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Abstract

Purpose is to study dynamics of a technological cycle of well oil production equipment to evaluate the forces acting on its
structural components while operating. It is required to improve their reliability and durability owing to the decreased inertia.

Methods. Mathematical modeling of the system relies upon the basic law of motion dynamics of a complex system with the
attached mass involving deformation of the components and further implementation of the mathematical model using me-
thods of mathematical analysis. To improve informativeness and reliability of the results, obtained in the process of mathe-
matical modeling, it is proposed to divide the technological cycle into separate stages each of which characterizes a certain
motion process as well as changes in the nature of forces influencing the system elements.

Findings. Analysis of results of mathematical modeling of the system operating cycle makes it possible to draw conclusions
about the process time as well as about the motion nature of a landing top during operation and a value of inertia acting on
the well-drilling equipment demonstrating the ways to decrease them while providing reliability and durability of the facili-
ties. Components of a hydraulic drive have been studied thoroughly while dividing its operation into eight phases of motion
cycles. It has been identified that decrease in the inertia influence on the system components results from the following: power
hydraulic cylinders are manufactured with the step-up diameter increase in their upper half; hollow rods in their lower half are
equipped with a discharge valve dumping a certain share of liquid into a reservoir to decrease the traverser raise velocity.

Originality. Mathematical modeling has helped identify that drastic decrease in the system inertia depends upon its struc-
tural and kinematic characteristics; moreover, it may vary broadly.

Practical implications. During the practical operation of well-drilling equipment for oil production, decrease in inertia
effect on the system components will help improve its reliability and durability.

Keywords: drilling equipment, oil production, dynamics, force field, inertia, operating cycle, phase, reliability

1. Introduction

Implementation of secondary methods to produce liquid
carbohydrates involves the use of deep-well pumps; compo-
nents of well equipment are used for their drives. In this con-
text, travel length and the number of a cycle per time unit are
the basic parameters characterizing a well efficiency. Even if
increase in one of the parameters is observed, a well productiv-
ity is considered as the improved one. Admissible travel length
for a standard pumpjack is up to 3 m. Thus, the improved
efficiency of a well may be achieved exclusively owing to the
increase in the cycle number resulting in the intensified inertia
action on the system elements (rods namely) factoring into
breakdown rate increase [1], [2]. The problem is especially
topical for deep and very deep wells where inertia action first
provokes rod deformation which results in the decrease of
actual length of a deep-well pump stroke [2]-[5]. Under such
conditions, it is useful to apply well equipment with the signif-
icant increase in admissible travel length and simultaneous
decrease in the cycle frequency. There is such well equip-
ment [6], [7] where the travel length can be regulated almost
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unrestrictedly; however, that results in the origination of con-
siderable inertia due to huge weight of the facilities. The
changes happen when the system varies its motion direction
which factors into the excessive fault rate. That is why it is
important to analyze dynamic characteristics of well facilities
to improve their design aimed at the inertial decrease giving
rise to better reliability and longevity of the equipment.

2. Methods

Analysis of numerous designs of drives of sucker-rod
pumping units (SRPUs), developed during last two decades,
shows that the key tendency is to increase their travel length.
Moreover, such kinematic schemes and patterns of balancing
devices are under development which would help lessen
dimensions (as well as weight) of the drive; to contract the
efforts affecting a sub-structure; and to improve the drive
reliability. Improvement of the facilities is followed by the
increased number of structures where a hydrostatic power
drive is applied which depends upon its high power intensity
and simplicity of transformation of rotary movement of a
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high-speed motor into the slow reciprocating motion of rod
hanger. The new design is based upon a mission to develop
well equipment for hydrocarbon reserve production by means
of rational arrangement of the equipment components (Fig. 1)
making it possible to minimize the inertia influence on rod
tools of deep-well pumps as well as increase durability and
efficiency of the facilities and hydrocarbon production.

Figure 1. Arrangement scheme of well equipment: 1 - vertical
riser; 2 —traverser; 3-polished connecting rod;
4 —pump rods; 5-SRP; 6 — production string; 7—-PT
string; 8 — limit switch; 9 — hydraulic leg; 11 — blowdown
hydraulic line; 12 — spreader; 13 — pump; 14 —tank for
liquid; 15 — control desk; 16 — safety valve

The problem is solved as follows: power hydraulic cylin-
ders are manufactured with stepwise increase in the diameter
within their upper share; hollow rods in their lower half are
equipped with a discharge valve to dump a certain share of
liquid into a reservoir through a blowdown hydraulic line to
decrease the traverser raise velocity.

It is expedient to start analyzing components of hydraulic
drive of the well unit with dividing its operation into phases
of motion cycles. To do that, separate eight phases and con-
sider their operating principles separately and in detail.

For the purpose, assume distancing of rod hanger b
(Fig. 2) from its lower position as the generalized s coordi-
nate. It is quite obvious that the s coordinate is simultaneous-
ly a traverser distancing from the lower switches 8 as well as
distancing of the suckers of hydraulic lines (i.e. hydraulic
cylinders from their bottom position).

