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Abstract

The safety of hazardous production facilities is directly related to the reliability of pipeline systems, which must be
ensured regardless of environmental conditions. Accidents on pipeline sections can have catastrophic consequences
associated with damage to human health and the environment. Damage to the metal of pipeline elements during operation
due to internal corrosion occurring under the influence of the working fluid is one of the main reasons for failure. This
study aims to develop an improved butterfly check valve (BCV), which is a pipeline element. For this purpose, various
structural materials used in the production of check valves were analyzed, and the changes in their mechanical properties
under the influence of temperature were also considered. Based on this material, a butterfly check valve was developed.
The stress-strain state of the developed structure was assessed using the finite element method (FEM). Strains, stresses,
and displacements were calculated to evaluate valve performance. These calculations are necessary to determine the
most loaded elements of the BCV at the maximum and minimum ambient temperatures. The following conclusions were
obtained: X6CrNiTi18-10 stainless steel grade is the most suitable material for piping systems transporting liquids in
production facilities. On the basis of the simulation results, the values of equivalent stresses, maximum strains, and
displacements were obtained. The research results confirmed the performance of the improved design, the unhindered
motion of the working fluid in the working direction, and the convenient connection to horizontal and vertical sections
of the pipeline.
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1. Introduction

The pipeline system, which ensures the operation of most communication systems, nuclear and thermal plants,
electrical systems, etc., is one of the important parts of production facilities [1-3]. The industrial safety of hazardous
production facilities is directly related to the efficient operation of the pipeline, which can be performed around the
clock, regardless of the climatic state of the environment [4, 5]. Failures in such systems can cause economic and
environmental damage, such as environmental pollution, the death of flora and fauna, etc. [6-8]. Therefore, special
requirements are imposed on them, the most important of which is to ensure the reliable and safe operation of
pipelines [9]. To do this, a non-destructive method is used to assess the technical condition of the pipeline system,
including an automated assessment, the main tasks of which are to identify damage and structural defects that could
cause an accident [10-12].
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Any pipeline includes parts related to shut-off and control valves, control measuring instruments, fasteners, anti-
corrosion elements, and other structural components [13, 14]. Pipeline fittings are designed to control the working fluid
flows: distribution, regulation, shutdown, and mixing. Working fluids can be liquid, gaseous, powdery, or suspension,
etc. [15-17]. Industrial fittings are designed to operate with corrosive, aggressive, or toxic media, vapors, and high-
pressure media.

Valves are divided into shut-off, control, safety, protective, phase separation, and distribution [18—20]. Butterfly
check valves ensure fluid motion in one direction and prevent it in the opposite direction [21, 22]. When the flow motion
changes in the opposite direction, the valve automatically closes. A sufficient number of pipeline fittings have been
developed. Collison, Engle, and Hodny developed a valve in which the body parts were made by casting and stamping,
in particular a wedge valve consisting of a cast cover connected to a body in which a valve assembly is located, controlled
by a spindle sealed relative to the cover [23]. The destruction of the cover and body in the event of working fluid freezing
and a decrease in ambient temperature is a disadvantage of this design.

Bazarov et al. [24] developed wedge valve fittings containing a cover connected to a body that houses a valve
assembly controlled by a spindle sealed against the cover. However, in this design, the weld seam that welds the bottom
to the body is destroyed if the pressure inside the valve increases above the critical value when the working fluid freezes
due to a change in ambient temperature. Thus, the valve fails and loses its functionality. Thus, the issue of developing
pipeline fittings that can withstand changes in ambient temperature, leading to freezing and thawing in internal cavities
without loss of performance, becomes relevant. When designing BCVs, it is necessary to consider the materials from
which they are made, since many system failures are associated with their corrosive wear [25-27]. The purpose of this
research is to create pipeline fittings that can withstand repeated changes in ambient temperature.

