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Abstract

Optimizing the trajectory of directional wellbores is essential to minimize drilling costs and the impacts of potential drilling
problems. It poses multi-objective optimization challenges. Well-design optimization models initially focus on wellbore-
length minimization, but ideally also need to consider minimizing the surface torque during drilling and address, among
other constraints, collision avoidance with offset wells. A novel trajectory-optimization model is described that computes
the separation factor along the wellbore. It employs a genetic optimization algorithm with an objective function that maxi-
mizes the minimum separation factor along the entire length of a wellbore. Plausible well trajectories are identified within
a feasible solution space defined by user-identified constraints. The simplicity and effectiveness of the proposed model are
demonstrated using a case study involving real well data from the Reshadat oil field offshore southern Iran. In the case con-
sidered, a proposed well trajectory is identified as unsafe in terms of its minimum separation factor with an offset well and

is re-planned with the proposed model to achieve a safer trajectory.

Keywords Borehole-collision avoidance - Wellbore-trajectory optimization - Well position uncertainties - Well separation

factor - Multi-objective optimization

Introduction

The gas and oil drilling industry in recent years has become
focused on optimizing its performance from various per-
spectives, in particular safety, cost, time and more generally
achieving the objectives stated in approved drilling plans.
Many optimization models have emerged in recent years
with various objective functions related to key drilling vari-
ables such as weight on bit (WOB) revolutions per minute
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(RPM) rate of penetration (ROP), some focusing on multiple
objectives (Guria et al. 2014; Mansouri et al. 2015; Wang
et al. 2016).

Minimizing wellbore length for complex directional well
trajectories taking into account a range of constraints includ-
ing, inclinations, build rates, azimuths, dog-leg severity
(DLS) and frictional torque on the drill string has been the
focus of several studies (Atashnezhad et al. 2014; Mansouri
et al. 2015; Wood 2016a), some using a range of evolution-
ary optimizers and metaheuristic algorithms (Wood 2016b;
Khosravanian et al. 2018). Well-design optimization also
involves a number of other considerations, such as casing
placement scenarios (Khosravanian and Aadnoy 2016) and
well-collision issues (Wang et al. 2016).

An issue more regularly impacting the industry is the
increase in directional drilling of cluster wells, i.e., mul-
tiple wellbores drilled from a single surface site, both
on land with pad drilling for the development of uncon-
ventional oil and gas resources (Buchanan et al. 2013)
and offshore from field platforms. In such cases, a major
concern is potential collisions between new and existing
wellbores. Collisions between wells can have potentially
catastrophic consequences, particularly if the offset well
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impacted is a producing well. Well planning to avoid col-
lisions has typically used trial-and-error approaches with
close approach warnings leading to certain trajectories
being rejected (Clouzeau et al. 1998). The error and uncer-
tainty in downhole survey measurements has also lead to
an interest in direct downhole detection methods of offset
well proximity (Yin et al. 2015).

Over the past 20 years or more, with the increase in
directional drilling, it has become routine to conduct
anti-collision analysis and risk assessment as part of the
well plan for each new borehole to be drilled (Williamson
1998). This needs to be applied alongside routine wellbore
trajectory modeling (Strgmhaug 2014) as part of direc-
tional well planning. Over the past 40 years many models
have been proposed to analyze the subsurface position of
wellbore trajectories and the position uncertainties and
errors associated with those trajectories (see ISCWSA
2010, for a list of the pre-2011 models).

Wolff and de Wardt (1981) provided a mathematical
basis for determining the subsurface position of direction-
ally drilled wellbores and the uncertainties associated with
such calculations. Although the treatment of errors has
since been refined (Williamson 2000) and is now more
typically based on a probabilistic approach establishing
position covariances between normal distributions of posi-
tion errors (Gjerde 2008; Gjerde et al. 2011), the position
analysis concepts of Wolff and de Wardt (1981) remain
relevant and widely applied. That methodology involves
the determination of the separation factor (SF) between a
reference well and offset wells, which is now recognized
as a key part of common and standard practice in collision
avoidance models (Poedjono et al. 2009; ICSWSA 2013,
2014).

