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replacing elastomeric supports in the compensation system with hydrofilm dampers. An indisputable
advantage of the developed digital model is its foundation for a universal methodology to assess the
effectiveness of vibration compensators in the MPU VCS. A unique digital prototype of the MPU was
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1. INTRODUCTION

Mainline pumping units (MPUs) are widely used in oil
and gas transportation systems to maintain pressure
during fluid transfer and are integral components of oil
pumping stations (OPS).

VCSs for MPUs often include bellows compensators
to reduce static and dynamic loads transmitted from
pipelines to the pump.

However, computational and experimental analyses
(1) demonstrate limited compensation efficiency due to
the  pressure-dependent  stiffness of  bellows
compensators, which becomes comparable to the
stiffness of pipeline bends during MPU operation.

The generally accepted global practice in the design
and manufacturing of mainline pumping units (MPUs)
involves the expert evaluation of technical solutions
based on digital prototypes (2, 3). In the field of
improving the design of vibration compensation systems
(VCS), notable works are known (4, 5). By utilizing
digital prototypes and relying on the fundamental laws of
continuum mechanics (CM) embedded within them, as
well as through the application of modern computational
methods (6) it becomes possible to track trends in load
increases when changing the operating parameters of
VCS.

Digital prototypes also facilitate process optimization
by isolating random factors inherent in real-world
production and operation.

MPUs must maintain operational integrity under
standard loads from connected pipelines, as per
regulatory code NP-068-95!

Natural frequency calculations are mandatory for
vibration strength verification (7-9), complying with
SNiP 2.05.06-85 (10), GOST 32388 (11), and other
standards (12-15), ensuring pipeline system reliability
and safety (16-18) while accounting for gas distribution
failure statistics (19, 20). MPU design per PNAE G-7-
002-86 requires static strength, brittle fracture resistance,
and vibration strength analyses (21). Studies (22-24)
address pipeline crack propagation and fracture
toughness assessment.

The implementation of novel approaches, particularly
during initial design stages—specifically through the use
of fuzzy Bayesian belief networks (FBBN5s) (25)- enables
significant risk reduction in addressing systemic
challenges across project lifecycle phases. Machine
learning further ensures high operational efficiency
during preliminary prototype development (26).

This work validates the feasibility of equipping
MPUs with vibration-compensation systems and selects
optimal damper types. Stress-strain states and vibration
levels were calculated for the NM 7000-210/STDP—
6300-2BUKhL4/10000  MPU under static (weight,

temperature, pressure) and dynamic (rotor unbalance)
loads.

Four foundation mounting configurations were
analyzed: rigid supports vs. dampers (AMP-1700, A-
2000, AGP-2.1).

VCS Design Description. The external view of the
NM 7000-210 MPU is shown in Figure 1.

The primary load-bearing components of the VCS
include: the load-bearing frame, elastomeric dampers, a
flexible coupling and a horizontal centrifugal pump with
a double-suction impeller. The MPU is driven by an
asynchronous STDP-6300 electric motor with a power
output of up to 10 kW (25).

Vibrations in the MPU system arise from dynamic
interactions between the pump-motor assembly and the
load-bearing frame, which are subsequently transmitted
to the foundation (26, 27). The pump and electric motor
form a coupled dynamic system, generating significant
vibrational loads (28, 29).

Since the MPU incorporates structural components
with  heterogeneous  stiffness, these assemblies
experience uneven dynamic loading. Consequently, the
service life of the MPU is primarily determined by
operational modes, pump inlet pressure, and the
structural integrity of its flow path components (30, 31).
The unit is also subjected to electromagnetic and
hydrodynamic forces.

Frequent transitions between operational regimes—
from nominal operation to start/stop cycles—coupled
with prolonged transient-state operation, induce
significant dynamic stress in load-bearing assemblies,
adversely affecting the MPU’s overall operational
reliability.

Notably, the annual number of MPU starts can exceed
300, resulting in substantial dynamic loading intensity
that further compromises operational durability (32).

