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Abstract

Throughout the oil and gas industry, the value of rotary steerable systems (RSS) has easily been quantified due to the enhancement of effective “on bottom” rate of penetration (ROP).  Many other benefits, such as smoother borehole and improved hole cleaning, have been more difficult to equate.

This paper will highlight changes that have been made to the fundamental well trajectory design process to better suit the application of RSS directional drilling systems.  It also quantifies additional benefits that go beyond the more tangible benefits of “on bottom” penetration rates.  These benefits can include using Water-Based Mud (WBM) with RSS tools rather than the more expensive Oil-Based Mud (OBM) systems, and reducing the necessity to rent larger drillpipe or specialty high torque drillpipe.  The ultimate result is a better optimized drilling program with the ability to increase the well complexity without the need for specialty items, products, procedures or a larger rig.

This procedure is completed through an analysis of the different tortuosity levels created by various drilling assemblies while drilling a borehole.  The analysis can then assist in decision-making on what drilling assembly will mitigate the highest risks and at what point in the well to utilize the systems described herein.

This paper will conclude with investigations into actual wellbore data which will give quantifiable optimization figures over traditional drilling assemblies of positive displacement motors (PDM).   The data could in turn be used to extend existing limits in developed fields.

Introduction

The utilization of different directional assemblies and drilling procedures produce different tortuosity levels while drilling a set profile.  The tortuosity values produced by each drilling assembly can be established through the actual data from multiple wells.  From this data, quantifiable tortuosity ranges can be integrated to the planned surveys in order to more realistically represent the actual drilling surveys for future wells.  Each directional drilling tool type and assembly combination may then be classified with respect to its tortuosity characteristics.  This can be used to assess the best drilling assembly for specific sections of the wellbore by optimizing the torque, drag and side-loading for the proposed well trajectory.  In this paper an actual well design has been analyzed by comparing four drilling system configurations. 

The engineering analysis generated provides a clear understanding of the tortuosity and improves the decision-making process as to which type of directional tool and assembly is optimum for overall directional drilling performance.  For example, the process will help decide whether a rotary steerable assembly is best used for the whole well or only for specific sections of the well.  The analysis can also suggest if the use of a PDM in the tangent sections will achieve the well objectives.  Good bottom hole assembly (BHA) planning can significantly reduce the overall side forces and surface torque of the wellbore.  The study also illustrates findings in comparing the stresses produced by J-shaped (Vertical Section, Build, then Tangent) vs. S-shaped (Vertical Section, Build, Tangent, Drop and vertical) wells designs.

Actual post-drill well data was reviewed in order to analyze the reasons for a problematic, high surface torque that was experienced during the drilling of the latter portion of a well in the Gulf of Mexico.  This well was drilled with both PDM and RSS assemblies in different portions of the profile of a J-shaped well design.  The data from this offset well was used to calibrate the extent of the torque increases for each assembly type used over each portion of the well.  This data demonstrates that the use of a rotary steerable assembly in the upper portion of the well reduced surface torque more significantly than utilizing a rotary steerable assembly at depths deeper during a tangent section of the planned well.

Well Planning

The BHA may be optimized during the pre-drill planning phase for possible wellbore trajectories to give the greatest benefit to the overall performance of the well.  This is completed through an analysis on the different tortuosity outputs that various drilling assemblies create while drilling a borehole.  This technique produces a theoretical set of engineering data for analysis of how a RSS will optimize the well and reduce risks.

Tortuosity Utilization for Planning Phase

To date a review of actual drilling assemblies has led to standard tortuosity ranges based upon the tool type and the operation at the time of use.  Table 1 illustrates normal tortuosity levels for various tools. (This table excludes specialized bits such as Bi-Centers and specialized drilling such as utilizing a hole opening device or reamer behind the drilling assembly or Casing While Drilling.)

	Average Tortuosity Observed with Tool Type
	Vertical and Hold
	Build and Drop
	Turn only

	Positive Displacement Motor
	0.75°/100 ft
	1.5°/100 ft
	1.0°/100 ft

	Rotary Steerable System
	0.35°/100 ft
	0.5°/100 ft
	0.5°/100 ft


TABLE 1:  Tool Produced Tortuosity vs. Profile

Utilizing this table; a typical well profile can be evaluated by comparing Torque and Drag Analysis of the plan against the size and horsepower of the rig and associated drillpipe and BHA, as well as the planned mud system.  All of this should be evaluated in order to utilize the correct directional drilling assembly to benefit the overall well development.  

In order to produce the final engineering analysis, the expected tortuosity is placed into a program using the above table for the different phases of the well profile.  This creates a survey output of the well design which will be used as input to the analysis of engineering results.  The  output reviewed will be “on bottom” drilling, tripping out, reaming out, the overpull available when total depth is reached,  and the tripping load analysis. For “on bottom” drilling Surface Torque, Side Forces and Stresses will be reviewed as these will determine the drill string and rig rotary system that must be used to determine if total depth can be reached.  For this analysis, multiple cases would be reviewed based upon utilizing different tools for different sections, and then a comparison would be made to evaluate each case study.  In order to make a like comparison the variables of friction factor, Weight on Bit, and Bit Torque will be kept constant against all the cases.

