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RESEARCH OF THE PULSATING FLOW
OF DRILLING FLUID IN THE DRILL
STRING

The object of research is the pulsating flow of drilling fluid in the drill string. One of the most problematic
places is pressure loss due to friction forces distributed along the length of the flow and concentrated in its nodes
(threaded joints and pipe bends).

In the course of the study, transformation methods were used that allow the drill string to be represented in
the form of straight pipes — elements with distributed parameters connected by different inhomogeneities. This
makes it possible to reduce the characteristics of the pulsating flow of the drilling fluid to the determination of
the lumped parameters of the inclusions, the limiting conditions at the beginning and end of the dvrill pipes, as ho-
mogeneous sections of the drill string. In turn, pressure losses in the drill string during rotary drilling were divided
into two types of losses. These are losses along the entire length of the column (flow) and local pressure losses,
which are obtained only in certain places of the liquid flow (for example, tool joints, etc.), due to the fact that
the flow suffers local deformation.

It has been found that from a technological point of view, the most favorable well diameter is the one at which
the flow resistance in the pipes is equal to the resistance in the annulus. This is due to the fact that during the flow
of the drilling fluid, the speed of the turbulent flow decreases only at the walls of the pipe. Therefore, under the
action of centrifugal forces on pipe bends, as in heterogeneities, when local pressure losses occur due to separation
of the transit flow, the pipe diameter narrows due to the accumulation of solid particles in whirlpool zones and flow
velocities. With a smooth turn of the pipe, the specified separation may be absent. In this case, local pressure losses
are largely due to the occurrence of a <steam vortexs at the turn (a helical movement caused by the action of inertial
Jorces). Therefore, a necessary condition for rotary drilling is the continuous circulation of the flushing solution, the
complete or partial cessation of which makes further drilling impossible. In this case, the drilling process slows down
or leads to an accident. This is due to the accumulation of the hard phase in the places where whirlpools appear.

The research results will be useful to scientists and specialists in the oil and gas industry in the physical model-
ing of well flushing processes in the process of drilling and designing technological flushing processes.
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1. Introduction

One of the reasons for the forced vibrations of the drill
string elements is the excitation caused by fluctuations in
the flow of the drilling fluid [1-3]. With a pulsating flow
of drilling fluid, variable loads occur in the drill string. At
the same time, they occur when the drilling fluid flows
through the interlocks as through local supports. In this
case, separation of the transit jet from the pipe walls is
formed, as from the main channel, forming the so-called
whirlpool areas, interfaces [4—6]. Thus, the force action of
the drilling fluid manifests itself in heterogeneities, includ-
ing string deflections formed in the process of changing
the well trajectory (directional drilling) [7-9].

Therefore, it is important to study the processes oc-
curring in the drill string during well flushing.

Thus, the pulsating flow of drilling fluid in the drill
string was chosen as the object of research. The aim of
research is to study pressure losses due to friction forces
distributed along the length of the flow and concentrated
in its nodes (threaded connections and pipe bends).

2. Research methodology

If to confine ourselves to considering the first five
harmonics of the spectrum that generate drilling pumps,
then at the minimum sound speed, the wavelength ex-
ceeds several meters. Therefore, the linear dimensions of
tool joints, which are sufficiently small compared to the
wavelength, can be replaced by elements with indirect
parameters, for example, baffles, when calculating vibrations
in the drill string. Then the drill string can be represented
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in the form of straight pipes — elements with distributed
parameters connected by different inhomogeneities. Thus,
the determination of the characteristics of the pulsating
flow of the drilling fluid is reduced to the determination
of the lumped parameters of the inclusions, the limiting
conditions at the beginning and end of the drill pipes, as
homogeneous sections of the drill string [9—11].

Let’s consider the loss of pressure in the drill string
during rotary drilling. In this case, two types of losses
can be distinguished:

1) losses along the entire length of the column (flow);

2) local pressure losses obtained only in certain places
of the fluid flow (for example, lock connections, etc.), due
to the fact that the flow in them suffers local deformation.

