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The possibilities of the numerical apparatus developed on the basis of the semi-analytical finite element method are shown
on the example of solving a specific problem. In the areas of maximum values, the parameters of the stress-strain state of the re-
device fastening part were compared. It is worth noting the relatively complex configuration of the cross-section of the object,
which led to a thorough study of the principles of constructing a grid area. The surface of interaction between the axis and the
hull was modeled by a fairly thin layer of elements in relation to their thickness, which absorb only normal stresses. Analysis of
the stress-strain state of the rotary device fastening part should be carried out from the standpoint of a spatial problem.
Moreover, according to the results of the elastic calculation, the transition section between the body and the base plate turned out
to be more loaded compared to the zone of contact interaction between the body and the axle. The data of the calculation
performed in the elastic-plastic formulation made it possible to clarify the idea of the operating conditions of individual sections
of the object and to draw a conclusion about the uniformity of the hull.

The carried out studies confidently demonstrated the wide possibilities of the developed approach in solving new, practically
important problems of elastic deformation of prismatic bodies of complex shape in the spatial formulation of new ones. To
substantiate the reliability of the results of the calculation of the elements under consideration, a sequential increase in the
number of FE in the cross-section and the number of retained terms of the decomposition along the length of the body, as well as
an increase in the accuracy of solving systems of equations, are given. In addition, an assessment of the satisfaction of natural
boundary conditions on the surface of the body and the conditions of equilibrium in the integral sense is given according to the
characteristic sections within the region, which showed their fairly good performance. New data on the regularities of behavior
of critical structures in the process of loading, due to the consideration of their physical and geometric parameters, have been
obtained.

Keywords: finite element method (FEM), semi-analytical finite element method (NMSE), stress-strain state (SSS), elastic
deformation, rotary device fastening part, cylindrical body, sampling, elastoplastic formulation.

Entry. Among the main problems that arise in solving new problems is the justification of the
choice of the design model of the object under consideration and the reliability of the results obtained.
Often, the calculation of spatial prismatic structures is carried out within the framework of a flat
formulation, which is due to the high labor intensity of solving a three-dimensional problem [1-4].
However, such a simplification of the design model is based on the hypothesis of the constancy of the
parameters of the stress-strain state over the body length, can lead to an incorrect assessment of the
working conditions of the structure. This is especially dangerous for critical high-load elements and
parts, therefore, it is necessary to comprehensively take into account all factors that affect the spatial
nature of the stress-strain state of the structures under study. Substantiation of the reliability of solving
new problems by the finite element method is carried out, first of all, by sequential thickening of the
grid domain. It should continue until there is a slight change in the results with a significant increase in
the number of elements. It should be noted that the possibilities of the traditional variant of the finite
element method in this respect are rather limited, and when it is applied, this requirement is generally
not met [6-10].
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Investigation of the stress-strain state of the fastening part of the rotary device. The fastening
part is one of the most important elements of the rotary device, ensuring the reliability of its operation
(Fig. 1). It is a hollow cylinder connected by a transition section to a rectangular plate, which is
secured from displacements on the lower surface. A tubular axle is inserted into the cylindrical body,
loaded at the ends with a uniformly distributed load ¢', which reaches intensity in the modes of
emergency overloads [5].

Part length /=8,4R,, height H =8,9R,, inner radius of the cylinder R, =2,2R,, external, radius

Ry =3,2R, of curvature of the transition

section R, =R,, width of the base plate
B=5R,, height h=R, , inner radius of
the axis R =0,05m. Modulus of

elasticity of the material E=2-10°MPa
of the structure, Poisson v=0,3' s ratio,
yield strength at pure shear 7, =160MPa .

Only normal compressive stresses are
transmitted over the contact surface
between the axle and the housing.
Traditionally, the calculation of the
structure in question was carried out
within the framework of a flat formulation
based on the assumption of a relatively

Utz =0

H

uniform distribution along the axis Z> of
the forces transmitted to the hull.
However, the validity of this hypothesis
can only be tested on the basis of
comparing the results of two-dimensional
and spatial calculations.

Sampling of the rotary device mounting
part using prismatic finite elements is
shown in Fig. 1. It is worth noting the
relatively complex configuration of the
cross-section of the object, which led to a thorough study of the principles of constructing a grid area.

The surface of interaction between the axis and the body was modeled by a rather thin layer of
elements in relation to their thickness, which perceive only normal stresses. Based on the condition
that these stresses can only be compressive, in the tensile stress region, which is determined in an
iterative way, elements with zero stiffness were used, shown in Fig. 1 hatching. Data from the

Fig. 1. Design diagram of the rotary device mounting part

convergence study 6> and T at the points K and H depending on the total number of nodes of the grid
area m, the number of contained members of the decomposition M and the accuracy of the solution of
the system of equations determined € by, are given in Tables 1, 2, respectively. Their analysis allows
us to conclude that for the calculation of the structure under consideration, we can take m=260, M=5

and £=107. At these values of the projection parameters of the resultants on the axis, calculated from

the contact area and in the body cross-sections by planes perpendicular to the axis Z' and pass
through the axis of rotation and the center of the transition section, differ from the resultant external
loads by 2-3%.