The analysis comparison will determine if a rotary steerable assembly can help optimize the well design or if any benefit other than “on bottom” ROP will be noticed. 

Case Study – Tortuosity Used for Planning

A case study was completed comparing an S-shaped well and J-shaped well.  In both well instances there was a 15° inclination nudge from 1300 ft to 4200 ft where verticality was resumed.   The final total measured depths reached were 19,358 ft and 19,408 ft respectively, and those profiles can be seen in Table 2.   Both well profiles are typical in the Gulf of Mexico and areas for concern would be the vertical section, where it is difficult to maintain true verticality, and the build/drop sections, where higher dog legs can create excess side-forces and increase friction in the wellbore which can cause more torque and drag on the drillstring.
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(ft MD)

To      

(ft MD)

S-shaped J-shaped

0 1100 Vertical Vertical

1100 4170 Build/Drop Build/Drop

4170 11222 Vertical Vertical

11222 12984 Build/Drop Build/Drop

12984 15729 35° Tangent 35° Tangent

15729 TD Drop to 0° at 19358.34 ft MD Hold 35° to 19408.29 ft MD

Table 2:  Depth vs Section Profile

Depth Profile at each interval depth of plan


Both wells were run against four different cases in which PDM and RSS BHAs were utilized in different portions of the wells.   (See Table 3 for S-shaped well and Table 4 for J-Shaped well BHA comparisons)  Tortuosity was added to the well plans based upon Table 1 for a final engineering analysis.   As seen on Table 5, the conclusion of this exercise illustrated that the greatest benefit achieved was the use of RSS in the shallow part of the well design, as in Case 3 and Case 4.  In the instance of Case 2 where RSS was utilized in the final sections from 4200 ft to total depth, no optimization was noted.   This exercise also illustrates that the best plan to get to the target was a J-Shaped well over the S-shaped well which produced higher side forces and in which lower over-pull was available.
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From To       Tool  Tortuosity Tool Tortuosity Tool  Tortuosity Tool Tortuosity

(ft MD) (ft MD) °/100 ft °/100 ft °/100 ft °/100 ft

0 1100 PDM 0.75 PDM 0.75 PDM 0.75 PDM 0.75

1100 4170 PDM 1.5 PDM 1.5 RSS 0.5 RSS 0.5

4170 11221.59 PDM 0.75 RSS 0.35 RSS 0.35 RSS 0.35

11221.59 12983.83 PDM 1.5 RSS 0.5 RSS 0.5 PDM 1.5

12983.83 15728.82 PDM 1.5 RSS 0.35 RSS 0.35 PDM 0.75

15728.82 TD PDM 0.75 RSS 0.5 RSS 0.35 PDM 0.75

Table 3: S-Shaped Tortuosity Profile Utilized

Depth

S-Shaped Well
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From To       Tool  Tortuosity Tool Tortuosity Tool  Tortuosity Tool Tortuosity

(ft MD) (ft MD) °/100 ft °/100 ft °/100 ft °/100 ft

0 1100 PDM 0.75 PDM 0.75 PDM 0.75 PDM 0.75

1100 4170 PDM 1.5 PDM 1.5 RSS 0.5 RSS 0.5

4170 11221.59 PDM 0.75 RSS 0.35 RSS 0.35 RSS 0.35

11221.59 12983.83 PDM 1.5 RSS 0.5 RSS 0.5 PDM 1.5

12983.83 TD PDM 0.75 RSS 0.35 RSS 0.35 PDM 0.75

Table 4: J-Shaped Tortuosity Profile Utilized

Depth

J-Shaped Well


This type of study of different profiles and different BHAs used at different depths can assist in choosing RSS and PDM BHA based upon the tubulars required and the basic rig type that is available.  This well exercise shows that in regard to the surface torque it is possible to assumed that 5 in. Drill Pipe can be used for the entire well with no rig time required to pick up specialty pipe.  This is true only in Case 3 and Case 4 for both well profiles.  If Case 1 or 2 were to be utilized there is a high risk of requirements for higher torque connections on the Drill Pipe and Casing Protectors as the side forces are highest through the nudge.  It further illustrates that the J-shaped well will have fewer side forces and that the use of RSS the entire way shows only a small increase in benefits. An alternate option would be to utilize a PDM through the final build and tangent.  
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TD at 19358.34 ft MD TD at 19408.29 ft MC

Case 1 Case 2 Case 3 Case 4 Case 1 Case 2 Case 3 Case 4

Buckle

No No No No No No No No

Surface Torque

30.91 27.5 23.7 24.18 29.37 26.35 23.74 24.67

(K ft-lbs)

On Bottom Side Force

5.05 5.5 2.59 2.89 4.9 5.06 1.89 2.36

Drilling (k lb/30 ft)

Stress

65.16 62.7 59.28 62.77 62.06 59.86 61.08 60.81

(% tensile yield)

Trip Out Side Force

7.1 7.03 3.93 3.54 7.09 6.43 3.19 3.06

(k lb/30 ft)

Ream Out Stress

83.65 81.65 76.68 75.43 84.35 78.87 74.61 77.01

(% tensile yield)

Over Pull Max. Overpull

35 40 45 60 40 60 75 65

(K lbs)

Tripping  Max Hookload

545.53 533.82 524.11 526.57 533.53 522.4 514.27 516.38

Load (K lbs)

Analysis

* Value in Red color means it is over recommended limit or safety factor.  The value in Green is inside the limit.

