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AHHOTAIIUSA

Beseoenue. yHKINOHATBHO-TPAIMEHTHBIC MaTepHalibl HAXOAT OOJIBIIOE MPUMEHEHHUE, T.K. HEOAHOPOIHOCTh CBOMCTB
MO3BOJISIET YIPABISTH NMPOYHOCTHIO M JKECTKOCTHIO KOHTPYKIMH. DTHM BBI3BaH OOJBIION MHTEpEC K JaHHOH TeMe B
MHUPOBOI Hay4yHOH uteparype. IlocTpoeHue peleHns Takux 3a1ad CyIeCTBEHHO 3aBUCUT OT THUIIA TPAHUYHBIX YCIIOBUU.
B Hacrosmeit pabote paccMaTpuBaeTCs paBHOBECHE TOHKOCTEHHOI'O KPYTOBOTO LIMIMHIPA, MEXaHHYECKHE CBOMCTBa
KOTOPOT0 3aMEHAI0TCA BAOJb paguyca. Ha NuMHApUYECKUX IOBEPXHOCTX 3a4aHbl OJJHOPOAHBIE TPAaHUYHBIEC YCIOBU,
KOTOPBIE O ATOTO HE PaCCMaTPUBAJNCh, BO3ACHCTBHE OKa3bIBAETCSA HA TOpLax. MaremaTHyeckas MOCTAaHOBKA 3a1aul
OCYIIECTBIISICTCS B JIMHCHHOW TEOPHM YNPYTOCTH B paMKaX OCECHMMETPHYHOW aedopmaiu. B pabore mocTpoeHs!
BBIP&KECHUSI Ul KOMIIOHEHT HaNpsHKCHHO-Ie(OPMUPOBAHHOTO COCTOSHHS LWJIMHIAPA, B KOTOPBIX HEKOTOpHIE
K03(h(PUIMEHTHI HAXOAATCS U3 PEIICHNUS ITOJYIEHHOH CHCTEMBI IMHEHHBIX anreOpandeckux ypaBHEeHHH.

Mamepuanvt u memoosi. MaTepran HUINHIPA ABISAETCA ITUHEHHO yNPYTUM, MOLYIb YIPYTOCTH KOTOPOTO JHHEHHO
3aBHCUT OT pajualbHOW KOOpAWHATH. OCHOBHBIM METOJIOM MCCIEIOBAaHUS SABISIETCA ACCHUMITOTHYECKHHA METOJ, B
KOTOpPOM B KadecTBE MaJIor0 IapaMeTpa BBICTYNAeT MOJOBMHA JorapudMa OTHOIIEHHS BHEIIHETO M BHYTPEHHETO
panuycoB. [lyisi MOCTPOEHMS XapaKTEPUCTUK HANPSHKEHHO-Ie(GOPMHUPOBAHHOTO COCTOSIHUSI LWJIMHIpPA MPHUMEHEHbBI
UTEPALUOHHBIE IIPOLIECCHI.

