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3AJJAYA TEPMOIIPYKHOCTI JJIsI KOMIIO3UTHOI'O BPYCA I3 IIJTIOCKOIO BICCHO
JTOBLJIBHOI ®OPMH Y IIPUPOJHIN CUCTEMI KOOPJIUHAT

Y pobomi ompumano cxanapuy ¢popmy pienanHA menaonposioHoOCmi, ZPAHUYHUX YMOG PI3HO20 MUNY MA YMO8
cnpadcenna (a3 ona 36’A3anol OuHaAMiuHOT 3a0aui MeEPMONPYHCHO20 OePOPMYSAHHA KOMNOZUMHOZO0 OUCKPEMHO-
HeOoOHOPIOH020 Opyca i3 KPUGOIHINIHOIO NIOCKOIO 8iCCI0 MA ROCIMITIHOI0 NO 008XHCUHI CINPYKMYPHOIO 0y006010. Pienanna ma
ymoeu eusedeni y npupoouiit, 01a 6y0oeu opyca, KpuGOMIHINUHIT YUAIHOPUUHIT cucmemi KOOpOuHam, wio pooums ompumani
3anexcnocmi ineapianmuumu 00 opmu oci opyca. Ompumani 3a1e3HcHOCHE MOICYMb OYMU BUKOPUCMAHNI Ol PO36 A3AHHA
WUPOKO20 KONA NPUKTIAOHUX 3A0aY MEPMORPYIHCHO20 0edOPMYBAHHA KOMNOZUMHUX CHIEPIHCHbOGUX elIeMEHINIE.

Knrwuoesi cnosa: kpusoninivinuii Opyc; KpUSOIIHINIHA NIOCKA 8ICb; NPUPOOHA CUCEMA KOOPOUHAM, MeMNEPpamypHe noue;
Mena06uUtl NOMIK, MepmMonpysicte 0eghopmysanHsi.
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C.b. KoBanbuyk _
3AJAYA TEPMOYIIPYT'OCTH /151 KOMIIO3UTHOI'O BPYCA C INIOCKOU OCbIO
MNPOU3BOJIBHOU ®OPMbI B ECTECTBEHHOU CUCTEME KOOPAUHAT

B pabome nonyueno crkanapuyro popmy ypagueHus menionpo6oOHOCHMU, ZPAHUYHBLIX YCAOGUIL PA3HO20 MUNA U
YC0GUIl COnpAdsCeHUA (a3 OnA CEA3AHHOU OUHAMUYECKOU 3A0auu MepMOYynpyzo20 O0egopmuposanus KoOMHOZUMHO20
OUCKPEMHO-HEO0OHOPOOHO20 Opyca ¢ KPUBONUHEIHOI NIIOCKOI 0CbI0 U ROCMOAHHBIM RO OJIUHE CIPYKMYPHLIM CIPOEHUEM.
Ypasuenua u ycnoeus evigedenvt 6 ecmecmeeHHOU 01A CMPOEHUA Opyca, KPUGOIUHEHHOU WUIUHOPUYECKOU cucmeme
Koopounam, umo Oenaem NoJiydeHHblIE 3A6UCUMOCMU UHBAPUAHMHLIMU NO hopme ocu Opyca. Ilonyuennvie 3agucumocmu
MO2ym Oblinb UCHROIL306AHBL ONA PEUEHUA WUPOKO20 KPy2a NPUKIAOHBIX 3A0ai MEPMOynpy2020 0epopmuposanus
KOMNO3UMHBIX CHEPICHEEBIX ITIEMEHINOE.

Knrouesvie cnosa: Kkpusonuneinviii Opyc; KpUBOMUHEUHAS HAOCKAA OCb; eCMeCMmBeHHAs Ccucmema KOOPOUHAM,
memnepamypHoe noie; menjiogoll NOMOK,; mepmoynpy2oe 0epopmuposanue.

S. Kovalchuk
PROBLEM OF THERMOELASTICITY OF THE COMPOSITE BAR WITH A PLAIN AXIS OF
AN ARBITRARY SHAPE IN THE NATURAL COORDINATE SYSTEM

Heterogeneity of the structure of composite construction elements leads to temperature deformations and strains
within them, even when staying in a stationary uniform temperature field. Therefore, for such elements, it is necessary to take
into account changes in a temperature field while in operation when predicting their strength and rigidity. Among the
scientific papers devoted to the problems of thermal elasticity of composite elements, multilayer plates and shells and
rectilinear bars are predominantly considered. At the same time, thermal elasticity of composite rod elements with a
curvilinear axis remains a poorly studied problem of applied mathematics and mechanics. In this paper, we obtained
equations and formed boundary conditions of different types for the coupled thermal conductivity problem of the curvilinear
composite bar with invariable length structure in its natural coordinate system. The equations describe the process of
propagation of a temperature field taking into account a deformation field inside a discrete-inhomogeneous composite bar
consisting of homogeneous or continuous-inhomogeneous phases with curvilinear orthotropy of thermophysical and elastic
characteristics and containing internal sources of heat. On the basis of the accepted general initial data on the shape of outer
bar surfaces and internal bar structure, the boundary conditions of three types are obtained in the natural coordinate system
and the conditions of heat transfer at the boundary of phases in case of their ideal thermal contact and in the presence of
contact thermal resistance are made out. The obtained equations, along with the system of elasticity theory equations in the
natural coordinate system, integral and differential dependences for internal force factors and relations for modeling loads of
various types developed in previous papers, represent the necessary analytical basis for solving a wide range of problems as to
thermoelastic deformation of composite bars with a plain axis of an arbitrary shape.

Keywords: curvilinear bar; curvilinear flat axis; natural coordinate system; temperature field; heat flow; thermoelastic
deformation.