S 3 4 5
/
- . 277 TN
Half Half
phase phase
6/
17 \\
L Y t
0 1 2 3] 4] 5 6 7 8
No.of 4 2 3145 6 7.8
phase

Figure 2. Motion phases of rod hanger point during a cycle
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A cycle starts when rod hanger point is transiting from its
bottom position. After lower limit switches are activated, a
signal is addressed to a spreader (its switching lasts during
the certain time period, i.e. 0.05-3.0 seconds) [1], [2]. When
the spreader is in its midposition, both hydraulic lines (i.e.
pressure line and discharge one) are shut down; velocity of a
rod hanger point is equal to zero. In the process of the
spreader slide transition from a mid (i.e. neutral) position to
the left one, a pressure hydraulic line does open, and the
discharge one remains closed. Working liquid goes under the
hydraulic cylinder pistons. Traverser as well as rod hanger
point starts the upward motion. Phase one is the phase of
unsteady motion of point B while its moving up. It lasts from
a starting moment of rod hanger point until its steady motion.
The phase may be divided into two half phases. Half phase
one begins when the rod hanger point starts its motion while
finishing at the moment when the velocities of all cross sec-
tions of rods become equal.

The phase is stipulated by the fact that the deformations
(longitudinal ones in this context) have certain expansion ve-
locity being simultaneously sound velocity within a material.

A moment, within which the efforts in a lower rod sec-
tion (near a plunger) is such when the plunger starts its up-
ward motion, is the termination of the 1% half stage of rod
hanger point motion as well as the initiation of the 2" stage
of its upward motion. Half stage two lasts until the plunger
reaches constant velocity; hence, the half stage is the period
of SPR plunger acceleration.

Then, phase two (i.e. stable motion phase) approaches.
The phase is the longest one. A pump plunger has constant
velocity; in this context, well hydrocarbons (i.e. oil) get to
the surface. As soon as a traverse activates upper limit
switches, a signal is addressed to a control desk and then to a
spreader. Switching of the spreader takes a certain time peri-
od; spreaders with hydraulic and electrohydraulic control
involves a possibility to adjust motion velocity of a slider
(reverse time is 0.05-3.0 seconds) [1].

The interval, during which a pressure line becomes
closed completely, corresponds to the upward braking peri-
od of pistons of hydraulic legs. That is phase three of the
plant operation cycle in terms of which the motion velocity
of rod hanger point drops from its steady-state value down
to zero. Then, the interval takes place when the rod hanger
point becomes motionless which corresponds to phase four
of the plant operation cycle. The phase duration is minor; it
depends upon the spreader design as well as upon its previ-
ous adjustment.

After that, a discharge hydraulic leg turns out to be open.
Under the weight of a traverse and equipment, connected to
it, the discharge hydraulic leg turns out to be open, and
downward motion of rod hanger point starts. At the begin-
ning of the downward rod hanger point motion, a pump
plunger remains motionless until the extended rods shorten
down to their nominal length. The interval between the start
of rod hanger point downward motion and start of pump
plunger mation is stage five of the plant operation cycle.
Phase six continues from the start of downward pump motion
until a moment when a traverse activates lower switches.
Perhaps, during the stage a motion law of rod hanger point
will be neither an interval with constant velocity depending
upon the variable resistance of the liquid, pushed out from
hydraulic legs, nor the variable resistance of the liquid, mov-
ing within the discharge hydraulic line.
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When a traverse activates the lower limit switches, a sig-
nal is addressed to a control desk and then to a spreader. Its
switching takes place. Discharge line shuts down; pressure
line is closed too. Pistons within the hydraulic lines start
braking along with the braking of rod hanger point. The
braking period is rather short. It lasts from the moment when
the spreader switching starts until complete shutdown of a
discharge line (i.e. the moment when the spreader is in neu-
tral position; in this context, both discharge and pressure
hydraulic lines are closed). Braking interval of the rod hanger
point is phase seven of the plant operation cycle. Finally, the
interval, during which the rod hanger point is motionless in
its lower position, is phase eight of the plant operation cycle.
The phase period is the time from the moment when the rod
hanger point stops till the moment of pressure line opening
(i.e. starting point of the plant operation cycle).

3. Results and discussion

Consider the efforts to be studied while analyzing motion
law of the rod hanger point in terms of each phase.

Phase one. As it has been mentioned before, the phase is
divided into two half stages. During the half stage one, rod
reference marks moves up; in this context, the rod string
stretches. Tensile force is proportional to the movement of
the rod hanger point. A deformation wave spreads down
along the rod string at the velocity of sound within the line
material. Thus, relative deformation differs depending upon
the cross section of the rod string. A deformation process of
rod string continues until a plunger of a deep-well pump
starts its upward motion (Fig. 3).
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Figure 3. Installation diagram of a rod deep-well pump: 1 - rods;
2 —PT; 3-—sucker rod pump; 4 — plunger; 5 — pressure
value; 6 — piston rod of induction valve; 7 —induction

valve; 8—surface casing of a well; 9—inlet screen;
10 — hanger point of a rod string

During the half phase one, rod hanger point in under the
rod weight effect within the formation fluid. When the rod
hanger point is moving within the half phase, the force, aris-
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ing in the cross section of rods in the neighbourhood of the
hanger point, depends upon a value of its upward motion
from a bottom position. Thus, it depends upon a value of
absolute deformation of the rod string; friction force between
the formation fluid and F+; rods (the liquid is motionless and
cross sections of the rods perform upward motion; and fric-
tion force between PT and Fr, rods. Paper [8] proposes to
consider that during the half phase one, velocity of cross
sections of a rod string varies according to linear law along
its length. It is v with the hanger point being equal to zero in
the neighbourhood of a plunger.