Pe3ynomamul  uccnedosanusn. JInsg JAUHEWHO-ynIpyroro (QyHKIHOHAIBHO-TPAJUEHTHOTO TMOJIOTO TOHKOCTEHHOTO
LIWIMHAPA MOIyYeHbl OIHOPOJIHBIE PEIIEHUs KPacBOM 3aJaud. AHalIu3 JTHX PEIIEHUH I03BOJISIET PACKPBITH XapakTep
HaIpsPKEHHO-/1e()OPMHUPOBAHHOTO COCTOSIHUSI B CTeHKe IMHApa. C 3TOHM Lenbio MpOBEIeH aCHUMIITOTHUECKHH aHaN3
pELIeHNH, TOIy4YeHbl COOTHOLICHHS AJIsl MEePEMEICHNI 1 HANPsDKEHUH. Y CTaHOBJIEHO, YTO 3TH PELICHHs COOTBETCTBYIOT
TIOTPaHUYHOMY CJIOIO, TIPH 3TOM HX HEPBbIE WICHBI ONPE/eIsIIoT KpaeBoii 3¢ ekt CeH-Benana, aHaIOTHUHBIN TEOPUH TUIAT.
Obcyscoenue u 3axniouenue. I1ocTpoeHHOE C MOMOIIBIO ACHMITOTUYECKOTO PA3JIOKEHHs] aHAIUTHUYECKOE PEIICHHE
3aa4d O PABHOBECHH HEOAHOPOJHOTO MO PaJAWyCy TOHKOCTEHHOTO IIMJIMHIPA MOXET OBITh HCIIONB30BAaHO IS
YHUCJICHHOIO PEIICHUs KOHKPETHOM 3ajaud. /[l 3TOro HyXHO pEIIUTh IIOJIyYEHHBIE CHCTEMbl JIMHEMHBIX
anreOpanyeckux YpaBHEHUH M OIpPENeNUTh COOTBETCTBYIOIIME KO3 (HIMeHThl. [lonydeHHble acHMNTOTHYECKHE
NPE/CTAaBICHUST TI03BOJISIIOT aHAJIM3MPOBATh TPEXMEPHOE HaIpsHKEHHO-Ie(GopMUpOBaHHOE cocTOsiHHE. Bpioop
KOJIMYECTBA YJICHOB Pa3JI0KEHUS [103BOJISIET PACCUUTATh IIEPEMELICHUS U HANPSKEHUS C 3aJaHHON CTEIIEHbIO TOYHOCTH.
DOTOT aHamu3 MOXKET OBbITh TIOJIE3eH NPH OIEHKE aJeKBAaTHOCTH NPHKIAJHBIX METOJOB pacueTa, NMPHUMEHSEMBIX B
HUH)KEHEPHOW IPaKTUKE.

KiroueBble c1oBa: JTHHEHHAs TEOPHsS YNPYTOCTH, (YyHKIHOHAIBHO-TPAIHEHTHBI MaTepral, TOHKOCTCHHBIH MOJIBIN
LUIMHIP, OAHOPOIHBIE PELIEHHS, [IOTPAHUYHBIN CJIOH, BApUALIMOHHBIN IPUHIIUIL

Bnaroaapﬂocnl: ABTOPBI BbIpAXKAOT 6naro,uapH0cn) peaaKuru U pCICH3CHTY 3a BHUMATCIIbHOC OTHOLICHUE K CTATHC U
MPEAJIOKCHUA, KOTOPBIC IMO3BOJIUIIN NOBBICUTH €€ Ka4€CTBO.

© Ucmaitvirosa /1,7]., 2023

Mexanuka

113


https://doi.org/10.23947/2687-1653-2023-23-2-113-120
https://doi.org/10.23947/2687-1653-2023-23-2-113-120
mailto:celaleismayilova@mail.ru
https://creativecommons.org/licenses/by/4.0/
https://crossmark.crossref.org/dialog/?doi=https://doi.org/10.23947/2687-1653-2023-23-2-113-120&domain=pdf&date_stamp=2023-06-30
https://orcid.org/0009-0000-4490-6187

http://vestnik-donstu.ru

114

Advanced Engineering Research (Rostov-on-Don). 2023;23(2):113—120. eISSN 2687-1653

Jdasi uurupoBanusi. Ucwmaiibmona JI.JI. AHanmu3 HanpspkKeHHO-Ie(OPMHPOBAHHOTO COCTOSIHHS —IMHJIMHApPA C

MEepEeMEHHBIMH MOJYIISIMU YIPYTOCTH Ha OCHOBE TPEXMEPHBIX ypaBHeHHI Teopum ympyroctu. Advanced Engineering
Research (Rostov-on-Don). 2023;23(2):113-120. https://doi.org/10.23947/2687-1653-2023-23-2-113-120

Original article
Analysis of Stress-Strain State of a Cylinder with Variable Elasticity Moduli
Based on Three-Dimensional Equations of Elasticity Theory

