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Abstract

Introduction. Improving the calculation methods of mechanical engineering facilities is an urgent and in-demand task.
This fully applies to the techniques of calculating the strength of all-welded gastight boiler structures. Normative
calculation techniques are based on simplified models that give limited possibilities for optimizing these structures. The
low calculation accuracy inherent in such techniques is unacceptable under real design conditions, when an engineer is
faced with the task of developing competitive structures in a short time, i.e., reducing metal consumption while providing
the strength of these structures with limited development time. The use of simplified models was justified in the past,
under conditions of insufficient development of computer technology. Application of the most advanced techniques based
on computer modeling makes it possible to increase the accuracy of calculations, provide the optimization of such
structures, and improve the quality of design. The objective of this study was to develop a new special procedure for
calculating the strength of all-welded gastight structures based on computer modeling, using the most advanced methods
of modeling the membrane wall and factors affecting it. The accompanying task was to verify the developed procedure
based on comparing the results of calculations using the developed technique and the normative method.

Materials and Methods. The developed technique is based on the replacement of the membrane wall with an orthotropic
plate or shell. Computer modeling was used applying the finite element method of all-welded gastight structures, and the
impacts to which they were subjected during operation, as well as an effective method for assessing the technical condition
of these structures.

Results. A new two-stage technique for calculating the strength of increased accuracy of all-welded gastight boiler
structures was developed and patented. The calculation results were compared according to the proposed procedure and
the normative method. It was shown that the proposed technique made it possible to increase the accuracy of modeling
and calculation. The error in calculating all-welded gastight structures of a high-power boiler was reduced by more than
30% for the recommended steps between stiffeners. For specially reinforced membrane walls with steps exceeding the
permissible values, the error reduction reached 70% or higher.

Discussion and Conclusion. The developed technique is used in the modeling and calculation of all-welded gastight
structures. Its application makes it possible to optimize the step between the stiffeners of the structure of the support and
connecting nodes of gastight membrane walls. Based on the results of the application of the two-stage calculation
procedure, new designs were developed and patented. The developed technique has been used in the real design of boilers
since 2014.

Keywords: boiler unit, all-welded gastight structures, membrane walls, plates, shells, orthotropic plates, mathematical
modeling, finite element method
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AHHOTAUMA

Beeoenue. CoBepllieHCTBOBaHHE PACYETHBIX METOAUK OOBEKTOB MAIIMHOCTPOCHUS — aKTyalbHas M BOCTpeOOBaHHAS
3amaya. B moiHONH Mepe 3TO OTHOCHTCA M K METOIMKAaM pacyéra Ha INPOYHOCTh LEIBHOCBAPHBIX Ta30IUIOTHBIX
KOHCTPYKIMH KoTioarperaroB. HopmaTtuBHbIe pacuéTHBIE METOANKN OCHOBAHBI HAa YHPOUIEHHBIX MOJEISX, NMEIOIINX
OTpaHWYEHHBIE BO3MOXKHOCTH JUIS ONTHMHU3AIMK 3TUX KOHCTpyKnui. Huskas TouHOCTH pacuéra, mpucylnash TaKuM
METOMKaM, HEIpHeMJIeMa B yCIOBUSIX PEATEHOTO MPOEKTUPOBAHMS, KOT/Ia Iepe] MHKECHEPOM CTOST 331a4H pa3paboTKu
B C)KaTbleé CPOKM KOHKYPEHTOCIOCOOHBIX KOHCTPYKIHMH, TO €CTh CHIDKCHHUS METAUIOEMKOCTH Npu olecredeHun
MIPOYHOCTH 3TUX KOHCTPYKIHMH M OrpaHMYEHHOM BpeMEHH Pa3paloTKH. Mcrosip30BaHne yNPOIIEHHBIX MOJIENEH ObLIO
OlpaBAaHO B IPOIIIOM, B YCJIOBHAX HEAOCTATOYHOI'O PA3BUTHA KOMHBIOTepHOﬁ TEXHUKU. HpI/IMeHeHI/Ie HaI/I6OJ'ICe
COBECPUICHHBIX METOJUK, OCHOBAHHBIX Ha KOMIIBIOTEPHOM MOJCIMPOBAHNU, TTO3BOJIACT MMOBBICUTH TOYHOCTDH paC‘IéTOB,
00ecreynuTh ONTHMHU3ALMI0 TaKuX KOHCTPYKLMM, YIy4YIINTh KadyecTBO MpoeKkTupoBaHus. Llenb JgaHHOTO
HCCIeloBaHHs — pa3paboTKa HOBOW CIEHAIBHOW METOJWKU pacuéra Ha MPOYHOCTH LEIBHOCBAPHBIX Ta30ILUIOTHBIX
KOHCTPYKLHMI, OCHOBaHHOI Ha KOMIBIOTEPHOM MOJCIUPOBAHUM, ¢ NPHUMEHEHHEM HauOoJiee COBEPIICHHBIX METOINK
MOJEIUPOBAaHUST MEMOpPaHHOro 3KpaHa M (akTopoB, Bo3aeiicTByrommx Ha Hero. ComyTcTByMOLIEH 3amaueii aBTOpOB
CTaTBU SBJISUIACH BepU(UKanus pa3paboTaHHOH METOIMKH Ha OCHOBE CPaBHEHHS PE3yJIbTATOB PACYETOB C IPHMEHEHUEM
pa3paboTaHHOW METOIMKH 1 HOPMAaTHBHOTO METO/a.