In this study, we further develop an existing wellbore
trajectory-optimization model employing a multi-objective
genetic algorithm (Mansouri et al. 2015) to consider an
anti-collision objective. We include a wellbore anti-colli-
sion constraint to the optimizer taking into account close
approach information with offset wells by calculating the
SF at closely spaced points along a reference well and its
relevant offset wells. The main objective function of this
study is the maximization of the minimum wellbore separa-
tion factor, while recent wellbore optimization studies have
focused on the optimization of wellbore length, torque and
drag, etc. (Atashnezhad et al. 2014; Mansouri et al. 2015;
Wood 2016a; Khosravanian et al. 2018). To demonstrate and
validate the effectiveness of this novel and easy-to-apply
approach, we apply the model to an example well cluster
from an offshore platform in the Persian Gulf. Here, the
anti-collision constraint is applied as the primary objective
function. In practice, that constraint would be one of multi-
ple objectives that would be used to determine the optimum
trajectory of a planned well.

Pielase clla)l auan .
KACST 3.015lq rogle Ll @ Springer

Objective of anti-collision wellbore
trajectory model

The model developed here is designed to plan the trajectory
of a directional wellbore maximizing the separation factor
along the well path in relation to all other adjacent well-
bores. The wellbore example used to describe the model
involves data from a horizontal well drilled into the Reshadat
oil field located in the southern Persian Gulf offshore Iran.
The initial simplistic trajectory design is shown schemati-
cally in Fig. 1. This well is one of 30 wells drilled from the
surface site (platform) making the wells in the near surface
section quite closely spaced and with a high risk of collision
for new well from that surface location.

Avoiding collision between wellbores

Avoiding collisions between wells has become a more signif-
icant problem in recent years, because most wells are drilled
directionally and in unconventional reservoirs the number of
total wells drilled and their spacing has increased. Collisions
between wells can lead to significant downtime, repair costs
and significant potential safety and environmental impacts
with consequential liabilities. Consequently, it is paramount
to avoid collisions between new infill wells and existing
wellbores. In mature oil field, involving a dense collection
of existing wells with complex well paths when considered
in three dimensions, this can be a challenging task.
Determining with accuracy the likelihood of collisions for
a new well with existing wellbores in a field (i.e., from each
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Fig. 1 The vertical plane of a horizontal wellbore trajectory used as
the case study for the anti-well collision model developed. This is a
trajectory for a well actually drilled with a measured depth of 4200 m
(true vertical depth of 2160 m). (A, I, A,, I, are initial and final azi-
muth and inclinations, respectively)
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surface site or platform and nearby well sites or platforms) is
essential to manage and mitigate well-collision risks. Based
on experience with real well planning and execution, we
have developed an efficient and easy-to-apply, anti-collision
model that is consistent with prevailing industry standards
(ISCWSA 2013, 2014).

When planning a new wellbore from any surface drilling
location or platform, it is essential to carefully consider the
trajectories and subsurface locations of all historical wells
drilled in the vicinity. This can be straightforward for loca-
tions where very few wells have yet been drilled. However,
as fields and well sites mature this process becomes progres-
sively more involved and complex. Indeed, for some aging
oil fields hundreds of wells may have been drilled (Poed-
jono et al. 2007, 2009) over a time span exceeding 30 years.
Moreover, the subsurface survey information for some of
the oldest wells drilled may not be reliable, thereby adding
to the overall collision risk.

Anti-well-collision calculations

The analysis of the distances between two wellbores (1)
and (2), where wellbore (1) is the subject or reference
well already in situ, being planned, and wellbore (2) is the
object well or offset well, is referred to as proximity analy-
sis (Fig. 2). Such analysis is traditionally performed using
three distinct methods (Poedjono et al. 2007):

e Normal plane

e Horizontal plane
e 3-D least distance

Subject (proposed)
Well

Horizontal

Fig.2 Proximity analysis of adjacent wellbore trajectories is tradi-
tionally performed using one or more of three distinct methods (after
Schlumberger 2002)

The outputs from proximity analysis involve four key
measurements:

Center-to-center (CC) distance
Ellipse of uncertainty (EOU) distance
Separation factor (SF)

Alert radii (AR)

Center-to-center distance (CC)

CC is the actual distance between the offset well and the
reference well subsurface borehole positions (Fig. 3). The
CC points on each wellbore are assumed to be the center of
ellipses referred to as ellipses (or ellipsoids) of uncertainty
(EOU) as distinguished in Fig. 3 (Poedjono et al. 2007).

