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Abstract

:

In the operation of some structures, particularly in energy or chemical industry where pressurized pipeline systems are employed, certain unexpected critical situations may occur, which must be definitely avoided. Otherwise, such situations would result in undesirable damage to the environment or even the endangerment of human life. For example, the occurrence of such nonstandard states can significantly affect the safety of high-pressure pipeline systems. The following paper discusses basic physical prerequisites for assembling the systems that can sense loading states and monitor the operational safety conditions of pressure piping systems in the long-run. The appropriate monitoring system hardware with cost-effective data management was designed in order to enable the real-time monitoring of operational safety parameters. Furthermore, the paper presents the results obtained from the measurements of existing real-time safety monitoring systems for selected pipeline systems.
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1. Introduction


Obviously, the operational loading for which a real structure is designed can differ from the real loading in many cases. Based on statistical records, the majority of damages and collapses of structures in operation are caused merely by a change in operating conditions, except for those caused by a human factor [1,2]. In the case of pressurized pipelines (e.g., gas transit systems, oil pipelines, or other liquid pipeline systems under pressure), the piping systems may be subjected to a quasi-static loading or of a predominantly variable loading due to a varying pressure of the operating medium. An expected design loading may change only in some locations, which are really difficult to predict in the design stage. In the case of compressor stations, for instance, or the geometrical-fluid ratios in the closed side branches, the setting of the compressor’s operating point can cause dynamic phenomena, i.e., pipeline vibrations, as pointed out in [3,4,5,6,7,8,9].



Other changes occurring in the operation of piping systems may occur in the subsoil of the pipeline. For example, the subsoil slide on a slope or subsoil slip after a prolonged rainfall can change the design of the pipeline stress. Most accidents of the pipeline systems may arise as a result of the following simultaneous interactions (“system synergy”) of unexpected changes during the operations, e.g.,




	
internal pressure with induced vibrations,



	
additional bending stress from the subsoil drop loaded with an internal pressure, and



	
the pipeline wall thickness decreases caused by corrosion at the point of additional bending stress with an internal pressure, etc.








The occurrence of such nonstandard and unplanned situations in a real operation is generally difficult to predict. The only possible solution for how to record these states is to develop and implement monitoring systems that can monitor not only the operating parameters, such as the pressure and temperature of transported media, but, also, the construction parameters, enabling to determine the reliability and operational safety [10]. Based on ten years of our experience with the development of several safety monitoring systems of pipeline operations in the field of gas transportation, two systems have turned out to be beneficial: the monitoring of dangerous vibrations and the monitoring of pipes with corrosion defects and additional bending.



Hence, the objective of this paper is to further analyze three important problems that arise out of the previously stated; that is, to determine:




	
which quantities should be measured continuously by sensors,



	
what are their permissible limit values for a safe operation of the pipeline systems, and



	
how to predict the corrosion process and its synergy with additional bending loading.









2. Methodology and Results


2.1. Vibrations Induced in the Side Branches


The dangerous self-excited gas pressure oscillations may occur at the T-branch of the gas pipe system due to the following cases:




	
the gas flow rate is sufficiently high,



	
there are necessary fluid and geometric conditions for the generation of excited pressure oscillations, and



	
there was a resonant match between the excitation frequency and the natural frequency of the closed tap volume (existence of Helmholtz standing waves in the branch—the so-called “whistle effect”).








Pressure oscillations induced by the standing wave can vibrate the piping system around the T-branch. This effect is even more pronounced with several closed side branches in a row [3]. Oscillation of this type also occurs in bypasses, where the sharp radius of the arc creates conditions close to the blind side branches (see Figure 1). These operating states can be partially predicted in the design phase of the piping system.



The critical gas velocity    v n    for self-excitation can be calculated according to the relationship


   v n  =    f  n e   d    S t     



(1)




where St is the Strouhal number for the geometric and fluid ratios in the T-branch, and fne is the oscillation frequency given as


   f  n e     =    (  0.88 ÷ 1  )  n c   4 L    



(2)




where n = 1, 3, 5,..., c is the sound velocity in an environment [7].



Due to the unclear geometry of the rounding edge of the T-branch or the change in fluid conditions compared to the design state, it is not always possible to eliminate such oscillations.