Mamepuanst u memoods.. PazpaboraHHas MeTOAMKa OCHOBaHa Ha 3aMEHE MEMOpAHHOIO JKpaHa OPTOTPOIHOM
IUTAaCTHHON WM 00051049K0i. VCronp30BaHbl KOMITBIOTEPHOE MOJIEIMPOBAaHME C NPUMEHEHHEM METoJa KOHEYHBIX
9JIEMEHTOB II€JIFHOCBAPHBIX Ta30IUIOTHBIX KOHCTPYKIMH M BO3JIEHCTBHIA, KOTOPBIM OHH IOJBEpP)KEHBI B Mpolecce
9KCIUTyaTalllH, a TaK)Ke dIPPEKTUBHBIA METO]] OIIEHKH TEXHHYECKOTO COCTOSHHUS STHX KOHCTPYKIHH.

Pesynomamut uccnedosanus. PazpaboraHa HOBas JNByXdTallHas METOAMKA pacuyéTa Ha MPOYHOCTH IEITBHOCBAPHBIX
ra30IIOTHBIX KOHCTPYKIIMH KOTJII0arperaTos, NOTyYUBIIast TATSHT Ha H300peTeHue. [IpoBeieHo cpaBHEHUE PE3yIbTaTOB
paC‘-IéTOB 1o l'[pe)]J'IO)KeHHOﬁ MCTOAUKE W IO HOPMATUBHOMY METOY. HOKa3aHO, YTO MNPEAJIOKCHHad METOAHKaA
MO3BOJISIET TIOBBICUTH TOYHOCTH MOJCIHMPOBaHMS W pacuéra. [lorpenrHocTs pacuéra LETbHOCBAPHBIX Ta30IUIOTHBIX
KOHCTPYKIUH KOTJIa OOJBIION MOITHOCTH CHIKEHa Ooitee ueM Ha 30 % a7 peKOMEHIOBaHHBIX IIaroB MEXITy MOsICAMU
KeCTKOCTH. JId MOIKPEIUIEHHBIX CHeLHanbHbIM 00pa3oM MeMOpaHHBIX HSKPaHOB € IIaraMM, HPEBBIAIONIIMH
JOIYCTHMBIE 3HAYEHHS, CHIDKEHHE TTOTpeHoCTH gocturaet 70 % u BhIIe.

Oébcyscoenue u 3akniouenue. PazpaboTanHas METOANKA HCIONB3YETCs IPU MOJESTHPOBAHUN U pacyéTe LEeNIbHOCBAPHBIX
ra3oIUIOTHBIX KOHCTPYKUMH. [IprMeHeHWe ee TO3BOJseT ONTUMHM3MPOBATh IIar MEXIY I0sicaMHi YKEeCTKOCTH
KOHCTPYKIIMH OIIOPHBIX M COEIMHUTEBHBIX Y3JI0B ra30IUIOTHBIX SKpaHoB. I1o pe3ynpTaTaM NpUMEHEHHS JIBYXITalHON
pacy€THOM METOIMKH OBUTH pa3padOTaHbl HOBbIE KOHCTPYKIIMH, ITOJYYHBIINE MAaTEHTHl Ha n300peTeHus. Pazpaborannas
METOAMKA IPUMEHSETCS B pealIbHOM NMPOEKTUPOBAaHUH KoTiioarperatoBs ¢ 2014 rona.