A distinctive feature of the VCS is its incorporation
of reactive supports equipped with elastomeric dampers.
The primary objective in designing the VCS is to mitigate

Figure 1. The external view of the NM 7000-210 MPU/
STDP- 6300

! NP-068-95, Federal norms and rules in the field of atomic energy use «Pipeline fittings for nuclear power plants. General technical requirementsy.
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dynamic loads acting on the MPU’s load-bearing
components.

2. 1. Problem Statement Despite the high
operational efficiency of VCS in industrial applications,
their drawback lies in the use of angular rubber-cord or
straight-through compensators'. Current practice widely
adopts hydrofilm dampers without compensators. Based
on numerical modeling results of vibration load fields for
both damped and rigidly mounted MPUs,
recommendations are provided for installing MPUs on
hydrofilm dampers.

Consider a VCS comprising: inlet pipes: 820x12 mm,
weight per linear meter (oil-filled): 666.67 kg; outlet
bend: @820 mm, mass (oil-filled): 678 kg.

The adjustable vibration-damping pipeline support
consists of a steel plate with connecting and reinforcing
elements, fitted with three elastomeric dampers (APM-
1700) as shown in Figure 2.

2. 2. Spectral Analysis Equations In oil and
gas field mechanics, the finite element method (FEM)

TABLE 1. Characteristics of APM-1700 Dampers

Rated load, kgf Py 2000,0
K 410,0
Static stiffness, KN/m K. 330,0
K 5400,0
K 637,0
Dynamic stiffness, kKN/m K. 588,0
K 6020,0
Allowable vertical deformation, mm 32,0
Allowable horizontal deformation, mm 18,2

Figure 2. MPU NM 7000-210 MPU/ STDP-6300-2
1. Pump, 2. Electric motor, 3. UKM coupling, 4. MKS
compensator-vibration dampers, 5. Flexible connections of
auxiliary pipelines, 6. Elastomeric damping supports, 7.
Reinforced unit frame; 8. Reactive supports for pipelines

! Gumerov A.G., Gumerov R.S, Akberdin A.M. Diagnostics of oil
pumping station equipment. M.: OOO «Nedra-Biznestsentr», 2003,
347 p.

(33), implemented in modern computational platforms,
has gained widespread adoption?.

The governing equation for evaluating undamped
oscillations using spectral analysis can be expressed as
follows (34-36):

[M]{u"} +[Cliu'y + [K]{uj = {F} M

where [M]; [C], [K] - mass, damping, and stiffness
matrices;

{u"},{u'},{u} - nodal acceleration, velocity, and
displacement vectors.

The time-dependent force vector {F} is expressed as:

{Fy={F"}+s{F} @)
where: {F"}, {F*} load wvectors; s - scaling
coefficient.
The load vector {F°} is computed during modal
analysis.

Introducing the substitution,
=2y, 3)
i=1

into the system’s equation of motion yields the governing
equation:

TS (033! +1CTY (o3y + KTty = 1F) ()

i=1 i=1 i=1

where: {¢,} - i-th mode shape; n - number of modes; yi-

modal coordinates.
Multiplying by {(p/}T , we derive the final equation:

{«z,.}T[M]Z'{«p,.}y:# 0} ICIY o1y +
1:1” i=1 (5)
+o V' IKIY {p}y, = (o} {F}

or equivalently:

2

0} [Cllp =26 JK M, ﬁ YN

Introducing the notation
T
f, = {0} {F) ™
The equation of motion becomes:
Vi +208y 4oy, =, ®)
2 Finite element method in problems of oil and gas field mechanics. N.

Alikin, LE. Litvin, S.M. Shcherbakov, V.P. Borodavkin. M.: Nedra,
1992, 288 p.
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2. 3. Description of Finite Element Model The
digital prototype of the MPU, shown in Figure 3, includes
the following components: the unit frame, the STDP-
6300-2BUKhL4/10000 electric motor, the NM 7000-210
pump, the shaft assembly with a coupling, the inlet
pipeline section, and the outlet pipeline section.

