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Sucker-rod pump plant operation is accompanied by inertial and shock loads, affecting the fatigue strength of sucker rods and
causing possible accidents.*is work proposes the original design of a shock absorber of a sucker-rod string.*e peculiarity of the
proposed design is the usage of thin plate packages as a bearing elastic element of the shock absorber. *is approach to the elastic
element’ design provides the shock absorber to be easy to manufacture and operate. Sucker-rod string protection from extra load
will increase the sucker-rod pump plant efficiency in general. *is study aims at developing shock absorber’s design and studying
its most important performance options—strength and rigidity. A mechanical and mathematical model of a shock absorber’s
elastic element was developed in order to specify its deformation. A package of thin plates was modelled as an equivalent solid
plate with a cylindrical rigidity providing equal properties of the solid model and the plate package. *is model makes possible to
describe analytically the stress-strain state of the shock absorber bearing elements. *e work presents the final expressions of the
shock absorber’s strength and rigidity assessing in a convenient form for engineering practice. *e numerical approbation of the
obtained analytical results was carried out as the case of a plate elastic element. *e authors give recommendation on the bearing
unit’s design of the shock absorber.

1. Introduction

Pump-jacks with rotary and combined balancing, driven by
asynchronous motors, are widely used for oil production by
deep-barrel pumps due to their advantages as simplicity of
construction and work reliability [1–3]. However, these units
do not provide best (optimal) loading conditions for sucker
rods as far as sucker-rod string’s motion is determined only
by driver’s kinematic and does not depend on the load in the
upper part of the string [1, 4].

*e sucker-rod string is the most important element to
transmit movement to a deep-barrel pump’s plunger.
Regular (intended by the project) alternating loading occurs
in the upper part and changes on an asymmetric cycle with a
positive skewness.

Apart from regular loading, sucker-rod pump plant
usage is accompanied by a wide range of oscillations and
inertial and shock loadings, adversely affecting the fatigue
strength of sucker rods and pump tubes and causing possible
accidents. *erefore, sucker-rod protection from extra

loading is an urgent problem; its solution will increase
sucker-rod pump plant’s efficiency and effectiveness and
save on additional costs.

2. Literature Review: Purpose and Objectives of
the Research

*e deformable- and rigid-body mechanics consider the
sucker-rod string as an elastic-stepped rod located in an
elastic tube. *e upper end of the rod provides kinematic
movement defined by the plant’s driver, and the lower end is
subjected to a force that depends on the direction of its
movement. A failure of suck rod strings leads to long and
expensive underground well repair [5–7]. Some modern
methods of increasing sucker-rod string’s life solve only part
of the problems, for example, preventing rod’s corrosion [8],
protecting rod’s frictional actuation [9], and self-unscrew-
ing. Irregular dynamic and vibration loads are the serious
problems of sucker-rod string’s operation [10].
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Identifying the factors that influence on sucker-rod
string dynamic and calculation method to consider these
factors can significantly assist in increasing the reliability of
the sucker-rod pump plant. Models describing the behavior
of bar columns began to be developed in the 1950s [11] and
continue to be refined and developed [12–14]. Mechanical
fluctuations and fluctuations in fluid flows cause complex
vibrations in hydraulic pumps. *erefore, improvement of
hydraulic pump operating condition should be provided at
the design stage. In particular, the study by Zhang and Zhang
[15] investigated the dynamic reactions of a hydraulic
plunger pump by numerical simulation. Gu et al. and Zi-
Ming et al. [16, 17] presented mechanical and mathematical
modeling of velocity and acceleration of the rod string
suspension point which refer to the loading in the polished
rods. *e most up-to-date approaches of pumping rod’s
fatigue diagnostics and safe operation life prediction con-
nected with the neural networks [18].

Sucker-rod string is subjected to additional static and
dynamic loads associated with forced and free, parametric,
and friction vibrations especially when operating a complex-
profile well. Besides, these loads are transmitted to the el-
ements of the sucker-rod pump’s driver [19, 20]. *e friction
pairs of the pumping plants wear during oil production. *e
article [21] studied wear effect on the magnitude and nature
of the loads at the rod string suspension point. A number of
authors recommended to use special protective coatings in
order to reduce contact surface wear [22, 23].*e calculation
of the required parameters of such coatings was carried out
in [24].

Nowadays, designers of the sucker-rod pumps attempt to
use soft-actuated drivers as hydraulic drivers or high-slip
motors. *e abovementioned drivers provide decreasing dy-
namic loads and longitudinal vibrations influence on driver’s
characteristics due to not only driver’s kinematics but also the
load value in the upper part of the rod string [25].

