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Llenpio paboTHI ABISETCS MAaTEMaTHYECKOE M KOMITBIOTEPHOE MOJICIHPOBAHUE CONPSKEHHOH 3a7aui KOHBEKTHBHOIO
TermioobMena B pemerkax TBDJIoB Metomom R-byHKImIA 1 HCCleJoBaHKUE BIMSHUS BUA YIIAKOBKH M (OPMBI KaCCEThI
Ha pacrnpe/ieieHue CKOPOCTH U TEMIIEPATYPHI.

PaccMOTpeHbI CONPSKEHHBIE KpaeBble 3alauyd TEIUIOOOMEHA JUIs CIydaeB, KOIJa BsA3Kas HEC)KHMaeMas JKMIKOCTb
JIBUKETCSI TI0 KaHajlaM HEKaHOHMYECKOTO CEedeHHs, oOTeKas MydoK cTep)KHeH. PaccMOTpeHsl pa3nMyHbIE YMaKOBKH
TBOJIoB u ¢dopmsl kaccer. ITokasano, uto mMerox R-¢yHkimii sBiasercs 3(hQEKTHBHBIM METOJOM pelIeHUs 3ajad
pacuera (pU3NUECKHUX MOJEH B SEMEHTaX KOHCTPYKIMH AIEPHBIX SHEPTETHYECKUX YCTAHOBOK CIIOKHON (hOPMEL.
Kniouegble croea: meopus R-gpynxyuil; memoo Pumya, conpsasicennas 3aoaua; meniooOMeH; MONIUGHAS Kaccema,
mpey20nbHas, YUKIUYECKAs, NPAMOY201bHAS YNAKOGKU, MPAHCIAYUONHAS U YUKTUYECKAS CUMMEMPUU.
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Meroto po6oOTH € MaTeMaTH4HE i KOMII'FOTEPHE MOJCIIOBAHHS CIIOJNYYEHOI 3a1adi KOHBEKTUBHOTrO TEIIOOOMiHY B
rparkax TBEJIiB meromom R-¢yHKILi# Ta DOCTiPKEHHs BIUIMBY BUIJISAY yIHaKyBaHHsS Ta GOpMH KaceTH Ha PO3MOJIT
LIBUIKOCTI Ta TEMITEPATYPH.

PosrnstHyTO criomydeHi kpaifoBi 3ajavi TErIoOOMiHy JUIs BHIIAKiB, KOJM B’S3KAa HECTHUCIMBA DPiJMHA PYXa€ThCs IO
KaHalax HEKaHOHIYHOTo mepepidy, 0OTiKaruu MydoK CTPIKHIB. PosrmsHyro pisui ymakysanus TBEJIiB ta dopmu
kacer. [Toka3ano, mo meron R-QyHKUii € epeKTHBHUM METOJOM PO3B’A3aHHS 331ad PO3paxyHKy (i3sHYHMX NONIB B
eJIEMEHTAX KOHCTPYKILH IepHUX eHEPreTHYHUX YCTAaHOBOK CKJIaHOT (hOpMH.