In the context of accurate consideration of motion of the
rod hanger points, a wave process, stipulated by upward
motion of the rod hanger point at the v velocity, should be
regarded. However, a plunger has to be motionless. Moreo-
ver, in the process of upward motion of the rod hanger point,
the rods get a share of formation fluid weight G, being:

SEA
P (1)
where:

s — displacement of rod hanger point;

E — elasticity modulus of rod material;

A, — cross-sectional area of the rods;

| — plunger depth;

h —working submergence under a dynamic level.

Statement (1) ignores finiteness of the deformation wave
propagation. It means that relative deformation of the upper
and lowers rod cross sections are equal at any time.

It is a significant problem to take into consideration the
friction forces between the rods and PT as well as between
the rods and formation fluid. It is obvious that friction force
Fr1 between the rods and formation fluid depends heavily
upon the formation fluid viscosity. Paper [8] mentions the
fact arguing that the force is 200-500 H for low-viscosity oil;
as for the viscous ail, the force is close to rod string weight.
Moreover, we believe that Fr; force should also depend upon
the velocity of relative motion between the rods and fluid.
Consideration of friction force Fr, between the rods and PT
is of equal importance. In addition, authors of paper [8] think
that the force of mechanical friction between the rod string
and PT depends on numerous factors. Consequently, it is
impossible to identify the force accurately. Hence, they as-
sume its value as 2-5% of static forces (Gp-G;') where G, is
weight of fluid column | — h. It is also indicated that there is a
recommendation to identify the force as follows [9], [10]:
Fr2 = 0.5f, where fr —friction coefficient between rods and
pipes (frmax = 0.25-0.30); B — inclination of a well axis from a
vertical, rad; Fr — rod weight in air.

Consider thoroughly the conditions under which SRP
plunger starts its upward motion, i.e. under what conditions
deny the half phase one of rod hanger point motion. At the
starting point of rod upward motion, both the rod hanger
point and a pump plunger are in their lower position. A pres-
sure valve as well as a suction valve is closed.

In the process of the polished connecting rod upward mo-
tion, the rod string takes gradually the forces of fluid column
weight (Formula 1) starting to be stretched under their effect.
Tensile deformation expands towards a plunger. If the plung-
er is in its lower position, then the fluid column weight is
transferred to the SRP string through a plunger and suction
valve. Hence, the string turns out to be extended. As soon as
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the rod hanger point starts its upward motion, increasing
force arises within the plunger-fluid contact. The force in-
creases depending upon the rod deformation, i.e. some share
of fluid column weight is transferred to the rod string. The
abovementioned results in the decrease of the tension force
applied to the SRP. That is why SRP tightens, i.e. upward
transition of its cross sections, takes place. However, since in
this situation a plunger and a unit of the suction valve are in
contact, the transition of SRP cross sections involves upward
transition of a pump plunger with no plunger transition rela-
tive to a cylinder. The process continues until the tensile
force, stipulating the rod deformation, becomes equal to the
fluid column weight in a well. Upward motion of a plunger
and a cylinder reduces the rod deformation. Consequently,
the starting point of the plunger transition relative to a cylin-
der should involve the following rod hanger point transition:
Alr + Al (where Al; is rod deformation stipulated by force
being equal to the fluid column weight above the plunger;
and Alvp is SRP deformation resulting from the same force
effect). If transition of s hanger point is: s =4I, + 4ltp, then
half stage one of the rod hanger point terminates. 41, and Alp
values are determined as follows:

Al =G—p|; = Gpl .
EA EArp
where:
Ar and Arp—cross section areas of rods and pipes
respectively;
Gy — fluid column weight above the plunger.
Fluid column weight is:

~ x(d,?-d?)(1-h)
P 4

Akp @

G

o'y ®3)
where:

d, and d; — diameters of a plunger and rods;

p — density of the formation fluid;

g — acceleration of gravity.

In addition to the abovementioned forces, analysis of law
of rod hanger point motion should involve the driving force
applied on the part of the polished connecting rod being
equal to the total of forces developing in two hydraulic
strings (i.e. vertical hydraulic cylinders). Specify the force as
Fp. Its value will be:

ﬂdﬁc
p 2 4 P
where:

dnc — internal diameter of the hydraulic cylinders;

p — pressure within the hydraulic cylinders.

Hence, during the half stage one, the rod hanger point
motion depends upon such forces as G/, Fr1, Frz, Gy, Fp.