Jalala Ismayilova™~ <
Ganja State University, Ganja, Azerbaijan

< celaleismayilova@mail.ru

Abstract

Introduction. Functionally graded materials are of great use, because heterogeneity of properties enables to control the
strength and rigidity of structures. This has caused great interest in the topic in the world scientific literature. The
construction of solutions to such problems depends significantly on the type of boundary conditions. In this paper, we
consider the equilibrium of a thin-walled circular cylinder whose mechanical properties change along the radius.
Homogeneous boundary conditions were set on cylindrical surfaces that had not been considered before, the effect was
on the ends. The mathematical formulation of the problem was carried out in the linear theory of elasticity in the
framework of axisymmetric deformation. Expressions were constructed for the components of the stress-strain state of
the cylinder, in which some coefficients were found from the solution to the resulting system of linear algebraic equations.
Materials and Methods. The material of the cylinder was linearly elastic, the elastic modulus of which depended linearly
on the radial coordinate. The basic research method was the asymptotic method, in which half the logarithm of the ratio
of the outer and inner radii acted as a small parameter. Iterative processes were used to construct the characteristics of the
stress-strain state of the cylinder.

Results. Homogeneous solutions to the boundary value problem were obtained for a linearly elastic functionally gradient
hollow thin-walled cylinder. An analysis of these solutions made it possible to reveal the nature of the stress-strain state
in the cylinder wall. For this purpose, an asymptotic analysis of the solutions was carried out, relations for displacements
and stresses were obtained. It was determined that those solutions corresponded to the boundary layer, while their first
terms determined Saint-Venant edge effect similar to the plate theory.

Discussion and Conclusion. The analytical solution to the equilibrium problem of a thin-walled cylinder inhomogeneous
in radius constructed by asymptotic expansion can be used for numerical solution to a specific problem. For this, it is
required to solve the obtained systems of linear algebraic equations and determine the corresponding coefficients. The
resulting asymptotic representations provide analyzing the three-dimensional stress-strain state. The selection of the
number of expansion terms makes it possible to calculate displacements and stresses with a given degree of accuracy.
This analysis can be useful in assessing the adequacy of applied calculation methods used in engineering practice.

