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Abstract. Theoretical aspects and experience of using the mathematical
modeling and computerized simulation technology for solving the
problems of installation and repair of process equipment of chemical and
petrochemical industries are considered in this scientific paper.
Computational model of restoring process to working condition of pipeline
section has been developed. It is shown that if you use the developed
model, then the labor-intensive installation activities, related to the repair
works on heat and power networks of chemical industries, can be
performed in a more efficient way.

1 Introduction

The information technologies have found the greatest application in the field of mechanical
engineering, and, in particular, chemical engineering, for calculation and simulation of
processes and devices of chemical technology in order to find the optimal design-
engineering solutions [1-8]. It is difficult to imagine the development of modern chemical
and petrochemical equipment without using such software systems such as ChemCAD,
Ansys, SolidWorks, WinMachine, Compass 3D. It is obvious that the information
technologies can be extremely useful for solving the problems, related to the operation,
maintenance, repair and installation of equipment and devices. Thus, for example, the
scientific paper [9] shows the results of studies, which allowed to reduce the financial costs
significantly during performance of repair works on large-dimensioned industrial heat
exchangers. Just as in the case of simulating the processes and devices, here you can use a
well-known modeling and CAD systems, or develop your own software solutions, as it is
done in this scientific paper.

This scientific paper shows the results of simulation of process operations, associated
with the recovery of proper operation conditions for the chemical-process equipment
elements during the performance of repair works.

The study was carried out by means of specially developed computational model and
full-scale experiment. The duplication of solutions was required in order to ensure the
reliability of results.
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2 Description of the task and object of study

The pipeline element, which is a part of petrochemical production network, located in a
horizontal plane with a total length of about 200 m and having a IT-shape, is installed on the
pipe rack, formed by a number of reinforced concrete vertical structures. The pipe with a
section of 325 mm and additional thermal insulation is fixed on the elements of pipe rack
only by means of its own weight. The segments of U-beam No.18 with length of 250 mm,
welded longitudinally to the bottom of pipe, are used as supports for the pipeline. Taking
into account that the width of web of this profile is 70 mm, and then the height of support
becomes equal to 40 mm.

Thus, the technical object under consideration can be simulated according to the scheme
of multi-span continuous statically indeterminate beam with annular cross section. The
main load, applied to the beam is the own weight of pipeline, which, at a given arrangement
of supports, is insignificant and incapable to cause significantly dangerous stresses. The
operation of pipeline shows that the influence of completely different factor requires
stopping of its operation and performing the repair works. The pipeline is designed for
transportation of hot water vapor under the pressure. In this case, the sufficient strength is
provided. The problem appears due to the influence of kinetic energy of moving steam
towards the pipeline angular sections. The load can cause the offset of entire structure by
shifting the pipe supports over the surface of reinforced concrete columns. In addition, the
peculiarity of steam supply can lead to some fluctuation of structure and vibration.

During the operation of pipeline, it was found that under the influence of loads, this
section of pipeline was shifted in the horizontal plane by about 250 mm, i.e. the length of
U-support along both coordinate axes. The shift led to the fact that the supports went off the
reinforced concrete elements of pipe rack, and the pipe with heat-insulating material fell on
the pipe rack. It is obvious that further operation of structure in this position can lead to the
destruction of heat insulation of pipeline, as well as to worse offset, up to its fall from the
pipe rack.

The task is to develop the procedure for returning the pipeline onto its supports. It is not
allowed to cut the pipeline, as it will require additional permits from the relevant authorities
after the reinstatement during the start-up. The task is complicated by the limited area for
the use of hoisting cranes. Initial version with the use of three cranes with arrows of
increased length to lift the whole structure at low height was rejected.

The problems to calculate the multi-span continuous beams, in relation to the solution
of similar problems, arise quite often and a lot of researchers are working on them. The
multi-span beams are common, statically indefinite systems and are widely used in civil
engineering, for machinery and mechanisms, navigation equipment, etc. A lot of engineers
and scientists contributed to the solution of this problem by means of their scientific works,
and so far this topic attracts considerable attention of researchers [10]. Fryba [11] found an
accurate solution for the dynamic reactions of simple, statically determinate and statically
indeterminate continuous beam under the influence of dynamic load. Kai, Cheung, and
Chan studied the dynamic reactions of infinite continuous beam, loaded with an axis-
moving force, using the superposition method to find an accurate solution. Due to the
development of information technologies, the numerical methods are widely used for
solving such problems. Jumping Pu and PengLai [12] note that among the numerical
methods, the finite element method becomes an ideal approach to solve such problems.