IMocranoBka npooseMu. CTBOPEHHS KOHCTPYKI[IHHUX €JIEMEHTIB 31 CTPYKTYPHO-HEOAHOPIIHOIO
KOMIIO3UTHOIO OYyJOBOIO € e(EeKTUBHMM MNPHUHOMOM Yy CY4YacHOMY NpPOEKTYBaHHI, SIKMH J03BOJISE
MiABUIIUTH MUTOMI HOKAa3HUKHM 1X MIIIHOCTI Ta YKOPCTKOCTI, & TAKOXX HAJaTH MPOCKTOBAaHUM eJIEMEHTaM
HENPUTAMAHHHUX, TPAJUIIHHIM KOHCTPYKIIWHUM Matepianam, BractuBoctedl [1]. OpmHak, uepes
HasBHICTH y OyJIOBI KOMITO3UTHOTO Opyca pizHOpimHUX (a3 Marepiany, sKi, y 3aralbHOMY BHIIQJIKY,
MaloTh pi3HI (i3UKO-MEXaHiYHI BIACTUBOCTI, HABITh CTalllOHAPHE DPIBHOMIpHE TeMIIEpaTypHE IIoJe
HEMUHYYEC BHKJIMKAaTHME IIOSIBY IIEBHOTO IO TeMIepaTypHHX aedopmaiiid i BiAMOBIAHOIO IOJIS
Harpy>keHb [2]. Y KOMITO3UTHUX €JIEMEHTaX, YTBOPCHHUX TIOETHAHHSAM MaTepialliB 31 3HAYHOIO Pi3HUIICIO
KOeIili€HTIB JIHIMHOTO TEMNEPaTypHOTO PO3IIUPEHHS, NPYXKHHUX XapaKTEPUCTHK Ta XapaKTEPUCTHK
MIITHOCTI L€ MOXKE BHKIHKATH MOSBY HeOe3NedyHOro HampyKeHo-1e()OpMOBaHOTO CTaHy HaBiTh 3a
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BIJICYTHOCTI 30BHINIHIX CHWJIOBHX BIUTHBiIB. OHOYAcHA i HEPIBHOMIPHOTO TEMIIEPATypPHOTO TOJS Ta
CHJIOBUX HaBaHTa)XCHb ¢ OLIbIN HeOe3IeuHa i KOMIO3UTHUX €JIEMEHTIB 1 oTpedye 000B’SI3KOBOTO
JOCHIPKEHHSI Y X0l MPOTHO3YBaHHS X MIIJHOCTI Ta }KOPCTKOCTI.

Cepen HayKOBHUX pOOIT MPUCBAYCHUX 3afadyaM TEPMOIPYKHOCTI KOMIIO3UTHHUX €JIEMEHTIB Yy
MepeBaKHINA OLMBIIOCTI PO3TIsAaloThes OararomapoBi MmauTH 1 obomoHku [3-8]. TepMompyxHOMY
neGopMyBaHHIO KOMIIO3UTHHUX CTEPXKHIB Ta OPYCIB MPHUCBSYCHO 3HAYHO MEHIe poOiT, Hanpukiaj [2, 9-
11], npuuoMy OTpuMaHi y HUX PO3B’SI3KM CTOCYIOTBCSI €JIEMEHTIB 13 MPSAMOiHIHHOIO Biccto. BoaHouac,
TEPMOIIPYKHICTh KOMITO3UTHUX CTEPKHBOBUX €IIEMEHTIB 13 KPUBOJIHIHHOIO BICCIO, 3QJUIIAETHCS Majo
TOCITIDKCHOIO  MPOOJIEMOI0 TIPHKIAAHOI MaTeMaTHKA Ta MEXaHIKH, IO CTBOPIOE TICPEITKOIM
MPOEKTYBaHHIO €(PEKTHBHUX 1H)KEHEPHUX KOHCTPYKLIH 1 BKa3ye Ha HEOOXiAHICTH PO3POOKH 3arajbHOI
Teopii nedopMyBaHHS KpUBOJiHIHNUX OpyciB pi3HOI OyJ0BU.

J1a KpUBOJIHINHOTO KOMITO3UTHOTO Opyca TUCKPETHO-HEOIHOPITHOI OyI0BHU i3 MIOCKOIO BiCCIO
noBinbHOI (opmu aBropamu y [12] oTpumaHi piBHSHHSA Teopii NPYKHOCTI Yy NPHUPOIHIN cuctemi
koopauHat [13, 14], y [15] moOynoBaHi 3aJie)KHOCTI AJIsl BHYTPIIIHIX CHJIOBHX (akTopis, a y [16, 17] —
CIIBBIAHOINIEHHS JUIS MOJICITIOBAHHS 30CEPEIPKCHHX Ta PO3MOIIICHNX HaBaHTa)KeHb. Pa3om, maHi
PIBHSHHA Ta 3aJIeKHOCTI CKJIQJAIOTh TEOPETHYHY OCHOBY JUIS PO3B’S3aHHS 3ajad JeOpMyBaHHS
KPUBOJNIHIHHMX OpYCiB 13 IUIOCKOIO BicCIO JOBUTBHOI (PopMHU. 3BakaloyW Ha BaKIMBICTH MPOOIIEMH
NPOTHO3YBaHHS TEPMIYHUX Jedopmamniii Ta HamNpyXeHb y KOMIIO3UTHHX CTEp)KHBOBHX €JIEMEHTaX,
aKTyaJbHUM € JONOBHEHHS 3a3HaYeHOI TEOPEeTHYHOI 0a3W ISk MOKIIMBOCTI OXOIUIEHHS IIMPOKOTO KoJia
3aJa4 TEPMONPYKHOTO JIeOPMYBAHHS TAKUX €JICMCHTIB.

Mera crarTi: oTpuMaTH piBHAHHSA Ta cQopMyroBaTH KpaloBi yMOBHM 3B’s3aHOi 3amadi
TEIUIONPOBITHOCTI JUIA KPHUBOJIHIHHOTO JUCKPETHO-HEOMHOPITHOTO Opyca i3 HE3MIHHOI MO JTOBXKHHI
CTPYKTYpOIO, Yy TPUPOIHIN CHCTEMI KOOPJMHAT, IS MOXIHMBOCTI PO3IJISILY 3a/lad TEPMOIPYKHOTO
nehOopMyBaHHS TaKUX €JIEMEHTIB KOHCTPYKITIH.

Bukiaanx ocHoBHOro martepiany. PosriisiHeMo KpWBONIHIMHWUN KOMITO3UTHHH OpyC, YTBOpPEHHIA
IUCKPETHUMHM OJHO3B’A3HUMHU abo Oarato3p’ssHumu ¢aszamu P,P,,....P,,...,P ., mo BukoHaHI i3
pi3HOpiaHUX MaTepiaiiB (puc. 1).

[Tonepeunnuii nepepis Opyca Mae He3MiHHY (OpMy Ta CTPYKTYpHY OyAOBY B3HOBK Horo oci g,
SKa € IUIOCKOI IIMaTKOBO-TJIAJKOK KPUBOIO, IO
HaJICKHTH MionmHi cuMeTpii A= XOZ .

30BHIIIHIO [TOBEPXHIO Opyca CKJIaAaloTh O1uHi
kpuBoniHifiHi nosepxui A (¢=12) (puc. 1), i3

TBIpHUMH v, MTO37I0BXKHI IMJIIHAPUYHI TTOBEPXHI
I, L A raropuesi nosepxui T L A.