A suitable device for ensuring operational safety should be installed in a monitoring system that can be based on sensing vibration parameters (accelerometers) or strain sensors. Accelerometers enable detecting quantities such as the velocity of oscillation or acceleration and frequency values at which the pipe oscillates. Allowable values for the velocity of the oscillation are stated by guidelines and industry regulations. As far as the effects of oscillation on the safe operations are concerned, it is essential to know the amplitude of the strain (distortions), which could cause the fatigue of a material. However, this type of information cannot be provided by accelerometers. The need to know the maximum displacement of the oscillating part relative to the base (branch oscillation displacement relative to the main pipe or fixed ground) would require the measuring of accelerations and calculating of displacements in multiple directions and in multiple parts of the pipeline node, as documented in Figure 2.



In general, the pipelines oscillate in a wide spectrum of frequencies. The integrity of pipelines is put at risk only at frequencies that cause significant magnitude of the strain amplitudes. Having compared the frequency composition of the oscillation shown in Figure 3, measured by accelerometers and bending stress detected by strain gauges on the identical section of the pipeline, it is obvious that significant deformation amplitudes occur only at frequencies up to 3 Hz. The frequency spectrum measured by accelerometer sensors (Figure 3 on the left side) does not reveal the significant magnitudes of strain that can decrease the operational lifetime of a pipe.



More reliable results can be obtained by the direct measuring of strains at the critical cross-section. The suitable arrangement of the sensors allows to calculate directly the maximum value of the stress in the most loaded cross-section of the vibrating pipeline part.



Figure 4 shows the deployment of a minimum number of strain sensors along the perimeter of the pipeline´s cross-section, allowing the calculations of bending, torsion, and normal forces. The methodology of measurements and calculations is elaborated in more detail in the papers [11,12].



Due to the high mean stresses due to internal pressure, it is not possible to easily compare the measured amplitudes of the strain from vibrations with their safe limit against fatigue crack. It is necessary to separate the individual oscillation cycles and take into account the mean value of the cycle [13,14]. The real-time monitoring of dangerous vibrations can be accomplished by processing the measured time process of strains in time batches, e.g., in 30 or 60 s.



For reliable information about the operational capability of the oscillating pipeline, it is, however, necessary to solve two more problems:




	
to determine cyclic properties of the critical volume of the material (often the weld joint) and



	
the condition for assessing the criticality of the vibrations.








The critical volume of the weld joint material in terms of oscillation is the heat affected area or the area with defects in the weld metal. In view of the validity of the cyclic properties of the material, it is appropriate to perform cyclic tests of the welded samples, as shown in Figure 5. The cyclic tests of specimens taken along the pipeline circumference in a place of the weld joint include all the effects of the microstructure of all individual weld joint zones and its geometry, as well as possible defects.



The condition of the vibration permissibility of the T-branch of the welded pipeline is then given by the relation


   ε  a e q   ≤   0.8  σ c    5.10  6     E      ,  



(3)




where    σ c    5.10  6      is a fatigue limit for 5 million cycles to failure (for the selected probability of survival, i.e., 95%), and εaeq is an amplitude of equivalent strain in the critical cross-section, taking into account the mean value of the cycle (Goodman [16] or Morrow’s [17] method). Such a cycle is mainly induced due to stresses from the internal pressure and possible combination of normal (axial plus bending loading) and shear stresses (torsional loading). E is the Young modulus of the material.



The amplitudes of strain (stress) lower than value of the cyclic anelasticity limit induced by oscillation may be considered as safe, as was presented in [18]. These amplitudes of strains below this cyclic anelasticity limit are thus neglected. Thus, the monitoring system takes into account only the amplitudes of strains above this limit. The example of putting such a pipeline monitoring system in practice for the gas pipeline courtyard compressor station is presented by its main online information screen in Figure 6. This screen shows the information about critical cross-section points of the pipeline system at the compressor courtyard. KM1-KM9 are those critical monitoring places where there are installed 5 strain gauges, according to the methodology displayed in Figure 4. These strain sensors continuously sense the deformation state of each monitoring cross-section KM1-KM9. The evaluated and visualized magnitudes are:




	
safety in terms of the pressure integrity of the pipe,



	
fatigue damage accumulation state [19], and



	
vibration permissibility.








The long-term operation of the monitoring system places high demands on the stability of the sensors and the associated electronics, which can lead to the undesired valuating offset effect of the measured signals. Although it is possible to employ FBG (fiberglass) sensors [20], VSG (vibrating string gauges) [21], or resistive strain gauges to continuously sense strain, they are not convenient for measuring pipeline deformations caused by vibrations due to high frequencies. Resistive strain gauges frequently have an undesirable floating offset effect, which is formed by the sum of the heat drift of strain gauges, wires, and electronic circuits. Thus, it is not satisfactory to rely on the conventional thermal compensation of strain gauges as recommended by their manufacturers [22].