KaioueBble ciioBa: KoTiioarperar, LEJbHOCBAPHBIE T'a30IUIOTHBIE KOHCTPYKIMH, MEMOpAHHBIE SKPaHbI, IUIACTHHBI,
000JI09KH, OPTOTPOITHBIE TUIACTUHBI, MATEMATHUECKOE MOJIEIIMPOBAHNUE, METO/L KOHEUHBIX 3JIEMEHTOB

Bnaroaapx—mcnl. ABTOpLI BbIpAXKaOT 6J'Ial"O,HapHOCTB peaaKkuu U pCUCH3CHTAM 3d BHUMATCIIbHOC OTHOLICHUEC K CTAThE
1 YKa3aHHBIC 3aMC€UYaHUs, KOTOPBIC IMTO3BOJIMJIN TOBBICUTH €€ Ka4CCTBO.

Jast murtapoBanus. Kypermun M.I1., CepOunoBckuii ML.IO. IlpuMeHeHHEe CHENMATBHBIX PACYETHBIX METOAUK IPH
NPOEKTUPOBAaHUM  LIENFHOCBApHBIX  Ta30IUIOTHBIX  KOHCTPYKIMH  KomioarperatoB. Advanced — Engineering
Research (Rostov-on-Don). 2024;24(1):48-57. https://doi.org/10.23947/2687-1653-2024-24-1-48-57
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Introduction. The normative technique of the strength calculation of all-welded gastight structures' is based on
replacing the screen with a structurally orthotropic Kirchhoff-Love plate with considerable simplifications. In this
model, the orthotropy of the plate properties is taken into account only when calculating bending forces. The major
objective of the introduced simplifications is to reduce the complexity of calculation formulas and, ultimately, the
overall complexity of calculations. The models underlying the technique include a gastight screen in the form of an
orthotropic plate, stiffener rings in the form of constant-section beams, and fasteners in the form of connections
between the wall and the stiffener rings.

The following assumptions are made in the model?:

1. The orthotropy of the gastight wall is taken into account by introducing ratio D. / Dy when calculating the bending
moment M- for an isotropic wall with cylindrical stiffness in a section perpendicular to pipes Dy, and in a section parallel
to pipes D..

2. When determining stresses at the midpoint of the panel, there is a hinged connection of the gastight screens to each
other in the screens of the all-welded box, since the fastening condition affects the nearest 6-8 pipes from the fixing point.

3. When determining the stresses in the corner of an all-welded box, there is pinching.

4. The action of two groups of forces is considered: active (boost and “buckling”) and reactive (emphasis on
stiffener rings). The remaining impacts (from the internal pressure in the pipes, weight and temperature factors) are
determined independently and taken into account at the stage of assessing the technical condition by the superposition
of forces method.

5. The calculation is based on the principle of assessing the structural strength by bearing capacity, which is
determined by the limiting state of the transition of the most loaded section from an elastic state to a plastic one. The
calculation is performed according to a conditionally elastic scheme.

A significant disadvantage of this scheme is the use of simplified models that do not fully take into account the
reinforcing, attached and other structural elements, their cross impact, as well as the effect of all influencing factors
causing a complex stress-strain state of the membrane wall. This technique has limited modeling capabilities, specifically
for membrane walls of complex shape, for which it is not applicable.

There are limits to the application of normative calculation formulas, constraining them due to design or loading
features®. For membrane walls, standard calculation formulas are not applicable for any cross-sections, except for a pipe
with a flat spacer. They are not applicable for membrane walls of complex shape. The maximum step size between
stiffener rings is limited. It is noted in the normative technique that it is allowed to use other methods of calculating the
strength of all-welded membrane structures, subject to providing the normative strength reserves. The technical
regulations of the Customs Union enable using a number of calculation methods in addition to regulatory formulas,
including computer modeling®. In regulatory documents, the strength calculation techniques that go beyond the
application of regulatory formulas are called alternative, or special. In connection with the above, the objective set by the
authors of this article — to develop a new special method for calculating all-welded gastight structures using computer
modeling, which allows for high accuracy and reliability of modeling and calculation results — seems highly relevant.