Keywords: linear theory of elasticity, functionally graded material, thin-walled hollow cylinder, homogeneous solutions,
boundary layer, variational principle
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Beenenune. OyHKIMOHAIBHO-TPAIUCHTHBIC MATEPHAITBI HAXOST ITHPOKOE IPUMEHCHHE B PA3TMYHBIX KOHCTPYKIIHSX.
Biaromapsi 3aBHCHMOCTH MEXaHHUYSCKUX CBOMCTB OT KOOPJAHHAT MOYKHO YIIPABJISATH HAMPSHKCHHO-AS(POPMHUPOBAHHBIM
cocrosiaueM (HJIC) neraneir. IlpumepoM HCIONB30BaHUS TaKOW HEOJHOPOJHOCTH MOXKET CIY>KUTh LHJIHHID,
MEXaHUYECKHE CBOHCTBa KOTOPOTO 3aBUCAT OT paauyca. [Ipum 3TOM HHTEpeC MOXKET MpPEICTaBIATh IWIMHAP Kak
OTJIeNIbHAS. KOHCTPYKIIHS, TaK W SBISIOIIUICS IOATEIIOM COCTaBHOTO Tella, HAIPHMEpP, COCIOMHSIONINA JIBE CPEIbl C
CWIBHO pasnmyarommuMucs cpoivictBamu. [Ipu pacdere HJC TOHKOCTEHHOrO NWIIMHIA HCIOJNB3YIOTCS HEKOTOPBIC
MpUKIIaJHbIe Teopuu. [Ipru 3TOM BaKHO 3HATH OLIEHKY WX aJeKBaTHOCTH. OCOOCHHO B ciydyae HEOJHOPOTHBIX CBOWCTB
OHa MOXeET OBITh OCYIIECTBJICHA C MOMOIIBI0 KOMIIBIOTEPHOTO MOJCIHPOBAHUS WJIH aCHMITOTHYECKOTO aHalu3a Ha
OCHOBE TPEXMEPHOU MOCTAaHOBKH. [10CIIeIHIM ONpeieNseTCs aKTyalbHOCTh HACTOSIIIEr0 UCCIIEI0BAHUSL.
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Nzyuennro HAC monbIx MAIMHAPUIECKUX TEJI B paMKaX JIMHEHHOW TEOPUH YIIPYTOCTH TIOCBSIIIEH PSII UCCIICIOBAHH.
B [1, 2] Ha ocHOBe MeToJa CIUIAHH-KOJUIOKALMHM U METOJ[a KOHEYHBIX 3JIEMEHTOB M3y4YEHO MEXaHMYECKOE NOBE/ICHHE
pauanbHO-HEOJHOPOAHOTO IIIHHAPA B TpeXxMepHoi noctanoBke. B [3] uzyyeno HJIC unnuHapa, cBOWCTBAa KOTOPOTO
3aBUCAT OT pajadyca, HAarpy>KEHHOIO PaBHOMEPHBIM BHYTpEHHEM JaBieHueM. B [4] mpoBeneHo aHamuTHuyecKoe
uccieioBaHue A1 QyHKIHMOHATBHO-TPAANCHTHOTO MThE303IEKTPHIECKOro minHApa. B [5] mocTpoeHo TouHOe perieHne
JUIs  paZuanbHO-HEOJHOPOAHOIO MOJIOTO LMIMHApPAa C OJKCIOHEHLUUAIbHBIM MonyiaeM IOHra, moOCTOSHHBIM
kod¢durmentom Ilyaccona u creneHHsM MoayieM FOura. B [6, 7] ¢ momoImsio MeToa psIMOTO HHTETPUPOBAHHS
MONYYCHO AHAJUTHYECKOE pEIIeHHe OCECHMMETPHYHON 3aJaddl TePMOYIPYTOCTH JUIS CIUIONIHOTO IFTMHIpPA, KOTHa
KO3 (HUIMEHT JINHEHHOTO TEIIOBOTO PACIIMPEHHUS SBISIETCS IPOU3BOJIBHON (YHKIHEH oT paquyca. B [8] paspaborana
0011 aCHMITOTHYECKAs TEOPHUS TPAHCBEPCAIBHO-U30TPOITHOTO OAHOPOIHOTO TIOJIOTO IITHHApPA. J{J1s TpaHCBEepCaIbHO-
HM30TPOITHOTO OTHOPOAHOTO MIJIMHApA IIONydeHBl HOBBIE TPYNNBI pemeHuid. [IpuBeneHo cpaBHEHHE HOCTPOCHHBIX
pelLIeHH# ¢ PElICHUSAMHE, TTOCTPOCHHBIMH C MOMOIIBIO MPUKIATHBIX METOMOB pacdera. B [9, 10] usydeHbl HEeKOTOpHIC
KpaeBbIe 33/1a41 TEOPHH YIPYTrOCTH s PyHKIMOHAIBHO-TPaANEHTHOTO H30TPOITHOTO U TPAHCBEPCAIbHO-U30TPOITHOTO
(TUTOCKOCTH  M30TPOIMM TEPIEHIUKYIIPHa OCH) WWIMHAPA, B Cllydae, KOIJa MOJIYJH YIPYTOCTH SIBJISIOTCS
MPOU3BOJILHBIMU HENPEPBIBHBIME (DYHKIHAMEH OT paauyca IunuHapa. B [11] mpoBemen aHamu3 3amaun W3rHOHO#M
nedopManuu I paguaibHO-HEOJHOPOAHOTO LWIIMHIpPA. AHAIM3 3TUX paboT MOKa3bIBAeT, YTO HE JUISI BCEX THUIIOB
TPaHIYHBIX YCIOBHU HA IIIMHAPHYCCKUX TOBEPXHOCTIX MMECIOTCS aCHMITOTHUYESCKHIE MTPECTABICHUS PEIICHHUH.