Kmiouosi cnosa: meopis R-ghynxyiii; memoo Pumya; cnonyuena zadaua; meniooOMin; naiueHa xacemad; mpukymue,
YuKiuHe, NPAMOKYMHe YNaKy8aAHHSA, MPAHCIAYIUHA | YUKIIuHA cuMempii.
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THE CONVECTIVE HEAT-TRANSFER ANALYSIS IN FUEL ELEMENT CARTRIDGE
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IA.N. Podgorny Institute for Mechanical Engineering Problems, NAS of Ukraine,
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2V.N. Karazin Kharkov Narional University,
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The world nuclear fuel market is divided between three global level concerns- Russian Fuel company “TVEL”, the
American company “Westinghouse” and the French one “Areva”. There is a competitive struggle between these
companies. The companies aspire to win each other a part of the market. Thus the designs of reactors' active zone are
essentially various. Everyone has the advantages and drawbacks. So, for example, at the Westinghouse TBC-W fuel the
spacer grids were the weak elements. However the fuel made by this company is more effective than Russian one on
some significant parameters. One of the primary goals of a reactor' calculation is the temperature field finding as to fuel
elements made great demands concerning their reliability. The failure of several fuel elements can result in an
emergency. There is a necessity for the solving of corresponding transfer problems as conjugate problems in this case.
These solutions allow carry out the researches of real heat-transfer processes where the mutual influence of a moving
liquid, the forms of the channel walls, the kind of fuel elements' packings etc. is essentially shown. The plenty of fuel
elements is located in each fuel cartridge, and the cartridges' shapes and the packings' kind are rather various. It creates
the certain difficulties during mathematical and computer modelling of real physical processes. In this case the R-
functions method is rather useful. This method allows to realize analytical identification of complex-shape geometrical
objects and to build the structures of solutions of boundary value problems, precisely satisfying boundary conditions.
The goal of this work is the mathematical and computer modelling of the conjugate problem of convective heat
exchange in fuel lattices with the help of the R-functions method and the research of influence of the packing kind and
of the cartridge shape at the speed and temperature distribution.

The conjugate boundary value problems of heat exchange are considered for cases when the viscous incompressible
liquid flowing around a bunch of rods on non-classical section channels. The influence of the packing kind and of the
cartridge shape at the speed and temperature distribution is investigated. The R-functions theory in combination with
variational Ritz method was used. The various fuel elements' packings and cartridges' shapes are considered. Each
packing contains from 81 up to 91 rods. The corresponding equations are constructed using the new R-functions theory'
constructive means. This means have allowed reduce essentially the R-operations quantity. It has resulted in reduction
of calculation time. The cubic Schonberg splines were used as the approximation means with splitting from 60x 60 up
to 100x100. It is shown that the R-functions method is effective for the solving of the physical fields' calculation
problems in the complex shape designs' elements of nuclear power installations. The lead researches allow designers to
choose those or other packings' kinds depending on technical requirements. Thus the calculation of the temperature field
for the cartridge as a whole is essential. The mathematical modelling and the computer experiment are irreplaceable
when the natural experiment is impossible or complicated for whatever reasons. The computing experiments with
models of objects allow to study them in detail and deeply, basing on modern numerical methods.

Key words: R-functions theory; Ritz method; conjugate problem; heat transfer; fuel element cartridge; triangle, cyclic,
rectangular packing; translation and cyclic symmetry.

BBEJIEHUE

MupoBo#i pHIHOK SIEPHOTO TOIUIMBA ITIOJENEH MEXTY TpeMsi KOHIEPHAMH MHPOBOTO YPOBHS —
poccuiickoii TormBHOH kommanueit «TB3JI», amepuxanckoir Westinghouse u ¢paniysckoit
Areva, MeXIy KOTOPBIMH HMIET KOHKypeHTHas Ooppba. Kommanum cTpemsrcsi oTBOEBaTh IPYyTr y
JpyTa 4acTh peIHKA. [IpH 3TOM KOHCTPYKINH aKTUBHOH 30HBI PEAKTOPOB CYIIECTBEHHO PA3IHIHBI K
Ka)kasi IMeeT CBOU NpeNMyIecTBa 1 HenocTaTtky. Tak, Hanpumep, y Torumsa Westinghouse TBC-
W Ob11 cnalblif 3IeMEHT — 3TO AWCTAHIIMOHUPYIOIINE PEMIETKH, OAHAKO TOIIMBO, IPOU3BOINMOE
9TOW KOMIIAaHHEH, 0 HEKOTOPHIM 3HAYMMBIM MIOKa3aTelsiM 3P PEKTUBHEE POCCUIICKOTO.