2. Materials for the Pipeline Fittings

The materials used in the manufacture of pipeline fittings are divided into groups according to their purpose: vessel,
sealing, gasket, leak-proofing, and lubricating materials. In this study, only vessel materials that require high strength,
corrosion resistance, and manufacturability will be considered. Owing to its good casting quality, ductility, and ease of
processing, steel is one of the most common structural materials. The following steel grades are used to manufacture
pipeline elements for hazardous production facilities: C22, X6CrNiTi18-10, P275N, C25N, 24CrMoV5-5, 24CrMo5,
and X22CrMoV12-1 (DIN). Among the presented steels, C22 and X6CrNiTi18-10 are the most commonly used. C22
stainless steel (see Table 1). These steel grades are used in industry for the production of machine parts and mechanisms,
such as shafts, axles, gears, levers, etc.

Table 1. Chemical composition of C22 stainless steel in (%) [28]

C Si Mn Ni S P Cr Mo Ni Fe
0.17-0.24 <04 0407 <04 <0045 <0045 <04 <0.1 <04 theremainder

Silicon, which is part of the alloy, removes particles of hydrogen, oxygen, and nitrogen from the composition,
thereby increasing the strength of the steel. Manganese provides sulfur removal and has a positive effect on the surface
quality.

X6CrNiTil8-10 stainless steel. Steels of this type are the predominant material in the areas of refrigeration and
cryogenic technology because of their high ductility, viscosity at low temperatures, and high corrosion resistance (see
Table 2).

Table 2. Chemical composition of X6CrNiTil18-10 stainless steel in (%) [28]

C Si Mn Ni S P Cr Ni Fe
<008 <1 <2 9-12 0.015 <0.045 17-19 9-12 the remainder

The presence of titanium in chromium-nickel steels eliminates the tendency for corrosion when heated. Chrome
provides corrosion resistance and increases the cold brittleness threshold. Alloying with nickel increases ductility and
hardenability, reduces grain size, and decreases the concentration of impurities in dislocations. Austenitic chromium-
nickel steel grades also have high resistance to solutions of organic acids, which enables the manufactured fittings to
work in aggressive environments.

3. Material and Methods
3.1. Theoretical and Analytical Study of Changes in the Properties of Metals During Operation

The research process is shown in Figure 1.
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Figure 1. Flowchart for studying changes in the properties of metals during BCV operation

The long-term use of any metalware results in the deterioration of its physical parameters; therefore, even under the
influence of design loads, it is often possible to observe its deformation. Decreased resistance to physical damage is
caused by increased cognitive stress, the metal aging process, and thinning of the walls, which usually occurs due to
rusting. The main factor in the premature destruction of a pipeline is its prolonged contact with an external corrosive
medium (stress corrosion), which is influenced by parameters such as pressure, pH level of the corrosive medium, metal
mechanical properties, and structure. That is why it is essential to study the chemical composition and level of metal
resistance to corrosion.

Numerous processes that naturally occur in metal piping systems negatively affect the physical characteristics of the
materials used in these systems during their long-term operation. Due to the fact that pipe microcracking is caused by
local changes in the structure of metals, some specialized studies have been conducted to assess the level of long-term
impact on the resistance to destruction of metals, which identify the pronounced tendency of the metal to deformation,
the characteristics of resistance to fracture formation, resistance to fracture nucleation and diffusion, and others.

However, precisely the nature of the occurrence of the effects under consideration is of particular interest, which can
be described using a sample of P275N steel pipe. In this case, the values of temporary tensile strength vary in the range
of 563+62 N/mm?, which corresponds to the 1SO 5952-83 standard for this material. Studies performed under various
bends of the assessed product demonstrated deterioration in the parameters of resistance to physical damage. Thus,
twenty-five years of operation showed a decrease in impact strength of 18-19%. In this case, KCU decreased from 59.4
to 49.7 J/em? at -37-39 °C and from 59 to 48.4 J/cm? at +18-19 °C.

Upon completion of thirty years of operation of metal pipes, the temperature limits of cold brittleness move into the
category of positive temperatures; therefore, the process of fracture diffusion with increasing temperatures is described
by unstable algorithms (see Figure 2).

Forty years of operation reduces the level of fracture toughness from 44 to 31.9 MPa.m*2, The values of the largest
openings of COD fractures are reduced by 1.35-1.41 times, and metals demonstrate increased sensitivity to cognitive
stress.