To assess the influence of the frame damper stiftness
characteristics on the stress-strain state (SSS) of the
MPU, three damped mounting configurations were
analyzed: mounting on elastomeric dampers (APM-
1700), mounting on elastomeric dampers (A-2000), and
mounting on hydrofilm dampers (AGP-2.1)".

Simplifications in the model involve replacing
mounting dampers with rod elements represented as
spring-type elastic elements (COMBINE14) in three
directions, accounting for the stiffness of actual dampers
specified in Table 3. The model employed rigid contacts
between connecting nodes of structural elements using
"surface-to-surface" and "point-to-surface" types, with
slippage of contact elements disregarded.

The finite element model (FEM) of the MPU
incorporating boundary conditions is illustrated in Figure
4.

FEM Constraints: A distinctive feature of the FEM is
the assignment of reduced density for various structural
components. The mass of the inlet/outlet pipelines was
calculated considering the contained fluid product, the
motor mass corresponded to its simplified model
representation, and the same approach was applied to the
pump. The element size was selected based on the
smallest constructible mesh dimension. The final FEM
comprised 800,000 hexahedral elements, balancing
analytical precision and computational efficiency.

Thermal stresses and subsequent total stresses in the
pipes were derived via the superposition principle.
Incremental calculations summed mechanical and
thermal deformations using the formula:

A’ =¢+¢&" ©)

where €° - elastic deformation increment, and Ae"™=axAT
- increment of components accounting for thermal
deformations, where o is the coefficient of linear thermal
expansion.

2.4. Calculation of Stress-Strain State of Nm 7000-
210/STDP-6300-2 Unit The objective of this
computational experiment is to perform a computational
assessment of the stress-strain state (SSS) of the NM
7000-210/STDP-6300 MPU. Two installation
configurations of the unit frame on the PS foundation
were analyzed: mounting on rigid supports or on
dampers, with pipelines resting on an adjustable

' EIMA.304242.015 TU. Technical conditions. Metal plate shock
absorbers of AMP type. Tekhnicheskie usloviya, Severodvinsk, PO
«SevmaSH», 1996, 60 p.

Figure 3. Solid-state model of MPU

vibration-damping support. This support consists of a
steel plate with connecting and reinforcing elements,
equipped with three elastomeric APM—1700 dampers.

The SSS evaluation of the MPU was conducted under
the following loads: gravitational force (37), starting
torque My=45410 N/m, temperature differential
At=20°C, inlet pipeline pressure p;=2,8 MPa, and outlet
pipeline pressure p,=4,8 MPa. The SSS and vibration
analysis for both installation configurations were
performed using the finite element method (FEM) based
on a digital platform (38).

2. 5. Description of Digital Prototype The FEM
mathematical model employed five material types,
whose properties are listed in Table 2. All materials
corresponded to Grade 20 structural steel, with variations
only in reduced density assignments to match the weight
of individual components. The table also specifies their
applications.

Material Group 1 corresponds to standard steel
properties. For Groups 25, adjusted density values were
assigned to ensure equivalence between the mathematical
model’s mass and the actual structural mass. Material
Group 1 exhibits standard steel properties. Groups 2—5
feature reduced density values determined by equating

TABLE 2. Material Characteristics

Ne E, Pa v P, a-10°

ke/m’ Application

1 206:10" 03 7850 1.1 Unit frame, shaft

assembly
2 206-10" 0,3 35500 1,1 Electric motor
3 206:10" 0,3 15700 1,1 Pump, pipeline
4 2,06-10" 03 12200 1,1 Pump
5 2,06-10" 03 21700 1,1 Pipeline
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the model's mass with the actual structural mass. Pipeline
material corresponded to Grade 20 steel ([]=147,0 MPa,
o5=410,0 MPa; 6:=234,0 MPa), while the support frame
material matched Grade 09G2S steel ([6]=196,0 MPa,
o5=500,0 MPa; 6:=350,0 MPa).

The general configuration of the finite element model
(digital prototype) of the MPU with boundary conditions
is shown in Figure 4.