B axkTuBHONM 30HE COBPEMEHHBIX SJIEPHBIX DHEPTETUYECKHUX YCTAHOBOK SJE€PHOE TOIJIMBO
CKOHIICHTPHPOBAaHO B TeIUIoBbIIeNsonmx 31eMentax (TB3Jlax). OmHa W3 OCHOBHBIX 3alIad
pacuera peakTopa — OIpelesIeHHe Mol TeMIeparyp, Tak kak Kk TBOJIaM npenbsBisioTcsi O4eHb
BBICOKHE TPeOOBAaHHUSI B OTHOLICHWU MX HAJKHOCTU. Bbixox u3 crpost Heckonbkux TBDJIos, a B
peaKkTope uX THICSYM, MOXET NPHUBECTH K aBapHiHOW cuTyauuu. B sTom ciydae nossisercs
HEOOXOMUMOCTh B PEIICHHH COOTBETCTBYIOIIMX 3a/1a4 MIEPEHOCA B COMPSDKEHHON MOCTaHOBKE, TaK
KaK 3TH PEUICHUS TMO3BOJISIOT MPOBOIUTH UCCIEIOBAHUS PEAIbHBIX TEIJIOOOMEHHBIX MPOLECCOB,
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rae Cy]].(eCTBCHHO HpOﬂBHﬂeTCﬂ B3aMMHOE BJINSHHC )IBH)KyH.[CﬁCﬂ KHUAKOCTH, CTCHOK KaHaJia,
TBOJIoB m ap. Tak kak B KaXIOil TOIUIMBHOW KacceTe PACIOJNIOKEHO OONBIIOE KOJUYECTBO
TBDJIoB, a ¢popMBI KacceT U BUJ yIIaKOBOK BeEChbMa pa3HOOOPA3HBI, TO 3TO CO3/AET ONpe/eeHHbIe
prlIHOCTH B npouecce l'[pOBe)ICHI/Iﬂ MaAaTEeMaTHU4YECCKOro M KOMHB}OTCpHOFO MO)IeJ'[HpOBaHI/Iﬂ
peanbHBIX (PU3HYECKUX TpoIeccoB. B 3ToM ciryyae BecbMa MmoJIe3HBIM sBIsieTCst MeTo R-pyHKuuii,
HO3BOHHIOH(Hﬁ peaﬂH3OBaTB aHaHHTH‘{eCKy}O I/II[CHTI/Iq)I/IKaL[I/I}O CJIO)KHBIX FeOMeTpI/I‘ICCKPIX
00BEKTOB M CTPOHMTH CTPYKTYpPBI PELICHHUH KpaeBbIX 3aJady MaTeMaTHYeCKOH (QHU3HKH, TOYHO
YIIOBJICTBOPSIIONIAE TPAHHYHBIM YCIOBUSM.

PaccMorpuMm  compsbkeHHBIE KpaeBBIE 3aJadd  TEIUIOOOMEHa s Cily4daeB, KOTJa Bs3Kas
HEC)KMMaeMasl KHUIKOCTh JIBIDKETCS IO KaHaly HEKaHOHMYECKOTO CEYEHHs, OOTeKas ITy4oK
crepkHedt. [Ipenmonaraercs, 4to (U3MUECKHUE CBOMCTBA JKUIKOCTH IOCTOSHHBI, JaMHUHApHOE
TEUCHUE THIPOIMHAMIYECKN CTaOMIIM3HPOBaHO, IpoIlece TemooOMeHa cTannoHapeH. Ha BHemHeH
MOBEPXHOCTH KaHAa MOTYT OBITh 3aJaHbl YCIIOBHS MEPBOrO, BTOPOTrO, TPEThErO poja.
IIpennonaraercs, 4TO M3MEHEHHE IUIOTHOCTH TEIUIOBOTO IOTOKa BAOJL OCHU KaHajla 3a CYeT
AKCHAIBbHON TENJIONPOBOJHOCTH MPEHEOPEKUMO MaJIo IO CPABHEHUIO C M3MEHEHHEM TeIJIOBOTO
MOTOKA, O0YCIIOBIEHHOTO KOHBeKIHe. [Ipenmonaraercst Takxke, 9T0 CTEHKH TPYOBI U BHYTPEHHUE
CTEP KHU BBIMOJIHEHBI U3 H30TPOIHOTO MaTepualla, IPHUYEM TEIUIONPOBOAHOCTh TOCICAHET0 MOXKHO
CUHMTATh MOCTOSHHOMN B pacCMaTPUBAEMOM MHTepBaiie Temreparyp [1-3].

