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Abstract. A method has been developed for calculating tlepament of the pulling force of a
pipeline, arising from the well curvature in onesaweral planes, with the assumption that the
pipeline is ballasted by filling with water or otisgse until zero buoyancy in the drilling mud
is reached. This paper shows that when calculatiiyforce, one can neglect the effect of
sections with zero curvature. In the other casbudyancy of the pipeline is other than zero,
the resistance force in the curvilinear sectionsukh be calculated taking into account the
difference between the normal components of the/dmury force and weight. In the paper, it is
proved that without taking into account resistaficees from the viscosity of the drilling mud,

if buoyancy of the pipeline is zero, the total sémnce force is independent of the length of the
pipe and is determined by the angle equal to theafithe entry angle and the exit angle of the
pipeline to the day surface. For the case of thié eauevature in several planes, it is proposed
to perform the calculation of such volumetricallyreed well by the central angle of the well
profile. Analytical dependences are obtained tlatvacalculating the pulling force for well
profiles with a variable curvature radius, i.eddferent angles of deviation between the drill
pipes along the well profile.

1. Introduction
The technology of horizontal directional drillingshich is increasingly used in the construction of
pipeline passages, includes three main stagesTh.most energy-intensive and difficult from the
technical point of view is the stage of pulling twerking pipeline [2]. It is the parameters of the
pulling process that are the criteria for chooshmyequipment for construction.

During pulling, the pipeline gradually enters thelwat the point where the drill string exits and
moves along the well to the spudding point [3js lbbvious that the pulling force will vary, depémgl
on the length of the pipeline that has enterednthié As the pipeline enters the well, the pulliiogce
will increase. The maximum force will be observetlen the pipeline enters the well with its full
length [4].

Since the maximum force required to pull the pipelis of the main interest, let us limit ourselves
to the case when the pipeline has completely emhtdre well. The force required at this stage of
pulling will be the criterion for choosing the dirilg equipment for the construction of this passage

[5].

2. Materials and methods
The profile of the pipeline passage can have bettilinear and curved sections [6]. In these sastivarious
pull-resistant forces will act.
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In general, the resistance force to pulling a pigeinto a well depends on several components:
Fres = Fres(Fcur’ de’ I:gr) (l)

where F - resistance force to pulling from the well curvag,

Fam - resistance force from drilling mud weight;

Fq — resistance force from friction against the gebun

At the curved sections, the pipeline will be prelsagainst the wall of the well due to the tensibn o
the pipeline [7]. Figure 1 shows a section of tigelne in a curved well with a constant curvature
(shown in dotted lines). Let us study a pipelinevimg in a well filled with drilling mud and balleext
until it reaches zero buoyancy.

O

-

Figure 1. A design scheme for determining the force thasgee the pipeline against the wall of the
well in the process of pullindB' - infinitesimal element of the pipelindN, — normal component of
the force of pressing the pipeline against the wfathe well;F — force of pipeline tensioniF — force

of tension of an infinitesimal pipeline elemedd; — central angle of the profile section.

If one considers the equilibrium of an infinitesineéement of pipelind@B' limited by central angle
das, it is possible to obtain a component of totakpieg forcedN from pulling forcedF:

dN, = 2F sin dgs +dF sin ng. @)

We discard infinitesimals of higher orders:
dN, =Fda,. (3)

When deriving the equation for the component framtension force of the pipeline without taking
into account other forces of resistance, the swiui reduced to the Euler formula that is used in
number of standard documents for the design ofchiess pipeline passages by the method of
horizontally directed drilling. With this approacthere is no need to divide the well profile into
sections of different curvatures, as well as caleufor each section the component of the resistanc
force from the well curvature [8]. This approachlyomomplicates calculations and introduces

significant errors.
The following computations can serve as the basithis provision.
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Figure 2 shows a well of length with the entry angle of the pipeline when pulliagat pointA
and the exit angle to the day surfaceapfat pointC. The day surface is represented by straight line
010,. Dotted lines indicate the tangents to the wedfifg at the points from which the radii of
curvature are restored. Let us assume that theiueyof the well profile in the accepted coordesat
is positive and does not change sign througholeritgth.

Figure 2. A desigh scheme for determining the component®fdisistance force from the well
curvature with a variable curvature radiBs:— pipeline pulling forcek, — pulling resistance force;
0,0, — earth's surfacédy, C- entry and exit points of the pipeline.

At a well section, let us fix poirR, the position of which is determined by currerglaa between
the radii of curvature recovered from the pipelamry point4 and pointB. Moreover, well section
AB can have variable curvature. In Figure 1, elen®#itof the pipeline is presented in an enlarged

form. The forces acting on elemeB®’ of the pipeline corresponding to angla are determined for
pointB as:

F=F(a) (4)
and for pointB’ as:
F+dF = F(a +da). (5)

Both forces are directed tangentially to the wedljgctory. The normal force of pressure on
wellbore roofN is defined as the total parallelogram force builtforcesF andF+dF neglecting the
change in the radius of curvature and the displac¢iof the center of curvature.

Since determining anglda is not connected with the change in the positibthe center and the
radius of curvature, the corresponding changekearrasultant force can be neglected, consideriag th
parallelogram as a rhombus. Discarding infinitesénad a higher order, let us obtain equation (3).