For long-time monitoring of strains, the extended thermal compensation concept for strain gauges also includes electronic offset compensation, as it is explained in more detail in [12,23]. The example of the long-term overall stress record in a pipeline surface based on strain sensors measured without any influence of the unwanted offset is shown in Figure 7.




2.2. The Additional Bending in Operations of Pressurized Pipelines


In the operation of line piping systems and their parts, the changing of the soil support may cause additional bending stresses in the pipeline casing loaded with an internal pressure. In practice, such a situation may occur on pipes laid on slopes. In pipelines placed perpendicular to the slope, additional downward bending stresses may occur as a result of the downward slope densification, resulting in less torsion. Similarly, a pipeline placed downstream of a downward slope can be subjected to the additional bending stress at the point of the transition curve to the horizontal section.



When placing the pipeline, it is necessary to compact the subsoil, so that the pipe is supported over its entire length. However, it is sometimes difficult to achieve the ground compaction while excavating the pipeline because of the maintenance during its operation. After heavy rains, the subsoil may drop in such sections, or the subsoil may be undermined, and the pipeline will become a beam due to its own gravity. The additional bending stress, together with the internal pressure, can endanger its integrity (Figure 8).



The critical pipeline sections where the problems with the slope stability or subsoil stability may be expected can also be equipped with monitoring systems. The arrangement of the sensors along the circumference (see Figure 3) allows to monitor the value of the additional bending stress and possible torsional stress. Those stresses can be evaluated by the following relationships:


   σ   M B  m a x   =  2 3  E    ε i 2  +  ε  i i  2  +  ε  i i i  2  −  ε i   ε  i i   −  ε i   ε  i i i   −  ε  i i    ε  i i i      



(4)






   τ   M t    = G  (   ε  i i i b   −  ε  i i i a    )  ,  



(5)




where E is the Young modulus of the material in tensile/compression, and G is Young´s modulus of material in torsion.



An example of the occurrence of the additional bending stress of the pipeline section after a prolonged rainfall recorded by the monitoring system is shown in Figure 9.




2.3. Weakening of Pipe Walls Due to Corrosion


Insufficient corrosion protection, the breakage of such protection, or its absence subsequently lead to the initiation of a corrosion process under appropriate environmental conditions. By gradually weakening the wall thickness, the safety of the operation of the pressured pipeline is reduced. Wall weakening is particularly dangerous when it is combined with additional bending stresses.



The concept of the online monitoring of the pipeline conditions with corrosion loss of the wall thickness placed in the ground at a location endangered by landslides (risk of additional bending stress on pipeline loading) loaded with an internal gas pressure is shown in Figure 10.



The input data for such a system are the following:




	
depth of existing corrosion defect found by pipeline inspection,



	
kinetics of corrosion defect development,



	
stress-strain state of the pipeline, and



	
material properties of the pipeline.








The kinetics of corrosion layer growth is most often described by parabolic law in the form [24,25]


  Δ  h 2  = k . τ +  c 0                                 τ 0  = 0 ;    c 0  ≠ 0 ,  



(6)




where Δh is the corrosion length change (mm of corrosion depth increase per year), k is the constant depending on temperature, τ is a time, and c0 is an integration constant calculated from at least one corrosion depth.



The actual depth of the corrosion defect is therefore given by the type of corrosive environment and the time of its growth. Using the computer simulations, it is made possible to create diagrams of the stress-corrosion defect dependencies for the nominal stresses in the pipeline and the corrosion defect depth as a parameter [26]. The monitoring system thus calculates the depth of corrosion loss at the current time, according to Equation (6), calculates the current stress value in the pipeline cross-section from the strain sensors placed on the pipeline at the corrosion defect location, and, also, calculates the value of the maximum stress in the corrosion defect, as is shown in Figure 11.



As Equation (4) expresses the maximum value of tension caused by the bending stress in the cross-sectional fibers, which is subjected to the highest loading, and not the value at the point of a corrosion defect, it is necessary to optimize the location of strain sensors with regards to the location of the corrosion defect (Figure 12).



The bending stress in the corrosion defect σMBcor is given by the equation:


   σ   M B  c o r   =  σ   M B  m a x   sin  (  ∝ − β  )   



(7)




where the angle β defines the vector location of the additional bending moment with respect to strain sensor SG1 and may be expressed by the following equation:


  t a n β =    3   (   ε 2  −  ε 3   )    2  ε 1  −  ε 2  −  ε 3     



(8)




where the angle α defines the location of a corrosion defect in relation to the same strain sensor.