The results of the elastic calculation of the fastener part, performed at ¢' = 60 MPa, are presented in

Fig. 2, 3 in the form of stress diagrams 6** and T, plotted in sections 1-1 and 2-2, respectively. Solid
lines indicate the solution data of the spatial problem, dotted lines — flat ones. Comparison of these
diagrams showed that only in section 2-2 the results of two-dimensional and three-dimensional

solutions are compared, and in the vicinity of the point K. The calculation under conditions of plane
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deformation gives an almost 5-fold lower value 7. This is due to the significantly uneven distribution
of normal stresses along the length of the body 6'', the diagrams of which in section 3-3 are shown in
Fig. 4. There are also diagrams of stresses 6> and 7, the nature of which is determined by the noted

peculiarity of the distribution 6'' along the axis Z* . Based on these data, it can be concluded that the
analysis of the stress-strain state of the fastening part of the rotary device should be carried out from
the standpoint of the spatial problem. Moreover, according to the results of the elastic calculation, the
transition section between the body and the supporting one turned out to be more loaded compared to
the zone of contact interaction between the body and the axle Stove.

Table 1
£ M m c** , MPa % T, MPa %
168 140,8 441 121,9 3,40
0,001 5 260 145,5 1,22 124,2 1,13
396 1473 - 126,2 -
3 142,4 3,19 122,0 2,63
0,001 5 260 145,5 1,09 124,2 0,88
7 147,1 - 125,3 -
0,01 142 2,80 119,9 4,08
0,001 5 260 145,5 0,41 124,2 0,56
0,0001 146,1 - 1249 -
Table 2
£ M m c?*, MPa % T, MPa %
168 251,3 4,70 155,6 3,95
0,001 5 260 260,1 1,36 160,3 1,04
396 263,7 - 162,0 -
3 2524 4,03 157,1 2,96
0,001 5 260 260,1 1,10 160,3 0,98
7 263,0 - 161,9 -
0,01 249.8 4,58 153,2 5,14
0,001 5 260 260,1 0,65 160,3 0,74
0,0001 261,8 - 161,5 -
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Fig. 2. Stress diagram 6% and T cross-section 1-1
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Fig. 3. Stress diagram 6% and T cross-section 3-3

The results of the calculation performed taking into account the plastic properties of the material
when the object is loaded with the actions of maximum intensity are shown in Fig. 4 in the form of

stresses 6'', 6% and T, plotted in section 3-3. There is a noticeable redistribution of stresses near
the ends of the hull compared to the elastic calculation 62, due to the development of plastic
deformations in this area. Fig. Diagrams 5 and 6 are presented &/, built in sections 2-2 and 3-3 at

different values of external load.
Despite the fact that K plastic deformations appear later in the point region than in the point area, H

their development in section 3-3 is faster and the ¢' =140 MPa magnitude g’ at both points is

equalized. Thus, the data of the calculation performed in the elastic-plastic formulation made it
possible to clarify the idea of the operating conditions of individual sections of the object and to draw a
conclusion about the equistrength of the body.
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Fig. 4. Diagram of stresses &'' in 6?2 T section 3-3, taking into account the plastic properties
of the material when the object is loaded with actions of maximum intensity
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Conclusion. The carried out studies confidently demonstrated the wide possibilities of the
developed approach in solving new, practically important problems of elastic deformation of prismatic
bodies of complex shape in the spatial formulation. To substantiate the reliability of the results of the
calculation of the elements under consideration, a sequential increase in the number of FE in the cross-
section and the number of retained terms of the decomposition along the length of the body is given, as
well as an increase in the accuracy of solving systems of equations. In addition, estimation of
satisfaction of natural boundary conditions on the surface of the body and conditions of equilibrium in
the integral sense by characteristic cross-sections within the region, which showed their fairly good
performance. New data on the regularities of behavior of critical structures in the process of loading,
due to the consideration of their physical and geometric parameters, have been obtained.
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Maxcum 'k FO.B., Ukpurs O.0., Mapmuniox 1.1O., Kozax A.A., Maxcum ok O.B.
AHAJII3 HAIIPYKEHO-JE®OPMOBAHOT'O CTAHY JETAJII KPIIVIEHHSI IOBOPOTHOI'O NPUCTPOIO
HAIMIBAHAJIITUYHUM METOJOM CKIHYEHHUX EJIEMEHTIB