Some authors [26–28] consider vibration reduction of oil
equipment as the key factor to preserve dynamic stability of
pump rods and tubes. *e works [29–31] studied actual
vibration protection problems for designing long structures
(strings of rods, pipes, and so on). *e works [32–34]
simulated contact interaction in shell-core systems (as rod-
rigid clip, elastic body-cylindrical shell) under non-
monotonic loading to determine the strength, rigidity, and
damping ability of these systems.

*e phenomenon of “sucker-rod string-well’s wall”
contact interaction is a factor providing energy and safety of
sucker-rod string operation. *erefore, in this frame,
mathematical modeling issues of statics and dynamics of the
core systems under the conditions of the rod and elastic or
inelastic medium interaction are at stake [35–38].

Experimental and field data show that shock absorbers in
the drivers of sucker-rod pump plants reduce the dynamic
loads on pump-jacks and reduce the intensity of applying
loads to the sucker-rod string [1, 39, 40]. *e last note is of
paramount importance for the strength and durability of the
sucker rods.

*ere are pneumatic and hydrodynamic shock absorbers
made as short cylinders, suspended from the balancer and

filled with air under constant pressure or oil and air.
Sometimes, they use shock absorbers consisting of several
rubber rings. *ey are mounted on the suspension for the
pump rods [1, 39].

Besides, there are shock absorbers consisted of some
hinged metal links and a coil spring. Rubber shock absorbers
differ favorably from others by higher energy dissipation due
to internal friction. However, their characteristic instability
significantly limits the scope of their usage [40, 41].

Disc springs are quite widely used in engineering; they
have a high bearing capacity, but the low compliance does
not allow to provide the required performance of the sucker-
rod spring’s shock absorber [42].

Hydropneumatic shock absorbers with variable (adap-
tive) rigidity have been well established [43], but the
complexity of structures, installation, maintenance, and the
relatively high cost have prevented their widespread use in
oil/gas fields.

Rigidity and damping of the elastic element mainly
determine the effectiveness of a vibration protection system.
To address the issue of vibration protection for the particular
case, these parameters are subjected to manage at the design
stage to reduce elastic elements’ stiffness without compro-
mising their strength and to provide the necessary damping.
*e authors previously developed a slotted shell elastic el-
ement, which completely satisfies the following require-
ments [44]. However, the rather large longitudinal
dimension of the shock absorber for elastic element
mounting is inconvenient for use in the suspension of
sucker-rod springs.

In the frame of this work, the authors propose to use
packages of annular plates as elastic elements for shock
absorbers of sucker-rod strings. Such elastic elements are
technological and simple to manufacture and operate. At the
same time, they provide the required shock absorber flex-
ibility and durability. Successful design and usage of the
proposed shock absorber depends on the accuracy of its
calculation. *e work presents the main concepts of me-
chanical and mathematical modeling of the shock absorbers
for sucker-rod strings, which were designed based on an-
nular plate packages. *e article aims at studying the most
important performance–the strength and rigidity of the
shock absorber.

3. Design of a Plate Package Elastic
Suspension of the Sucker Rod-String

Figure 1 presents an elastic suspension of a polished rod with
the plate shock absorber of the sucker-rod string. It consists
of the lower 6, the upper 3, and the additional 1 traverses, the
clamps for the ends of rope 4 and rope 2, the lifting screws
for upper traverse 5, nut 11, and locknut 12 for fixing
polished rod 10 (nut 11 and locknut 12 can be replaced by
the wedge device), nut 7 for adjusting the shock absorber,
piston 9 and also shock absorber 8, which is made in the
form of the packages of plates. It should be noted the shock
absorber can have packages of plates with different rigidities.
*ey are installed with the possibility to exclude from the
work of separate packages of plates during overloads. *is
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fact expands the range of operating loads for which the
elastic suspension can eectively perform its functions.

�e following describes the operation of the sucker-rod
pump plant with the elastic suspension. When the head of
the balancer moves upward, the lower 6 and upper 3 tra-
verses load the elastic member and approach to additional
traverse 1. In this case, additional traverse 1 and the sucker-
rod string, which is suspended on it, for some time, remain
motionless. When the elastic force of the shock absorber, at
its certain submersion, will be equal to the weight of the
sucker-rod string together with the plunger and the liquid,
which is above the plunger, the sucker-rod string begins the
smoothmovement up. It should be noted the useful length of
the plunger stroke is reduced by the amount of submersion
of the shock absorber, and this fact must be taken into
account at the design stage.