Ellipse of uncertainty (EOU) distance

Due to uncertainty in subsurface borehole survey meas-
urements, each survey point along a wellbore is associated
with an uncertainty surrounding that point. Geomagnetic
referencing has made it possible in recent years to obtain
accurate real-time directional survey data (Buchanan et al.
2013). This improved well-survey accuracy has reduced
subsurface position uncertainty for more recently drilled
wells compared with those drilled historically with gyro-
type survey tools (Jamieson 2005). However, survey data
tend to involve more errors in the horizontal dimensions than
vertical dimension and the accumulated position errors of
about 1% of the total measured depth are not unusual. For
long wellbores, this error or envelope of uncertainty can be

EEOU Distance
B

cC
- >

Fig.3 Center-to-center (CC) distance and ellipse of uncertainty
(EOU) distance distinguished diagrammatically
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significant, i.e., in the order 30 m. This uncertainty is typi-
cally expressed as an ellipse or ellipsoid centered around the
survey point, i.e., the ellipse of uncertainty (Muhammadali
2017). The EOU is calculated by survey-positioning uncer-
tainty models (Wolff and de Wardt 1981; ISCWSA 2013,
2014). The EOU distance between two wells excludes the
radii of the EOU associated with each wellbore (Fig. 3). The
EOU is calculated as the CC distance minus the sum of the
EOU semi-major axes of the offset and reference wellbores
(Poedjono et al. 2007).

Separation factor (SF)

SF is a decision metric that involves both of the separation
measures defined between two wellbores at specific points
on each wellbore, i.e., CC and EOU. The separation factor
is calculated using Eq. 1 (Schlumberger 2002).

SF = (CC)/ (Rgou-ofiset + Reou reference) (D

The SF value readily distinguishes the relative proximity
of the EOU on the reference and offset wells, thereby high-
lighting the collision risks:

e SF>1=>two ellipses do not overlap
e SF=1=>two ellipses just touch
e SF<1=>two ellipses overlap

The anti-collision, well-design optimization model pro-
posed uses a limiting SF value of 1.5, i.e., well designs with
SF values of < 1.5 should be rejected because their collision
risks are too high. To calculate a meaningful suite of SF val-
ues, it is necessary to determine multiple EOU values along
the wellbore trajectories of both reference and offset wells.

Alert radii (AR)

The alert radii are used in real time while drilling to warn of
nearby wells that are potential collision hazards as the sepa-
ration distances to nearby wells fall within a specified area
around the well being drilled. The specified areal distance
that establishes the collision-hazard region is defined in
terms of an initial alert radius at the surface. That collision-
hazard region progressively increases with depth according
to a growth-rate relationship linked to true vertical depth
(TVD) as the well drills deeper, thereby defining a growth
cone (Fig. 4). The growth cone’s areal dimensions are typi-
cally defined in a well’s drilling plan according to the oper-
ator’s anti-collision policies or rules (Schlumberger 2002;
Poedjono et al. 2007) and are influenced by the magnitude
of uncertainty (increasing with depth) associated with the
subsurface location-survey data.

Pielase clla)l auan .
KACST 3.015lq rogle Ll @ Springer

Calculated YWellpath

Actual Wellpath

Radius

Fig.4 Growth cone as the radius of uncertainty about the wellbore
position (after Schlumberger 2002; Poedjono et al. 2007)

Wellbore position uncertainty

The issue that increases the need of careful anti-collision mon-
itoring of a reference wellbore over its entire trajectory is the
uncertainty about the wellbore positions of the reference well
and all relevant offset wells. This uncertainty can be caused by
several factors, such as a compass error in the azimuth meas-
urement, misalignment and inclination errors, and depth meas-
urement errors. In the proposed model we apply the Wolff and
de Wardt (1981) model for uncertainty determination, which
is described mathematically by Eqs. 2—17.