The finite element model includes components such
as the unit frame, electric motor, shaft drive, coupling,
pump, and pipeline. Shell-type finite elements were used
for mesh generation, with displacement constraints
applied as boundary conditions. A key constraint
involves interactions between volumetric Solid 185 and
shell-type SHELL63 elements with incompatible degrees
of freedom. This limitation is resolved using next-
generation SolSH 190 volumetric elements that maintain
compatibility with shell elements (39).

The characteristics of the COMBINE14 elastic
elements in terms of axial stiffness are provided in Tables
3 and 4.

3. RESULTS OF CALCULATIONS

The stress-strain state (SSS) of the rigidly mounted
mainline pumping unit (MPU) was calculated under the
following loads: gravitational force (g = 9,807 m/s?
gravitational acceleration); starting torque Mg = 45,41
kN-m; temperature differential At = 20°C; inlet pipeline
pressure p; = 2,8 MPa; and outlet pipeline pressure p> =
4,8 MPa.

The SSS assessment under gravitational load was
performed using static analysis in
ANSYS/WORKBENCH 2019 R3. Calculations were
performed on the workstation (processor: Intel 17-10920,
memory: DDR4 64 GB, graphics processing unit (GPU):
GeForce RTX 3070 Ti 12 GB, storage: Samsung SSD 2
TB). The total computation time was 4 hours. The general

v

Figure 4. Mathematical model of the MPU accounting for
boundary conditions

TABLE 3. Static characteristics of elastic elements
Static stiffness, N/m

Designation

AMP-1700 A-2000 AGP-2.1
Ky 0,41-10° 1,47-10° 0,91-10°
Kz 0,33-10° 0,44-10° 0,56-10°
Ky 5,40-10° 2,16-10° 1,98-10°

TABLE 4. Dynamic characteristics of elastic elements

Dynamic stiffness, N/m

Designation

AMP-1700 A-2000 AGP-2.1
Kx 0,64-10° 1,96-10° 1,35-10°
Kz 0,59-10° 0,84-10° 0,95-10°
Ky 6,02:10° 2,84-10° 2,10-10°

view of the MPU mathematical model with boundary
conditions and applied loads is shown in Figure 4. The
SSS results are graphically presented as contour plots in
Figures 5 to 8.

The von Mises criterion (40-43) was adopted as the
basis for strength assessment. Stress distributions
according to the von Mises criterion Gvon in the inlet
pipeline and outlet pipelines are presented as contour
bands and shown in Figure 8.

The maximum stress, omax=25,2 MPa, was observed
at the central rigid support locations.

The SSS under combined operational loads was
analyzed using an engineering analysis system (49, 50).
The boundary conditions are illustrated in Figure 4.

Calculations in Figures S5a and 5b depict the loading
scheme for the starting torque and pressure distribution
in the pipeline and pump, respectively.

Figures 5a and S5b show the deformation pattern of the
MPU with contour lines of resultant (Figure 5a) and
vertical (Figure 5b) displacements. Dashed lines
represent the undeformed state. Maximum displacements
were calculated as follows: resultant displacement W
= 0,0765-10 m; vertical displacement
UYpin=—0,0761-10"3 m.

Results in Figures 6 to 8 display contour plots of
resultant, longitudinal,  vertical, and lateral
displacements. Extreme displacement values are:
resultant: W = 1,72:10° m (Figure 5a); longitudinal:
Usinin = — 1,437-10° M, Usxinax = 1,422-107 m (Figure 5b);
vertical: Uymin = — 0,250-103 m, Uymun=1,285-10° m
(Figure 5b); lateral: Uzpin = — 1,214:10° m, Uzpar =
1,093-10° m.

Structural strength was evaluated using the Mises
criterion. Figure 8 shows the Mises stress distribution
across the MPU and its components. Maximum stresses
were: outlet pipeline: o, = 285 MPa; Inlet pipeline:
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Om = 234,0 MPa; pump casing: cyump = 101,0 MPa; MPU
frame: Gpame = 25,5 MPa.