However, even with the use of analytical methods, the use of computational models
remains necessary. The design-engineering method for the continuous beams, using the
equation of three moments, belongs to the group of accurate methods. As stated in [13], the
calculation of continuous beams with a large number of spans becomes a technically
difficult task. To solve it, it is necessary to develop a computer program. The program shall
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perform calculations for each span and then integrate the results for the whole beam. These
ideas are implemented in an equation in the Matlab system [13]. The scientific paper [14] is
devoted to the creation of algorithm for calculating the bending stiffness of arbitrary
polygonal section, including the first derivatives of stiffness with respect to all input
variables.

The coordinates of cross-sectional vertices are also included in these input variables.
The algorithm is generally based on dividing the cross section into trapezoids, as well as on
calculating the center point, the first and the second moments of area of these trapezoids,
including the partial derivatives for all input variables, and then the compilation of all these
sub-results into the final result. DLL, based on this algorithm, is then used in optimization
program, based on the gradient minimization method. This program is used by the authors
on a practical level to optimize the given characteristics of cross section in accordance with
the given criteria. In this paper, the authors propose a solution, based on the application of
analytical method, using a computational model with various algorithms, including those,
based on numerical methods.

Since the number of supports is limited, it is proposed to consider the lifting of each
support to a height of 60-70 mm sequentially and welding of steel plate with thickness of
20 mm and length of 350 mm to the base of support so that some of its part is lying on the
element of pipe rack (Fig. 1).

shift direction
—f

Fig. 1. The scheme of returning the support into its design position:

1 - a part of pipe, 2 — weld joint for fixing the support, 3 — supporting U-shaped beam, 4 — weld joint
for fixing the plate to the support, 5 — plate to be welded, 6 — a part of pipe rack, w — minimum
required lifting height

After completion of such activities with all supports, it is necessary to shift the whole
pipeline section in the horizontal plane sequentially in the direction of both coordinate axes.
At the same time, due to the flat plates, the supports can be easily moved along the surface
of reinforced concrete masts.

3 Mathematical modelling of pipeline lifting

The mathematical model of proposed solution shall take into account the necessity to solve
two tasks: the lifting of pipeline section for the i-th support to the required height when
there is no lifting of sections for the neighboring supports; voltage control at critical points
to provide the required strength.

The mathematical model of the first task is limited to the calculation of deflection at the
point of concentrated force application for a multi-support continuous beam with annular
cross-section, taking into account its own weight. The problem is casted in the form of
system of linear equations of three moments:
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where Xi.1, Xi, Xi+1 — internal moments, on the respective supports i-1, i and i+1;

i, Li+1 — length of spans i and i+1; wi, wi+1 — areas of internal bending moment areas
within the spans i and i+1; zci, zci+1 — distances to the gravity centers of bending moment
areas within the spans i and i+1.

The equations of type (1) shall be generated as many as there are intermediate supports.

The obtained system of linear equations shall be solved by means of elimination method
— a special case of the Gauss method, when the coefficient matrix of system has only 3
columns. Obviously, in the case of large number of equations, as in our case, the solution
without computer program becomes extremely difficult and time-consuming task.

A computational model, simulating the process of lifting the pipeline by applying the
force Pj at the point of support location, has been developed (Fig. 2). The solution result is
the deflection of lifted section - the section above the currently lifting support to which the
plate is welded.

lifting point

Fig. 2. The calculation scheme

The uniformly-distributed load with an intensity g — is the weight of linear meter of pipe
(taken from the reference book). The weight of thermal insulation is neglected. The
concentrated force Pj is an effort with which the lifting is performed. The support under the
force P;j is not shown on the calculation scheme, because in this case it is meaningless. The
simulation includes the step-by-step build-up of force P; with simultaneous calculation of
deflection at the point of P; force application, using the Mora integrals. The process
continues until the calculated deflection reaches the required value of 60-70 mm or the
bearing reactions, calculated by means of equation (1), for the supports i and i+1 become
equal to zero. At this moment begins the lifting of sections on these supports, which is
unacceptable. At the end of this part of simulation, the normal bending stresses at the
extreme points of dangerous section are calculated. They shall not exceed the permissible
value, calculated according to the yield strength of steel grade 20, taking into account the
ultimate factor of safety.

The described procedure shall be carried out n-1 times — according to the number of
intermediate supports, starting from the support 1 and finishinh with the support n-1. In the
first and the last cases, the load is increased up to the moment of reduction the support
bearing reactions to zero on the extreme supports.