Table 5:  Torque and Drag Value with only Tortuosity Changed


Quantitative Case Study – RSS Utilization to lower Torque

During the drilling of a well in the Gulf of Mexico off a multi-slot platform, a post-drilled analysis was completed due to high surface torque.  The planned well trajectory was J-shaped with a 42° inclination hold and a build section of 2.5°/100 ft dog leg severity (DLS) at the 4000 ft kick-off point (KOP).  As this well was off a platform, many collision risks were associated with it and a 700 ft nudge to the north was required.  During the course of the engineering analysis, it was noticed that a Surface Torque of 36.74 k ft-lbs was predicted at total depth (TD).  This exceeds the recommended make-up torque of the 5 in. drillpipe and would cause problems on an older generation jack-up rig, as well as with the limits on the topdrive load.

Following the above discussed tortuosity study, the use of a Vertical Rotary Steerable System was recommended in order to navigate through the high collision risk platform, avoid the nudge and reduce the predicted surface torque.  The RSS allowed optimization of the well plan and was capable of lowering the final surface torque.  A PDM would not have been able to lower the surface torque to acceptable values as it is impossible to maintain true verticality with this drilling system.   At the 4,000 ft kick off a PDM was required due to the magnetic interference associated with the close proximity of the other wells, and RSS was utilized for the long tangent section.

The surface torque was monitored while drilling, which necessitated the calibration of friction factors.  A real-time tripping load analysis was compared to actual pick up and slack off weights in order to ensure that the friction factor calibration was accurate.

The final predicted Surface Torque was 28.0 k ft-lbs and the maximum value during the drilling of the well was 27.0 k ft-lbs.  As seen in Figure 1, the various sections drilled are illustrated with the corresponding cumulative surface torque associated with each section.  Figure 1 illustrates the amount of torque increase starting from the bit torque at the “PDM Tangent” of 3.0 k ft-lbs, shown at the bottom of the graph, and accumulating in the surface torque of 28 k ft-lbs at the “conductor”.
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Figure 1:  Surface Torque vs Measured Depth 

Utilizing Figure 1, the slope of surface torque was calculated (Table 6) for every 100 ft and from these values the amount of optimization can be quantified.  The use of the RSS through the tangent provided a 25% reduction in Surface Torque for a reduction of 2.0 k ft-lbs over the PDM section.  The use of Vertical RSS in the upper sections of the well shows an overall reduction of 6.5 k ft-lbs (when the value of a return to vertical of 0.19 k ft lbs per 100 ft is used).  As can be seen, the use of RSS in the upper section of the well allowed the operator to reach the intended goal without the need to use OBM systems.
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Depth In Out Surface Torque every 100 ft

Conductor 406 27.97 26.47 1.5 6.52

Return to Vertical 694 26.47 25.17 1.3 0.19

PowerV 2900 25.17 24.67 0.5 0.02

PDM Build 1800 24.67 16.57 8.1 0.45

PDM Tangent 700 16.57 13.37 3.2 0.46

RSS Tangent 6939 13.37 6.77 6.6 0.10

PDM Tangent 673 6.77 2.97 3.8 0.56

Bit Torque 2.97 k ft-lbs

Surface Torque 

Table 6: Calculations of Surface Torque per 100 ft


If a nudge had been required due to the collision risks, lower frictional factors, utilizing OBM, would have been required to reach the target sands.  This well required 4,000 ft of 5-1/2 in. drillpipe due to the increase of surface torque above make-up torque for the 5 in. drillpipe.  Post well analysis utilizing tortuosity, planning showed that if a 1.5°/100 ft dog leg severity (DLS) had been used for the build, this could have been avoided.  This lower DLS plan had a lower overall surface torque which was predicted to be 25 k ft-lbs.
Conclusions
In the instance of the actual well drilled, a more complete and detailed analysis of the drilling program, directional profile and planned BHAs could have yielded a profile that allowed for the use of the WBM without any changes in the 5 in. drillpipe or the need for higher torque connections.  The data illustrate that the use of RSS in the shallower portions of the wells can be of greater benefit to the optimization of the wellplan than the deeper RSS usage, as it relates to the tortuosity of the wellbore.   In review of the footage drilled with the RSS through the tangent, once the target was assured the final motor assembly could have been used for a larger portion of the tangent  since  little optimization occurred through this later section. 

 In well planning it is important to review different case scenarios with the use of PDM and RSS tools in order to optimize the added benefits to the well.  In adopting this analysis of using tortuosity for case studies, well plans can be better optimized for the rig type and the drill pipe requirements.  

This study illustrates how the use of RSS can contribute to more than just “on bottom” penetration rates. It can add significant cost savings in the well through the choice of mud systems, drillpipe, and type of directional systems used, and can even influence the completion program for the well.  
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