While determining a law of the rod hanger point motion,
one may do the following: consider conditionally each rod
string as strainless considering it also as that one consisting
of finiteless number of infinitesimal parts having different
velocities and being interconnected by means of elastic ele-
ments which weight can be neglected (it has been abovemen-
tioned [8] that it is possible to assume approximately a linear
law of changes in the velocities of rod cross section from V
velocity in a rod hanger point down to zero within a cross

F (4)
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section with a pump plunger connection). The same assump-
tion is available in papers [9], [10]. Such an approach will
help reduce each force and weight to the rod hanger point
(GY', Fr1, Fr2, Fp). The only exception is G,' force applied to
a pump plunger since it experiences its 0 up to G increase in
proportion to the rod string stretching. While reducing, Gy’
force will be equal to zero as the plunger velocity amounts to
nothing. The force influences only the time of the termina-
tion of half phase one of the rod hanger point as well as a
value of acceleration with which a pump plunger will start its
upward maotion.

Resulting from the reduction of forces and weights to the
rod hanger point, obtain a differential equation which solu-
tion will help obtain S(t) and Fp(t) functions. Next, assume
that the force, arising within the rod cross section in the
neighbourhood of the plunger, is equal to Fy(t) force within
the rod hanger point. Since the formation fluid column press-
es on the plunger, it is possible to identify the column motion
under the effect of Fy(t), force, if one knows Fy(t) function.
While solving the differential equation, being formed in this
context, obtain t time moment when a pump plunger starts its
upward motion, the pump plunger acceleration at the mo-
ment, and a value of extra effort within a cross section of a
pump plunger-rod string connection.

Another approach is possible. It is as follows: after de-
termination of S(t) function, consider the wave processes
within a rod string, and define effort function F(t) within the
cross section of rods in the neighbourhood of a plunger.
Then, it is required to determine the motion of formation
fluid above the pump plunger.

Half phase two. It starts when a pump plunger begins its
upward motion terminating when the rod hanger point deve-
lops stable (constant) velocity. In terms of the half phase,
velocities of all cross sections are almost similar. They are
almost similar since at the moment, when a plunger starts its
upward motion, significant oscillation processes originate
within the rods. The processes depend upon considerable iner-
tia by the fluid column [11]. However, to compare with the
displacements, resulting from the motion of rod hanger point,
the displacements, stipulated by the oscillations of rod cross
sections, are less important. Thus, displacements of cross
sections along the whole length of rods can be considered as
almost similar ones. It means that the motion of rod string may
be regarded as the motion of an absolute solid body.

During the half stage of the motion, following forces are
applied for the rod hanger point: rod weight in fluid G,’; fluid
column weight above a plunger Gy, friction force between
the formation liquid and rods Fr1 (the friction force availabi-
lity is stipulated by the fact that in the process of upward rod
motion, formation fluid also performs its upward motion;
however, their velocities differ); friction force between rods
and SRP F; friction force between plunger and cylinder
Frs; and pressure force Fy, stipulated by the pressure diffe-
rence within a suction valve (when a pump plunger starts it
upward motion, dilution, resulting from pressure difference
within a suction valve, originates since the pressure under the
suction valve exceeds the pressure over it). Difference of the
pressures, multiplied by the plunger area develops Fy, force
applied for the plunger and directed downwards.

Determination of Fy, force should involve the data con-
cerning pressure loss within a suction valve. Papers [11]-[13]
analyzed the problem. To determine pressure loss within a
suction valve, authors of paper [12] applied the formula:
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24,2
1 A Vp

— 5 (®)
1 4% 29

hIos =

where:

u—loss coefficient of a valve which depends upon the
valve design and Reynolds number;

A, — plunger area;

Ay — valve hole area;

V — plunger velocity.

Perform roughly approximate calculation using Formula
(5) to identify whether Fy, force is a significant factor while
analyzing a motion law of the rod hanger point. Obtain
Fw =17 H for the averaged parameter values. As it is under-
stood, the force is not important; thus, it may be ignored.

Formula (5) demonstrates that pump plunger acceleration
will result in rather fast increase of the force. Papers [12],
[14], [15] identify hies to determine the minimum allowable
value of the working submergence (hmin).

Moreover, a driving force Fy is applied for the rod hanger
point. The force is defined according to Formula (4). Inertia
of all the moving bodies is taken into consideration in the
underwritten equation of motion of rod hanger point.

To identify friction between the rods and pipes Fr, paper
[11] applies a formula with the reference to paper [9]:

Fro =051 A0 4!,

where:

po — rod material density;

f — rods-pipes friction coefficient;

S —angle characterizing curvature of vertical wells (it is
mentioned that in the context of the majority of wells, the
curvature is not more than 5-6°; 1 = 0.1 may be assumed).

Formula (6) coincides completely with Formula (2). Pa-
pers [9], [10] assert that friction coefficient f is not more than
0.2 if dry steel-steel friction takes place or insufficient lubri-
cation is available. However, if the coefficient is applied in
excess as f = 0.4, then, when = 0.1, we obtain Fr, = 0.02G,
using (6) where G, is the rod weight in air.