Simultaneously, the diffusion of permanent fractures will also be determined primarily by the duration of the
operation. Thus, P275N steel pipes are characterized by minimal diffusion of permanent fractures (strain indicators K =
59...61 MPa.m"?). With an increase in the duration of pipe operation, the diffusion rates of permanent fractures increase,
and with forty to forty-five years of operation, they can reach (79...81)x10** millimeters per minute.
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Figure 2. Degree of long-term operation impact on the temperatures of transitions to brittle states of P275N metal pipe

3.2. Study of the Influence of Temperature on the Properties of the Material from which BCV is Made

The fatigue endurance of steel is conditioned by the totality of its mechanical and technological properties, which
depend on its chemical composition and structural state. Strength and ductility are the main mechanical properties.
Strength is determined by the ability of a material to resist the applied force without breaking. Ductility is the ability of
a material to deform irreversibly without breaking under a load and to retain these changes after the load is removed.

In general, the physical properties of a material are characterized by inconstancy, and its main parameters are
determined by temperature, deformation rate, and others.

To assess the effect of temperature on steel products, several coefficients must be used:
¢ Strength factor:
o The strength limit is expressed by the value of o.
o Comparative inconstancy is expressed as Go.2.
¢ Ductility criteria:

o Relative elongation § is the ratio of the increment in the calculated length of the sample after rupture to its initial
calculated length.

o Relative narrowing v is the ratio of the difference between the initial and minimum cross-sectional areas of the
sample after rupture to its initial cross-sectional area.

The parameters 6 and y can be determined from the ratio of flow stress s, fracture stress of and strain hardening.
Material ductility increases with increasing temperature because elevated temperatures facilitate the movement of
dislocations in solids. When testing stainless steel, for example, during compression or tensile testing, increasing
temperature has a strong impact on its mechanical properties. Figure 3 shows the change in the properties of C22 steel
with an increase in temperature to 600°C.
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Figure 3. Degree of temperature impact on some physical properties of the C22 pipe
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Thus, the curves describing inconstancy in the range of up to 300°C indicate a characteristic area of inconstancy;
however, with increasing temperatures, the inconstancy decreases. Technological annealing (from 195 to 298°C)
improves strength indicators and simultaneous deterioration in metal ductility. It was shown that the elastic moduli of
the metal decrease with increasing temperature. Steel is strengthened during cold plastic deformation, but at the same
time, steel ductility and impact strength decrease (natural aging). As the temperature increases, this process accelerates;
impact strength can reach approximately 12% of the original value (artificial aging). Tables 3 and 4 indicate the
mechanical characteristics of C22 and X6CrNiTi18-10 stainless steel grades in the temperature range from 20 to 500°C.

Table 3. Mechanical properties of C22 stainless steel grade at different temperatures

Test temperature, °C 6o, MPa o, MPa 3,% vy, %

20 280 430 34 67
200 230 405 28 67
300 170 415 29 64
400 150 340 39 81
500 140 245 40 86

Table 4. Mechanical properties of X6CrNiTil18-10 stainless steel grade at various test temperatures

Test temperature, °C 602, MPa o, MPa 6,% v, %

20 275 610 41 63
300 200 450 31 65
400 175 440 31 65
500 175 440 29 65

The following notation is used in Tables 3 and 4: 6o is the conditional yield strength, MPa; o, — ultimate tensile
strength (tensile strength), MPa; § — tensile strain, %; y — constriction at break, %. Therefore, it makes sense to study
the degree of temperature impact on the limiting values of long-term rapture strength (since the stress caused by the
temperature impact simply destroys the main components of the material over a certain period of time).

At the same time, the strength properties are determined by stable bonds between neighboring atoms due to their
natural bonding. Thus, deformation occurs because of a violation of the interatomic correlation under the temperature
impact. Simultaneously, a decrease in strength was observed at cryotemperatures. Moreover, due to the impact of energy
bursts in metals, some centers (of components) may be underloaded. Furthermore, the stable mutual connection of the
main molecular regions with each other causes some new vacancies.