Y [13] mns omumcanHs reoMeTpii i OymoBH
KPUBOJIIHIHHOTO Opyca 3amporoHOBAHO TPUPOIHY
CUCTEMY, V fAKill yCi IMO37I0BXKHI BOJOKHa Opyca Ta
LEHTpaJIbHA BiCh Jc HaJIekKaTh
OJTHOTIApAMETPHYHOMY  CIMEHMCTBY KOOPJIWHATHUX
uutinapuaHEX  mosepxomb 17 (TI_eIT?), a

MOTIEPEYHI  MEepepi3su —  OJHONAPAMETPHYHOMY
Y o f f
cimeiicTBy KoopamnatHux nosepxonb T, (T €T, ).
Puc. 1. Cxema AUCKpPeTHO-HEOAHOPITHOTO Koopauuaru Touku, ckamspHi QyHKmii i ix

Gpyca 3 KpHBOJIiHii{HOIO IIOCKOIO Bicclo [12]  TIEpIl  TIOXIIHI Ta  KOMIIOHEHTH — BEKTOpa Yy
npsMokyTHIE XYZ Ta mpupomuiit HEY cucremax

OB’ sI3aH1, BiIIOBIHO, 3aJICKHOCTIMU

x=0,(n,§), z=0,(n,§), 1)

¢=09(xY,2)=0(0,(n§),y,0,(n,8)), )

0 _op_1(w dp_dv, 3 0 _dp_1( aw, dp o, d0)
oo, ox [\ e on on ég) 6w, oz P\ o on omoae)
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ag)x jvi — KVn VERY ag)x Jvn + KV@

=0 , Vz:sgn£ ——
% ) 1+« S % ) 1+x°

ne 1M,& — OOBUIBbHI AiMCHI cTami (KpUBOMIHIHHI KOOPIUHATH); |J| — SIko0OiaH cHCTEeMU OpPTOTOHATBHHUX

V, =sgn ( (4)

CIMEWCTB KPHUBHX:
9:(x2,&)=0, g.=II!NXO0Z,
f, (x,z,m)=0, fnsTngOZ.

[TapameTpu, 110 XapakTepU3yIOTh MPUPOAHY CUCTEMY KOOPAUHAT
_Ow, [Ow, Ow, [0w, _ tgo Ao 0w, /0w, On, [0m,

K= = = , (5)
o | ok om/ on o5/ on 0E/ on
L, =sgn(dw, /on)L,, L =sgn(de, /3E)L,, (6)
9|=-LL; . ()
Jle 0. — KyT MK OiHOpMaiuIio KpuBoi cimeiictsa g, ta Biccro OX ; L, , L, — koediuientn Jlame:
L, =1+« |6, /on, L, =V1+«? |0, /3g|. (8)

VY 3aranpHOMY BHUIIJIKy BBRXKaTUMEMO, 110 ¢a3u Opyca BUTOTOBIEHI i3 MHIIIHAPUIHO-OPTOTPOITHUX

.. . .o . _ g f . U
MaTepiajiB, Ul AKUX y AOBUIBHIN TOYII K(n,&, y) =Y, NIl NT, onna i3 miouwn cumerpii Qisnko-
MEXaHIYHUX BIACTHBOCTEN CIIIBIIAAAE 3 Yy , @ JIB1 1HIIII OPTOTOHANIBHI Hg 1 T; , BIJIITOBITHO.

OTprMaeMo piBHSHHSA TEIUIONPOBIMHOCTI Ta BiANOBIMHI KpaioBI YMOBH [UIS OIIMCAHOTO
KOMITO3UTHOTO Opyca y oro mpupoIHili cucTeMi KOOpPIUHAT.

Pigusinusa menionpogionocmi 36 ’s13aH0i  OUHAMIMHOL 3a0adi MEPMONPYAICHOCMI Y NPUPOOHIL
cucmemi  koopounam. CHiAylO4d BHUBOAY PIBHSHHSA TEIUIOMPOBIAHOCTI JUIS MPYXHOrO Tija
3anpornoHoBaHOMY y [18], mnms cyminbHOTO HEOMHOPIAHOrO TBEPAOTO Tida 3 OPTOTPOMIEr0 (Di3HKO-
MeXaHIYHUX BIIACTHBOCTEH PiBHSHHS TEIJIONPOBIIHOCTI MOXKHA 3aMHACATH Y TAKOMY BUTJISIITI

wue L divg+ Foe| T, S, o ag“j : 9)
ot ot ot

B o
ae u’ =pf ( K) , ue=p° (T, K) — (hyHKIIT pO3MOALTY TYCTUHH Ta MUTOMOI TeruoeMHocTi; T =T ( K, r) -
MTPOCTOPOBO-YacoBa (YHKIIisI PO3IOALTY TEMIIEpaTypyd B Mexax Tina; ( =G(K,r) — BEKTOP-(OYHKITis
IIUTBHOCTI TETJIOBOTO TMOTOKY; F = F(K,'c) — PO3MOJiIT IHTEHCUBHOCTI JDKEpeN Teria BCEPeauHi Tinia;
p,ﬁ = uﬁ (K) — IPOCTOPOBI PYHKIT PO3MOiNY KODILiEHTIB TEMIEPATYPHUX HANPYKEHD; &; = &;; (K, r)

— KOMIIOHEHTH TeH30py JedopMaliiil y o0paHiii OpTOroHaNbHIA CUCTeMI KOOPAMHAT.

PiBHsiHHS TermonpoBigHocTi y dopmi (9) He mpuB’si3aHe JO MEBHOI CHCTEMH KOOPJIWHAT, IO
JI03BOJISIE BUKOPUCTATH HOT0 0€3 3MiH JUIsl OTPUMAaHHS CKaJspHOI (OPMHU PiBHSHHS TETUIONPOBITHOCTI y
MPUPOAHIN CHCTEMI KOOPIUHAT PO3TJIIsyBaHOTO KOMIIO3UTHOTO Opyca.

s mporo mepeiimemo y (9) 1m0 KPMBOMIHIAHMX KOOPAWHAT TOYKH, OJHAK BEKTOP MIiILHOCTI
TEIUIOBOTO MOTOKY { CIOYaTKy pO3KIaJeMO Y IOTIOMDKHIH MPSIMOKYTHiH cucteMi koopauHat XYZ :

p C£:%+%+%+F+T MB%‘FMB%-FHB% , (10)

o ox oy oz "or tor Yot

e 0y,qy,0, — KOMIIOHEHTH BEKTOpA WIILHOCTI TEIIIOBOIO MOTOKY y cuctemi XYZ .
3acrocyBaBmu 1o piBHsHHS (10) 3aiexHOCTI MK MOXiIHUMH (YHKIIH y TpSIMOKYTHIM Ta

NPUPOJIHIN cucTeMax KoopauHart (3), 3 mociiJoBHIM ypaxyBaHHsaM (7), (6) ta (5), orpumaemo

aqx_aqZ aq, aq,

K +K
0 0 0 0
upucﬁz n_on 0 & Hy p,g uBﬁJrugiw‘;i . (1)
O 00, 0) D01 "o tor Vo
on oG

JudepeHI1itoroyu CriBBiIHOIIECHHS (4) OTPUMAEMO 3B’ 130K MK ITOXITHUMH KOMIIOHEHT BeKTOpa {

y IIPSIMOKYTHiH MPOCTOPOBiH Ta MPUPOIHIN NUTIHAPUYHINA CHCTEMaX KOOPAUHAT
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oq, _ sgn(@mx/aﬁ)(aqa _Kaqn _ ok 4, +qu]_26 o, K, — (6(0 j
o ek o o ox 1+xt ) ey \/K

oq. _ sgn(&mx/aé)(ﬁqn +K8q§ _ Ok Kq, _q§j+2 0’0, q, +%q; A(@wxj
o N o o O 14K 0gor 1+ \ & )
e x=m,§; A(f(n,e“;)) — nenbTa-pyHkKiis Jlipaka.