In the papers of Russian authors, models have already been proposed in which the membrane wall is replaced by a
statically indeterminate frame. Special calculation methods are successfully used to assess the strength and resource of
elements of boilers and power plants [1]. In the studies devoted to the calculation of gastight membrane walls, it is noted
that the methods based on the use of modern achievements in the area of numerical methods using computer modeling
are promising [2].

Recent studies on boiler membrane walls include the works of Milosevi¢-Miti¢ [3], Nagiar [4], Serti¢ [5], who
proposed a method for calculating boiler strength and determining temperature displacements and loads of supports based
on the Kirchhoff-Love theory and computer modeling using the finite element method (FEM) [6]. However, this technique
is characterized by an increased error due to the application of significant simplifications in the membrane wall model
(e.g., pipes are replaced with absolutely rigid bodies) [7]. The method of reverse transition from the plate to the wall and
assessment of its technical condition has not been proposed [8].

'RD 10-249-98. Calculation Standards for the Strength of Stationary Boilers and Steam and Hot Water Pipelines. URL:
https://docs.cntd.ru/document/1200021653 (accessed: 15.12.2023) (In Russ.).

2 RTM 24.031.06-73. Calculation and Design of Fastening Elements of the Wall System of Boiler Units with All-welded Panels: Technical Guides. Leningrad: RIO
NPO TsKTI; 1974. 39 p. (In Russ.).

3 GOST 34233.1-2017. Vessels and Devices. Norms and Methods of Strength Calculations. Moscow: Standartinform; 2019. 30 p. (In Russ.).

#CUTR 032/2013. Technical Regulations of the Customs Union. On the Safety of Equipment Operating under Excessive Pressure. URL:
http://docs.cntd.ru/document/499031170 (accessed: 15.12.2023) (In Russ.).
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High calculation accuracy was obtained through modeling membrane walls based on the general mechanics of a
deformed solid and measurements in numerical experiments with accurate solid-state models of the screen [9]. Effective
methods for modeling loads [10] acting on all-welded gastight structures have been proposed, which make it possible to
increase the accuracy and reliability of modeling these structures [11].

In general, modeling membrane walls using orthotropic plates is relevant if we take into account the complexity of
modeling and calculating membrane walls with many pipes and spacers using traditional solid-state computer simulation
techniques, for which there are strict limitations. These restrictions deal with the relative dimensions of the height of the
solid-state element to its length and width, which cannot exceed "% (aspect ratio metric [12]), with a ratio of membrane
wall thickness to its width of 1/400 or more.

When developing the new technique, the following objectives were set: increasing accuracy, reducing the complexity
of modeling and calculation, reducing the time of computational operations during optimization and evaluation of
strength, rigidity, stability, and durability of structures. It is known that membrane walls operate under conditions of
complex resistance and are simultaneously exposed to external forces, moments, pressure or rarefaction from the inside
of the boiler, pressure in pipes, an uneven temperature field, taking into account the cyclic effect of these parameters and
creep of materials at high temperatures. An additional, but rather important task of this development was to create a
convenient tool for cyclic optimization of the structure, which includes visualization of the results of making changes to
the structure in the form of stress, strain, and displacement fields.

Materials and Methods. The technique proposed by the authors involves replacing the membrane wall with an
orthotropic plate or shell. The membrane wall has a regular structure and a section that periodically changes in the
direction perpendicular to the pipes. Such a membrane wall can be considered as a structurally orthotropic plate, i.e., a
plate in a flat stressed state with elastic characteristics that differ in mutually perpendicular directions. The membrane
wall is a plate, and the bent screen is a shell since the diameter of the pipes, which determines the thickness of the screen,
is small compared to its other dimensions. The structural elements of a gastight boiler, which can be represented as
structurally orthotropic plates, are, first of all, membrane walls of the furnace, the transition flue, the convective shaft of
the boiler, and membrane superheaters.

The authors previously developed a two-stage modeling and calculation technique for all-welded gastight structures,
which received a patent for the invention [13]. It is based on the replacement of the membrane wall with an orthotropic
plate or shell, reliable modeling of all-welded gastight structures and the impacts to which they are exposed during
operation, and on an effective method for assessing the technical condition of these structures. Through the developed
technique, there are opportunities to optimize structures and reduce their metal consumption [14], which have not existed
before. New designs are worked out, the complexity of design is significantly reduced [15]. The problem of assessing the
technical condition of boiler structures containing membrane walls is solved by applying the most advanced modern
practices based on achievements in numerical modeling.