3. Research results and discussion

Let A; denote the pressure loss along the flow length /,
and let 4; denote each local pressure loss.

In Fig. 1 there is a schematic representation of the
drill string, consisting of sections of different curvature
and elements (drill pipes) connected by threaded locks,
which are special units. In addition, there will be pressure
losses in the flow that moves through the drill pipes due
to friction along the length of the entire string. In the
general case, for the drill string, taking into account the
pressure losses in its curved sections, it is possible to write:

h_/:2h1+2hj, (1)

where /s — total pressure loss along the entire length of the

drill string.
TR

Fig. 1. Schematic representation of the drill string, consisting of sections
of different curvature and pipes connected by threaded couplings

In Fig. 1 ny=0¢/dt at §=0; np=const; no=0 — rotor
rotation; np=0 — downhole motor drilling; (S, ¢) — angle of
rotation of the current section of the column; u(S, ¢) — axial
displacement of the current section of the column; L — length
of the drill string.

It can be said that the value of pressure loss %y is a mea-
sure of the mechanical energy of the drilling fluid, which is
converted into heat and irretrievably lost by the flow. This
is due to the work of friction forces distributed along the
length of the flow and concentrated in its nodes (threaded
connections and pipe bends).

The greater the friction force in the drilling fluid, the
greater, other things being equal, the A value. There is
a certain relationship between the friction forces in a fluid
and pressure losses, which is described by the corresponding
dependencies [12]. These losses in the first approximation
have to be determined using formulas related to the case
of established uniform motion with the introduction of
correction factors.

Let’s determine the dependence of pressure loss along the
length of the section between two locks. Let’s imagine in
Fig. 2 a pipe between two locks, the length of which is I

Here let’s direct the flow of the drilling fluid. In the
case of uniform fluid motion, the piezometric line PP is
an inclined straight line, while its fall along the length
of the pipe expresses the pressure loss 4.

N

Fig. 2. Forces acting on a part of the flow in an inclined pipe section
between two locks

Let’s consider the forces acting on the selected part
of the fluid flow:
1. Self weight of this part of the wash solution:

G=oly, (2)

where @ — open area.
Self-weight projection on the s-axis:

G, =wlycosH, 3)

where 6 — angle of inclination of the axis with the vertical.
Fig. 2 shows that because:

Gx:(UY(Z1—Zz)- (4)
2. The pressure forces Py and Py are projected onto
the s axis in real value and characterize from the side of

the rejected parts of the fluid:

P = pw; P, = pyo, (%)
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where p; and py — the hydraulic pressure at the center of
gravity of the living sections 1—1 and 2-2.

3. The projections on the s axis of the normal pres-
sure on the inner surface of the pipe are equal to zero.

4. Friction «force on the wall> T, applied from the
side of the pipe walls to the side surface of the flow. This
force is directed against the current and is projected onto
the axle in real magnitude.

Let’s project all the forces on the s axis:

G +PA-bh-T,=0. (6)

Substituting into the resulting equation and the above
expressions (4) and (5) and after a series of transformations,
we obtain the equation of motion in the given section [12]:

T, [
h=2r ©

Apparently, #; for a given drilling fluid and given flow
sizes depends only on the average tangential friction stress
on the wall 1.

The force of longitudinal internal friction in a parallel-
flowing drilling fluid is the force that occurs when indi-
vidual rectilinear fluid layers slide over each other:

1) directly proportional to the velocity gradient;

2) directly proportional to the surface area of the con-
tacting fluid layers;

3) does not depend on pressure;

4) depends on the physical properties of the drilling fluid,
as well as on its temperature (depending on the well depth).

To further determine the energy loss of the turbulent
flow (pressure) of the drilling fluid along the length of the
drill string, it becomes necessary to describe the design
characteristics of its nodes.

The drill string for deep well drilling can be composed of
standard drill pipes, drill collars, tool joints, square pipe [13].
DCs (drill collars) have:

a) provide the necessary axial load to obtain a given
rate of penetration;

b) stabilize the deflections caused by the total weight.