Hence, friction force between SRP and rods is not more than
2% of the rod weight in air. Also, paper [11] gives recommenda-
tions concerning the selection of a friction coefficient f:

—f =0 for watered oil which viscosity is 10-10°m?/s;

—f=0.2 for light oil which viscosity is less than 3-10° m?/s;

—f=0.16 for light oil which viscosity is more than
3-10° m?fs.

The friction force between a plunger and a cylinder Frs,
mentioned in paper [11], is a significant value which may
achieve 3 kN. Largely, the force depends upon pump diame-
ter, fluid viscosity, availability of the suspended solid parti-
cles in it, and gap between a plunger and a cylinder. Theoret-
ically, it is a great problem to identify the force. The idea is
supported by papers [9], [10]. In this connection, following
empiric formulas were proposed:

(6)

Fra =1.84%—137 , ™)
if water lubrication takes place.

D
Frg =165—-127, @)
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if lubrication is performed using grease which characteristics
are close to circuit-breaker oil,
where:

D — plunger diameter;

0 — gap between a plunger and cylinder.

To consider friction force between the formation fluid
and rods, paper [11] applies A.V. Klapan formula. As it is
stated in paper [11], the formula has been obtained involving
average fluid consumption per one cycle of upward and
downward plunger motion. It is as follows:
Fri=27vypl (i;rmS|pA1 —UBl) , 9)
where:

| —rod string length; and n is plunger stroke frequency:

et e
:(m2 +1)Ipm—(m2 —1)’ :(mz +1)Ipm—(m2 —1)’
8Qp Dy

U= m=

(m2 +1)I|[,m—(m2 —1) dy
Paper (9) proposes to take “+” sign if plunger performs its
upward motion and “~” sign if downward motion takes place.
There is one more friction force stipulated by the hydrau-
lic resistance in pipes. Specify it as Frs. The force intensifies
fluid pressure on a pump plunger. To determine it, pressure
loss in pipes should be multiplied by a plunger area, i.e.:

I pV,
= ]— av
Fra G 2

Ap . (10)

where:

A —hydraulic friction coefficient in SRP (Darcy factor);

dr — internal SRP diameter;

Va — average velocity of the formation fluid in SRP in
terms of upward plunger motion;

p — formation fluid density;

A, — cross section area of a plunger.

In addition to the abovementioned forces, arising at the
starting point of a half phase two when a pump plunger be-
gins its upward motion, a vibration force, developed by the
inertia fluid pressure of a plunger, originates. The force value
was identified by A.S. Vyrnovskyi [9], [10]. Below you can
find the problem statement as well as its solving. Vibration
force value will be determined separately from the effort
value in rods arising in terms of upward motion of the rod
hanger point under the effect of the abovementioned forces.

Hence, following forces should be taken into considera-
tion during the half stage two of the rod hanger point motion
to identify its movement: rod weight in fluid G,'; fluid co-
lumn weight above plunger G,; friction force between the
formation fluid and rods Fry; friction force between the rods
and SRP Fry; friction force between a plunger and a cylinder
Frs; pressure force resulting from the pressure difference in a
suction valve Fyy; friction force stipulated by hydraulic re-
sistance in SRP when the formation fluid performs its up-
ward motion; and drive force Fp stipulated by the fluid pres-
sure on pistons in the hydraulic legs.

Consideration of the abovementioned forces will help
compile an equation of the rod hanger point motion within
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the half phase. An equation to identify vibration force will be
compiled separately.

Phase two starts when rod hanger point achieves its
maximum and simultaneously constant velocity. As it has
been mentioned, the phase is the longest in terms of time.
The phase terminates when a traverse activates the upper
terminal switches.

The phase involves the same forces as the half two of
stage one (i.e. running start of a rod hanger as well as a
plunger). Since the rod hanger point velocity is V = const
within stage two, efforts in the rods are determined by means
of the applied forces mentioned above. Some of them may be
considered as the concentrated forces; and other may be
considered as those distributed along the rod string. The
concentrated forces are: fluid column weight G, above a
plunger; friction force between a plunger and a cylinder;
resistance force resulting from the pressure difference in a
suction channel Fy, (as it has been mentioned above, the force
may be ignored); and driving force Fe. In turn, friction forces
Fr1, Fr2, Fra are the forces, distributed along the rod string.
While adding vibration force to the listed ones, it is possible
to identify a normal force within the arbitrary cross section of
the rod string as well as the stress within the cross section.

Phase three involves brakeage of piston motion within the
cylinders of hydraulic legs as well as brakeage of the motion
of rod hanger point. The phase starts when a traverse activat-
ed upper terminal switches. In this context, it is addressed to
switch a spreader. It closes down a pressure line; thus, mo-
tion velocity of pistons within the cylinders of hydraulic legs
drops to zero.

In terms of the phase, motion of the rod hanger point is
determined with the help of the following forces:

—driving force F, applied to the rod hanger point on the
side of a traverse;

—weight of the formation fluid G, lifted by a pump
plunger;

—weight of the rod string within the formation fluid G,;

— friction forces Fri, Frz, Fr3; Fra.

