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Current three-dimensional well trajectory models represented by the minimum curvature method (MCM) tends The proposed Advanced Spline Curve T, has the ability to compute wellpath trajectories with high accuracy In summary, the ASC model shows excellent precision and significant improvement in calculated position of a
to mathematically smoothen the wellpath between survey-stations creating an artificially low tortuosity while and post-drilling and continuous up to the third order derivative (C3) at any point along the entire borehole and to the calculation of tortuosity than currently used methods. Hence, increased borehole position
expressed as dogleg severity (DLS). This can lead to the miscalculation of the actual true vertical depth (TVD) wellpath. The mathematical steps, to compute the wellbore positions TVD, northing and easting coordinates, accuracy from while drilling surveys is possible with the ASC calculation method. This provides the possibility
and undereStimate the torque and drag (T&D) Output. A robust three-dimensional .trajeCtOI'y mOdel, the tOrtUOSity and rugOSity, are outlined below. for reduced borehole path uncertainty for Comparison to the hlgh resolution continuous surveys therefore
Advanced Spline-Curve (ASC) model, has been developed by the Colorado School of Mines to overcome these 1) Compute the tangent vectors N 1 h b e increasing the confidence level in the definitive survey. In addition, the comparison of the data sets provides
limitations. The ASC model provides realistic results and accurately calculate the spatial course of the wellpath. p & ) Integrate T(s) to compute the wellbore positioning: gross error detection with up to 50% improvement in complex wells compared to the MCM (Fig 7).
Th§ prin.cipal method proposed using the ASC quel 1S a step toward more ac.c1.1rate representation of Wellbqre ?\Ei sing; sinf; | A hi® _— h;® - hi* . ' Field Case 1 Field Case 2 Field Case 3
trajectories, as compared to other methods using constant curvature, minimum curvature or tangential Ai = \ N | = |sind; ;;)561 , 1=0,.,n (1 S+t - R 2 Ei 3 Ei 4 Ei : — : _ :
. . ey . . . . cosd; _ _ _ . . =
calculations. The calculated trajectory utilizing ASC model guarantees continuity along the entire wellpath with Wh e Y(sp) = z j T(s)ds = = hAy. + h;BN_ n h#cN. n h;DN_
significant better accuracy. These findings allow better wellbore positioning, more realistic tortuosity and the cre. i=0 5, j=0 | J° h??g 4h- . g = o z
introduction of a rugosity measurement. This helps to evaluate drilling equipment and procedures while drilling ¢+ inclination (* ), 6;. Azimuth (") hiATyp; + %Bwni + ?Cwni + fDTVDi_ f f f
long-reach horizontal wells and deep verticals. ASC was validated for accuracy using two approaches: (1) Six 2) Set the boundary conditions: 2 Find th 1 derivative of . % o : :
horizontal wells recorded using high resolution continuous gyroscopic (HRCG) surveys recorded at one survey Y ' ) Findt © s.econ erivative of Y(sy) to compute the \
per foot (2) a complex synthetic well example of a known wellbore trajectory. Results from both approaches T(s) = Aj + (s = si)B; + (s = s)*Ci + (s — 5;)° Dy, tortwostty:
favors ASC model to be the most accurate when compared to all traditional methods. s € o5l A=A by b e pene e e e
" There are 4n unknown coefficients: Y"(s;) = 5 h; 6 37 o = ASC Model Field Case 1 Error ® ASC Model Field Case 2 Error ® ASC Model Field Case 3 Error
! Ap —Ap—1 hp4 hp_4 i McM (9868 Survey Points) 16.01 MCM (8502 Survey Points) 611 MCM (14609 Survey Points) c s
Background PR T T B S -
i — M i hi 6 1+1 3 I . 3.58
Cn L _ma-n < = (sl LS, = 1 x 100
» Wellbore tortuosity, defined as the degree of wellbore Clreular Are ! Clreular Are 2 Lo ' 6h | | o 1o e = B ﬁ = oz o
deViation from the Smooth traj eCtOI’y, and Wellbore survey survey . 5) Flnd the thlrd derlvatlve Of Y(Si) tO ComPUte the Wellbore TVD [ft] Departure [ft] Tortuosity [°/100ft] TVD [ft] Departure [ft] Tortuosity [°/100ft] TVD [ft] Departure [ft] Tortuosity [°/100ft]
v defined the d £ wellb diamet station 2 station 3 = Let 7®(s) to be continuous at s, and s,_, rugosity:
fugosity, deliied as the degiee o1 wellbote diametet \ Such that: Fig 7: Field Cases Summary Results
irregularity, are critical elements in determining torque ™~ det[Y'(s;) Y'(s)) Y (s1)]
y . . eqqe surve ) WBR = T =
and drag (T&D) magnitudes in the drilling of long- tation 1 common tangent TG (sy) = T (s;) K%
reach horizontal wells and deep verticals. (Discontinuity) Where:
> Minimum curvature method (MCM) assumes a constant ~ Fig. 1: MCM discontinuity at common tangent T® (sp-1) = T®(sp) Y(s) = 2 o | o |
curvature arc between survey stations (Fig 1). The two  point )= % The drilling industry has for decades enjoyed the use of the minimum curvature method as the standard. With
arcs are sharing a common tangent at the middle survey ame D4 = The following collection of equations are the current advancement of computer technology, the time needed to calculate a wellbore trajectory is minimal.
station (station 2) causing discontinuity in the rate of e / A\ survey obtained ) | ) The improvement 1n borehole accuracy and robustness of the computational method 1s the key to selecting the
tation station — —_— e Nj+ ] — [ 1+ 22— . . . . . .
curvature (second order). This assumption causes an reton o l ol o appropriate model. The following conclusions may be made based on the above analysis and field applications:
oy - d - h% h% A > Th f the Advanced Spline Curve (ASC) while drilli ides multiple advantages to drill;
artificially low tortuosity created from the constant slide \ on ug +ho+h—1 zy + hl_h_l Z; = Vi i € use ot the Advanced spine Lurve ( ) wiitle drilling provides mulliple advantages to driiing
radius of curvature represented by each circle’s radius. rotate \' I _— e efficiency and borehole quality. In terms of drilling efficiency, it increases the calculated borehole
This leads to significant TVD errors accumulate along tt”“’\ Plooooo--ooF diference hi_1zi_q +Ujzi + hiziyy =v;,  i=2,..,n-2 position accuracy over current calculation methods without increasing the number of surveys taken. In
the wellpath (Fig 2) and underestimation of T&D same D, .0 station B 2 2 . : terms of borehole quality, it calculates truer measures of tortuosity and rugosity than current methods
n—-1 n—1 i i4 ; 'y . . oqq°
output. Fig. 2: TVD error — rotation/ sliding patterns <hn—2 “he, >Zn—2 + <un—1 +hy_ g + o )Zn—l = Vp_1 . ! . Si42 .5‘ -3 using the borehole surveys recorded while drilling.
> The discontinuity is one of the main weaknesses of  (Courtesy to A. Jamieson) Fig. 4: ASC Curvature Representation > The ASC provides significant improvement to the accuracy of the calculated position of a borehole and
using the MCM to predict T&D parameters. This is due sl to the calculation of tortuosity and wellbore rugosity using HRCG surveys and the synthetic wellpath
to the assumption that the bending part in the T&D e DosSiel e nei