For wellbore position (E, N, V) the Cartesian coordinates
and a vector named 4 need to be calculated in each survey
point from the point number 1 down to the point number k
(Wolff and de Wardt 1981) using Eqs. 2-8.

E]l [E] [aE
N|=|N|[+]| AN @)
14 v| |av
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At each depth for which an EOU is required, the matrix
H by Egs. 9-14 also needs to be calculated (Wolff and de
Wardt 1981). Matrix H (with elements &, h,,, etc.) repre-
sents the uncertainty ellipse in each survey point.

hy, = ACLa:, + ACy a3, + ACy a3, + AL,
2 2 2 2
+ (2 = A2 )N* + AL’ DY, )

2
hy =hy, = ACloa”alz + AC20a2]a22 + ACmag,aSz + Al ayay,

_ _ 2 2 2
h3y = hyy = AClOa12a13 + AC20a22a23 + AC3Oa32a33

+ Al aga + (€2 — AIL)EV (13)
hyy = AL ay, + (€7 — AL )V + AL DY, (14)

The constant values typically used in Eqs. 9-14 are
listed in Table 1 (Wolff and de Wardt 1981). In these
equations E, N and V are the Cartesian coordinates of the
wellbore, A and / are the azimuth and inclination and D 4
is the measured depth at each survey point.

The ellipse in the horizontal plane is characterized by
the attitude angle ¢ defined clockwise from north, which
is defined by equation:

The half-axes of the ellipsoid (i.e., that is the half-major
and half-minor axes) in each survey point are then defined
by Egs. 16 and 17.

(hyy cos® @ + hy, sin® @ + 2h,, cos @sin go)o'5
(16)

half-axis (@) =

(hyy sin® @ + hy, cos® @ + 2hy, cos @sin (p)o.s
a7

Theoretically the uncertainty around the wellbore
increases from its uppermost section beginning at the sur-
face to its lowermost section (i.e., at total depth—TD).
This means we have a more uncertain position for the last
survey than the first one. This is illustrated schematically
in Fig. 4. (After Schlumberger 2002; Poedjono et al. 2007).

half-axis(¢ + 90) =

Well trajectory calculation

(10
hyy = AClo a12 + AC2 a22 + AC30 a32 +A 12 &2, Thfﬁ anti-collis.ion modc?l developed here. involves a well-
2\ o I trajectory design algorithm that maintains the reference
+ ( — AL )E® + AL DY, (11)  wellbore at an acceptable distance (i.e., a specified sepa-
ration factor—SF > 1.5) from all nearby offset wells. The
hyy = hy3 = ACTyay a5 + AC3yay ay3 + AC3 a3, a33 We?llboie trajectory callculatit(l)n; ?[iedperforrréeg lfor s1m1;191§gt§/
N 4 (2~ APN.V using the average angle metho ams an arrier .
w1943 (E m) (I2) " Several other methods could be used for determining curved
3D wellbore trajectories (Wilson 1968; Craig and Randall
1976; Adams and Charrier 1985; Bourgoyne et al. 1991;
Table 1 Constant parameters -3 o o o o °
typically applied in the Wolff £(10™) Al ) Ao ) AC0 ) AC ) AC0 )
and de Wardt (1981) model Good gyro 0.5 0.03 0.2 0.1 - 0.5
Poor gyro 2.0 0.2 0.5 1.2 - 2.5
Good magnetization 1.0 0.1 0.5 1.5 0.25 -
Poor magnetization 2.0 0.3 1.0 1.5 5.0+5.0 -
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Guo et al. 1992; Liu and Shi 1997). The calculations for the
average angle method are described by Egs. 18-20.

I +1,
ATVD = AMD X cos — (18)
I, +1 A +A
AN:AMstin( ! 5 2) X COS (%) 19)
I, +1 A +A
AE:AMstin< ‘2 2> X sin <%> (20)

Anti-collision algorithm

The algorithm developed establishes the “closest approach”,
or least distance in three dimensions, between the reference
well and the relevant offset wells to calculate the separa-
tion factor (SF) between the wells. Each EOU is calcu-
lated by applying the Wolff and de Wardt (1981) model
(Egs. 9-14). It then establishes the maximum of the half-
axes (Egs. 15—-17) to define the radius of uncertainty (Fig. 4).
It then uses the defined radii of uncertainty to calculate SF
with Eq. 1.