As the friction force of the pipeline against thelNvore roof is proportional to the normal force,
one obtains:

dR=uldN, = uF [da . (6)
whereu - coefficient of friction of the pipeline againbke wall of the well.
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Friction counteracts the beginning movement of ghpee, so that forc@R together with pulling
forceF at pointB must counterbalance foré€e-dF at pointB’, whence:
dF = ulFlda. (7)
Solving this differential equation for the entirerbhole profile, which is determined by central
anglea’, one obtains the well-known Euler equation:
Fo= FRe™. 8)
Returning to Figure 2, let us note that from a $@mgeometric calculation, angéé turns out to be
equal to the sum of anglagsandas.
In actual pipeline laying conditions, especially unban areas, the well profile can have a
volumetric curvature. In this case, an additior@hponent appears from the curvature of the profile
in the horizontal plane.
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Figure 3. A design scheme of a well curved in two plarsC - entry and exit points of the well,-
plane of the earth's surface; 2 - plane perperati¢althe earth's surfaca;, a,, &,, &,— angles of
entry and exit of the well relative to the corresgiog planes.

Figure 3 shows a volumetrically curved well of lénb.. Straight lineAC travels through the entry
and exit points of the pipeline to the day surfaghich is represented by platePlane2 intersects
planel along straight lineAC and perpendicular to the day surface. At pdinthe angle of the
pipeline entry into the well with respect to plahé denoted by, and relative to plan2 - by a;,,
and at point C, the exit angle of the pipeline tretato 1 and 2 will be denoted bya,, and a,,,
respectively.

In this case, the side force will have two compasN, - in planel anddN, - in plane2. They
will give two components of the resistance forecespectivelydF, anddF,, acting along the borehole
axis. Adding these two components and solving teulting differential equation, one obtains
equation (8), in which:

a'= aly + aZy + alz + aZZ (9)

whereayy, &, &y, &,— angles of entry and exit of the well relativatte corresponding planes.

Therefore, the volumetrically curved well can atspcalculated from the central angle of the well
profile.

Angle a’, which defineg, in (8), when the well is curved only in the veatiplane (the plane
problem), is numerically equal to the sum of anglgsanda,,. When the borehole is also curved in
the horizontal plane, the sum of angéesanda,, is added to angle'.

In fact, it is not always possible to drill a booddnsection along one radius of curvature, i.eusns
the same angle of deviation between drill pipesif®particular, this can happen due to the faat i
order to strictly ensure the design radius of ctungin this section, it will be necessary to deffldrill



International Conference “Transport and Storage of Hydrocarbons” IOP Publishing
IOP Conf. Series: Materials Science and Engineering 357 (2018) 012017 doi:10.1088/1757-899X/357/1/012017

pipes with respect to each other by fractional @s@in degrees), which cannot be realized in practi
because the drill head navigation system and thigself can only work with angles that are mukipl
of one degree [10]. The solutions obtained eartiake it possible to calculate the pulling force for
well profiles with a variable radius of curvature,. at different angles of deviation between thé d
pipes along the well profile.

Figure 4. Finding the radius of curvature of the sectionhaf profile from the angle of deviation of
the drill pipes relative to each other in the gaheasea,, - angle of deviation, - drill pipe length;r
- radius of curvature of the examined section efvlell.

Figure 4 depicts a curved section of the well peafshown in dotted lines), equal in length to two
drill pipes. Perpendiculars are recovered fromdéeters of the drill pipes, the intersection of ethi
gives the central angle of the profile sectionfwa current drill pipe [11]. Radiug of curvature of the
well profile in this section will depend on lendthof the drill pipe and deviation angkg of this drill
pipe, relative to the previous one.

Thus, if one uses the value of the current radfuiovature in this section when searching for the
resistance force, one may find the pulling forceairsection of one drill pipe length [12]. When
summing these forces along the entire length optbéle, one gets a total pulling force for thdien
profile. In this calculation, provided that, is zero, i.e. in a rectilinear section, it is nexa@y to
neglect the curvature of the section in which thi8 pipe is located.

3. Conclusion
Thus, the solutions obtained make it possible émvdhe following conclusions:

1. When calculating the component of the frictioftate from the curvature of the borehole, the
effect of the sections having zero curvature candggected. In this case, this conclusion applidg o
to pipelines that have zero buoyancy [13]. With yamey other than zero, friction in curvilinear
sections is calculated taking into account theed#iice between the normal components of the
buoyancy force and weight.

2. With zero buoyancy of the pipeline, the totaistance to pulling, excluding the pulling forces
from the viscosity of the drilling mud, is indepe&md of the pipe length and is determined by thdeang
equal to the sum of the entry angle and the exjteaof the pipeline to the day surface.

Thus, finding the component of the resistance férom the curvature of the well can be reduced
to finding the force of resistance according to Euter formula (for the entire profile at once)ngpi
the angle numerically equal to the sum of the eainy exit angles of the pipeline.
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Such calculation can be carried out for a proffl@ evell of any shape, since before drilling a well
in this profile, a table is always compiled, in doem or another, indicating the deviation angles f
each drill pipe relative to the previous one [14].

In addition, if the well is curved in several plan@ne can calculate this volumetric curved well
along the central angle of the well profile, takingp account the angles of the well entry and exit
relative to the corresponding planes [15].
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