IlincraBuBmm (12) mo (11) 1 BUKOHABIIM TIEPETBOPEHHS i3 ypaxyBaHHIM (5)-(8), oTpuMaemo
PIBHSHHS T1030aBlieHE PUB’SI3KHU 10 MPSIMOKYTHOI CHCTEMU KOOPIMHAT

p O _ 204y 1 g, ox 10q 1 A ox 0, .
M ™ Lo Lt e L oe Ll+kion oy

2o A de, 40 0
5 0o, qn+6032x&5 ow, A&m Tu Mg O, “Bi.
ogon L, o L, & o0& 8 ot ot

3a ¢dopManpbHMM BU3HAYeHHAM (YHKIIH sgn( f (n,&)) i A( f (n,é)) , ix moOyTok:
sgn(f(n,&))A(f(n,&)) =0 Vf(n,&) € (—oo,+oo) . Toni piBasians (13) HaOyle HACTYITHOTO BHUIJISTY

(12)

(13)

Ok g, _ Ok Mg
%) 0 0 L 0 L 0 0 0 0
MPMCG_T:_A gy 1 qa+ g n _ qy+F+T uﬁiﬂuﬁiﬂuﬁi . (19
ot L on L 0¢ 1417 oy "ot on ot
3rizHo mepioro BUpasy (5), MOKHA 3alCcaTH
%:(HKZ)G_“, @:(Hﬁ)a—“, (15)
o o & o
10 A03BOJISIE HAATH PiBHAHHIO (14) Takuii BUTIISA
0 0 0 0 0 0
Hpucé_T:—L kﬁ_@_&q q& ka_aqé _&+F+T uﬁ 8” +Mgi+uﬁi . (16)
or L\ o & 0t 0t  On oy "ot ot ot

Jis oTpuMaHHS 3aBEpIICHOTO BUTISAY PIBHSHHS TEIUIONPOBIIHOCTI, 3actocyeMo y (16) 3akoH
®dypbe, B OCHOBY SIKOTO TIOKJIAICHO JOMYIIEHHS, IIPO JIIHIHHY 3aJIe)KHICTh KOMIIOHEHT BEKTOpA MILTHHOCTI
TEIJIOBOTO MOTOKY Bil KOMIIOHEHT IrPadi€HTy TeMmeparypHoro noss [19].

I'panieHT TemIiepaTypHOTO MO y NPSIMOKYTHIN CUCTEMi KOOpAMHAT

or . oT. oT.
grad7 =—e +—e +—¢€_, (17)
Ox oy 0z
1e € ,€ ,€ — OJUHUYHI BEKTOPU B3J0BXK Ocell MPAMOKYTHOI cucreMu XYZ .

xX2vy

3acrocysasuiu (3) i (4) y (17), orpumaemo

160
(8&] 0T Ow, oT \,. . do, 0T dw, oT - oT ..
T R O et

3BIIIKH 13 ypaxyBaHHsM (5)-(8), TpaiieHT TeMIlepaTypHOTO IMOJIs Y MPUPOIHIN CHCTEMI KOOpAWHAT Opyca:

gradT—Aa—Te L oMe +75 (18)

—€,
L on" ae:i oy

e € ,€.,€, — OIMHMYHI BEKTOPU B3IOBK HOPMAJIEH 110 KOOPJNHATHUX NIOBEPXOHb PUPOJHOI CHCTEMH Y

gradT =

po3risiayBaHiil Toui Opyca.
3rigHo 3akoHy Pyphe y HOBUIBHIM Touli A -i oproTponHoi (asu Opyca KOMIIOHEHTH TPaJi€HTy
TemnepaTtypHoro 1oJist (18) moB’s3aHi i3 KOMIOHEHTAMH ( TaKUMU 3JICKHOCTIMU

k k k
qT[]k] _ _M}k] AaL[] ’ qgf] _ —k[&k] L@T[ ] , qgk] - _k[y"]aLH, (19)
Lg aT] Lg aE., 8}7
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e XE]]&y — Koe(imieHTH TeIUIOmpOBITHOCTI MaTepiany k-1 ¢asu Opyca y HampsiMax HOpMalleld [0
KOOPJIWHATHUX MOBEPXOHb T H Yy, BIJITTOBITHO.

3arajbHOBIZOMO, IO MUTOMAa TEIUIOEMHICTh Ta KOE(DILi€HTH TEIUIONPOBIIHOCTI 3POCTAOTh 3i
301IBLICHHSM TEMIIEPaTypH 3a CKIQAHUMH 3aJI€KHOCTSIMH, SIKi 32 MOMIpHUX TEMIIEepaTyp Ui OiIbIIOCTI
TBEPAUX T MOXYTh OyTH JiHeapu3oBaHi [18]. BigmoBimHo, /Ui OpTOTPOIHOrO Marepiany k -i ¢asu
JOIYCTHMO

M= (126 (7 - 1,)). MW= (1£8M(7-17,)), a=n&y, @0

k
e c[ ] X[O a] — IATOMA TEIUIOEMHICTH Ta KOe(iLlieHTH TEIUIONPOBIAHOCTI 3a MOYaTKoBOI Temmeparypu 7 ;
k
bl ],ba[ I JIOCJIIHI CTaJIi.