When stress is applied to the metal, vacancies and dislocations move and accumulate along grain boundaries and
near defects and microdefects in the structure. Because of the large accumulation of vacancies and dislocations,
microcracks are formed, which subsequently become stress concentrations, resulting in destruction.

3.3. Development of the Butterfly Check Valve

As part of this work, a butterfly check valve was developed consisting of the following components: Valve Body;
Cover; Disk; Seat; Lever. This design ensures the working fluid motion in a given direction and prevents it from moving
in the opposite direction; it can connect to the horizontal and vertical sections of the pipeline (see Figure 4).

Figure 4. Valve design: 1 — cover, 2 — body, 3 —seat, 4 — disk, 5 — lever
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The T-shaped body is manufactured using casting followed by milling. The monolithic design provides a high level
of tightness and has a technological hole in the upper part through which the main structural elements are installed.
Repairs and replacements of internal parts are carried out without dismantling the valve from the pipeline. The disk acts
as a damper, which ensures a hermetically sealed shutoff of the flow. When moving in the working direction, the fluid
lifts the damper; when flowing in the opposite direction, the damper is pressed tightly under the influence of the fluid.

The seat is installed in the groove of the body and ensures a tight fit of the disc. The L-shaped lever is designed to
drive the shut-off valve. It is attached to the seat via a shaft and ensures the opening and closing of the shut-off element
along the working path. The lever design provides the force on the disk necessary to tightly fit the working surface of
the disk to the seat and ensure a complete, sealed shutoff of the transported fluid flow.

The valve cover is designed to ensure the tightness of the butterfly check valve and protect the structure from foreign
bodies entering. The cover design provides a technological hole for mounting a remote indicator of the shut-off element's
position. To install the indicator, a metal tube is welded to the upper surface of the cover, in which the shut-off element
target of the butterfly check valve moves freely (see Figure 5).
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Figure 5. Design of the remote indicator of the shut-off element position: 1 — cover, 2 — bushing, 3 — target, 4 — studs of the
remote indicator of the shut-off roller position, 5 — remote indicator of the shut-off element position, 6 — plug

Strains, stresses, and displacements were calculated to assess the performance of the developed structure.

3.4. Strength Calculation for Butterfly Check Valve Design

To analyze the strength of a structure, its stress—strain state under given loading conditions is considered. The stress—
strain relationship is established by Hooke’s law, according to which stresses at a point are directly proportional to
strains. In addition, theoretical ductility can be determined by a technique that relies on the following basic elastic
solutions:

m) _ (m-1) (m)

o;j C(Yz(s ))ijkl Ep 1)
here ai(jm) and s,(:l”) are stress and strain affinors at the m-th steps of the current process, Y2(g) — second invariant of the
deformation tensor, C(Y2(¢™%)) is the fourth rank tensor.

When selecting the repetition rate, the condition under which the specified value A is achieved, which is the current
voltage offset, should be determined as follows:

(m) (m-1)
|0l -0 (i)
max Zit (km_l)” ol < A. )
XgevV Zi,j|aij (xk)|

Representation in the form of linear problems:

(¢™ =0inV;

ij.j
al.(;") =C (Y2 (s(m))) s,?ln) invuz;
ijkl
(m) _ 1, (m) (m)y - .
&y = E(ui']. +u;; ) inV; ®)
ugm) =uf on Eul;ugm) =0on X,,;
ol.(jm)nj =0on %,

here o;;, and ¢, are the current Cartesian components of each strain and stress affinor; u;are components of the
displacement gradient; F;;(g,;) are nonlinear dependencies that describe the simulation of ductility; u;; are private
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compilations; u; — established displacements for increment X,; of body surfaces; for this case, we will express surface
fragments X, as clearly fixed.

Numerical solutions of problem (3) at any repetition are based on finite element methods. Thus, the variational
formulation of condition (3) can be expressed as follows:

f, 88T atmay = [ sumTstmgy, )

where S(™ = [s™ st s 1T _ coordinate column of the surface force vector.