Hanyuune BHYTpEeHHHUX HCTOYHHMKOB TeIJIa B 3JIEMEHTaX PEaKTOpa YCIOXKHIET KaK ypaBHEHUE
TETUIONPOBOAHOCTH, TaK M METOABI €ro pemenust. B pabotax [1, 3] paccmaTpuBaicst TeriooOMeH B
IMydKke MpPOAOIBHO O0OTeKkaeMbIX OECKOHEUHBIX NMIMHAPOB. [Ipenmonaranmack CHMMETpUS
TEMIICPATYpPHOrO MOJISL B CHIIy CUMMETPUH CHCTEMBI, U paccMaTpuBaiack jumbe obnacte OABC

(puc.1).
A
\ Bj ®
A

" A
C) () a) % A B@ 6)

Puc. 1. PacrionoxeHne pabo4nx KaHaJIOB B aKTHBHOMN 30HE PeakTopa: a) — KOpHI0pHOe; 0) — mraxMaTHoe

Hensio paéoThl SBISETCS COBEPIICHCTBOBAHWE KOHCTPYKTHBHBIX CPEACTB M aITOPHTMOB METOAA
R-yHKIuii A1 MaTeMaTHYeCKOro M KOMIBIOTEPHOTO MOJEIHPOBAHMS CONPSHKEHHOM 3ajadn
KOHBEKTHBHOTO TeruiooOMeHa B pemerkax TBDJIoB u mccienoBaHne BIMSHHS BHIA yHaKOBKH U
(hOpMBI KacceTsl Ha PacTIpesieNIeHNe CKOPOCTH M TEMIIEPATYPHI.

OCHOBHAS YACTb

OCHOBHAs cUCTEMa ypaBHEHUH, OMMCHIBAIOIIAS MTPOLIECC TETII000MEHA B TIOTOKE BA3KOM KHUIKOCTH,
P TMOCTOSTHHBIX (PU3HUECKUX CBOMCTBAX JKHIKOCTH U TEMIIEPATypPhl IMEET BUJI:

E — aAT +i+£‘
Dt pc, pc,
BV 1gpivav,
Dt p

divw =0,
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D o - =
rae D—:a—+ \V -V ) — cyOcrannuanpHas (WM monHas) nmpousBomHas, ud — muccumatHBHAS
T T

A
¢$yHKIMA, @ = po KO3 GUUMEHT TEMIIEPaTyPOIPOBOAHOCTH, C, — TSIIOEMKOCT CPEbL, Qy —
P
MOII[HOCTh BHYTPEHHHUX HCTOYHHUKOB TEILIa.

B ciywae crauuMoHapHBIX NPOLIECCOB TEMIIEpaTypa Tejla He 3aBHCUT OT BPEMEHH, U ypaBHEHUE
TEIUIONPOBOHOCTH TIPH MPOI0JIbHOM o0Tekannu TBDJIoB npuHUMaeT BHI:

or o}

V, — =aAT + —~,
oz pcp
a MaTeMaTHyeckas MOJENb IMOJIsI CKOPOCTeH MpU JIAMHHAPHOM TEYEHHHM HMEeT BHJ
VP
AV, =f—|=fC, rae VP — moctosHHOe Bmonb TpyObl NajieHUE AABICHUS HA IPOM3BOJIBHO
u

BBIOPAHHOM y4acTKe [UIHHEI | .

N oT
B o0sacTu TerIoBOM CTaOMIM3aI[MH, KOT1a i = const, mosryuyum
z

Taxum o0pa3oM, MaTeMaTH4ecKass MOJEIb TEIUIOOOMEHA IPH JIAMUHAPHOM JIBIDKCHUH >KUAKOCTH
o kaccere ¢ TBOJlamu cBoguTes K cucteMe ypaBHEHUH

AV,=—C B Q,NQ
~div(A,VT)=F 8 Q,

v

rae

C 'paHUYHBIMHU yCJIIOBUAMU BHUJ1a

oT

Gl T,
0, %mﬂgb =0, Ty =T —=

o Mo | =

Vz‘ 0. 2 . 1)
QMo
b1 (29 6n2 0y

PaccMoTpuM THUITOBYIO KOHCTPYKTHUBHYIO CXEMY pEaKTOpa, akTHBHAsI 30Ha KOTOPOTro coOMpaercs u3
OONIBIIOTO 4YHCTa TOIUIMBHBIX KacceT [2,3]. Kaccerel mpencraBisioT coOoi IIecTHTpaHHBIC
KOXKYXH, B KOTOPBIX Pa3MEIICHbI TETJIOBBIICISIONINE YIEMEHTBI.