Hus  yceoro kommosutHOoro Opyca (puc. 1) mHTOMa TEIUIOEMHICTE Ta  Koe(imieHTH
TEIUIONPOBIAHOCTI, SK 1 INUIBHICT, OYIYTh KYCKOBO-TIQJAKUMM (YHKIISIMHA 3MiHHUX T1),§,T 13

CTpUOKOMOAIOHOIO 3MIHOIO 3HaUSHb Ha MeXi (a3
u =pg (12p"AT), wh=pp, (1£pAT), a=nty. @1
ne AT=T-1,.
YV (21) dymxmii p (1,1, ubc , pz R pga , ;,LZx ), aHaJOT1UYHO (YHKLISIM MEXaHIYHUX XapaKTEPUCTHK

y [12], popmanbHO MOKYTh OyTH 3alMCaH] Y BUTIISAII

m

wo = (815, ), suppus =P, (22)

k=1
ae p, = Py (é, y) — XapaktepuctudHa QyHKIsA k -1 dasm Opyca; P — MHOKHHA yCiX TOUOK Opyca.
3 ypaxyBaHHsM (21), KOMITOHEHTH BEKTOpa IIILHOCTI TETI0BOro NoToky (19), anst ycworo Opyca:

q, Z—MM(I—MZ’XAT)Lx Zﬁ q. = uog(l—u“AT)Ll 22 g, =—ug, (1% u“AT)Zi

[MigcraBusmm (23) oo piBHsHHES (16) oTprMaeMo

oT xa(kxaTJ . do h aT a(kaTJ

(23)

W T T e M T o P e L7 on oM

0 16} 0
I, 06| L, ot oL’ " ot ot ot

AT o A O AT A OoT AT oo A oT
i _T p,,C bc - T A b T A br R 24
{ 0( T, ]M Holt oI, an[ (% juonun L, on J 0[ T )Mon“n o€ L on (24)

0

1 o(_(ATY , , 10T ATY , , 6a A oT
+ T, +T, —+
Laa[ [ J“‘)i“% ag} °[Toj“°i“@a 17

+ 2| AL Dt T 2|,
ay[ 0( 7—:) jMOyMy ayJ 0[ TE] j(“n a “’é 81: H’y 6‘[

CkramoBa y KBaJpaTHUX AyKKax piBHSIHHS (24) € HeniHiHOIO BigHOCHO mrykaHoi QyHkmii 7 i
pOOHTH MPAaKTUYHO HEMOXJIMBUM aHANITHYHE BH3HAYCHHS PO3MOJUTY TeMIepaTypHoro moisi. Tomy
ICHyIOWl aHaJiTHYHI METOAM PO3B’sI3aHHS 33Ja4 TEIUIONPOBIAHOCTI Ta TEPMOIPY>KHOCTI OAHOPIAHUX
130TpoNHKX TiJl, epeBa)KHO 1100y 10BaHi Ha JOIYIIEHH] MAJIOro TepMidHOro 30ypenns, ko AT/T) <<1,

SIKOMY BiATIOBiZa€ JTiHEApHU30BaHa, y MOYATKOBUI MOMeHT dacy T =0, doopma piBHSIHHS (24):
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or _» o[ , aer x@ock@T 6(x6Tj

Rl Lol L o) ™EL m "
(25)
1 0w, ar oo A oT 508, 0e e
| e +ugé +F+T, pn +},l§ 5 },l[; a
L, o\ I, o on L o ot ot ot

KoedimienTn TeMrepaTypHUX HampykXeHb Ba , AKi QIrypyroTh y piBHSIHHI (25) MOXYTh OyTH

BUpaXXEHI 4epe3 TeXHIYHI TepMOIpykHi cTaii. Po3B’s3aBmm (isuuHi 3anexxHocTi 11 & -1 OpTOTPONHOT
da3m y mpupodHiii cuctemi koopamHaT [12] BIZHOCHO HOPMAJIBHHMX HAaIpPYyXKEHb, 3 YpaxXyBaHHSIM

piBHOCTEH AJIs1 OPTOTPOMNHOrO Tina: E [k]vg;] =E; 4l [k] , By [kl [k] E£k]v21?, E[k]vm =F [k]vg‘y] , OTPUMAEMO
(k] [6]) q[#] [] (], [4]) gl#] (]] o F]IET) glF]
B[k]—E[k](l v&yv&){}n +( Vi, FVIV EJ)Sg +( N Y yg)S
n T

LN B L WL B LD L UNGNIL
VigVen TVg Vie TV V yn+2v éyvyn_l
v VT glFT 4 [k][] (] (6] L6 4T glAd
B[k] _E[k]( ne FVieV )Sn (1 Vi }“)8g +( Vie TVReV, )8}
S 3

k|, [k k|, [k k|, [k k k
T VT T I

9

; (26)

VI 1 VAT glE] (6] 64T glA] (], [4] ql4]
B[k] _E[k]( +Vév n&)‘g +( Vey +V€n ny)g (1 Vnévén)‘gy
y L3 L3 RILI AL B L N L (] [£], 4] >
VieVen + Ve, Ve TV Vi + 2V Ve v 1

e ET[]k],EFEk],Ey] — MOAYJI HPY>XKHOCTI Matepiaiy k -1 oproTponHoi ¢asu; v&kg,...,v[g;] — KoeQilieHTH

[lyaccona; SE:‘] , SE;] , S[yk] — Koe(iieHTH JIHIHHOTO TEMIIEPATYPHOTO PO3LIMPEHHS.

PiBastHHES (25) pa3oM i3 piBHAHHIMH TEOpIii MPYKHOCTI, OTpUMaHUMU y [12], CKIIaatoTh 3aMKHYTY
CHUCTEMy PpIBHAHB 3B’S3aHOT JAWHAMIYHOI 3ama4i TepMompyxHocti [20] s  KpHBOINIHIHHOTO
KOMITO3UTHOTO Opyca i3 TOCTIHHOIO CTPYKTYpOIO IIONEPEYHOTro Iepepidy Yy MpUPOAHIH cHucTeMi
koopauHat. Po3noxin temmeparypHoro monst 7, pasom i3 komnonentamu HJIC, € omHiero i3 mrykaHux
(dbyHKIiA gaHoi 3amadvi, ska OKpiM piBHAHHS (25) Mae BiANOBiMaTH KpailOBUM yMOBaM 3ajaadi, 0 SKUX
BITHOCATHCS TTOYATKOBUH PO3MOLT TemmepaTyp (y MOMeHT dacy T=0) B ycix Toukax Opyca Ta rpaHUYHI
YMOBH TETUIOOOMIHY i3 CepeIOBHINEM Ha 30BHINTHIX MMOBEPXHsIX Opyca [18].

HeoOxigHo 3ayBaykHTH, IO y TEMIEpaTYpHUX CKIAJOBHX JiHIHHUX Jedopmarii B [12] s
BEJIMYMHU 3pPOCTaHHS TEMIIEpaTypH Yy TOYlli Opyca 3acTOCOBAaHO IMO3Ha4YeHHs 1 , sike TYT HEOOXiJHO
po3yMiTH sik AT — IpUPICT TeMIlepaTypy BiJHOCHO OYATKOBOI 7.

Kpaiiosi ymosu 3aoaui mennonpogionocmi Osi KOMRO3UMHO20 Opyca y RpupooOHill cucmemi
xoopounam. 1louaTKOBI yMOBH 3a/iadi TEIUIOMPOBIAHOCTI NependadaroTh y3roIKEeHHS IIyKaHo1 QyHKLIT
i3 TOYATKOBUM PO3TOIIIOM TeMIIepaTypH y Opyci

Tl =T, (27)
ae T, =1, (K ), K € P —3amana npoctopoBa QpyHKIisI po3MOgiTy TeMIepaTypy BcepeauHi opyca.