Thus, it has been established that the maximum
stresses in the MPU occur at the outlet pipeline bend.
This high-stress zone exhibits a localized character.

Forced vibration results for the rigidly mounted MPU
are shown in Figures 9 to 14, including: -Frequency
response of bearing and pipeline vibration displacements
(Figures 9 and 10);

Vibration displacements at the motor bearing near the
coupling and at the field-side motor bearing (Figure 10);

SUB =1 09:04:23
TIME=1

usuM (AVG)

RSYS=0

DMX =.765E-04

SMX =.765E-04

.255e-04

.340E-04

.425E-04

-510E-04

.595e-04

.680E-04

.765E-04

09:06:04

-.761E-04
- . 662E-04
-.564E-04
—.aes:—uq‘ﬂ
- .367E-04
-.268E-04
-.170E-04
-.712E-05
.2738-05

.126E-04

(b)
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Figure 7. Vertical (a) and lateral (b) displacements of the
MPU (m)
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Figure 8. Equivalent stresses in the MPU inlet pipeline (Pa)
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Figure 9. Vibration displacements of the non-damped MPU
at the field-side pump bearing (a) and at the pump bearing
near the coupling (b)
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Figure 10. Vibration displacements at the motor bearing
near the coupling (a) and at the field-side motor bearing (b)
of the non-damped MPU

Vibration displacements at the outlet and inlet
pipelines (Figure 11) and vibration displacements under
the field-side motor bearing and motor bearing near the
coupling (Figure 12);

The vibration responses of the non-damped MPU at
points beneath the pump bearing are shown in Figure 13.,
and forced vibration mode shapes at resonant frequencies
(Figure 14).

The calculated resonant frequencies of the rigidly
mounted MPU are presented in Table 5. As evident from
the data in Table 5, the first seven resonant frequencies
of forced vibrations for the non-damped MPU nearly
coincide with its natural frequencies (considering the
frequency increment used in the calculations).

Of particular note is the presence of a dense cluster of
intense resonances near the rotational frequency of the
steady-state regime, as well as a resonance at 38 Hz.
When passing through this frequency during startup, the
accelerating rotor system of the unit (with a rotational
speed of 2280 rpm) generates significant centrifugal
excitation forces.
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4. DISCUSSION OF RESULTS

Analysis of the digital prototype results revealed that the
maximum stresses from static loads occur at the outlet
pipeline bend, reaching 285.0 MPa for the non-damped
MPU and 289.0 MPa for the damped MPU. Resultant
pipeline displacements were 1.72 mm for the non-
damped configuration, 2.67 mm for MPUs on AMP-1700
dampers, 2.29 mm for A-2000 dampers, and 2.49 mm for
AGP-2.1 dampers.

I
1
Kl
t
5
- 7
5
[
= .6
o
B .5
&}
oy 4
"
4
o
a
2
0 A
0 10 20 0 a0 50 60 70
5 15 25 35 a5 55 65
FREQUENCY
(@
(%10%*~5)
P
= 1.2
1.1
1
.9
o)
5 K]
= K
B
.6
@
8
I -5
b
& R
a
.3
1
0
o 10 20 30 40 50 &0 70
s 15 25 45 5 65
FREQUENCY

Figure 11. Vibration displacements at the outlet pipeline (a)
and inlet pipeline (b) of the non-damped MPU
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Figure 12. Vibration responses at points under the field-side
motor bearing and under the motor bearing near the coupling
of the non-damped MPU
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Figure 13. Vibration responses of the non-damped MPU at
points under the pump bearing]

Under steady-state operation at the rotational
frequency, the pump displacement was 8.0x10°¢ m for
the non-damped MPU, 6.0x10° m for MPUs on
elastomeric AMP-1700 or A-2000 dampers, and 5.0x107¢
m for MPUs on AGP-2.5 hydrofilm dampers. Maximum
stresses at the pump-pipe connection were 4.0 MPa for
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(b
Figure 13. Forced vibration mode shapes of the non-damped
MPU at 38 Hz (a) and 59.5 Hz (b)

TABLE 5. Dynamic characteristics of elastic elements

Frequency, Hz
fi f> f3 fs fs fs f7
38,2 52,2 553 59,1 624 65,7 66,8

both non-damped and damped configurations, and 3.0
MPa for the damped configuration.