JIis TOCTpPOEHUs! YpaBHEHHUH, COOTBETCTBYIOIIUX I'€OMETPHUYECKUM OOBEKTaM C CHMMETpHeH
TPaHCIISILMYU BJIOJIb TIPSIMOM, BOCIIONIB3YyeMCsl Clieytoleii TeopeMoit [4].

Teopema 1. IlycTs TpaHcIsiIMOHHAs obJlacTh g = [GO (X, Y, Z)ZO] CUMMETPUYHA OTHOCHUTEIBHO
ocu Oy u MOXKeT ObITh 3aKJIIOUEHAa B BEPTHKAIBHYIO IOIOCY —a<X<a, a o00JacTu
3= [co(x—hi, y.z)> O] MONydeHbl B pe3yibTaTe Mpeodpa3oBaHMs MepeHoca o0macTH Xy BIOIb

ocH abcuuce Ha BEJMYHHBI, KpaTHbie h >2a. Torga ypaBHeHHe TpaHunbl 0 obnactu (= UZi
ieZ
UMeeT BUJL

o(x,y,2)=co(u(x.h).y,2)=0,
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0 i+1 .
rae p(x,h)= 4h & (1) sin (2i —1)xn .
n® 5 (2i-1)? h

Jlnst mocTpoeHusl ypaBHEHHH, COOTBETCTBYIOIIMX T'EOMETPHYECKHM OOBEKTaM C TOYCUHOU
CUMMeETpHEN IIMKIMYECKOTr0 TUIIA, BOCIIONb3yeMcs Clleaylolel Teopemoit [4].

Teopema 2. ITycTh TpaHCISIHOHHAS OONACTh g = [GO (X, Y, Z)ZO] CUMMETPUYHA OTHOCUTEIBHO
ocu abcrmce, a 001acTh le[co(x—ro,y,z)ZO] MOXET OBITh pa3MEIleHa BHYTPH CEKTOpa

70LSGSOL,O<0L<%. O6nacti Ek=[00(rcos(e—ZW%)—ro,rsin(e—zn%,z))zo}

TIOJTy4eHbl B pe3ylbTaTe MOBOPOTAa OONACTH Xq = [00 (X—ro, Y, Z)Z 0] B 1ockoctu XOY BOKpYr

n-1
Hayajla KOOpAMHAT Ha YTIJIbI 2”%. Torzma ypaBHeHue rpanuisl 0Q obmactn Q= UZk umeer
k=0

un o(X, y)=og(rcosp(6,n)—ry, rsinu(,n),z)=0, [r =\x?+y?, o=arctg yJ, rie

X
. no
o sm{(Zk —1)?}
k+1
o) S 3 et L2
L (2k-1)

IToctpoum ypaBHeHue TomuBHOM Kaccetsl ¢ 91 TBOJloMm u pasnBuHyTOH TpeyrosibHoOH
YNaKOBKOH, KOTOPYIO MHOTZA Ha3bIBAIOT IIAXMAaTHOW. 3aMETUM, 4TO IPY IPHUMEHEHHH OOBIYHON
METO/IMKH, UCIIONIB3YeMOl B TeopuH R-¢yHkuuii [5], Mbl moixyuum B pesynbrate 93 R-omeparu B
ypaBHeHHH. ['pomo3akas (opMyna NMpuBEZET HE TONBKO K YBEIHYEHHIO BPEMEHH CUeTa, HO W,
BO3MOXKHO, K HEKOTOpPOMY HapyLICHUI0 CHUMMETPUHM H3-3a HEacCOLUAaTUBHOCTH R-omepariuii.
ITosToMy Uit TOCTPOEHMSI YpaBHEHHUs LIECTUTPAHHOTO KOXyXa BOCIOJNb3yeMCsl meopemoi 2.
PaccmotpuMm  ypaBHeHHE — NpsIMOM c=R,—-x=>0 n  Iepuoguyeckyro  (yHKIuIo
4 k+1 sin[(2k —1)36]
Hy = (_ 1) :

