling tests in a horizontal drilling facility in the research and development center were conducted. The main aim of these  in house drilling tests was to ensure that the tool responded to the steering command in consistent manner. After this the tool was taken to Schlumberger drilling rig in Cameron Texas to drill an engineering test well.

TEST WELL 1

The first test well was drilled in the test Rig with the main objective of testing the ability of the tool to deliver consistent high dog legs of up to 15deg/100ft and perform openhole sidetracks.
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Figure 2shows the plane and section view of the first test well. Graph 3 & 4   below summarize the results of drilling main and sidetrack holes. Shown in the graphs are trend of Inclination, Azimuth, Dog leg severity, Surface weight on bit (SWOB), along with the type of formations drilled, shale (dotted yellow) and sand (dashed blue).
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Figure 2: Plane and Section view of first test well

[image: image10.emf]                    Graph 3: Main hole drilling results

   Graph 4: Side track hole drilling results

The main hole drilling (shown in blue curve) started off with a vertical hold followed by a kick off at shallow depths, Closed loop Inclination hold trajectory testing, and finally the tool was tested for its response at various tool face settings in quadrant 1 and 2, there by changing the well bore azimuth by almost 90 deg. Once this was complete, a wireline log was run to TD without issues callipering the well bore.

Then, the most challenging spot for an open hole sidetrack was picked on the main well bore – i.e. the tangent section with no DLS change. Once sidetracked (max 4 deg DLS), the tool was tested for its linearity in dog leg at various tool face settings in quadrants 3 and 4 and while doing so the well path was turned by 180deg. Then the well was drilled near to horizontal prior to calling TD.

Following are the observations and conclusions after drilling the first test well:

· The system can kick off accurately form vertical 

· High DLS can be delivered, even in soft formations which can hardly hold any weight ( 0.5 – 2Klbs) 

· Closed loop Inclination hold can be executed with accuracy of +/-0.5deg 

· Consistent DLS to a minimum of 15deg /100ft DLS can be achieved with high or low WOB, or in sand or shale in any TF setting 

· Controlled open hole sidetrack, even in the most challenging places in the well bore without creating excessive DLS

· Electric logs were run on wire on the main well bore, even with 90 deg turn in the azimuth to TD without Issues, indicating a smooth borehole profile. 
TEST WELL 2

The second test well was drilled with the main objective to  drill to a plan and to prove the ability to control doglegs and soft land the well bore at a target depth. Figure 3 shows the plane and section views of the results from the second test well. Blue trace here is the planned well path and the red trace is the actual well. Graph 5 shows the detailed plot of Stationary and Continuous surveys, DLS, ROP and SWOB.

The well was dropped from about 20 deg inclination to vertical and then kicked off to build and land at horizontal. Tool successfully completed the well path as shown in Figure 3.

Following are the conclusions from the second test well:

· The system is directionally versatile and is  capable of dropping , building and drilling laterals without issues

· Smooth control of Dogleg severity is possible to land the horizontal wells precisely in the target TVD

· The system is robust enough to withstand high stick slip levels without any detrimental effect on DLS.
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Based on these results, enough confidence was gained to start the field test in client wells.

CASE STUDIES FROM FIELD TEST

Overview

In 2008, Southwestern participated in 81 wells in its conventional Arkoma drilling program, of which 67 were successful and 8 were in progress at year-end, resulting in a 92% success rate and adding new reserves of 37 Bcf, excluding revisions. Net production from the company's conventional Arkoma properties was 24.4 Bcf in 2008, compared to 23.8 Bcf in 2007 and 20.1 Bcf in 2006. Production over the last few years from the basin has risen as new production stemming from Southwester’s drilling program has more than offset the natural production decline from existing wells. 

Geological detail 

The target formation of the wells in NW Arkansas has all been to the Hunton sand of the Atoka formation, a carboniferous Pennsylvanian sequence. Wells B & C were drilled in this formation. Well A was drilled in the Fayetteville shale. It is an unconventional gas reservoir located on the Arkansas side of the Arkoma Basin, ranging in thickness from 50 to 550 feet and ranging in depth from 1,500 to 6,500 feet. The shale is a Mississippian-age shale that is the geologic equivalent of the Caney Shale found on the Oklahoma side of the Arkoma Basin and the Barnett Shale found in north Texas. 
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DRILLING ISSUES

In Fayetteville typically a well is spud and air drilled to kick off point with spud rig. The kick off point is normally in the morrow on shale below the abrasive basal hale (channel sand). Dog leg requirements are usually in the range of 10 deg /100ft and a positive displacement motor is used. 