Drill pipes are seamless seamless pipes with thickened
ends due to internal, external or both internal and external
upsets. To the ends of the drill pipes are attached on the
thread or welded at the joint of the drill locks. The drill
joint consists of a coupling and a nipple screwed onto
opposite ends of the pipes. The nipple and coupling have
locking threads.

From the point of view of hydraulics, the need for
a minimum hydraulic resistance, the outer diameter of
the locks must correspond to the diameter of the well.

Fig. 3 shows the design of the connection of drill pipes
with the help of a lock and a diagram of the flow of flow
through this joint.

When a turbulent flow of the drilling fluid flows around
the pipe ledge and the end of the thread, a cavity ap-
pears (Fig. 3, a), where the flow follows [14, 15]. This leads
to separation of the flow from the channel wall. In this
case, let’s obtain zones filled with whirlpools, where heavy
dispersed particles are concentrated (zone K — Fig. 3, b). The
deformed flow exiting the top tube enters a larger diameter
hole where the flow expands. The deformed (expanded) flow
rushes into a pipe with a smaller diameter. In this case,
a vortex motion occurs in this zone (zone K — Fig. 3, b).

I

NNV

Fig. 3. The design of the connection of drill pipes with the help of a lock
and the scheme of flow through this joint: 2 — lock connection design;
b — modeling scheme of the flow of drilling fluid through it

Considering the circuit model (Fig. 3, b), let’s neglect
the whirlpool movements in the zones of small extent, due
to small losses in them, which will allow to determine the
main hydraulic losses in the threaded connection.

Between sections 1-1 and 2-2, local pressure losses
hj occur. These pressure losses are due to a sharp expan-
sion of the flow.

To determine local losses, let’s use the Borda formula [12]:

(v,-,)

h.: 2g

7

: (®)

where the difference (v, —v,) — the speed loss.

According to (8), the loss of pressure corresponds, with
a sharp expansion, to the lost speed.

After a series of transformations, formula (8) can be
represented as:

,02
h; =&;é, )

where &) — drag coefficient for a sharp expansion of the flow.

Formula (9) uses two assumptions:

1) neglect of the forces of external friction in the area
between sections 1-1 and 2-2, as well as in the area 1’—1’
and 2'-2;

2) acceptance of pressure distribution in sections 1—1
and 1’—1" according to the hydrostatic law.

Let’s now turn to the local pressure loss that occurs
when the flow exits a small diameter pipe (loss «at the
outlet»), and denote it by /.

This case is a special case when ®y is much less than
o1 (0, < ). The pressure loss for the liquid flow at the
entrance to the next pipe of the column (significant flow
constriction) can be determined by the Borda formula,
substituting the drag coefficient &,,; instead, then:

V3

hout =E.-aut Er (10)

where the coefficient of resistance to a sharp narrowing of the
flow at the entrance to the pipe of the flow column &, is
equal to &,, =(1/€)-1; € — the flow compression factor.
Next, let’s consider local pressure losses for a sharp
turn of the drill string when drilling deviated wells.
Fig. 4 shows possible string bends when drilling di-
rectional wells.
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Fig. 4. Calculation scheme of the curvature of the lower part of the drill
string during the transition to the horizontal direction of well drilling

This case is characterized by the presence of a OO com-
pressed section of the transit jet and whirlpool sections.
As shown above, pressure losses are practically concen-
trated where there is an expansion of the fluid flow and
are written according to the Borda formula in the form:

2

v
hj=§; 2" (11)
where &; — coefficient of local resistance equal to:
[0) ‘(1 ’
)

where @ — free cross section of the transit jet filling the en-
tire pipe; o, — free cross section of the transit jet along the
line of the compressed jet of the OO section.

From this formula, it can be seen that the value of 4; is
directly proportional to the velocity of pressing. The drag
coefficient for a given rotation of the bottom of the drill
string can be determined according to the data given in
Table 1 [12] taking into account the design scheme (Fig. 5).