I'pannyni ymMoBHM 3ajadi TEIUIONPOBIAHOCTI TepeadadaroTh Y3ro/pkeHHs QyHKmili 7 i3
MOBEPXHEBHUMHU YMOBaMH TeIIo0OOMiHy Opyca 3 HaBKOJIMIIHIM CEpelOBHUINEM a00 IHIIMMHU TilaMu y
KOXXHHI MOMEHT 4acy. B aHamiTH4HIN Teopii TETUIONPOBIAHOCTI BUAIISAIOTh TPAHUYHI YMOBHU TPHOX THUIIIB
[18]: 3amanuii MOBepXHEBUI PO3MOALT TeMIeparypu (TpaHudHI YMOBHU | pomy), 3a7aHuil MOBEPXHEBHI
PO3MOALN LIUTBHOCTI TEIUIOBOTO MOTOKY (rpannyHi ymoBH Il pony), 3agaHuii 3aKOH KOHBEKIIHHOTO
TEIUI000MiHY i3 cepenopuileM (rpanuuni ymosu 111 pomy).

Ho epanuunux ymos I pody BIITHOCHTBCS BHIQJOK, KOJIHM 3aJaHWH PO3MOMLT TeMIlepaTypH Ha
nmoBepxHi Tima. Tomi s TopueBUx Tg, MO3/I0OBXKHIX IWITIHIPAYHUX Hg Ta IMO3HOBXKHIX OIYHUX Ag

[TOBEPXOHb, BIAMOBITHO MAaEMO:
T I Ac
T|n=nq=Tg, T|é=ég=T c, T|y=UG=T ,c=12, (28)
ne T =T" (K.,7), T = 7' (K,7), Th =1 (K,t) — 3anani pyHKuii.

Tpanuuni ymosu Il pody mependayaroTh BiAOMHUI pPO3MOJIA IMIIIBHOCTI TEIJIOBOTO TOTOKY Ha
30BHIIIHIA mMOBepxHi Opyca. Ha OCHOBI CHIBBITHOIIEHHS [UIsi TEIJIOBOTO IOTOKY Yepe3 JOBLIBHO
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30pi€HTOBaHyY IUTOMAAKy Tima [19], A HOBUTEHOI TOYKM MOBEpxHI (2 Opyca y MPUPOITHIA CHCTEMI
KOOPJIMHAT 3aITUIIeMO:

Q Q Q
q lxea= q, lkea ln +4q: k<o n. +4q, lkea m,,

3BiAKH, 3 ypaxyBaHHsM (23) B yMOBaxX Maloro repmiunoro 30ypenss (AT/T <<1):

A OoT 1 oT oT

» Q Q o Q

“Moq 5750 “Hoe 5 e —Ho, M k=9 > (29)
( "Loon " L, 0 Yoy 7

ne ¢° =¢° (K ,r), K € Q) — mWiNBHICTh TEMJIOBOTO MOTOKY Yepe3 MOoBepxHI0 (2 11?, n?, mf — KOCHUHYCH

KyTiB MK 30BHIIIHBOIO HOpMaJUIIO moBepxHi ) Opyca y Touni K Ta JoAaTHIM HampsiMOM HOpMalei
KOOPZMHATHHUX ITOBEPXOHb.

BigmiTimo, Ha minsHKax nosepxHi Q, ge ¢ >0, HANPAM BEKTOPY TEILIOBOIO TOTOKY CIiBIAIa€
i3 HampsIMOM 30BHILIHLOI HOPMaJi 1 BiOYBaeThCS TEIUIONEpeaaya Bif Opyca 0 cepeloBHIla, TOOTO
OXOJIOKEHHS, BIAMIOBIAHO Ha OUIIHKax Q, e qQ <0 — BinOyBaeThCs HArpiB Opyca.

KonkpeTrnsyemo rpanuyHi ymMoBH (29) a1 TOBEpXOHb KOMITO3UTHOTO Opyca Ha puc. 1:

— TOpIUEBI MIIIHAPUYHI TOBEPXHI Tg (ZJq = (—l)g , ng <=0, myTq =0):

G+l A 7\, 8T T, .
(—1) LMOHL—(:%J |n=ng:q (K,r), KeT,c=12; (30)
— MO3J0BXKHI LMITiHAPHYHI noBepxHi T, (11111 ¢ =0, n? ¢ =(—1)g, ml;g =0):
+1 1 8T
(=1) @&fgéﬁ§=f%KnLKeH¢gﬂJ; 31
g

— HO3J0BXKHI OI4Hi mMoBepXxHi A, (lf]\ c=0):

. 1or n (0T A A
—{uogféé—& oo, 7" — uoya oo, M, =g (K1), KeA, ¢=12. (32)

Hns Opyca 13 TpSIMOKYTHHM TIONEPEYHUM TMepepi3oM, Koiau Oi4HI MOBEPXHI € IUIOCKHUMH 1

napanenbHumMu XOZ : né\ ¢ =0, m;\g = (—1)g , 1 ymoBH (32) cipocTsThCs

+ oT
(_l)g l[uéygj ’yzyc_:q"; (K,T), KeA, ¢=12, (33)

Jie y, — KOOp/MHATA JIiBOI Ta IPaBoi [O30BXKHIX IpaHell Opyca, BIIIOBIAHO.

I'panuyni ymosu Il pody MOKHA PO3TIAAATH SK BapiaHT TpaHUIHUX YMOB Il pomy i3 yTOUHEHHSIM
MpaBOi YaCTHHHU 3TiJHO 3aJaHOT0 MEXaHi3My KOHBEKI[IHHOro TerooOMiHy. 3rigHo 3akoHy HbroToHa-
Pixmana s goBinbHOT moBepxHi ) Opyca, criBBigHOMIEHHS (29) MOXKHA ITEpenrcaTH TaK

{ 20T o 10T o 0T g

AR %EWJMf%“mw%» (34)

e Ug =Uo (K ), K e Q — 3akoH 3MiHM KoedillieHTa TEIUIOBiIIaui Yepe3 HEeOJHOPIIHY HoBepxHi0 (]

T, — TeMmIepaTypa 30BHIIIHBOTO CEPEIOBHUILA.

env

Ji1st okpeMux MOBEPXOHB PO3TJIIsyBaHOTO Opyca yMOBH (34) CIIpOCTATHCS:

— TOpIUEBI MIIIHAPUYHI TOBEPXHI Tg (ZJq = (—l)g , ng <=0, myTq =0):

+1 7\, 8T o
(=1) LM&L—&%} = B3 (T ey, ~Ton )5 6=123 (35)

. . . . ]_[; _ T1 _(_ S I1 _ .
— TO3[I0BKHI LIWJIIHAPUYHI IOBEPXHI 1'[g (ln =0, n* —( 1) , m,* =0):
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. 1 T )
)7 e 5 e = (T e ~Ton ) 6=1.25 (36)
g