The method of calculating the strength of all-welded gastight structures consists of two stages. At the first stage, a
model of a box structure with screens in the form of orthotropic plates and/or shells is formed with a preliminary
calculation of their dimensional and physico-mechanical characteristics. The attached elements, including pipe connectors
with headers, festoons, stiffener rings, various fasteners, supports, reinforcement elements are modeled in the form of
rods, shells, connections, and boundary conditions. Then, local zones of orthotropic plates and/or shells with increased
displacements and deformations are determined, and the technical condition of the attached elements is assessed. At the
second stage, models are formed for places with exceeding the specified parameters, in which local zones of screens with
attached elements with increased displacements, stresses, and deformations are modeled by solid-state elements
(submodeling of local zones [12]). Conditionally elastic analysis is carried out. Health assessment in critical sections is
provided according to static strength conditions and optimization of the structure.

Research Results. The calculation of all-welded gastight boiler structures with a steam capacity of 8§10 tons of steam
per hour (TPE-360/T model) with dimensions of 14.48x14.24 m was performed. In the course of the work, the authors
compared the calculation results using the proposed procedure and the normative method.

Initial data for the calculation: the boiler membrane walls were welded from a 606 mm pipe of steel 20 with flat
spacers 80 mm wide, made of sheets of steel 20 with a thickness of 6 mm. The membrane wall was exposed to heating
from a furnace with a cooling medium in pipes with the following parameters: 16.3 MPa, 349°C (Fig. 1). The calculation
was carried out for buckling 3,000 Pa and emergency rarefaction 5,000 Pa.
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Fig. 1. Initial data for the calculation: heat flow perceived by the screen surface

The calculation was carried out in accordance with the requirements and formulas of normative documents
(“Calculation standards for the strength of stationary boilers and steam and hot water pipelines”, “Calculation and
design of fastening elements of the screen system of boiler units with all-welded panels”, “Technical Regulations of
the Customs Union”™).

The permissible step between the stiffener rings, according to the calculation results, is 4,012 mm at the furnace level
and 4,050 mm in the upper part of the furnace at marks 16.8 and 50.6, respectively.

The calculation of the boiler box using the technique presented in this paper was performed in two stages. The model
of the first stage included gastight screens of a furnace, a convective shaft, a gas reversing chamber, an aerodynamic nose,
and a ceiling superheater, made in the form of shells with elasticity parameters calculated using numerical methods [9].
The stiffener rings, festoons No. 1 and No. 2 with suspensions, suspensions of boiler screens, wall superheater were
modeled with beam-rod elements (Fig. 2). When comparing the results of the two calculations, it was reported that the
problem areas of the structures, determined by the first stage of modeling, converged with the design points of the standard
calculation: in the middle of the screen under the stiffener rings (point No. 1, Fig. 2 C), in the corner of the furnace
between stiffener rings (point no. 2, Fig. 2 B). At the same time, the new technique based on a more advanced model of
the boiler box made it possible to take into account the following technical solutions applied in the design of the boiler
box and aimed at optimizing and strengthening it: design of corner bracing in the form of lever mechanisms that allow
the force to be transmitted strictly along the axis of the adjacent screen; intermediate fasteners reinforced with combs-
ribs, providing free thermal expansion of the screen; longitudinal ribs under the stiffener rings in places where the standard
values of the steps between the stiffener rings are exceeded [15]; special designs of stiffener rings [16]; angle brackets;
seal boxes]. In addition, the model made it possible to take into account the effect of a wall-mounted radiant superheater
(attached to the screens through welding), festoons, stiffen boxes, and other structural elements.
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Fig. 2. Calculation of the boiler box of TPE-360/T model according to the developed technique:
A — shell-rod model (first stage of modeling); B — solid molel of the box corner (second stage of modeling); C — solid molel of
the midpart of the screen under the stiffener (second stage of modeling)

The model includes structures of a ceiling superheater, an aecrodynamic nose, a convective shaft, a gas reversing
chamber, and other elements, whose technical condition is difficult to assess using the normative technique due to its
limitations. The permissible step between the stiffener rings, according to the calculation, is 4,500 mm at the furnace
level, and 6,000 mm at the top of the furnace, which is higher than the values obtained through the normative technique.