In this case, a number of coordinate columns are used for the components of the displacement gradient:

T
um = [uim),ugm),ugm)] ;

[ ) _m) _m) _m _m].
a(m)—[Ulln'02?'03?'01?'02?"7321] ; (5)

_[.m ) m) ) ) )"
e = [511 18227183370 812718537, 813 ]
Therefore, calculations of certain designs of check valves should be based on identifying the most loaded sections,
which are loaded differently.

The structural state of the valve can be assessed by the stress—strain states of the BCV components, due to modeling
using the finite element method, considering the highest and lowest temperatures. Assessment is performed in the plane
of the finite-element program product slice by automatically splitting the sample into a number of finite elements. This
simplified assessment makes it possible to identify the most loaded sections and analyze the degree of compliance with
current conditions, etc. During the calculation of stress—strain states, the valve simulation was simplified by removing
minor, lightly loaded, and small components that did not affect the calculation result. The created valve simulation is
shown in Figure 6

Figure 6. Simulation model of the DN250 valve

When solving a numerical simulation problem, a mesh is created with large cells on large-area planes and with
tapering cells toward the holes to reduce calculation time and decrease the load on the system. Large surfaces were
divided along mutually perpendicular planes, after which the size of the elements on the surfaces and edges was
indicated. Such a grid makes it possible to generalize the results over a large area while maximally considering the
deformation of the most loaded areas of the structure (Figure 7). The sensitivity of the numerical model was another
essential factor. To achieve maximum model sensitivity, the number of finite elements was varied until a convergence
value of less than 5% was achieved.

Figure 7. Optimized finite-element mesh in the DN250 butterfly check valve
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When modeling the stress—strain state, the following assumptions were made:

e Materials are solid and homogeneous;

e The chemical composition and state of aggregation of the materials are unchanged during the calculation process;
e There are no heating processes as a result of deformation;

e There are no extraneous external impacts on the base;

e The loads are constant, applied in one direction, and their values do not depend on time.

To conduct a finite-element analysis of the stress—strain state, 08X18H10T material, which is an analog of
X6CrNiTil8-10, was assigned the structural element of the valve.
4. Research Results

The simulation results include the maximum stresses and strains of the valve structural elements loaded in
accordance with the design diagram (see Table 5).

Table 5. Results of the structure strength calculation in the closed state

. . Maximum equivalent stresses ~ Maximum strains ~ Maximum displacements
Calculation condition Parameters

Omax, MPa Amax, %0 Omax, MM
Maximum ambient Closed 257.91 0.130 0.17
temperature 45°C Opened 337.62 0.169 0.57
Minimum ambient Closed 269.70 0.136 0.14
temperature -5°C Opened 303.12 0.156 0.64

Figure 8 shows graphical representations of the distribution of equivalent stresses in the volumes of the valve models
at the maximum permissible temperature (45°C).

Unit: MPa Unit: MPa

257,91 Max
29,2
2006

171,94
143,29
114,63
85,072
57,314
20,657
2,37%-5Min

337,62 Max
300,11

262,59

225,08

187,57

150,05

112,54

75,027

37,514
0,00019902 Min

(a (b)
Figure 8. Distribution of equivalent stresses in the volume of the DN250 butterfly check valve at the maximum permissible
temperature: a — cover closed; b — cover opened

Figure 9 shows graphical representations of the distribution of equivalent stresses in the volumes of the valve models
at the minimum permissible temperature (-5°C).

Unit: MP2
Unit: MPa
269,7 Max
23073
208,77
179,0
140,33
119,57
859
58933
29,967
2,5818¢-5 Min

303,12 Max
26944

235,76

202,08

1684

134,72

101,04

67,36

33,68
0,00030106 Min

(a) (b)
Figure 9. Distribution of equivalent stresses in the volume of the DN250 butterfly check valve at the minimum permissible
temperature: a — cover closed; b — cover opened
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Figure 10 shows graphical representations of the distribution of equivalent strains in the volumes of valve models at

the maximum permi

ssible temperature (45°0).