Tahle 1

Determination of the loss factor for a sharp turn of the pipe

6° 30 40 50 60 70 80 90

Zsy 0.20 0.30 0.40 0.55 0.70 0.90 1.10

At the turn of the pipe, let’s obtain a curvature of
the streamline. Particles of the drilling fluid moving along
curved streamlines are subject to centrifugal inertial forces.
Due to this force, the hydrodynamic pressure (and, as
a result, the potential energy) at the turning point at the
outer wall of the pipe increases, and at the inner wall it
decreases. This circumstance causes a decrease in high-speed
pressing (specific kinetic energy) at the outer wall of the
pipe and an increase in it at the inner wall.

Fig. 5. Calculation scheme of the drill string for directional drilling

The drilling fluid is a two-phase system that absorbs
solid particles and bubbles. The bubbles, in turn, are filled
with air or vapor of this liquid. This leads to a narrowing
of the pipe diameter due to the accumulation of solid
particles in the whirlpool zones and to a redistribution of
flow velocities. In Fig. 6, an example of the movement of
fluid when the pipe is turned at a right angle is shown.

Fig. 6. An example of fluid movement when a pipe is turned
at a right angle (transverse circulation)

The separation of the jet from the inner wall increases
due to the inertia of the solid particles of the drilling
fluid moving near the pipe walls (in the near-wall layer).

The accumulation of the hard phase of the solution
in these zones can lead to an accident of the drill string,
which was noted during the drilling process.

With a smooth turn of the pipe (directional drilling),
the specified separation of the jet may be absent. In this
case, local pressure losses are due to the helical move-
ment (vortex) of the drilling fluid.

As it is possible to see, in the central part of the outer
wall of the pipe, the pressure will be the highest (due to
the high speeds in this part of the pipe).

This position determines the movement of solid par-
ticles of the drilling fluid to the right and left (along
the outer walls) from the central part to the periphery.

Thus, in order to maintain an efficient rotary drilling
process, continuous circulation of the drilling fluid is ne-
cessary. Its partial or complete cessation makes the drilling
process impossible. In turn, this leads to a slowdown in
the drilling process and provokes an emergency situation
as a result of the accumulation of the solid phase in the
whirlpool zones.

In the future, the study can be used to study the dy-
namics of the drill string, as a mechanical system with
a variable length and with a moving inertial load.

Subsequent studies will consist in the experimental re-
production of the pulsating flow of the drilling fluid, where
numerical results will be obtained. The limitation of the
studies in the discussed part is the laminar flow regime.

4. Conclusions

Summarizing the studies done and analyzing their results,
let’s confirm that the improvement of drilling technology,
an increase in the mechanical speed and depth of wells
require more stringent requirements for the movement of
the drilling solution from pumps to the bottom.

In the course of the study, it has been found that
from a technological point of view, such a well diameter
is most favorable, in which the flow resistance in the pipes
is equal to the resistance in the annulus.

It has been established that during the flow of the
drilling fluid, the turbulent flow velocity decreases only
near the pipe walls. Therefore, under the action of cen-
trifugal forces on pipe bends, as in heterogeneities, when
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local pressure losses occur due to separation of the transit
flow, the pipe diameter narrows due to the accumulation
of solid particles in whirlpool zones and flow velocities.

It has been found that when the pipe is smoothly
rotated, this separation may be absent. In this case, lo-
cal pressure losses are largely due to the occurrence of
a «steam vortex» at the turn (helical movement caused
by the action of inertial forces).

It has been proven that a necessary condition for ro-
tary drilling is the continuous circulation of the drilling
solution, the complete or partial cessation of which makes
further drilling impossible. In this case, the drilling pro-
cess slows down or leads to an accident. This is due to
the accumulation of the hard phase in the places where
whirlpools appear.

The research results will be useful to scientists and
specialists in the oil and gas industry in the physical mo-
deling of well flushing processes in the process of drilling
and designing technological flushing processes.
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