Thus, it can be concluded that the impact of design solutions aimed at optimizing and strengthening the boiler box
(without increasing the number of stiffener rings) is significant. The results of the calculation according to the normative
technique, which does not allow taking into account these decisions, are excessively conservative. The calculation results
using the proposed method are more reliable, as they enable us to fully take these decisions into account.

A comparison of the calculation results obtained through different methods was carried out at two characteristic points
of the structure specified in the normative technique: point 1, for which the influence of attached and reinforcing elements
is minimal, at the calculated point 2, for which the influence of reinforcing elements is most significant (Table 1).
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Table 1
Calculated stresses in screen sections according to the normative and new technique, MPa
Design section, mark, m 16.8 50.6
Permissible stresses in the cross section of 1-2 screen, MPa 149.8 152.6
Permissible stresses in the cross section of 5—6 screen, MPa 158.4 161.8
Calculated combination of loads: weight, overpressure in pipes, buckling in the furnace space
Setting-out point according to the requirements of the normative L* w T w
technique
Equivalent str in th ti f1-2 i
quivalent stresses in the cross section o screen according 119.3 1217 141.4 145.9
to the requirements of the normative technique, MPa
Equivalent stres.ses in the cross section.of 5-6 sc.reen according 10.4 97.0 21.9 175.9
to the requirements of the normative technique, MPa
Equivalent stregses in the cross section of 1-2 s?reen according 135.6 109.2 149.0 1144
to the requirements of the developed technique, MPa
Equivalent stres'ses in the cross section of 5-6 scfreen according 18.1 554 274 0.8
to the requirements of the developed technique, MPa

Calculated combination of loads: weight, overpressure in pipes,

emergency rarefaction in t

he furnace space

Permissible stresses in the cross section of 1-2 screen, MPa

199.8

203.5

Permissible stresses in the cross section of 5-6 screen, MPa

217.8

2225

Equivalent stresses in the cross section of 1-2 screen according to
the normative technique, MPa

138.6

142.7

175.8

183.4

Equivalent stresses in the cross section of 5—6 screen according to
the normative technique, MPa

15.6

160.5

31.1

289.3

Equivalent stresses in the cross section of 1-2 screen according to
the developed technique, MPa

147.6

109.6

182.8

109.0

Equivalent stresses in the cross section of 5—6 screen according to
the developed technique, MPa

19.1

87.8

30.9

125.8

* in the middle of the wall, between the stiffener rings

** in the corner of the box

At point 1, a good coincidence of the results was obtained — with respect to the permissible stresses, the voltage

difference was no more than 11%. At point 2, the stress difference ranged from 33% for small and medium steps between
the stiffener rings to 73% for large steps between the stiffener rings. High stress values in all cases were given by the
normative technique.

The proposed method and model increase the reliability of simulating the behavior of the structure and the accuracy
of the calculation. One of the results of the calculations and optimization of the design is the distribution of stiffener rings
according to the height of the boiler furnace of TPE-360/T model. Table 2 shows the results of calculating the step of
stiffener rings: 1 — according to the normative technique, without taking into account the design features; 2 — according
to the calculation results using the developed techniques that provide more reliable simulation of the behavior of the
structure, taking into account the influence of all its elements, including additional reinforcing elements in the form of

stiffener rings, etc.
Table 2

Calculated and accepted steps between the stiffener rings

36.1 | 42 |50.6
3,962|4,000(4,050

25.8129.1| 32
3,974|3,979|3,971

83 |16.8]21.3
4,012(4,012|3,961

Design section', m

Maximum permissible step between stiffener rings?, mm

The adopted step between the stiffener rings following the
results of design optimization, mm

Fulfillment of the strength conditions for the accepted step
(yes/no)

1 — mark for the height of the furnace, where 0 — the floor level

2,660(4,500(4,4004,250)2,700|3,520|3,300|3,500(6,000

yes | yes | yes | yes | yes | yes | yes | yes | yes

2 — as per calculation according to the normative technique
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It can be observed that the use of special calculation methods makes it possible to avoid the installation of additional
stiffener rings for at least two characteristic places of the boiler furnace: at the place of installation of the burners (marks
from 16.8 to 25.8 m) and at the place of the reversing flue (50.6 m mark). This avoids overspending of metal and
complication of the structure due to the difficulties of simultaneous placement of burner devices and stiffener rings, and
elements of the reversing flue.