The multiple calculations have to be carried out because the distances between the
supports are not regular. The program itself has been developed by means of Visual Basic
For Application MS Excel. This choice is due to the convenience of providing the
simulation results. Each worksheet of spreadsheet includes the solution for one support. In
total, n-1 worksheets are required. The sheet shows the bearing reactions on each support
for this case, the diagrams of bending-moments in the form of dotplot, the calculated
deflection under the lifted section, the maximum stress. Another sheet — zero one is used to
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form the initial data. The same macro program, reading the data from the zero sheet,
displays the results on the corresponding separate sheet.

The calculation of deflections of beam section is carried out after the solution (1) and by
using its results separately for each span, taking into account all the given loads, using the
equation (2) and the boundary conditions for the supports (3):

ﬂ:dzy:M(Z) (2)
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where M(z) — equation for the internal moment within the arbitrary section, E — modulus of
elasticity of beam material, | — axial moment of section inertia, z — longitudinal coordinate

of beam.

The equation (2) is a second-order differential equation and is solved by means of finite
difference method with approximating the second derivative to the central difference. This
leads to the necessity to solve a system of n-1 linear equations of type (4):

3
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The system of equations under the boundary conditions of type (3) is easily solved by
means of elimination method — a special case of the Gauss method. The difficulty lies in the
fact that the number of equations is large — this is due to the necessity to minimize the
iteration step Az, and the calculation procedure shall be fulfilled for each beam span, taking
into account the results, obtained for the previous spans.

The developed program works in a simulation mode, sequentially forming the
deflection diagrams by increasing the applied load value uniformly, and the program stops
after obtaining the gap on the lifted support, sufficient for welding the cover plate to it. At
the same time, the program monitors the dangerous values of calculated deformations and
stresses. The simulation result for each support is shown on a separate sheet of spreadsheet.
The number of sheets is equal, respectively, to the number of supports to be lifted.
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4 Description of the experimental study

The experiment was carried out in order to confirm the results, obtained by means of
computational model. The scale of physical model is 1:19.15. For example, the main
straight section with a length of 110 m is simulated by a segment of 5730 mm.

The simulated pipeline is made of steel pipe with a diameter of 325 mm and a wall
thickness of 8 mm. The calculated values of material properties are chosen as for the steel
grade 20.

As a model of pipeline, the water supply pipe of PN20 type, made of PP-R 80
propylene, with the outer diameter of 20 mm and the wall thickness of 3.4 mm is used,
having the following properties:

- density — 915 kg/m?;

- elastic modulus — 1.15 GPa;

- yield strength — 28 MPa;

- tensile strength — 34 MPa;

- relative elongation at break — 500%.

The scaling factor was calculated according the necessity to provide the similarity of
simulated object and model. The similarity shall be provided in accordance with the
stiffness of objects, calculated according to the scheme of beam. At the same time, the
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section stiffness of initial and simulated pipes, taking into account the elastic properties of
EI material, differs significantly, since it is required to relate them to different geometrical
dimensions of simulated object and model.

The bringing of stiffness to geometric dimensions is performed by calculating the
similarity of deformations — the maximum deflection of a two-support beam, loaded with a
uniformly distributed load.

5 Results of calculation

The calculations show that with such section stiffness of object and model, the geometrical
dimensions are provided at a scale factor m = 19.15. This coefficient value for the chosen
pipe model will provide a geometric similarity of object and model, both in stiffness and
geometrical dimensions. For example, if the maximum deflection of steel pipe with a
diameter of 325 mm and a length of 10 m shall be 3.99 mm, then the model, made of
propylene pipe with a diameter of 20 mm should have a length of 523 mm and obtain a
maximum deflection of 0.21 mm.

The deflections are measured by means of dial indicators. The lifting force is measured
by an electronic dynamometer with an accuracy of up to 0.01 N. The method of electronic
strain measurement is used to measure the deformations and stresses. The strain gauges,
connected to a 10-channel strain gauge station, shall be installed at those points of beam,
which have the greatest tensile stress due to bending. The measured signal after digitization
from this gauge via RS-232 channel is transmitted to the sequential port of PC and
displayed in real time on the worksheet of spreadsheet.

6 Conclusion

As a result of study, an engineering procedure to perform the repair works on the pipeline
section of power-generating infrastructure at a large petrochemical enterprise, has been
developed. The developed computational model allows determining the accurate
application points and the values of loads, required to solve the problem. The calculations
and the physical model allow keeping the degrees of safe deformations and stresses under
control during the works performance. In order to prepare the requirements for installation
activities, the recommendations from managers shall be used [15]. The practical result of
study is the successful restoration of pipeline operability with minimum labor and financial
costs. All works on repairing the pipeline can be performed during one work shift, using
one crane with the extended arrow, one caterpillar tractor, crew of welders and fitters.

The study was conducted with funding from the grant of RF President Ne MK-417.2019.8.
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