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Abstract. The thesis addresses the new, original fastening equipment along the pressure hydrotransport system main pipeline route. Design, operating principle, structural and mathematical estimation models, algorithm for calculation of parameters of equipment are provided. Through the selection  of rational parameters of equipment it is possible to achieve maximum efficiency, i.e. practically fully eliminate longitudinal and transverse vibrations created during the pipeline operation, accordingly, ensure stability and reliability of pipeline systems.
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It is necessary to fasten the pressure hydrotransport system main pipelines along the route, at certain distances in order to prevent or reduce longitudinal and transverse vibrations to a certain extent, whose creation is inevitable due to functionality of these systems. The above vibrations are most expressed during transient processes in the hydrotransport systems. 
Pressure differential (vibrations) occurs to a significant extent during actuation or slowdown of pumps connected to the main pipeline even in series. (by the scheme “pump in pump”). Vibration occurs to a more significant extent if rational sequences of actuation and/or slowdown of pumps connected in series and optimal intervals between them are violated. In case any pump (one or several) connected in series is unexpectedly disconnected due to any circumstances during the operation or unexpectedly connected again after disconnection, more clearly expressed pressure vibrations – indirect pressure surges occur. The above vibrations occur most often and acutely in pipelines, when there are many solid particles in the fluid (water, oil, oil products), i.e. slurry with a high concentration of solid particles moves in the pipeline. In this case intensive pipeline vibrations may be caused both by change of hydraulic fluid concentration and granulometric composition of solid particles. Frequent and systematic vibrations lead to pipeline wall deformation, fatigue and wear of metals, as well as damage of pipe fittings and other equipment connected to or located on it.
The fastening equipment of pressure pipelines usually used in practice is mainly represented by a massive concrete support in which a small section of the pipeline is installed in the place of fastening, while the concrete support is partially deepened in the ground [1]. 

Negative aspects of such fastening are as follows: a) it is absolutely rigid and is unable to protect the pipeline from longitudinal (in the horizontal plane) and transverse (in the vertical plane) vibrations created during hydro-dynamic processes; b) it is the main reason of growth of intensity of corrosion of the pipeline external surface at the place of fastening. 

Various, mainly aboveground modifications, of pipeline fastening equipment are used in practice as well, such as common, reinforced and special profile concrete structures with protective surfaces [2].

Negative aspects of such structures are as follows: a) they are practically rigid structures and are unable to protect pipelines from vibrations; b) as they are not deepened in the ground, they are totally ineffective as the aboveground pipeline fastening equipment. 
As compared to the existing equipment, the main pipeline fastening equipment developed by us, allows damping of both longitudinal and transverse vibrations of main pipelines with maximum efficiency during the transient processes [3].
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The fastening equipment along the main pipeline route (see Fig. 1) represents a concrete support with a partially deepened part in the ground. Horizontal and vertical openings are made in the aboveground part of this support around the pipeline. Arched shells connected to the roof of the opening by a resilient spring are located along the pipeline perimeter in which spherical damping elements of various weight are freely located. 
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Fig. 1. Cross section of the main pipeline fastening equipment: 1- pipeline; 2- spherical damping elements; 3 – shells located around (along perimeter) of the pipeline; 4 – resilient springs; 5 – opening roofs; 6 – base plate; 7 – bolts; 8 – nuts; 9 – concrete supports; 10 – guide tubes

The equipment operating principle is as follows: Longitudinal and transverse vibrations created in the main pipeline 1 during the hydro-dynamic process are transferred to spherical damping elements 2 of various mass, which will start free vibrating movement in shells 3 in various directions in the space between the pipeline 1 and the shell 3. During the vibrating movement they hit the pipeline 1 walls. Due to their different mass, they move with different frequency and amplitude, which will also differ from the pipeline vibrations and frequencies in horizontal and vertical planes. Mismatch of phases and frequencies will lead to reduction of the amplitude and frequency of pipeline vibrations - damping, i.e. the pipeline will be protected from the adverse effects of vibrations. Springs 4 which are known to be good means of damping also participate in this process. The connection between the pipeline 1, damping elements 2, shells 3 and springs 4 envisaged in the equipment structure allows the damping elements to freely move in the space between shells 3 and the pipeline 1.

As compared to the currently used analogues, efficiency of the equipment processed by us is expressed by the maximum damping capacity of transverse and longitudinal vibrations in pressure pipelines, which are created in case of transient processes in it. 

A structural model is created for mathematical analysis of the equipment operating principle on which all forces affecting the main pipeline are distributed, predetermined by the process of vibration of the liquid phase transported through it, on its internal surface, as well as by damping elements. A mathematical model is created considering the above forces, and the algorithm obtained on its basis allows calculating the values of the damping element parameters which are able to reduce the transverse and longitudinal vibrations created in the pipeline to the minimum allowable value. As a result, it is possible to increase the service life of the main pipeline to the maximum extent, which is achieved by significant reduction of fatigue of structure of the metal of which the pipes are made. 