d I I - d - compared to currently used calculation methods. This improvement delivers value to both while drilling
ASC M oae va ida tl on surveys and final surveys and for both low and high resolution.

equilibrium equation 1s discontinuous at the survey
stations (Fig 3).

» It is suggested that improved T&D models will require During the wvalidation process of — | Ste ps FO F'wWa rd
a robust, more advanced and continuous 3D trajectory ASC model, original data set from |_ vevece | B P e
model. The improved wellbore trajectory model can be High Tortuosity Wells HRCG (1 ft resolution) is sampled | ’ _ » The ASC model improved wellbore trajectory results can be used as an input for a torque and drag (T&D)
used as an input to a T&D model which will help in Local DLS >well curvature to simulate typical drilling surveys. |2 model
evaluating drilling equipment, optimizing the bottom- M More data points was introduced to § , e = Real-time forces that define torque and drag measured at surface and at the bottom of the drill-string is
hole assembly, analyzing the buckling of tubulars, and '}‘_/\/\\ simulate the convergent to more |2 . o e w = required to evaluate / validate the results’ accuracy.
improving the drilling procedures while minimizing accurate solution. According to this |1 | ot S » Splines are a key component of aircraft Automated Flight Manual systems, which is used in aircraft controls.
non-productive time from T&D problems. This pre-processed  data  set, sag | iy Fig 5: Field Case 1: = Using ASC model 1s not only an alternative approach to accurately approximate wellbore trajectories in
process 1s currently under investigation by the ! ¥ correction 1s mnot required as 0 Y v Horizontal Section the oil field; it can also serve as step forward to drilling automation, too.
Colorado School of Mines. Fig. 3: When stiffness start to become a factor? pointed out by ISCWSA when » Propose to the Industry Steering Committee on Wellbore Survey Accuracy (ISCWSA) to evaluate ASC and
predicting wellbore accuracy using gyroscopic tools. 20 — revise the current trajectory calculation model.
M Od el DevelO p me I‘lt - ASC M Od EI ASC model preserves the baseline of the wellpath very well :: — oo
The Advanced Spline Curve T used in this research is a function that consists of cubic polynomial pieces, in 1.01 ft (0.00 to 0.30 m) and 0.00 to 1.79 ft respectively, over |z |
which T, T’, and T" are continuous at all survey stations. During the process of developing this robust 3D the entire wellpath. The overall tortuosity match is of higher g 12 : I Ph.D. Candidate, Petroleum Engineering Department, Colorado School of Mines, Golden, CO,
wellbore trajectory model, the following criterion were taken into account: accuracy compared to MCM with a maximum error along the g 6 |'
1) The mathematical model must have the ability to compute the wellpath trajectory positions TVD, entire wellpath of 8.33°/100 ft compared to 16.01°/100 ft (Fig . | 2 Associate Professor, Petroleum Engineering Department, Colorado School of Mines, Golden, CO,
northing and Easting coordinates along the entire wellpath with higher accuracy . 6). This error is expected due to micro-tortuosity which is N DU S 39&[@\ Ry )
2) The computed curvature must be continuous at the first derivative (C1), the second derivative (C2) and only visible when using a high resolution survey recorded at a ! WO et e 3 Associate Professor, Department of Applied Mathematics & Statistics, Colorado School of Mines, Golden,
the third derivative (C3) at any point along the entire wellpath. This continuity allows the measure of resolution of around 1 foot. In reality no mathematical model . . . CO,
tortuosity and rugosity more accurately and better represent the real drill string configuration for T&D can predict the exact curvature precisely; however, a robust Fig 6: Field Case 1: Tortuosity 4 Consultant and President, DE WARDT & CO, Steamboat Springs, CO,

calculation. mathematical model such as the ASC model provides a more accurate solution than traditional methods. 5 Director of Marketing, Gyrodata Incorporated, Houston , TX,
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