MOKIMBOCTI PO3pOOJICHOr0 Ha OCHOBI HAIiBAHAIITHYHOTO METO/Y CKIHUEHHMX €JIEMEHTIB YMCENbHOrO arapary MoKa3aHo
Ha TIPUKIAAlI pPO3B’s3aHHS KOHKPETHOI 3anadi. B oOmacTsax MakcMMaJbHHUX 3HAUCHb MPOBEIEHO 3iCTABIEHHS IapaMeTpiB
Hanpy>KeHO-1e()OPMOBAHOTO CTaHy JI€Tali KpIMUICHHS MOBTOPHOrO NPHCTPOi. BapTo 3a3HaYMTH BIIHOCHO CKIAJHY
KOH(QIrypauito nornepeyHoro nepepisy 00’ekra, 110 3yMOBHIIO PETEJIbHE ONPALIOBAHHS NPHHIMIIIB OOYJ0BU CITKOBOI 001acCTi.
IToBepxHst B3a€MOJIT OCi Ta KOPIyCY MOJEIIOBAIACH JOCUTh TOHKHUM I10 BiJHOIIECHHIO [0 iXHBOI TOBIIMHH IIAPOM EJIEMEHTIB,
10 CHPUHMAIOTh BHUKIIOYHO HOPMaJbHI HANpYXEHHSA. AHali3 HarpyxkeHO-1epOPMOBAHOrO CTaHY JeTayli KpiIIeHHsS
MOBOPOTHOT'O MPHCTPOIO BapTO MPOBOJAUTH 3 MO3HILT MPOCTOPOBOi 3anaui. IIpudoMy 3a pe3ylbTaTaMi HPYKHOTO PO3PAXYHKY
OlIbII HABAaHTAKEHUMU B MOPIBHAHHI 13 30HOI KOHTAKTHOI B3a€MOJIl KOPIyCy Ta OCi BHUSBHJIACH IeEpeXifHa AiISHKA MiX
KOpITyCOM Ta OMOPHOI0 IMTOM. JlaHi po3paxyHKY, BUKOHAHOTO B MPY)KHO-IUIACTHYHIi MOCTAHOBL, JO3BOJMIN YTOUYHUTH
MIPEJICTABJICHHS PO YMOBH POOOTH OKPEMHX JUISHOK 00°€KTa i 3p0OMTH BUCHOBOK PO PIBHOMILIHICTB KOPITYCY.

BukoHaHi JOCHI/DKEHHST yIEBHEHO MPOJEMOHCTPYBAIM LIMPOKI MOXKIMBOCTI PO3pOOJIEHOro MiAXOAY IPH PO3B’S3aHHI B
MIPOCTOPOBIH MOCTAHOBII HOBUX, MNPAKTUYHO BAXIIMBHX 3a/1ay MPYKHOro AehOPMYBaHHS NMPU3MATHUYHHUX TiJ CKIaJHOI (hopMu.
Jlns oOrpyHTYBaHHS JIOCTOBIPHOCTI PE3YJIBTATIB PO3PAXyHKY PO3IUISIyBAaHUX €JIEMEHTIB NMPUBEIEHE MOCIITOBHE 301IbIICHHS



ISSN 2410-2547 73
Onip matepiaiis i Teopist ciopy/Strength of Materials and Theory of Structures. 2024. Ne 112

kinpkocti CE B monepeyHoMy rnepepisi Ta KibKOCTI YTPMMYBaHHX 4WIEHIB PO3KJIaay IO JOBXHHI TiNa, a TAKOX IMiJABUILEHHS
TOYHOCTI PO3B’A3aHHA CHUCTEM piBHsAHb. KpiM TOro nmpuBeeHa OLiHKA 3a/I0BOJICHHS IPUPOJHUX I'PAHUYHUX YMOB Ha IOBEPXHI
TiJa Ta YMOB PIBHOBAaru B iHTErpaJIbLHOMY CEHCI 3a XapaKTEepHUMHM IepepizaMu BcepeluHi 00aacTi, sika mokasaya iXHE JOCHTh
xopouie BUKOHaHHA. OTpuMaHi HOBI JaHi IPO 3aKOHOMIPHOCTI ITOBEAIHKHM BiJNOBINAJbHUX KOHCTPYKIIH B mpoueci
HaBaHTAXXEHHs, 00YMOBJIEHI BpaXyBaHHM TXHiX (i3MUHUX Ta TEOMETPUYHUX MTApaMeTpiB.

KurouoBi cioBa: meron ckinuennux enemeHtiB (MCE), namiBanamitiunuii Merox ckiHueHHux esiemeHtiB (HMCE),
HanpyxxeHo-nepopmoBanuii cran (HAC), npyxHe nepopMyBaHHs, A€Talb KPIIUICHHS OBOPOTHOIO IPUCTPOIO, LUIIHAPHUIHUI
KOPITyC, IUCKPETH3allisl, MPYKHO-TUIACTUYHA [TOCTAHOBKA.