Key drilling challenges faced are:

· Poor hole cleaning and stuck pipe incidences due to :

· Long slide intervals required to get 10 deg /100ft 

· Lower RPMs used with large bend motors ( 1.83/ 2.12 )

· Drop in build rates in the transition zone in upper Fayetteville up to 30% due to formation effects

In case of NW Arkansas abrasive formations combined with rough drilling conditions pose major drilling issues.

The High Dog Leg RSS was deployed to specifically address these challenges.

Well A

The objective of this well was to kick off from vertical and build at 10deg/100ft to landing point and drill lateral. Detailed planning was done in the primo phase that included hazard identification, proper bit selection, good hydraulics design, torque and drag studies, BHA design and contingency plans. Shown below is the typical High Dog Leg BHA.
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MWD      STAB     FLEX        FLOAT
          HighDogleg RSS             Bit
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The well was successfully kicked off from vertical and DLS obtained were as planned about 10-11 deg /100ft. As the BHA entered the upper Fayetteville shale, there was a drop of 30% in DLS as with conventional BHAs to about 7 to 8deg/100ft. The BHA was pulled out for a bit trip and the same tool was run again with new bit and the DLS increased to about 13 to 15deg /100ft. Note that the tool responded equally well at no stick slip and at 250% stick slip conditions. Once landed about 2500ft of lateral was drilled with the tool prior to tripping out of hole.

Figure 6 shows the well path and the summary of drilling in graphical form and Figure 7 shows the well Section view of the drilled well.
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Well B

The objective of this well was to drill a curve and land a horizontal well with a consistent DLS and to deliver at a maximum of 10 deg/100ft DLS.  Well was  kicked off  with steering ratio at a maximum of 60 to 70% and landed at target TVD without any issues. Note the perfect overlay of Continuous and stationary inclination and azimuths in Figure 8 indicating the smooth borehole. This well was drilled into the Hunton Sand formation of the Atoka 




Well C

SEECO had seen very positive results on production rates from extending horizontal lateral lengths and using closer perforation cluster spacing in completions. Based on this one of the mandates for drilling the wells is to increase the reservoir drain length whenever possible. 

One of the key benefits of a RSS is to deliver smooth wellbore and hence reduce T&D. Hence SEECO decided to deploy RSS from Kick off point till TD of Well C even though the well path only called for 8.4deg/100ft DLS to fully evaluate the benefits of combining conventional and high dog leg RSS.

The well was drilled straight out of an open hole whipstock with the high Dog Leg RSS. Build rates were maintained at about 9deg/100ft and the well was kept ahead of the curve in case of unexpected drop due to formation effects. Power setting for the tool was kept about 70% and the well was landed on planned TVD. Maximum DLS in this section was 10.47deg/100ft. 

BHA was POOH and conventional RSS was used to drill the lateral. Due to low T&D experienced as the lateral was drilled, the TD of the section was increased by 700ft.  Conventional RSS was POOH and pipe was set at TD without any issues. Due to the extended drain length the production from the well has increased significantly. Based on T&D analysis was carried out it is determined that use of RSS has resulted in decrease of OH Friction factor from 0.35 to 0.22.  This translates to a reduction in Friction factor by a 33%.

This significant decrease in Friction factors resulting in increase in production will be the way forward for SEECO to maximize ROI.

Figures 10 ,11 summarize the well in  graphical form.




CONCLUSIONS

Based on the results from the test well and the field trial wells, we can see that the fully rotating High Dog Leg rotary steerable system has proven its capability to:

· Kick off accurately from vertical 

· Deliver consistent , reliable and controllable doglegs of 0 to  15deg /100ft in soft, hard or inter bedded formations, and under high stick slip conditions 

· Precisely land the horizontal wells  

· Perform open hole sidetrack, with good control over DLS

· Deliver smooth and good quality well bores that directly results in increased value to operators.
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         Figure 3: Plane and Section view of second well 
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Figure 4: Stratigraphic Column 
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       	  Figure 7:   Section view of Well A





         	         Figure 6: Summary of Drilling for Well A 





         		Figure 5: Typical BHA 





         Figure 11: Drilling summary Well C 





         Figure 8: Drilling summary of Well B 








         Figure 9: Section View of Well B 





                   Figure 10: Section view of Well C  





         Graph 5: Drilling summary of test well 2 
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