When the balancer head moves down at the moment of
opening of the pressure valve and the discharge of the
sucker-rod string from the weight of the liquid, the moving
parts of the shock absorber gradually return to the initial
position, and at this time, the head of the balancer, upper,
and lower traverses move down, and the sucker-rod string
remains motionless for some time until the submersion of
the spring that appears from its compression is not
exhausted.

Consequently, during loading of the shock absorber, its
working links (there are plate packages) change their shape

and accumulate the potential energy of elastic deformation.
When the axial load is reduced, the moving parts of the
elastic suspension are returned to the original position due
to the energy accumulated by the plates. �e gaps between
the plate packages are designed so that at overload, the plate
is excluded from the work. �us, at the certain shock ab-
sorber characteristic, the nature of application and the value
of maximum and minimum forces acting on the sucker-rod
string are varied, and the eects of the vibrational, inertial,
and shock loads are reduced.

Concerning the reduction of the useful displacement
of the plunger, it can be stored at the required level by
known methods, if the technical characteristics of the
pump-jacks are possible or use special extension of the
displacement. It should be noted the use of nut 7 is
possible to smoothly adjust from minimum to nominal
submersion of the proposed elastic suspension. �is
property can be used if necessary to smoothly control the
e�ciency of the sucker-rod pump plant, with that the
elastic suspension performs basic functions and has ex-
panded functionality.

4. Analytical Analysis of the Operational
Characteristics of the Shock Absorber

Determine the stress and displacement in the plate shock
absorber, the scheme of which is given in Figure 2. If the
physical and geometric characteristics of the plate packages
are the same, then submersion of the shock absorber is
determined by de�ection of one package, which is increased
on n times, where n is total number of plate packages in the
shock absorber.

To describe the deformation of a shock absorber, we
construct a mechanical and mathematical model of the
plate package. In the proposed model, we treat a thin plate
as the working link, the bend of which can be considered
independently of the stretch. We assume that, in the
package of two plates (Figure 3), there are no cross-links
and friction between the plates. Plates in the package
interact with each other with radial slip and have the
perfect normal contact. Each of them is deformed as the
separate plate, which has its own neutral surface. �e load
on the package of plates is distributed between the plates in
proportion to their stiness in bending (in this case, evenly
distributed).

Taking into account the above assumptions, we assume
in the calculations that the cylindrical stiness of the package
of plates, in the general case, equals D � Eh3/[48(1 − μ2)],
where h/2 is the thickness of one plate in the package; E and
μ are the elastic constants of the plate material (Young’s
modulus and Poisson’s coe�cient).

From the equilibrium condition of the central part of the
package of plates, we determine the intensity of the trans-
verse force Qz as follows:

Qz · 2πr � q⟹Qz �
q

2πr
. (1)

We write the St Germain Lagrange equation for the
axisymmetric bend of the circular plates as [45]
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Figure 1: �e elastic suspension of the polished rod: 1, additional
traverse; 2, ropes; 3, upper traverse; 4, clamps for the ends of the
rope; 5, the lifting screws for the upper traverse; 6, lower traverse; 7,
adjusting nut; 8, shock absorber; 9, pistons; 10, polished stem; 11,
�xing nut; 12, locknut.
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Radial and tangential bending moments are
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After double integration (2) and taking into account (1),
we obtain

θ � C1r +
C2

r
−
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4πD
r ln
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a
. (4)

Constants of integration C1 and C2 are determined from
next boundary conditions. �e radial bending moment Mr
at the edges of plates, that is when r � a and r � b, must be
equal to zero:

Mr( )r�a � 0,

Mr( )r�b � 0.
(5)

Using conditions (5) and equations (3) and (4), we
obtain the following expressions for �nding C1 and C2:
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Figure 2: �e plate package shock absorber: (a) load diagram; (b) general view.
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Figure 3: �e load diagram of the one plate package.

4 Shock and Vibration



Substituting (4) and (6) into expression (3), we get

Mr �
q(1 + μ)
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 .

(7)

*e maximum equivalent stress is occurred at the inner
edge of the package of plates:

σeq �
3q

πh2
2b2

b2 − a2 (1 + μ)ln
b

a
+ 1 − μ . (8)

We integrate (4) and find the function of the deflection
of the package of plates:
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To determine the integration constant C3, we use the
boundary condition (w)r�b � 0. *en,
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To find the submersion of the shock absorber, we accept
in (10) r � a and take into account (6); as the result, we
obtain

w
∗

�
q · n

8π D

1
2

·
3 + μ
1 + μ

b
2

− a
2

  +
1 + μ
1 − μ

×
2a2b2

b2 − a2ln
2b

a
 .