An assessment of the metal consumption was carried out. In this case, the weight of one stiffener ring with fasteners
is on average 3,500 kg. To meet the requirements of the regulatory calculation for the step between the stiffener rings, it
is required to install at least three additional stiffener rings at the furnace height from 16.8 to 25.8 m and 50.6 m. The total
metal consumption of such a constructive solution is 10,500 kg. Thus, the use of new special calculation techniques
provides ample opportunities for optimization and reduction of metal consumption while maintaining sufficient strength
of all-welded gastight boiler structures.

Discussion and Conclusion. A new technique for calculating and analyzing the technical condition and optimization
of membrane wall structures of boiler units has been developed on the basis of modern, most effective methods of
mathematical modeling of membrane walls with equivalent orthotropic plates, calculation of their geometric and physico-
mechanical parameters, special loads and impacts inherent in all-welded gastight structures. The use of new special
calculation techniques provides ample opportunities for optimization and reduction of metal consumption while
maintaining sufficient strength of all-welded gastight boiler structures.

The results of verification of the replacement of membrane walls with orthotropic plates were compared to the results
of field experiments on determining the angles of rotation of the vertices of the ribs under the action of a unit moment.
They showed that the displacement error did not exceed 14% for shell models implemented through the proposed
technique. At the same time, solid-state models give an error of up to 10%, i.e., slightly less when the number of finite
elements of the models is an order of magnitude larger (and the dimension of the model is up to 100 times higher,
depending on the type of element — linear or quadratic). This modeling error fully meets the requirements of modern
design, since the errors associated with manufacturing tolerances are in the range of 10—15% of the wall thicknesses of
pipes, sheets, and the weld leg [9].

The significant disadvantages of the normative technique are the scant possibilities for optimizing the design and
strength requirements in other ways, except for increasing the number of stiffener rings, which significantly increases the
metal consumption and causes growth of cost. This means that simplified models adopted in the normative calculation at
the time when computer engineering was insufficiently developed, limit the possibilities of optimizing structures in
modern design. This necessitates using special calculation techniques based on numerical computer modeling.

The technique proposed by the authors during the actual design of boiler units has shown its high accuracy and
efficiency, wide possibilities for optimizing the design, reducing metal consumption under maintaining sufficient strength,
the ability to significantly reduce the complexity of model formation and machine calculation time. In addition, the
reliability of behavioral modeling and calculation accuracy of all-welded gastight structures have been increased through
the use of modern numerical simulation techniques. They provide most accurate accounting of the features of structures
and their cross impact, and the effect of all influencing factors, as well as calculating screens of complex shape. Through
the developed techniques, the calculation error has been reduced by more than 30% for the recommended steps between
the stiffener rings. For specially reinforced membrane walls with steps exceeding the permissible values, the error
reduction reaches 70% or higher.

The application of the proposed technique makes it possible to decrease the number of finite elements of models of
structures with screens by several orders of magnitude compared to similar solid-state models of the screen, reduce the
complexity of forming models of structures with screens. The time of computational operations in calculating the stress-
strain state of all-welded gastight structures is significantly improved. And finally, the complexity of modeling and
calculation is significantly reduced while maintaining sufficient accuracy [13].

The authors note that the technique they developed for calculating the strength of all-welded gastight structures is
generally intended for the use in the design and optimization of thin-walled structures with periodically changing cross-
section and internal channels in the walls, which can be simultaneously exposed to external forces, moments. In this
particular case, these are thin-walled structures made of tubular membrane walls of steam and hot water boilers, i.e., all-
welded gastight structures with all structural elements attached to them, e.g., elements of the support and suspension
system, fasteners, burners, blast nozzles, etc.

This technique is implemented on medium-powered personal computers and can be put into practice of real design of
boiler-building enterprises and design organizations of other branches of mechanical engineering, which use plates and/or
shells with regularly changing cross-sections.
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The proposed technique has been used in the real design of boiler units since 2014, including power boilers
Pp-1030-25.0-570/570GM,  E-220-9.8-540GM, E-500-13.8-560G (model TGE-440), PP-1900-25.8-568/568 KT,
E-540-13.8-560GN (model TGE-225, E-540-13.8-560GN (model TGE-224/S7), E-810-13.8-560BT (model TPE-360/T).
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