Thus the relationships derived in [12] may be elaborated to include the following form:


   σ x  = E  (     ε 1  +  ε 2  +  ε 3   3  +  2 3  s i n  (  α − β  )     ε 1 2  +  ε 2 2  +  ε 3 2  −  ε 1   ε 2  −  ε 1   ε 3  −  ε 2   ε 3     )   



(9)






   σ y  = E .  ε y  = E  (   ε a  +  ε b  −  ε x   )   



(10)






   γ 2  =    ε a  −  ε b   2   



(11)







The principal stresses may be calculated by employing the methodology in [12] by the following equations:


   σ 1  = E .  ε 1  = E  [     ε x  +  ε y   2  +      (     ε x  −  ε y   2   )   2  +    (   γ 2   )   2     ]   



(12)






   σ 2  = E .  ε 2  = E  [     ε x  +  ε y   2  −      (     ε x  −  ε y   2   )   2  +    (   γ 2   )   2     ]   



(13)






   σ 3  = E .  ε 3  = − p   ,  



(14)




where p is an internal pressure.



The current safety level of a pipeline with corrosive wall loss can be calculated in-time according to the following relationship:


  s  ( t )  =    σ  U T      σ   C  max  ( t )          ,  



(15)




where σUT is a true strength limit for given material of pipeline, and σCmax(t) is the current value of the maximum stress calculated in the place of the corrosion defect using the diagram in Figure 11 for a measured value of the nominal stress in the pipe and an actual depth of the corrosion defect.



The safety level of a pipeline with corrosive wall loss can also be calculated using ASME-B31G [26] or DNV-101RP [27] normative relationships, which are significantly more conservative than the reality is. The resulting time progress of the safety level for each of the approaches shown in Figure 9 (normative relationships or diagrams from computer simulations) provides the operator of the pipeline system with the basic information on operational safety.





3. Conclusions


The highest number of pipeline system accidents in hydrocarbon transportation occurs due to the concurrence of several adverse effects [28,29], such as:




	
induced vibrations due to fluid-geometry or the work of compressors,



	
additional bending loading, and



	
corrosion losses of the wall thickness.








These unplanned operational situations can be evaluated using appropriately designed monitoring systems. The physical principles of the creation and functioning of such systems were presented in the article. It should be noted that an important part of such systems is their appropriate hardware assembly, which must be implemented in industrial conditions and as simple and robust as possible. The monitoring system itself is controlled by a software application that provides the collection and evaluation of data from sensors, calculation of the resulting quantities, and their visualization in-time. All the monitoring systems described in this article have been developed and employed in a real operation of pipeline systems throughout the period of several years. They helped to detect the processes of self-excited vibrations using strain sensors and additional bending stresses in the operation of pipeline gas transport systems. The credibility of the values provided by the tested systems thus results from the direct measurements of strain as a key quantitie for assessing the health and operational safety of such structures. The diagrams in Figure 3, Figure 7, and Figure 9 shown in the article were diagrams recorded by real, presented monitoring systems.
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Figure 1. Principle of self-excited oscillations in closed side branches. D is the diameter of the main pipe, and L (d) is a length (diameter) of a side branch. 
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Figure 2. Vibration of the pipe and branch: (a) in-phase in the same direction (without the relative deflection) (b) out p-hase in the same direction (inducing deflection of branch), and (c) in a different direction (inducing deflection of the branch). 
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Figure 3. Frequency composition of signals measured by accelerometers and strain gauges on the vibrating pipe branch. 
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Figure 4. (a) The arrangement of strain sensors along the perimeter of the pipeline, and (b) the application of the strain sensors (gauges) on the real pipe. 
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Figure 5. Dependency σa-2Nf [15] for the base material and pipeline specimens made from the real pipeline with the weld joint. 
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Figure 6. Main screen of the monitoring system for the super-structure of the pipeline yard above the ground installed at the compressor station. 
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Figure 7. The progress of daily stress peaks in the cross-section of the pipe near the compressor obtained by a monitoring system with an extended thermal and device compensation concept. 
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Figure 8. Gas pipeline accident due to the additional bending of a pipeline system laid on a slope with insufficient amounts of compacted subsoil. 
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Figure 9. Gradual rise of stresses from additional bending stresses on the pipeline. 
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Figure 10. The schematic concept of the online monitoring of a pressurized pipeline system with corrosion defects. 
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Figure 11. The progress of the corrosion depth over time for different soil types and stress diagram for different depths of corrosion defects for nominal stress values obtained by direct measurements. 
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Figure 12. The location of the corrosion defect in relation to a strain gauge 1 (SG1). 
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