Untimm/mm

0,0011538
0,0010096

0.00086535
0,00072112
0,0005769

000043267
0,000:6845
0,00074423

0,001298 Max

46857e-10 Min

Unit: mm/mm

0,0016881 Max
0,0015005
0,001313
0,0011254
0,00093784
0,00075027
0,0005627
0,00037514
0,00018757
1.5133e-9 Min

(2)

(b)

Figure 10. Distribution of equivalent strains in the volume of the DN250 butterfly check valve at the maximum permissible

temperature: a — cover closed; b — cover opened

Figure 11 shows graphical representations of the distribution of equivalent strains in the volumes of the valve models
at the minimum permissible temperature (-5°C).

Unit: mm/mm

0001207
0,0010561
0,00090526
0,00075438
0,00060751
00005263
000030175
0,0001508%
56151e-10

0,0013579 Max

Unit: mm/mm

0,0015602 Max
0,0013868
0,0012135
0,0010401
0,00086677
0,00069342
0,00052006
0,00034671
0,00017336
1.9352e-9 Min

(@

(b)

Figure 11. Distribution of equivalent strains in the volume of the DN250 butterfly check valve at the minimum permissible

temperature: a — cover closed; b — cover opened

Figure 12 shows graphical representations of the distribution of equivalent displacements in the volumes of the valve
models at the maximum permissible temperature (45°C)

Unit: mm

0,15746
014183
0,1262
0,11058
0,094%48
0,07932
0,063693
0,048065

0,17309 Max

0,032437 Min

Unit: mm

0.57215 Max
0,50915
044615
0,38315

0,32015
0,25715
019414
013114
0,068141
0,0051395 Min

(a)

(b)

Figure 12. Distribution of equivalent displacements in the volume of the DN250 butterfly check valve at the maximum

permissible temperature: a — cover closed; b — cover opened
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Figure 13 shows graphical representations of the distribution of equivalent displacements in the volumes of the valve
models at the minimum permissible temperature (-5°C).

initim Unit: mm

0,13636 Max
012152

0,10663
0,086
0.07694
0,062153
0047311
0,03247
0,017628
0,0027867 Min

0.64126 Max
057012
0,49897
042782
0,35667
0,28553
0,21438
0,14323
0,072083
0,000935 Min

() (b
Figure 13. Distribution of equivalent displacements in the volume of the DN250 butterfly check valve at the minimum
permissible temperature: a — cover closed; b — cover opened

The maximum values of equivalent stresses and strains under different conditions for the valve are achieved at a
temperature of 45 °C. The maximum value of displacements is achieved at a temperature of -5 °C. These values correlate
with the basic properties of steel [28] and the information given in Table 4, which shows that the lower the temperature,
the greater the displacement for the X6CrNiTi18-10 alloy.

The obtained values are below the maximum permissible values for the selected material, which confirms the
operability of the design being developed. Unlike the shutters of R.S. Collison, C.M. Engle, C.R. Hodny, and
D.J. Koester described in the introduction, the developed design, according to the results of mathematical modeling, will
withstand changes in ambient temperature.

5. Conclusion

This research made it possible to develop a BCV design and assess the stress-strain states of BCV components based
on finite-element simulation techniques. The various materials used to manufacture the check valves involved in each
piping system were reviewed. X6CrNiTil18-10 stainless steel grade was chosen for the manufacture of butterfly check
valves because it has many advantages compared to C22 stainless steel grade: lower carbon content has a beneficial
effect on anti-corrosion properties, and it has a larger temperature range for pumping media in aggressive environments.
Some limitations were acknowledged in conducting this research. During the study, the 08X18H10T material was
assigned, which is an analog of X6CrNiTi18-10. In addition, some limitations are indicated in the Methods and Materials
section. The practical application of the developed BCV is its use in pipeline systems to ensure working fluid motion in
a given direction and prevent it from moving in the opposite direction. BCV can also connect to horizontal and vertical
sections of the pipeline.

Further research may be devoted to increasing the pipeline reliability in the area of connection with check valves,
since crack-like defects intensively accumulate and develop in this area.
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