(11)

It should be noted, at the time of bending, the working
links of the suspension, the tangential stresses due to the
shear strain appear in their sections. However, for thin
plates, the effect of the shear is relatively small, and in order
to obtain simple engineering formulas, it can be neglected,
while the accuracy of calculations is quite high. In cases of
using of plates of large thickness or using special materials
for which the shear modulus is much lower than Young’s
modulus, it is impossible to ignore the shear.

In order to evaluate the impact of dynamic effects on the
strength of the working elements of the elastic suspension,
we considered that, in addition to the constant force q, there
is a disturbing force:

q(t) � q1 · cos ζt. (12)

*e frequency of natural oscillations of the elastic
suspension

η �

��������������������������������������������������������������������
8π D

(nq/g) (3 + μ) b2 − a2( )( /(2(1 − μ))(  +((1 + μ)/(1 − μ)) 2a2b2/ b2 − a2( )( )ln2(b/a) 



, (13)

and the dynamic coefficient

β �
1

1 − ζ2/η2 
. (14)

Analyzing formula (14), taking into account (12) and
(13), we obtain the following conclusion. *e frequency of
change of the disturbing force, which depends on the op-
erating mode of the sucker-rod pump plant, is much smaller
than the frequency of the natural oscillations of the elastic
suspension. *erefore, it can be assumed that the process of
loading the elastic suspension is quasistatic, and the static
calculation of the strength and evaluation of the elastic
characteristics of the device do not require correction.

5. Approbation of Analytical Results

To illustrate obtained results, we choose a plate spring of an
elastic suspension with parameters a � 0.03m, b � 0.075m,
n � 12, E � 2.1 · 1011 Pa, and μ � 0.3, which correspond to
the real device. *e valuation of the stress state and the
strength of the working links of the shock absorber are shown
in Figure 4. *e dependencies of the maximum equivalent
stresses on the thickness of the plate at different values of the
external load are given here. *e horizontal dashed line
corresponds to the value of the permissible stresses [σ] for the
plate’smaterial. To ensure the strength of the shock absorber, it

is necessary that the condition σeq ≤ [σ] is fulfilled. If the
equivalent stress is equal to the permissible value for the
chosen thickness of the plates, then the construction is op-
erated with the coefficient stock − 2. *us, using the graphical
dependencies given above and knowing the mechanical
properties of the material of the working links of the plate
spring, it is easy to evaluate their strength. For themanufacture
of shock absorber plates, spring steel is used, for which yield
strength is σu � 1600MPa and permissible stress is
[σ] � 800MPa. If the expected range of maximum loads on
the elastic suspension during its operation is not high, then
cheaper steel can be used to design the working parts of the
shock absorber.

Figure 5 shows the elastic characteristics of the plate
spring of the shock absorber. *ere is the diagram of the
submersion of the shock absorber from the external load at
different thicknesses of the working plate package.
It should be noted that the flexibility of the elastic sus-
pension can be easily adjusted, to change the number of
working links in the elastic element or to vary the thickness
of the plate package. To extend the load range at which
the device works efficiently, the working links of different
thicknesses can be used, and if it is necessary for
increasing the working capacity of the elastic suspension, it
is a constructive possibility to include the working links in
parallel operation.
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6. Conclusions

Presented herein, the work proposes a new design of the
plate shock absorber of the sucker-rod string.

�e proposed design’s peculiarity is thin plate package
usage as the main bearing element of the device.

�e package of round plates is modelled as a solid plate
with equivalent cylindrical rigidity when mathematically
modelled as the shock absorber. �e equivalent cylindrical
rigidity was speci�ed to provide identi�cation of deformable
and tensile properties of the solid plate and the plate
package. �e abovementioned model will make possible to
obtain analytical solutions of the problem and to give the
results as simple engineering formulas that are convenient
for practical use.

�e work studied the most important performance
characteristics of the shock absorber and evaluated its
strength and rigidity. Numerical approbation of the obtained
analytical results was carried out as the case of a plate elastic
element.

In general, theoretical analysis results presented in this
paper make possible to design the elastic suspension of the

sucker-rod string to provide eective operation in all op-
erating conditions. �e particular scheme of plate spring is
preference based on the speci�c design conditions, the
permissible cost of the device, and the possibility of using the
necessary materials under the speci�ed operating condi-
tions. �e next stages of the study aim at bench and in-
dustrial testing of shock absorber’s plate prototype.

Data Availability

�e data used to support the �ndings of this study are in-
cluded within the article.
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