Vibration velocity amplitudes at the rotational
frequency under steady-state conditions were: 2.66 mm/s
for the non-damped MPU; 2.04 mm/s for MPUs on
elastomeric AMP-1700/A-2000 dampers; 1.57 mm/s for
MPUs on hydrofilm dampers.

The maximum levels of forced pump vibrations
during startup were also obtained and analyzed. Thus, for
the non-damped MPU, the maximum forced vibration
levels of the pump amount to 8,0-10" m with a pipe stress
of 16.0 MPa at the pump-pipe connection area; for the
MPU on elastomeric dampers — 5,0-10° m with a pipe
stress of 9.0 MPa at the pump-pipe connection area; and
for the MPU on hydrofilm dampers — 4,0-10° m with a
pipe stress of 6.0 MPa at the pump-pipe connection area.

The maximum amplitude of forced vibration velocity
during startup for the non-damped MPU is 19.20 mm/s,
for the MPU on elastomeric dampers — 11.30 mm/s, and
for the MPU on hydrofilm dampers — 9.01 mm/s.

The vibrational and dynamic characteristics of the
non-damped MPU, obtained through computational
analysis, show good agreement with experimental data.
This also confirms the reliability of the computational
results for the damped MPU.

Thus, based on the data obtained in this study, it can
be concluded that the numerical experiments confirm the
effectiveness of hydrofilm dampers within the VCS, as
they reduce the overall vibrational loading on the MPU
by 18.5%.

Experimental research documented in the field (7-9)
and measurements conducted on operational units
corroborate the findings of this numerical study.

The obtained data on the assessment and reduction of
vibrational stress using hydrofilm compensators are
explained by their design features and hysteresis loop
characteristics under cyclic loading conditions.

The key strength of this work lies in the first-time
development of a digital prototype and computational
methodology for the vibration-compensation system of
compressor stations. This approach enables the
investigation of numerous design parameters and non-
standard operational modes affecting vibrational stress in
compressor stations, constituting the core advantage of
this digital experiment over established methodologies.

5. CONCLUSIONS

The results of the -calculations and experiments
demonstrated the following:

1. Equipping the unit with dampers shifts its primary
resonances to the low-frequency range, which
significantly increases inertial resistance to transient
processes and excitation forces, shifts resonances to
regions of relatively low centrifugal excitation forces
generated by the accelerating rotor system, and
consequently reduces vibration amplitudes at resonant
frequencies during startup.

2. The maximum stresses in the MPU pipeline occur
at the bend due to static loads, are virtually independent
of damping, and reach 280.0 MPa. The wall thickness of
the bend was assumed equal to the pipeline wall
thickness.

3. The maximum stresses from dynamic loads in the
MPU pipeline occur at the pump connection point. Under
steady-state operation at the rotational frequency, these
stresses are also independent of damping.

4. Maximum stresses and vibration velocity
amplitudes in the MPU pipeline caused by dynamic
startup loads are lower in units with hydrofilm dampers
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compared to elastomeric dampers, and significantly
lower than in non-damped units.

5. Frequency responses of the damped MPU exhibit a
resonance at 51.5 Hz, dangerously close to the
operational rotational frequency. This resonance is
inherent to the frame design and independent of damper
type.

7. Maximum resultant displacements of the MPU
near the field-side motor bearing were recorded as 10.3
mm for A-2000 dampers and 11.1 mm for AGP-2.1
dampers.

8. The developed universal digital prototype of the
mainline pumping unit with piping systems and
vibration-compensation system, along with the novel
methodology for forced vibration calculation, enables:

- investigation of transient operational modes of the
MPU;

- accounting for thermal conditions, pipeline
pressures, and other factors affecting system vibration
strength;

- future optimization of the load-bearing frame design
to reduce mass-dimensional parameters while
maintaining vibration strength reliability.
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