B Hacrosmei paboTe Ha OCHOBE ACHMIITOTHIECCKOTO aHAIIN3a TPEXMEPHBIX YPaBHEHUH TEOPHUU YIPYTOCTH U3yUarOTCs
ocobernoctd H/IC TOHKOCTEHHOTO IIIMHIpPA, CBOMCTBA KOTOPOTO JMHEWHO MEHSIOTCS BIONbL paamyca. [Ipm sTom
BHYTPCHHSIS TPAHUIIA 3aKPEIUICHA B OCCBOM HAIIPABIICHIH U CBOOOIHA B paJIHATEHOM HAIIPABICHUH.

JocTmkeHne STOW meiaw OBLIO TONYYEeHO C HMOMOIIBI0 HECKOJNBKUX IIaroB: aCHMIITOTHYECKOE HHTETPUPOBAHHE
muddepeHManbHBIX YpaBHEHUH W MOCTPOEGHUE OJHOPOJHBIX PELICHHI; BBIBOJ (OpMyn Aisl KOMIIOHEHT BEKTOpa
NEpPEMEILEHUN U TEH30Pa HAIIPSDKEHUN; yUeT KPAaeBbIX YCIOBUN Ha TOPLIEBBIX IOBEPXHOCTSIX.

Marepuansl u MeToabl. PaccMarpuBaeTrcss  paauajbHO-HEOJHOPOJIHONOJIBI  TOHKOCTEHHBIM — LIMJIMHJP

I'= {r € [rl; r, ], de [0; 211], Ze [—|O; Iy ]} B IIMIMHJIPAYECKON CUCTEME KOOPAMHAT I, ¢, Z ¢ Ha4aJloM Ha €ro OCH. 3aj1ada

0 €ro paBHOBECHH, B Cllydae 3aKpEIUICHHS LWIMHIPUYECKUX ITOBEPXHOCTEH BIOJb OCH W HYJEBBIX HOPMAaJbHBIX
HanpspKeHUH, pelraeTcsi B 0CECHMMETPHIHON OCTaHOBKE MPH ACHCTBUY HANPSDKCHUH Ha €T0 TOPIIax.
KpaeBas 3aga4a cOCTONT U3 ypaBHEHHIT paBHOBecHs [8]:

acTrr aGrz n O _G¢¢ =0 , (1)
or oz r
9o, 00, O _ 0, @)
o oz r
e G, ,0,,,0,,0, — KOMIOHEHTHI TEH30PA HAIPIKEHHUIA.
Omnpenenstomnte cooTHOIeHuUs [8]:
o = (26 +2) My Ur M) 3)
or r oz
o, = (26 +2) ey M, Ur ) o)
oz o r
u ou, ou
G, =(2G+A)—L+A| —+— |, 5
w=( ) r ( o oz j ©)
0 0
o —of Qe u) @)
oL or
3mece U, =U,(r,z), U, =Uu,(r,Z) — KOMIOHEHTBI BEKTOPA MEPEMENIECHH.
ITapametps! Jlame U3MEHSAIOTCS 110 JINHEMHOMY 3aKOHY BJIOJIb pajiyca:
G(r)=Gr, A(r)=Ar, )
rae G.,A. — KOHCTaHTHI.
IMoce moacranosku (3)—(7) B ypasuenus (1), (2) 6e3pasMepHast cucTeMa YpaBHEHUH PUHUMAET BHI;
o ou 02U, ou, 0?
(2Gy +2o )| == +e—= |+&(Gy +1g ) e —=+ ) e2e% — +Gyg?e?» —E —2Ge2u =0, (8)
o p opag o oe?
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o,  du, 02U, ou o
G, +e— |+(2G, + 1, )e?| €20 ——+ew — |+(G, +1, )eer —= =0. 9)
o Op oc? oG opag
31ech:
1. (r z 1.0 .
p==In| —|, E&=— — wuoBble Ge3pasMepuble KoopauHaTel; €=—IN| = | — Manelii mapameTp B ciydae
e r N
I u u AT, G.r
TonkocrennoctH; Iy =.frr,, pe[-L1], Ee[-I1], 1=2; u ==, u =%, A =—2, G =—0; G —
% rb % (31 (31