A genetic algorithm (GA) (Haupt and Haupt 2004; Gen
et al. 2008) is applied as the customized (Mansouri et al.
2015) optimization search engine to find the optimum tra-
jectory for the reference well. The GA initializes a pre-
determined number of solutions (N) as its first population
of solutions to explore the feasible space. For each of the 1
to N initial solutions for the reference well in that population,
the separation factor is calculated between the reference well
and all relevant offset wells. The minimum separation factor
constraint (i.e., SF=1.5 in the case considered) is applied
along the entire length of the reference well. With that con-
straint imposed, the GA objective function is set to locate the
solution with the maximize SF within the feasible solution
space. Essentially, the GA is configured to seek a solution
(or solutions) that maximize the minimum separation factor.

Initialization of the GA population is conducted to
produce N random solutions for the reference well. All
of the solutions generated are constrained between pre-
determined boundaries defined by the initial kick of point
(KOP), dogleg severities (DLS) inclinations, azimuths,
etc., specified in the well plan. For each reference-well
solution, SF is then calculated along the wellbore trajec-
tory at 30-m intervals (i.e., evaluating Eq. 1, with input
calculations from Egs. 2-17). A K by L matrix of SF cal-
culations is created for each (1 to N) solution in the popu-
lation, where K is the number of points along the trajectory
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of the reference well for which SF is calculated, and L is
the number of relevant offset wells. Considering N initial
solutions, N matrices with K by L dimensions are estab-
lished. Within each of those matrices there is a point with
a minimum SF value for that specific trajectory solution.
For the population of N solutions that means there is a 1 by
N matrix of minimum SF values. It is that 1 by N minimum
SF matrix that is set as the objective function for the GA
to maximize.

Once the solutions for the initial population are com-
piled, the GA sorts those solutions based on their objec-
tive functions and select some of the most favorable ones
(i.e., high minimum SF) as parents from which to produce
the next generation of solutions. The parents are recom-
bined and processed using metaheuristic routines includ-
ing cross-over, mutation and some random combination to
produce new individual solutions to evaluate as the next
generation. These newly created solutions replaced with
the worst performing solutions in the previous generation
to compile a new generation of N solutions for evaluation
and ranking. This procedure then continues for a specified
number of iterations (M) completed or a pre-determined
computational time has elapsed.

A pseudo-code for the anti-collision GA model is as
follows:

Initialize N solutions for the reference well with respect to offset wells
Impose constraints to establish only feasible solutions
Set minimum SF constraints
For m=1 to M iterations
Calculate SF along the trajectory of each solution
Establish the minimum SF (minSF) in each solution
GA objective function set to maximize the minSF
Sort N solutions using the minSF values
Select Q parents from the current generation of solutions
Recombine those parents using crossover, mutation and random routines
Replace low-ranking solutions in previous generation with new solutions
Keep best solutions from the previous iteration for the next generation
Next m
When m = M take the solution with the maximum minSF as the optimum solution
End

Figure 5 provides a flow diagram that illustrates the
sequence of steps involved in the anti-collision well plan-
ning optimization model.

Model implementation and results

The Reshadat oil field, located in the Persian Gulf about
100 km off southwest of Lavan Island, includes 30 produc-
tion and injection wells drilled from two offshore platforms.
Here, one of those wells that identified as unsafe in term of
its separation factor is used as a case study to demonstrate
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how the proposed trajectory-optimization model can be
effectively applied. The trajectory of the case study well
is revised using the proposed model to define a maximum
(safe) separation factor to adjacent wells.

A first step in applying the model requires the initial
parameters defining the trajectories of the reference well
and offset wells to be specified. Table 2 shows the origi-
nal planned trajectory for the reference well. More than 20
existing offset wells have been drilled historically from the
same platform. Some of the offset wells have lateral sections
drilled subsequently from the initial borehole (Fig. 6).