Maksimyuk Yu.V., Shkryl O.0., Martyniuk I.Yu., Kozak A.A., Maksimyuk O.V.
STRESS-STRAIN STATE ANALYSIS OF ROTARY DEVICE FASTENING PARTS BY SEMI-ANALYTICAL
FINITE ELEMENT METHOD

The possibilities of the numerical apparatus developed on the basis of the semi-analytical finite element method are shown
on the example of solving a specific problem. In the areas of maximum values, the parameters of the stress-strain state of the re-
device fastening part were compared. It is worth noting the relatively complex configuration of the cross-section of the object,
which led to a thorough study of the principles of constructing a grid area. The surface of interaction between the axis and the
hull was modeled by a fairly thin layer of elements in relation to their thickness, which absorb only normal stresses. Analysis of
the stress-strain state of the rotary device fastening part should be carried out from the standpoint of a spatial problem.
Moreover, according to the results of the elastic calculation, the transition section between the body and the base plate turned out
to be more loaded compared to the zone of contact interaction between the body and the axle. The data of the calculation
performed in the elastic-plastic formulation made it possible to clarify the idea of the operating conditions of individual sections
of the object and to draw a conclusion about the uniformity of the hull.

The carried out studies confidently demonstrated the wide possibilities of the developed approach in solving new, practically
important problems of elastic deformation of prismatic bodies of complex shape in the spatial formulation of new ones. To
substantiate the reliability of the results of the calculation of the elements under consideration, a sequential increase in the
number of FE in the cross-section and the number of retained terms of the decomposition along the length of the body, as well as
an increase in the accuracy of solving systems of equations, are given. In addition, an assessment of the satisfaction of natural
boundary conditions on the surface of the body and the conditions of equilibrium in the integral sense is given according to the
characteristic sections within the region, which showed their fairly good performance. New data on the regularities of behavior
of critical structures in the process of loading, due to the consideration of their physical and geometric parameters, have been
obtained.

Key words: finite element method (FEM), semi-analytical finite element method (SA FEM), stress-strain state (SSS), elastic
deformation, rotary device fastening part, cylindrical body, sampling, elastoplastic formulation.
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Bukonani oocnioscenns yneenHeHo NpPOOEMOHCMPYSANU WUPOKI MOMCIUSOCMI PO3POONEH020 NiOX00y Npu pO36’s3aHHI 6
npocmopositl NOCMAaHOBYI HOBUX, NPAKMUYHO GAICTUBUX 3A0AY NPYICHO20 OeQOPMYSAHHS NPUSMANUYHUX ML CKIAOHOT opmu.
Hna obrpynmyeanns 00CmogipHocmi pe3ynomamieé po3paxyHKy po32ia0y8anux eleMeHmis npueedere nocuioosHe 30inbuleHHs
kinekocmi CE 6 nonepeunomy nepepizi ma KinibKOCMi ympumy8anux 4ienie po3kiady no 006dicuHi minga, a maxkoolc nioGuujerHs
moyHocmi po36’azanna cucmem pignans. Kpim mozo npusedena oyinka 3a00801eHHs NPUPOOHUX 2PAHUYHUX YMOG HA NOGEPXHI
Mina ma ymog pieHosazu 8 inmeepaibHOMYy CEHCI 3a XapakmepHuMu nepepizamu ecepeduni 061acmi, AKka noKa3and ixHe 0ocums
Xopowe 6uxonanHa. OmpumaHi HO8I OaHi NPO 3AKOHOMIPHOCMI NOBEOIHKU 8ION0GIOANbHUX KOHCMPYKYILl 6 npoyeci
HABAHMADICEHHS, 0OYMOGNEH] BDAXYBANHAM IXHIX I3UUHUX MA 2eOMEMPUUHUX NAPAMEMPIE.

Tabu. 2. In. 6. bibaiorp. 10 Ha3s.
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device fastening part by the semi-analytical finite element method // Strength of Materials and Theory of Structures:
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The carried out studies confidently demonstrated the wide possibilities of the developed approach in solving new, practically
important problems of elastic deformation of prismatic bodies of complex shape in the spatial formulation of new ones. To
substantiate the reliability of the results of the calculation of the elements under consideration, a sequential increase in the
number of FE in the cross-section and the number of retained terms of the decomposition along the length of the body, as well as
an increase in the accuracy of solving systems of equations, are given. In addition, an assessment of the satisfaction of natural
boundary conditions on the surface of the body and the conditions of equilibrium in the integral sense is given according to the
characteristic sections within the region, which showed their fairly good performance. New data on the regularities of behavior
of critical structures in the process of loading, due to the consideration of their physical and geometric parameters, have been
obtained.

Tabl. 2. Fig . 6. Ref. 10.
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