HEKOTOPBIN MapaMeTp, UMEIOIIUI pa3MEpHOCTh HANIPSKEHUS.
PaccmoTtpum 3agady, B KOTOpOii Ha OOKOBBIX HOBEPXHOCTSIX IMIMH/PA 3a1aHbl OHOPOAHBIE TPAHUIHBIC YCIIOBHS:

U = 0, (10)
ool ey = 0. (12)
K Topuam [uinHpa IpUI0kKEHE! HATPSKEHUS
sl =t (P), (12)
O,y =t (P), (13)
(s=12).
o, = c(;'lr ) O = Z—T, Oy = %le — Ge3pa3MepHbIe HATPSDKSHHS.

KoMnoHeHTsl BEKTOpa HanpskeHui t (p) - ( p), (s =1 2) YIOBJIETBOPSIOT YCIOBHUSIM PABHOBECHSI.

I[J'I?I MMOCTPOCHHUS OAHOPOAHBIX peH.IeHI/II/Iﬁ KOMIIOHCHTBI BEKTOPA CM€H.ICHPII>1 6y,I[CM HCKaTh B BUJC:

U, (pig)=u(p)e=, u.(pig)=w(p)e=. (14)
IMoxacrasnss npeacrasnenus (14) B cucremy (8)—(11), momyunm:
(2G, + 2, )(u"(p) +2U'(p)) + e ((Gy + 1 )W (p) +AoeW(p))+£2G, (2620 — 2)u(p) =0, (15)
G, (W' (p)+&W'(p))+(2G, + 1, ) &2 (aewou (p) + azezew(p)) +&(G, + 1, ) aeu’(p) =0, (16)
W = 0, @an

- 0. (18)

p=%1

[(2G0 +2o)U'(p)+8X, (u(p)+ aeHPW(p))J

Hccnenyem kpaesble 3agaun (15)—(18) mpu € — 0. Hua pemenus (15)—(18) npu &€ - 0 Bocnonsszyemcs
aCHUMIITOTHYeCKOM MeTooM [9-13].

Henynerbie pemenus (15)—(18) COOTBETCTBYIOT TPETHEMY HTEPAIMOHHOMY TIPOIECCY, KOMITOHEHTHI BEKTOpa
CMeIeHn# OyIeM HCKaTh B BHJIE PA3JIOKEHHH 110 MaJIOMy TIapaMeTpy:

u® (p) = g(ugo (p)+8U31 (p).|_)7
we) (p):s(w30 (p)+£W31(p)+---), (19)
a=e1(B,+eB, +-).

IMocne nomcranoBku pasnoxkenuit (19) B ypaBuenus (15)—(18) ams wieHOB mepBOro mMopsiIKa HMEeM:

(2G, + 2o ) Uz (P) +Bo (Go +20 )W (P) + Gy, (P) =0, (20)
GoWyy () +Bo (Go +2o ) Uz () +(2G, +2, ) Bawsy, () =0, (21)
W (P)],_,, =0, (22)

= 0. (23)

p=%1

((ZGO + 2 ) Ui () + AoBoWeg (p))

Cnenys [13], criektpanbhas 3aga4a (20)—(23) COOTBETCTBYET HOTEHIMAILHOMY PEIIEHUIO IS TUTHTHI.
TakuM 00pa3oM pemieHus MPEACTaBIISIOTCSA B BUE:

a) u@y (p;E_,) = Sél-rk (_ZGOI‘))gk sin By, sin (BOkp)"‘O(S))XeXp(%(BOk +efy, +)§j ) (24)
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Ués:l) (p; @) = géTk (ZGong sin B, cos (BOkp) +0 (8)) xEXp (%(Bok +&By ++- )E..j . (25)
3nech By, SBISIETCS PEIICHUEM ypPaBHEHHUSL:
cos P, =0. (26)
Hampsoxenusi, cooTBeTcTBYyOmHME pernetnsam (24) u (25), nMeror Bu:

0 = 51T (-4630, s, 005(3p) + O(c)exp| (B oBy 4+ . @)

k=1 e
G = 5T, (-4, iy in () +O() < 0xp (B oy +-+)5 . 28)

€
oY = zT (4G¢B3, sinBy, cos(By,p)+O(e ))exp( (Box +€By + --)gj, (29)
ol =0(e). (30)
b) US:Z) (P; &) = Sg F (ZGOB(Z)i cos By COS(Bin)+ O(g))x exp(%(ﬁm +&By; +- )ij, (31)
UE? (pi&) = e F, (26,5, cospy, sin (Byp) + O(e))x exp(%(sm +ePy - .)aj . (32)

3mech By, SBISICTCS PCIICHHEM YPAaBHEHUS:
sinB,, =0. (33)
Hanpspkenus, coorBeTcTBytomnue pemenusm (31) u (32), umeror Bua:

GE,%Z) = i F. (_4Ggﬁgi COSBoi sin (ﬁoip) + 0(8))exp(1(BOi + gﬁn +-- )gja (34)

i=1 e
o = z F (4G¢p3; cosBy; cos(Byp)+O(e ))exp(l(BOi +epy +--~)§j, (35)

€
(3 2 = Z F ( Gozﬁgi COSBOi Sin(Bin)+O(8))eXp(1(B0i +8Bli +)§j, (36)
€

o2 = 0(c). 37)

Oburee pemenwue (15)—(18) Gymer cymepnosunueii penrennii (24), (25), (31), (32):
u, (P; a) = Sél-rk (_ZGOB(ZJk sin By, sin (Bokp) + O(g)) X

XeXp(%(BOk +efy +)é]+si|:| (ZGOBSi cosBy; COS(Bin)+O(g))XEXp(%(BOi +&Py; +)§j’ (38)
U (P&)= SéTk (ZGoﬁgk sin By, COS(BOkp)+O(8))X

xexp(%(ﬁok +eBy +-- )gj + gé F (2G,B% cosPy; sin(Byp) +O(&))x exp(%(ﬁoi By, +-- )gj (39)

Pewenus (24), (25), (31), (32) umerot xapakrep nmorpaHudHoro ciost. [Ipu yaanenuu ot TopuoBs peuienus (24), (25),
(31), (32) sxcrioHeHMANTBHO YOBIBAIOT.
Yto06BI OIpeenuTs KOHCTaHTHI T,, F,, BOCIONB3yeMCs BapHaIOHHBIM HpHHOUIOM Jlarpamka. BapuanuoHHEIH

TOPUHIMI puHAMaeT Buf [8]:

2 1
Zlfl[(ﬁpé —tis)éup +<Gg§ _t25)6ué:| eZspdp:O. (40)
e =l
IMoxcrasisst (24-36) B (40), umeem:
ki;l M T = pélj) , (41)
iQpEO p((J? (42)
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3recs!
M, =16G3P2;Bz, (Bo; —Boc ) Sin By, SinPy,; sin (By; — By )X exp(—MJ+exp{wJ , (npu j=k)
M, =16G3ps, sinz (exp(—%[”lj+exp(%ojlj} (npu j=k)
pS) =2Gp3; sinp,, { Tl(tﬂ(p)cos(ﬁo,-p)—tn(p)sin(Bo,»p))daexp[—B‘)T"'}
+i(t22 (p)cos(Byp) ~t, (P)sin (B;p)) dp- eXp(BO?jIH,

, (npu i+ j)

=

jS :1GGSBSj gi (Boj _Boi )_1 COSBoj COSBoi Sin(Boj _Boi) eXp{_M}*‘ eXp{
€

Q; =16GgR;; cos? By, (eXp[—Ej +exp [&”ID (npu i=j)
g e

1 Ojl
P = 26,83, cosp,, h(tu(p)COS(Bojp)”m<p)5i“(5°ip)) I 'exp(_ Be J+

. |
+J'1(t12 (p)COS(BojP)+t22 (p)Sin(BOJp))dp'eXp(%H’
T =T +ET g +---,
F=Fo+eR, +---.