— TO310BXHI OiuHI OBEpXHi A (11;\ c=0):
L og |7 " oy

s 6pyca i3 MIpAMOKYTHHM TIOTIEPEYHUM Tiepepi3oM, yMoBH (37) CIpoCTATHCS

G+l A aT _ _
(_1) (“Oy a |y:yg_HAg le:yg _T;nv ’ g_liz' (38)
Y
Ymoeu mennonepedaui na meanci ¢paz xomnosumnozo opyca. OKpiM TPaHUIHHX YMOB, PO3B’ 30K
s ¢yHkuii 7 Mae BiINOBiZaTH yMOBaM Ha IMOBEPXHSAX 3’€THaHHS (a3 BCepeluHi KOMIIO3UTHOTO

JHMCKPETHO-HEOIHOPIAHOTO Opyca. Y BHIAAKy 11€adbHOrO TEIIoBOro kKoHrakry ¢asz P, 1 P,

j |y:u€ }/’\g = HXQ (T |&:&g _T;nv)’ g = 1’ 2 N (37)

TeMIepaTypa Ta TEIIOBHil NOTIK y AOBiIbHiN Touni crimbroi mosepxui Q7 MaroTh GyTH 01HAKOBUMHY,
110 3 ypaxyBaHHM (29) 103BOJISI€ 3aIMUCATH

T[k] ‘Kegf = T[kH] ‘Kle ?
WHy Al AL ~p(#] [4]
o OT I 4 =5 or n? 4] o V| lkear = &)
L on L, o % k

e+l [k+1] K+l k+1
R )
L& on Lé og, oy ; Key

Qk
y

JOJaTHIM HAapsSMOM HOpMasel KOOpAMHATHUX [TOBEPXOHb.

VY pealbHUX KOMITO3MTHHX elleMeHTaX (ha3d OCHOBHOTO Marepiany 3’€IHYIOThCS depe3 KIeHoBi
MPOIIAPKH, MO0 MOXYTh MaTH TOTaHy TEIUTONPOBIMHICTE i mopymryBaTH ymoBH (39). s BupimeHHS
JaHol MpoOieMH B YTOYHEHIH MOCTAHOBII KJIEHOBI MPOIIAPKH MOXKHA PO3TIISAATH SK OKpeMi (a3u
KOMITO3UTHOTO Opyca i3 BiJIIOBITHUMHY TEIUIO(I3UYHIUMH Ta MEXaHIYHUMU BJIIACTUBOCTSIMHU.

Bimbmn mpocTUM TS 3aCTOCYBAaHHS € MMIXiA, 32 SIKOTO TakKi MPOIIAPKHA PO3TIISTAIOTHCS SIK OTIIp
Tertonepeaayi Mixk ga3zaMyd KOMIIO3UWTa Ha TPaHUYHIN MOBepxHi. B TakoMy BHMaiKy IPYHTYIOUYHCH Ha
3akoHi HeloToHa-PixmMaHa 1 BUXOAAYH 13 3aKOHY 30€pEKEHHS €Heprii, MOKEMO 3alHuCaTH

e lfk ,n?k ,m, — KOCHHYCH KyTiB M)XK 30BHIIITHE0I0 HOPMAJITIO TIOBEPXHI QkP (ha3m O6pyca y Tourti K Ta

[£] (4] (%]
%] A OT™ o [K] 1 oT Qk [¥] oT Qk _ 1 (4] [k+1]
TR e S o i [

[¥] [¥] [¥]
A L T T @)

e on 2 - k
+ k+ + +
_[ ypen 2o 19"+7”[)a Yort w0 o T

On LEJ an n Lg ai 3 0y ay m, |Ke§2f ’
ne R¥ — kowraxrunit oIip Ha MoBepxHi 3’exHanus ¢pa3 b 1 B, .

3actocyBanHs yMOB (40) cnpollye OmMcaHHS CTPYKTYPHOI OyZOBH KOMIIO3UTHOTO Opyca, OIHaK
BHMarae JOCIiJHOTO YU PO3PaxyHKOBOTO BU3HAYCHHS BEJIMYMH KOHTAKTHUX OTIOPiB RM.

PesyabraTn gocuimkenHs. PiBHsHHS (25) HOCHTH y3arajlbHEHHHA XapakTep, OJHAK IiICTaAHOBKOIO
BIANOBIIHMX 3HA4YCHb Mapamerpie A, k 1 o Ta koediuientis Jlame L, 1 L., Horo MoxHa

KOHKDPETHU3YBaTH IS Opyca MmeBHOi (hopMH, IO T03BOJISIE MIEPEBIPUTH IPABIIIBHICTh HOTO BUBEICHHS.
Hampuxiiaz, po3risgaoyud BUMAI0K Opyca i3 NPSMOJIIHIHHOIO BiCCIO JUIs BiJIIOBIIHOT MPSAMOKYTHOT
IIPOCTOPOBOI CUCTEMH KoopauHaT [12]:

a=0,k=0,A=1L =1L =1. (41)
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IlincranoBka (41) g0 piBHSHHSA (25) IPUBOIUTE HOTO 10 BUTIIATY

0T 0 . OT o , oT o , O ﬁasn B&aé Bas
F+T + + 42
H “ 81_ aT'l (HOT} anj a&( Oi 8&} ay (“Oy ayj O(Hn 61: Hg 6'[ Hy a ( )

Jst 6pyca i3 KpyroBoOrO BiCCIO, SKOMY BiIOBiTa€ MWIIHAPUYIHA KPYroBa cHcTeMa KoopauHar [12]:

1
a:n,K:tgn,XZQ,L&‘:l,LH:|§|. (43)

IlincraBuBmm (43) o (25) 1 BUKOHABIIIM TIEPETBOPEHHS, OTPUMAEMO
aTlauﬁnaT , oT\| o( , or
Pu B B aog_ = Moy |T
ot &lom € On i ac)) oy dy
Oe O¢ Oe
=F+T | pf 2yl =P 2.
O(H” o e Y 817}

Y BUNAAKYy OTHOPITHOTO Opyca, KOJIH uﬁn,pég,péy =const, piBHIHHA (42) Ta (44) MOXHa JETKO

(44)

NPUBECTH [0 3arajJbHOBIIOMOIO BHIISAAY, LIO ONOCEPEAKOBAHO MiATBEPAXYE IPABUIBHICTD
[IEPETBOPEHb, BUKOHAHUX Y XO/Ii OTPUMAaHHS PiBHSHHS TEIUIONPOBITHOCTI Y dopMi (25).