The SF calculations made by the model for the reference
well demonstrate that it is unsafely positioned relative to one
the surrounding wells. Consequently, the trajectory of that
unsafe well is re-planned with the aid of the anti-collision
GA model. Figures 7 and 8 show the SF versus measured
depth relationship for the original planned trajectory for

the reference well. Figure 9 displays an alternative planned
trajectory for the reference well. In this revised trajec-
tory some deviation from the original directional path has
been allowed, but the azimuth of the final reservoir section
(Table 2) is maintained fixed at 125° as a constraint. This
trajectory deviation results in a minimum separation factor
along the entire wellbore length to be maintained at 1.5 or
greater. The revised trajectory results in a 300-m increase
in measured depth from 4200 (Table 2) to 4500 m (Table 3)
for the reference well. Table 3 shows the defining metrics for
the revised trajectory for the reference well.

In different execution runs the anti-collision algorithm’s
convergence to the optimal solution is very fast, irrespective
of its initial randomly generated solution for a specific well
trajectory that provides an independent starting point for the
algorithm’s iterations.

Initializing
Profile Selection «
\ 4
Parameters .
Definition Variable Ranges Enter Parameters
>
> CC
\ 4
Offset Wells "
Initialize N
- Solutions | AELale i
Locations
v A A
Surveys SF
A No
Yes
End? Set Min SF as Objective
Function
A
4
Selection, X-over and Mutation
Show
Results

Replacement

Fig.5 Generic flowchart for applying the anti-collision GA optimization model developed here. (AC anti-collision, CC center-to-center distance,

EOU eclipse of uncertainty, SF separation factor)

Table 2 The originally planned,

: . MD (m) Inc(®°) Azi(°) TVD(@m) NS(@m) EW (m) Dogleg Build (°/100 ft)  Turn
simple trajectory for the (°/100 fo) (°/100 ft)
reference well in the example
(as specified in the provisional 0 0 0 0 —68 43 0 0 0
drilling program for the well). 101475 0 0 101475  —68 43 0 0 0
(Data from original well
trajectory) 281434 90 125 2160.4 —725.12 98147 152 1.52 0

4200 90 125 2160.4 —15199 211653 0 0 0

This well trajectory calculates a minimum separation factor of < 1.5, so it is deemed to be at high risk of a
collision with the offset well (i.e., the blue trajectory in Fig. 7)
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Fig.6 Reference well (shown

in red) from a platform in the

example field with offset wells

(shown in purple; one high-

lighted in blue). The reference

well is identified as unsafe in
relation to the blue offset well el
based on the minimum separa- :

tion factor calculated 0
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Fig.7 Calculated separation factor versus measured depth (md) for
the original trajectory planned for the reference well. It shows that SF
is close to 1 at 3000 m md with one of offset wells (diagram from
the original well plan for the reference well, after Halliburton). This
diagram is taken from Landmark Software, and the levels 1-3 are
the user-defined separation factors that indicate the risk of the wells

Figure 10 shows the SF versus measured depth for the
optimized trajectory of the reference well with a minimum
SF maintained at acceptable values of > 1.5 considered to
significantly reduce the risk of well collisions.

As the minimum separation factor is located at a point
along the desired horizontal section within the reservoir of
the revised trajectory for the reference wellbore, the only
alternative trajectories that could achieve higher minimum
separation factors for this reference well involve deviating
the well to the right or left of the desired azimuth for that
specific reservoir location.
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approach. In this case, level 1 is specified as the separation factor of
1.5 that is not considered to be a high risk. Level 2 is the separation
factor of 1.25 that means that care should be taken. Level 3 is a sepa-
ration factor of 1.0 that is considered to represent a high risk of colli-
sion. Plots by Anti-Collision toolbox of LANDMARK software

Figure 11 and Table 4 show the details of an alterna-
tive (sub-optimal from the collision-risk perspective) solu-
tion for the revised trajectory for the reference well. This
solution achieves a min SF of ~1.25, making it “riskier”
than the optimum solution, but substantially safer than the
originally planned trajectory for the reference well with
respect to potential well collisions.