The listed forces explain that within the phase, the rod
hanger point is influenced by the same forces as within phase
two. The only difference is that driving force F, cannot pro-
vide the uniform upward motion of the rod hanger point
anymore since the fluid delivery under pistons within the
hydraulic legs deceases gradually down to zero resulting in
the brakeage of piston motion as well as rod hanger point.

Phase four is a short interval during which both pressure
line of the hydraulic system and discharge one are closed
down. Balance of forces takes place during the interval.

Phase five lasts from the start of downward motion of the
rod hanger point up to the moment when a pump plunger
begins its downward motion. The phase involves shortening
of the stretched rod string with a plunger. That is why weight
of the formation fluid, located above the plunger, transfers
gradually through the fluid under the plunger and the closed
down suction valve to PT string being stretched. During the
opening point of the pump plunger downward motion, forces
of inertia masses, starting their movement, develops an im-
pulse, stipulating an oscillation process within the rod string.
The process is comparable with that one arising when a
pump plunger starts its upward motion. Later, the fluid mass
above a plunger is not connected with it. During phase five,
no plunger motion relative to a cylinder is available since PT
stretch results in the simultaneous rod string elongation in its
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lower part (PT stretch under a plunger develops discharge
resulting in instantaneous pressing of the plunger against
fluid under it owing to the weight of rod string and certain
share of the fluid column weight). Downward motion of a
plunger along a cylinder is only possible if only the total
weight of fluid column G, above the plunger is taken up by
PT string. It will become possible when absolute deformation
of rod string becomes 4l (Formula one in (4)). However,
simultaneous compression of the stretched rod string, de-
pending upon the downward displacement of rod hanger,
results in rod stretch in the neighbourhood of a plunger, stip-
ulated by PT extension. Thus, to make absolute rod defor-
mation equal to 4l;, the hanger point should be displaced by
S = Al + Alyp value.

During the phase, motion law of the rod hanger point de-
pends on the following forces: weight of rod string in for-
mation fluid G/'; traverse weight together with piston rods
and plungers of hydraulic legs Grr; resistance force of fluid
within discharge line Fqp; and friction forces Fry, Fro.

Phase six. It involves the interval during which the rod
hanger point performs its downward motion from the mo-
ment when a plunger starts its downward motion up to the
moment when a traverse activates the lower switches, i.e.
before closing down of a discharge line.

In this context, motion of rod hanger point depends upon
the following forces:

—rod string weight in the formation fluid G/';

—traverse weight together with the piston rods and
plungers of hydraulic legs Grr;

— resistance force of the fluid flowing out of the hydraulic
legs into a discharge leg Fop;

— friction forces Fr1, Frz, Fra, Fra.

—resistance force resulting from the pressure difference
within a pressure valve Fy, (the force may be ignored as well
as Fy, force).

Weight of rod string within the formation fluid is:

Gr = Argl(pr —,0),

where:

pr, p — densities of rod material and formation fluid

Phase seven. It involves the interval from the moment
when a discharge line of hydraulic line is closed down up to
the moment when the rod hanger point stops. During the
phase, motion of the rod hanger point depends upon the fol-
lowing forces [16], [17].

— resistance force of the fluid flowing out of the hydraulic
legs into a discharge line Fop;

— friction forces Fri, Fra, Frs;

—traverse weight together with the piston rods and
plungers of hydraulic legs Gr.

The difference between the phase forces and forces of
phase six is in the following: the force, resisting to the fluid
flowing out of the hydraulic legs, increases since a discharge
line is closed down.

Phase eight. As it has been mentioned before, the phase
involves the interval during which the rod hanger point re-
mains immovable in its lower position. In this context, the
mine well pump valves are closed down. The efforts within
the rod hanger point is equal to the rod string weight within
the formation fluid G/ It is obvious that phase eight is not
over when opening of a pressure line of a hydraulic drive
starts. To initiate upward motion of the rod hanger point

(11)
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under pistons, such pressure should be developed in the hy-
draulic legs to provide upward motion of a traverse together
with the piston rods and plungers [18]-[20].

4. Conclusions

The analyzed dynamics of well facilities producing oil
has made it possible to evaluate the values of forces influenc-
ing the system which is quite important for the process of the
equipment design. The abovementioned has helped correct
the available kinematic schemes of well tools for oil produc-
tion intended to reduce the effect of inertia on the equipment
components potentiating development of conditions for the
improvement of reliability and durability of the operation of
rod well pump plants.

Evaluation of efforts, effecting the rod system while cy-
cle implementing, will make it possible to identify stress
value in the rods as well as dynamics of their changes help-
ing develop functional as well as mode and parametric
measures to prevent fatigue destruction of rod material; final-
ly, it will provide the improved operational reliability of well
facilities for oil production.
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JAuHamivuHuii aHaJi3 cCBePIJIOBUHHOIO 00JIaJHAHHA /1JIs1 BUI0OYTKY HAPTH

A. I'pyns, B. I'pyns, B. bess, M. UepHeubkuii

Merta. JlocipKeHHs AMHAMIKH TEXHOJIOTIYHOTO MKy YCTAHOBKH CBEP/JIOBUHHOTO HaTOBHAOOYBHOTO 00JaJHAHHS 3 METOIO OLIHKH
CWJI, 10 JiIOTh Ha €NeMEHTH KOHCTPYKILIi B mpomueci poOOTH IS MiIBUINEHHS iX HAZIHHOCTI 1 TOBIOBIYHOCTI €KCILTyaTalii 3a paxyHOK
3HIKEHHS IHEPIIHOCTI.