Jns eminTudHOT cMCcTeMU KoopawHAT [15], mpupoAaHOi IS eTiNTHYHOTO Opyca, yCi MO3TOBXKHI
BOJIOKHA SIKOTO HaJeXKaTb OJHOMApPaMETPUYHOMY CiMEHCTBY KOH(OKAIBHHMX eIiNciB i3 (oKycHOO

BIJICTAHHIO 24 :
o= arctg( gnJ c=en ,A=1,L =L =aysh’E+sin’n. (45)

thé the’

3 ypaxyBaHHsM (45) piBHSAHHS TEIUIONPOBITHOCTI (25) HaOyBa€e TaKOro BUTIILY:

e T 1 0 uénaT+a oe OT )| 8 o O
ot sh’é+sin’n|on| a® on | OE| a® OF 6y “ oy
Oe 5 08 Ok
=F+T,|u—+ T
(“n ot Moo 81 THy OTJ
3actocyBaBlmiM 0 piBHAHHS (46) BUXiAHI JaHI BUKopucTaHi y [21], oe po3risHyTO 3amady
BH3HAYEHHS TEMIIEPATYpPHOTO TOJA Y i30TPONHOMY ENINTHYHOMY LWIIHApI, OTPHUMAEMO aHaJOTiuHi
BH3HAYAIbHI PIBHSIHHS, 10 TAKOXK MiATBEPIKYE MPABUIBHICTD (25).

VY Bumaaky Opyca mapaboniuHoi (opMmH, TPUPOIHOI € TapaboiiiyHa NWITIHIPUYHA CHUCTEMa
KOOpAMHAT, 1y siKoi [12]:

azarctg(éj,lqzé,kz—l, Ln:Li:\/n2+§2 . (47)
n Ll

PiBustang (25) 3 ypaxyBaHHAM (46) IEpETBOPUTHCS IO TAKOTO BUTIISILY

o o OT 1 8 " or 8 " or o , oT
HH ot Hoq Hog Moo T
TN +E o) wM )| My
Ot

=F+T, (pﬁ %, =P Gayj‘
‘WMot et T an

Knacuyni KpHBONIHIHHI CHUCTEMH KOOpIWHAT, OKPIM TNPSMOKYTHOI Ta KpYyroBoi, He JarTh
MOJKJIMBOCTI OITMCAaTH TE€OMETPil0 KPHBOJiHIMHOTO Opyca i3 HE3MIHHMMH IHIHHUMH pO3MipaMHu Ta
(dhopmoro norrepedrHoro nepepizy. Y [14] mano matemaTudHe OOTpYyHTYBAHHS 1 OTPUMAaHI CITiBBITHOIICHHS
JUIS TIapaMeTpiB Ta KOE(DIIIEHTIB MPUPOJHOI CHCTEMH KOOpAWHAT, IMOOYJA0BaHOI HAa CIMEHCTBI
eKBIAMCTAHT 3aJaHoi 0a30Boi KpuBoi (oci Opyca), sika JO3BOJIAE MOAOIATH BKa3aHU HEJOMIK KIACHYHUX
KPHUBOJIHIHHUX CHCTEM KOOpAMHAT. Y BHIAAKy 3aCTOCYBaHHS IapaMeTpu3allii 3a KyTOM HaxWiIy

MOTIEPEYHOTO Tepepizy Opyca, AKIIO Bich Opyca Ha pO3TIsAyBaHil AUISHII Ma€ T0AaTHY KPUBU3HY:

1 dx.(n)
sin  dn |

(46)

(48)

(49)

s 1y =

1
=", K=tgn, A= ;
E+r

0

L=1L =
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OT 1 | 0f My 0T 8

- , OT o , oT
- T (a"'ro)lvlog_ o Moy 50 |T
ot &+rylonlE+rpom) O o oy oy (50)
oe oe oe
=F+T, |2 4pf =42
O(Mn o P Py arj

BucnoBku. TakuM YWHOM, OTpHMAaHi pIBHSHHSA TEIUIONPOBIAHOCTI, y 3araibHid (24) Ta
miHeapu3oBaHiit (25), (50) dopmax s KOMIO3ZUTHOro Opyca 3 KpPHUBOJIHIMHOIO IUTOCKOIO BiCCIO
noBimbHOT (hopMu Yy TpupoAHiA cuctemi KoopawHaT. OTpHMaHI PIBHSHHA OIKCYIOTH IPOIIEC
TeIuIonepeaydi BCepeluHl TUCKPETHO-HEOJHOPITHOTO KOMIIO3UTHOTO Opyca, M0 CKIAAAEThesa 13
OJHOPITHMX a00 HemepepBHO-HEOTHOPIIHUX (a3 i3 KPUBONIHIHHOIO OPTOTPOMI€I0 Temnodi3uyHuX Ta
NPYKXHAX XapaKTePHCTHK.

Ha ocHOBI npuiHATHX 3arajJbHUX BHUXITHUX JAaHUX 11040 (OPMHU 30BHIIIHIX MOBEPXOHB Opyca Ta
Horo BHYTpilIHBOi OyJOBH, y IPUPOIHIHN cHCTEMi KOOPAUHAT OTPHUMaHi IpaHUYHI YMOBH TPbOX THIIIB Ta
BUITMCaHI YMOBH TeTUIONepeaadi Ha Mexi (a3 Opyca y BUIIAJKY iX i7ieaTbHOTO TEIUIOBOTO KOHTAKTy Ta 3a
HasIBHOCTI KOHTaKTHOTO TEIJIOBOTO OTIOPY.

HaBeneno mpukimagy KOHKpETH3allii 3arajbHMX PIBHSAHB JJIi  OpyciB  3amaHoi  Qopmu:
NPSAMOJIiHIIHOI, KpYyroBoi, eNINTHYHOI Ta MapaOoNiyHOi, SKi JO3BOJWIN TEPEBIPUTH MPABUIBHICTD
OTPUMAHHMX CITiBBITHOIICHB IIJITXOM TIOPIBHIHHA 13 BiIOMUMHE (hOpMaMU PiBHSIHHS TETUIOTPOBITHOCTI.

OtpumaHi y naniii poOOTi TEOPETUUHI 3aJIKHOCTI pa3oM i3 MoOyJOBaHUMH y TOTIEpEeIHIX PoOOTax
CHCTEMOIO DIBHAHb TeOpii NPYKHOCTI Yy TNPHUPOIHIN CHUCTEeMi KOOPIWHAT, IHTETPaJbHUMH Ta
TudepeHIliaTbHIMA 3aTIeKHOCTSIME TSI BHYTPINIHIX CHJIOBHX (DaKTOpiB Ta CHIBBITHOIICHHSIMH IS
MOJICTIIOBAaHHS HABaHTAXEHb PI3HOTO THUIY, CKJIAJAIOTh HEOOXiMHY aHANITHYHY 0a3y IJs po3B’sS3aHHS
Pi3HUX 33/1a4 TEPMOIIPY>KHOTO Ae)OpMyBaHHSI KOMIO3UTHHX KPUBOJIHIHHUX OpYCiB.
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