The structural model for mathematical analysis of the operating principle of the fastening equipment along the main pipeline route is shown on Fig. 2.
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Fig. 2. Structural model for mathematical analysis of the operating principle of the fastening equipment along the main pipeline route
The following symbols are used for the structural model shown on Fig. 2: m–total mass of damping elements: m1–mass of resilient springs; m2–mass of spherical damping elements; ℓ - main pipeline length; dx– infinitesimally small element of the main pipeline, on which transverse and longitudinal vibrations are considered; K –average total rigidity of resilient elements participating in vibration damping: K1- total rigidity of resilient springs; K2 - total rigidity of spherical damping elements; Pi(t)–forces affecting the i infinitesimally small element of the main pipeline; x–distance of the infinitesimally small dx element of the main pipeline from its beginning (according to the scheme, from the left); Q(x,t)–total forces affecting the main pipeline; U(x,t)– generalized coordinate of dissemination of transverse vibrations.
For mathematical analysis of operating principle of the main pipeline fastening equipment, let’s assume that transverse and longitudinal vibrations of stem of length ℓ are considered whose distance of incrementally small dx length from its beginning is x. Let’s mark the lateral section displacement in the lateral direction with U, with displacement coordinate x. When transverse vibrations are created in the stem, to define total transverse forces affecting dx element considering the model shown in Fig. 2, a differential equation may be set up according to Dalamber principle:
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where
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- longitudinal stress during 
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E – Young’s modulus, Pa; S – area of longitudinal section of the pipeline dx element (section), m2;
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 - density of the material from which the pipeline dx element is made, kg/m3. 
Based on the equation (1), the wave equation for dx element can be written as follows:
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where    
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Solution of the equation (2), when the pipeline vibrates according to one of its forms, may be presented as follows
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where A and B are any constants whose values depend on the initial conditions of the vibrating process; p–circular frequency,
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 elements, which on their part, define the own (eigen) forms of free vibrations of dx element. i.e. the equation of free vibrations in this case will be as follows: 
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(5)

whose solution may be obtained as follows:

[image: image13.wmf],

sin

cos

a

px

D

d

px

C

X

i

i

×

+

×

=






(6)

where C and D are any constants whose value depends on the initial and boundary conditions of dx element vibration process. Normal forms of free vibrations of dx element in our case will be defined by solutions of the following differential equation 
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where 
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Solution of equation (7) which defines i eigen form of the dx element free vibration will be as follows:
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In normal coordinates it will be defined from the following equation
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Solution of equation (7) is as follows:
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where    
[image: image20.wmf].

;

;

2

2

2

2

a

p

x

t

x

m

r

a

i

i

i

i

i

-

=

=

¶

¶

=

l

l


Eigen forms (
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When generalized force 
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affects dx element, its vibrating process is described by the following differential equation 
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i.e.
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where        
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When moving to the normal coordinates, we will obtain 
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when  i=j, orthogonality and normality conditions will be as follows 
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Dynamic dislocation of i eigen form of forced vibrations of dx element in Diumel interval may be defined by the equation
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(15)
while cumulative dynamic displacement is defined by the equation 
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In the considered case, the pipeline dx element boundary conditions will be as follows: 
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In case of i eigen form we will have
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Considering these boundary conditions, i eigen form of dx element will be defined by the formula:

[image: image34.wmf](

)

.

2

,

1

,

sin

cos

2

=

=

×

i

a

p

K

p

m

a

p

a

rp

i

j

i

j

i

i

l

l


The equation characterizing the i eigen form will be as follows:
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where
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Accordingly, relation of orthogonality of eigen forms will be defined by the formulas: 
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Relation of normality of eigen forms will be defined by the formulas: 
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Initial dynamic displacement of dx element and velocity in normal coordinates is defined by the formulas: 
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where   
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In general, solutions of free and forced vibrations of dx element under the given boundary and initial conditions are defined by the formulas:
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where
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is a normal function dependent on a coordinate;

As seen from formulas (13) - (27), amplitudes of free and forced vibrations of dx element depend on values of initial and boundary conditions, which on their part, depend on masses and rigidity of damping elements of the main pipeline fastening equipment. By variation of parameters it is possible to achieve optimization of eigen forms of free and forced vibrations and especially, the first and second main forms interesting for analysis of the considered case. In particular, when 
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are relatively small values, then 
[image: image51.wmf]j

i

tg

x

x

»

and accordingly (18) formula will be as follows: 
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In this case, primary importance is devoted to selection of rigidities of damping elements (K1, K2), considering which the damping level of transverse and longitudinal vibrations will be defined.
On the other hand, when 
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In this case, the damping level of dx element transverse and longitudinal vibrations mainly depends on the capacity of damping elements.

Besides, i eigen forms of transverse and longitudinal vibrations of dx element, when affected by 
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Stationary parts of the equation (30) solutions should be established as follows
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If we enter the values defined from equation (31) to equation (30), we will obtain a system of algebraic equations which allows to define the amplitudes of forced vibrations 
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from which we will obtain
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(34)
where P1 and P2–external forces affecting the pipeline dx element; 

K11 and K12– factor of resilient springs rigidity;

K21 and K22–rigidities of spherical damping elements; 
m11 and m12 - masses of resilient springs; 
m21 and m22 - masses of spherical damping elements.
It is seen from (33) and (34) formulas that in the considered case, resonance frequency is defined by the formula
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Accordingly, the formulas 
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define the conditions of avoiding the resonance mode of the pipeline fastening equipment.
In the considered case, the frequency of disturbing forces is defined by the formula 
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(36)
It should be mentioned that spherical damping elements of various mass envisaged in the main pipeline fastening equipment processed by us, allow the equipment to operate in anti-resonance mode even under conditions of variability in the wide range of disturbing forces affecting the pipeline. 

When
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forced vibrations are displaced by 
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 phase towards each other due to various masses, which leads to full suppression or minimization of pipeline vibrations. 
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