MeTtoauka. B 0cHOBy MaTeMaTHYHOTO MOJICIIFOBAHHSI CHCTEMH MOKJIa[JICHO OCHOBHHUI 3aKOH JTMHAMIKH PYXy CKJIaJIHOT CHCTEMH 3 TIPUEN-
HAHOIO Macol0 3 YpaxyBaHHsM JaedopMallii eIEeMEHTIB 1 3 TOAATBIIOK Pealizalliclo MaTeMaTHYHOT MOJIENI METOAaMHi MaTeMaTHYHOTO aHai-
3y. s minBuIeHHS iHPOPMATHBHOCTI Ta JOCTOBIPHOCTI OTPUMAHUX B TPOILIEC] aHAITHYHOTO MOJICITIOBAHHS PE3YJIbTATIB BECh UK TEXHO-
JIOTIYHOTO IIPOLIECy 3alPONIOHOBAHO PO30MBATH Ha OKpeMi a3y, KoKHA 3 SIKMX XapaKTepu3ye MEBHUH Ipolec pyxy i 3MiHa xapakrtepy il
CHJI, 1110 BIUIMBAIOTH HA €IEMEHTH CUCTEMHU.

PesyabraT. AHai3 pe3yibTaTiB MATEMaTHYHOTO MOJEIIOBaHHS POOOYOro LMKy CHCTEMH JO3BOJISIE 3pOOUTH BUCHOBKH PO TPUBA-
JICTh MPOIIECY, XapaKTep pyXy TOUYKHU MiABiCYy KOJIOHH MPOTArOM MKy €KCIUTyaTallii Ta BEIMYMHYU IHEPLIHHUX CHJI, L0 Iif0Th Ha eIeMEHTH
YCTaHOBKH CBEPAJIOBHHHOTO OOJNIaTHAHHA, BKA3yIOUH LULIXU X CKOPOYEHH:, 3a0€3MeUnTh HAMIHHICTD 1 JOBTOBIYHICTH POOOTH YCTaHOBKH.
JetanbHO AOCTIKEHO €NEeMEHTH TigpaBIiYHOTO MPUBOAY HACOCHO! YCTAHOBKM LUIAXOM PO3OUTTS Horo poboTu Ha 8 (a3 HMUKIIB pyXy.
BcranoBneHo, o 3MEHIIECHHS BIUIMBY iHEPIIHHNX CHJI HA €JICMEHTH CUCTEMH JOCSATAETHCSI HACTYITHUM YMHOM: CHIIOBI T'iIpaBIIivHI IMITIH-
PH BUKOHYIOTBCS 3 CTYIIHYAaCTUM 30UIBIICHHSM JliaMeTpa y BepXHill IX 9acTHHi, a HOPOXKHUHHI IITOKY B HIDKHIM YacTHHI 00JaqHaHI CKUA-
HUM, KU 3[1HCHIOE CKUJIAHHS YaCTUHHM PIIMHU B pe3epByap, 3MEHIIYIOYH IPH [[bOMY MIBUKICTB MiTHOMY TPaBEpPCH.
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HaykoBa HoBM3HA. BcTaHOBIIGHO 3a I0NIOMOT0OI0 MaTEMaTHYHOTO MOJEIOBAHHS, 110 ICTOTHE 3MEHIIEHHS iHEpLiHHOCTI CUCTEeMH 3ae-
JKHUTh BiJl KOHCTPYKTUBHUX 1 KIHEMAaTHYHHX ii XapaKTEPUCTHK | MOXKE 3MIHIOBAaTUCS B LIMPOKHX MEKaX.

IpakTnyHa 3HAYUMICTB. Y TPaKTHIII eKCIUTyaTallil yCTaHOBKH CBEpAJIOBUHHOTO 00IaHAHHS [Tl BHAOOYTKY HAQTH 3HIDKCHHS BILIHBY
IHepIIHUX CHJI HA €JICMEHTH CHCTEMH JTO3BOJIUTH IMiABUIIUTH i1 HAAiiHICTh 1 JOBrOBIUHICTb.

Knrouogi cnosa: ceéeponosunne o6naouanms, 8u0o0ymox Hagpmu, OuHamixa, cunose noie, inepyitinicmo, poboyull Yuki, asa, Haodiunicme

JuHamMuYecKuil aHAJN3 CKBAKUHHOTO 000py10BaHUsl 1Sl 100bIYM He(pTH

A. I'pyns, B. I'pyns, B. bess, M. Uepneukuit

Leab. UccnenoBanne ANUHAMHUKHA TEXHOJOTMYECKOTO LUKIA YCTAHOBKH CKBOKHHHOTO He(TEHOOBIBAIOLIEro OOOPYAOBAHHS C LEJIBIO
OLICHKH CHJI, ICHCTBYIOIINX Ha 3JIEMEHTHI KOHCTPYKIMH B TPOIiecce paboThl AJIsl MOBBIICHHST MX HA/JIKHOCTU M JOJITOBEYHOCTH IKCILTyaTa-
LUK 32 CUET CHIKCHUS] HHEPLIHOHHOCTH.