A brief comparison analysis is shown in Table 5 that com-
pares the total measured depth and algorithm run time for
the different scenarios including:

(1) no limitation on SF (original plan)
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SF vs. MD

15 7

05 7

1000 1500 2000 2500 3000 3500 4000 4500 5000
MD (Meter)

Fig.8 Separation factor versus measured depth for the original plan
of the reference well. It shows that SF is close to 1 at one point with
one of the offset wells (diagram produced by the proposed anti-colli-
sion GA model)

(2) Min SF>1.25
(3) Min SF> 1.5

The following table (Table 5) shows the results:

Discussion

In the case study described for the reference well in the
Reshadat field, the anti-collision wellbore optimization
model applies a simple “build and hold” strategy for the

Fig.9 Alternative plan for the
trajectory of the reference well
enforcing a minimum SF of 0~

> 1.5 along the entire wellbore.
See Table 3 for the defining 500
metrics of this optimum trajec- 7
tory solution
3 -1000
9]
2
o
S -1500
'_
-2000
-2500
0 \
500
1000
EW (Meter)

well trajectory. This limitation reduces the number of feasi-
ble “safe” trajectory solutions to choose from to achieve the
desired target in the reservoir. The model has the capability
of utilizing other more complex drilling profiles, such as a
double-build profiles (Fig. 12).

The more complex the build profiles allowed, the more
feasible trajectory solutions that exist. However, these more
complex trajectories are likely to involve more directional
drilling costs (Joshi 2003) to actually execute. Moreover,
they would likely be associated with higher surface torque
therefore running greater risks of other drilling problems
occurring.

The anti-collision optimization model can choose among
several wellbore-trajectory-defining parameters when estab-
lishing feasible trajectory solutions. For example, in the case
of a simple build and hold profile constraint, the trajectory
parameters that can be adjusted are: kick-off point (KOP),
end of curvature (EOC, sometimes referred to as end of
build or EOB), and azimuth.

Figure 13 illustrates two scenarios applied to the refer-
ence well in the Reshadat oil field: (1) applies a fixed EOC,
specifying the exact TVD (as a constraint) from which the
well trajectory will remain fixed for the final section to be
drilled; and (2) applying a variable EOC; letting the TVD
point vary in determining the point from which the final
non-curved section is drilled. A variable EOC provides more
feasible solutions to evaluate. However, for many reservoirs,
such as those where the pay zone is thin, or the best reservoir
conditions are within tightly constrained vertical limits, a
fixed EOC may be more appropriate. Thick, homogeneous
pay-zones allow more flexibility in terms of TVD for the
EOC position.

0
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Table3 Optimized reference MD (m) Incl(®) Azi(®) TVD(m) NS(m) EW (m) Dogleg  Build (/100 ft) Turn (°/100 ft)
well trajectory for the reference (°/100 ft)
well in the example field
0 0 0 0 —-68 43 0 0 0
1000.75 0 0 1000.75 —68 43 0 0 0
2825.34 90 175 216232  —1225.15 14424 1.5 1.5 0
3500 90 125 2162.32  —1791.06 470.97 2.26 0 -2.26
4500 90 125 2162.32  —-2364.64 1290.12 0 0 0
SFvs. MD
ST “ 1 0
45 1
|
4F 1 |
-500 |
35+ “ 1 z (
ol |
SF 3 = '
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Fig. 10 Separation factor versus measured depth for the optimized
trajectory for the reference well in the example field. See Table 3 for
the defining metrics of this optimum trajectory solution

There is potential to further improve the flexibility and
capabilities of the proposed anti-collision optimization
model. For example, more options can be included to allow
the user to define a wider range of allowable wellbore tra-
jectories by increasing the number of trajectory definition
input variables. On the other hand, the more constraints that
are imposed (e.g., restricting the acceptable well trajectories
to higher SF restriction), the greater the computation time
involved for the model, because there are less feasible solu-
tions that exist. Figure 14 illustrates the effect of imposing
different allowable separation factors on the computational
run time of the anti-collision optimization model.