Hocrosmmere Ty, Ky (p=12,..) mHaxonarca u3 cucTeM NIMHEHHBIX anrebpaumdeckux ypasHenuil (41), (42),

aHAJIOTUYHBIE KOTOPBIM M3y4yeHs! B [13].

Pe3yabTaThl HecsegoBanuii. B pabote B ocecuMMETpHYHON MOCTAaHOBKE PACCMOTPEHO pellIeHHUE 3aa4ui TMHEHHON
TEOPHU YIPYrocTH I (PYHKIMOHAIFHO-TPAAMEHTHOIO IIOJOTO TOHKOCTEHHOTO NWJIMHAPA, CBOHCTBA KOTOPOTO
N3MEHSIOTCA 10 TOJIIMHE 10 JHWHEHHOMY 3akoHy. Ha OOKOBBIX IOBEpXHOCTAX IMJIMHApA 3a/JaHbl OJHOPOJHBIE
MEPEKPECTHBIE TPAaHUYHBIE YCIIOBHS, Ha TOPLAX 3aJaH BEKTOp HampsykeHWH. ITocTpoeHHBIE OJHOPOIHBIE pPEHICHUS
YAOBIETBOPSIIOT TPAaHWYHBIM YCJIOBUSM Ha LWIMHIPUYECKHUX IMOBEPXHOCTIX. JIs MX MHOCTPOEHHS HCHONb30BaH
aCUMITOTHYECKUN MOAXOJ HA OCHOBE PA3[JOXKEHUS IO MaJIOMy MapaMeTpy, XapaKTepPH3YIOIIEMYy OTHOCHUTEIbHYIO
TONIMMHY IWInHApa. Jg ydeTa HEOAHOPOTHBIX T'PAHMYHBIX YCJIOBMHM HAa TOPIAX ITOJyYEHBI CHCTEMBI JIMHEHHBIX
anreOpandecKuX ypaBHEHHH, aHANOTWYHBIE M3y4eHBIM B juTeparype. [lokasano, uto moctpoenHsle pemenus HIC
MMEIOT MOIPaHCIIOIHBIN XapaKkTep, KOTOPbI COOTBETCTBYET KpaeBoMy 3D (eKTy, aHaIOTMUHOMY TEOPHH HEOJHOPOTHBIX
IUTHT, HocameMy uMs CeH-Benana.

Oo6cy:xaenne u 3akiaodyenne. O6bruHO npH n3ydyeHn HJIC TOHKOCTEHHBIX KOHCTPYKIHUI CTPOSITCS MPUKIIAHbIE
METOJBl pacyeTa, CHIKAIOUIME pPa3MEpPHOCTb 3a1aud. B 3TOH CBA3M aKTyalbHOU SBISETCA 3aJada OIpeE]eIeHHS
Juana3oHa F€OMETPUYECKUX M MEXaHHYECKHUX MapaMeTpoB, B KOTOPBIX 3TH METOABI JAIOT MPUEMIIEMYIO TOYHOCTB.
ITocTpoennsie B paboTe HA OCHOBE ACUMITOTHYECKOT0 aHAJIN3a PEIICHUS] TPEXMEPHBIX YPaBHEHHUH ITO3BOJISIOT OLICHUTD
aJIeKBaTHOCTb TAKUX MPHUKIAIHBIX TEOPUH C 3aJaHHBIM Halepe] IOPOoroM TOYHOCTH. KpoMe Toro, 3Tu penieHuss MoryT
HaWTH TIPUMEHEHHE NpPHU OLEHKE YHCICHHBIX PEIICHWH 3a7ad JyuIsl KOHCTPYKIMH ¢ (yHKIHOHAIbHO-TPaJIUCHTHBIMA
MaTepHalaMH.
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