Metoauka. B 0CHOBYy MareMaTH4eCKOr0 MOJECIHPOBAHKS CHCTEMBI MOJIOKEH OCHOBHOW 3aKOH JUHAMHKHU JABMIKCHUS CIOKHON CHCTEMBI
C MPUCOEMHEHHO Maccoil ¢ ydeToM aeopManiy IEMEHTOB H C MMOCIIEAYIOIIeH peann3areil MaTeMaTHIeCKO MO METOaMH MaTe-
MaTHYEeCKOTO aHamu3a. [l MoBBIICHHS WHPOPMATHBHOCTH U JOCTOBEPHOCTH MONYYCHHBIX B MPOIECCE aHAIUTHICCKOTO MOJICITUPOBAHUS
pe3yIbTaTOB BECh MUK TEXHOJIOTHYECKOTO IMpoIlecca MPEeIoKeHO pa30uBaTh Ha OTACNBHBIC (Da3bl, KaKaas W3 KOTOPBIX XapaKTEepU3yeT
OTIpEICIICHHBII TPOLIECC IBIKCHUS U U3MCHEHHE XapaKTepa ISHCTBHUS CUII, BIHMSIONINX HA JICMEHTBI CHCTEMBI.

Pe3yabTaThl. AHAU3 PE3yJIbTATOB MAaTEMAaTHUSCKOTO MOJACIUPOBAHUS Pabovero IMKIa CHCTEMbI MMO3BOJSET CHENATh BBIBOJBI O MPO-
JOJDKUATETBHOCTH MPOLIECcca, XapakTep ABHKESHHsSI TOUKH MOJBeCa KOJOHHBI B TEUCHUE [MKJIA IKCIUTYyaTallK M BEIHYMHBI HHEPIIMOHHBIX CHII,
JEUCTBYIOIINX Ha 3JIEMEHTHI YCTAHOBKU CKBa)KHHHOTO OOOpYHOBaHMs, yKa3bIBasi MyTH UX COKpAILCHUsI, 00CCIEUYUT HAJCKHOCTh U OO~
BEYHOCTh PaboThl ycTaHOBKU. [10ApOOHO MCCIIEMOBaHBI 3JIEMEHTHI THIPABINYECKOTO MPUBOJA HACOCHOW YCTAHOBKH ITyTeM Pa3OHTHS €ro
paboter Ha 8 (a3 HMUKIOB ABWKEHHUS. YCTAHOBICHO, YTO YMEHBIICHHE BIMSHUS WHEPIHOHHBIX CHII HA 3JIEMEHTHI CHCTEMbI JOCTHIAETCS
CIIEYIOIIAM 00pa30oM: CHIIOBBIC THPABINYCCKUC IIWIHHAPHI BBIOIHSIOTCS C CTYNCHYAThIM YBEIHYCHUEM IHAMETpPa B BEPXHEH MX YacTH, a
MTOJIOCTHBIC IITOKH B HIKHEH 4acTH 000pyI0BaHBI COPOCHBIM KJIAIIAHOM, OCYIICCTBISIOMINI COPOC YacTH JKUIKOCTH B pe3epByap, YMCHb-
11ast IPU 3TOM CKOPOCTh TOBEMa TPaBEPCHI.

Hayuynasi HoBU3HA. Y CTaHOBJICHO MPH MOMOIIM MaTeMaTHYECKOTO MOJCINPOBAHNUS, YTO CYINICCTBCHHOEC YMEHBIICHUE WHEPIIMOHHOCTH
CHCTEMbI 3aBHUCHUT OT KOHCTPYKTHUBHBIX U KUHEMAaTHUECKUX €€ XapaKTePUCTHK U MOXKET U3MEHSTHCS B IIMPOKHUX Mpeaesax.

IIpakTHyeckasi 3HAYMMOCTh. B TpakTHKe SKCIUTyaTallid YCTAHOBKH CKBa)XMHHOTO OOOpYHOBaHMS IJisl AOOBIYM HE()TH CHIDKCHHE
BIIMSTHUSI HHEPIIMOHHBIX CIJI HA DJIEMEHTBI CHCTEMBbI IO3BOJIAT MOBBICHTH €€ HAICKHOCTh U JJOJITOBEYHOCTb.

Knrouesvie cnosa: cksaxcunnoe obopyoosanue, 000viuu Hepmu, OUHAMUKA, CUTOB0€ NOJe, UHEPYUOHHOCMb, pabouull Yuki, @asa,
HAOENCHOCMb

Article info

Received: 12 May 2020
Accepted: 16 November 2020
Auvailable online: 7 December 2020

89