The Wolff and de Wardt (1981) model for determining
the ellipse of uncertainty and the separation factor for anti-
collision purposes imposes some limitations on the model.
The model is more functional and provides more practically
relevant optimal solutions if it is initialized with specific
operational limitations to impose as constraints. For exam-
ple, specifying a reservoir section target range of TVD at
the objective subsurface location, geo-mechanical restric-
tions, motor and bottom-hole assembly (BHA) limitations as
constraints limits the number of feasible solutions. In some

Pielase clla)l auan .
KACST 3.015lq rogle Ll @ Springer

Fig. 11 An alternative wellbore trajectory for the reference well to
the optimum solution (i.e., Figs. 9 and 10, Table 3) is shown here.
It involves a deeper kick-off point (KOP) and higher dog-leg sec-
tion (DLS) to reach the desired target. It also involves a higher risk
of collision than the optimum solution (min SF~1.25), but lower risk
of collision than the original planned trajectory. See Table 4 for the
defining metrics of this alternative, more-risky-but-safe trajectory
solution

cases, it is necessary to assess whether it is worth taking
greater well-collision risks (i.e., lowering the minimum SF
that is accepted by the model) in order to achieve a more
acceptable trajectory in the desired reservoir section. In such
cases, wellbore anti-collision may not be the top priority of
the drilling team, but the anti-collision optimization model
can still provide valuable information with which to quantify
the well-collision risks being taken by specific well trajecto-
ries being considered.

Conclusions

The anti-collision optimization model developed applies a
simple genetic optimization algorithm to adjust the well-
bore trajectory so that an optimum trajectory is found that
delivers the desired reservoir location with a wellbore that
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Table 4 Alternative trajectory

. MD (m) Inc(°) Azi(°) TVD(m) NS (m) EW (m) Dogleg Build (°/100 ft) Turn
for the reference well in the (°/100 ft) (°/100 ft)
example field with SF~1.25
0 0 0 0 —68 43 0 0 0
1800.75 0 0 1800.75 —68 43 0 0 0
2540 90 125 2271.37 —337.94 42851 3.71 3.71 0
4580 90 125 2271.37 —1508.03 2099.58 0 0 0
Table 5 Comparison between Total measured depth (m) Algorithm run time (s)  Remarks
total measured depths and run
times With’ different scenarios Original plan 4200 _ Build and hold
on separation factors (SF) Min SF>125 4580 3 Build and hold (lower KOP)
Min SF> 1.5 4500 37 Double build (build—turn—hold)

Higher limitations on SF will take more complex trajectory, more computation time and longer measured

depth
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Fig. 12 Double-build profiles versus build and hold wellbore trajec-
tory profile demonstrate that by involving more complex wellbore
profiles (e.g., with double-build profiles involving two build sections
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in the profile) the anti-collision optimization model has a greater
number of feasible solutions to select from
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Fig. 13 Two scenarios compared for the reference well from the example field: Fixed TVD for the end of curvature (EOC) section; and, variable
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Fig. 14 Various separation-factor constraints versus computation time
for the anti-collision optimization model applied to the reference well
example. Higher values for the SF-constraint restriction limits the
number of acceptable solutions and typically requires more deviation
and greater measured depth and/or dog-leg severity in the optimum
solutions found. Finding these more constrained solutions takes more
computational time
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is safely positioned with respect to offset wells. It success-
fully determines an acceptable minimum separation fac-
tor for an optimum wellbore trajectory based on ellipse of
uncertainty calculations at multiple points along a reference
well relative to relevant offset wells to this. The application
of the model to optimize the case study well (Reshadat field,
offshore Iran) demonstrates that this relatively simple opti-
mization algorithm can deliver reliable results based upon
the input information provided for the reference and offset
wells involved.

This anti-collision optimizer is functional (effective
and rapid to execute) for use as a primary tool to identify
whether a planned wellbore trajectory is safely positioned,
or not, with respect to existing offset wells. It is also able
to adjust the wellbore trajectory metrics to safer positions,
reducing the risk of well collisions, relative to a number
of specified constraints that maintain other objectives (e.g.,
minimum measured depth, dogleg severity, etc.,).

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
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