=— B pesymprate momyumm o, =R, -rcosp, =0, rme
3n 4 (2k —1)? ' '

r= \lxz + y2 , B=arctg 1. Jns moctpoenust TpeyrosnbHoi ynakoBku TBOJIoB Bocmomb3yemcst
X
meopemoui 1. 3agagum

2 2 2
fi=R —py —py =0,

s sin[(Zk —1):::} |

(2k —1)?

4h h
y k+1 y 2 2 2
— _ s f, =R* — — >0,
R s S LR
ftctio-no) o] 2Dl 2
4h, k+1 X 4h, k+1 hy
=2 -1 , =—7 -1

TAC HUyq T[Z ;( ) (2k—1)2 “yl T[2 ;( ) (2k—1)2

Torna ypaBHCHME TOIUIMBHOH KacceThl HMeEET BHI M=, A, @, 20,0, =(f v, f,)>0.
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TocTpoerne yHkimu (X, y) BHIONHEHO MPH CIEAYIONIMX 3HAUCHUAX OYKBEHHBIX MapaMETPOB:
R=0,2; h,=2,32; hy=1,35; n,=6; r,=6,7. Ciexyer OTMETUTh, YTO HPH IIOCTPOCHUH
ypaBHEHHs KacceThl 0 HOBOI MeToiuKe R-onepaiiy Henoabp30BalliCh JIMIIb BA pasa.

OcTaHOBHMCSI TaKXKe HA IIOCTPOCHHH (QyHKINH O)(X, y)z ™y Ag o)TV >0, xorma TBOJI
TpaHCIUPYeTCs C HMUKINYECKOH CHMMETpHel Ny pa3 BJIOIb OKPYKHOCTH pamuyca R u nyp pas
BJIOJIb OKPYXKHOCTH pazuyca R; W N, pa3 BIONb OKpYXHOCTH paguyca R,. Jns mocrpoeHus

ypaBHeHUs rpanuubsl TBOJIoB, TpaHCIMPOBaHHBIX € ILMKIMYECKOH CUMMeTpUeill Ny pa3 BHONb

OKPYKHOCTH paaumyca R, Bocmomesyemcs meopemoii 2 oy = i(RWZ —(x— R)2 - y2) u

2Rtv
8 sin[(Zk —1)%9}
(bopmynoit Hg =—» (-1 ket L 2 ] B pe3yibrate HOJIYyYUM
e ey
Oy = i(Rt\,z —(rcospg —R)? —(rsinpgq )2)2 0.
2Ry,
Jlnsa noctpoenust ypaBHeHus rpaHuisl TBOJIoB, TpaHCIHMPOBaHHBIX ¢ LUKINYECKOH cUMMeTpHel
n, pa3 BJIOJIb OKPYXXHOCTHU panuyca Ry, BOCIIOJIb3yEeMCS (byHKLMEH
1 8 sin[(Zk 71)%6}
_ 2 22 o k+1
g1 =—(Rt —(x=R))* -y ) u dopmymoit pp =—> (1) —-—_= - Torma
° 2R[V Y Ny Zk:( (2k—1)2

1 .
Oy = H(Rtv2 —(rcosp, =Ry )* —(rsin ”b)z)z 0.
tv

s moctpoenust ypaBHeHUs rpaHuisl TBOJIoB, TpaHCIHMPOBAaHHBIX ¢ HUKJIMYECKOH CHMMETpHEH

Ne pa3 BJIOJIb OKPY>XHOCTH pazuyca Ry, BOCIIONTb3yEMCS byHK1HMEH
. ( ) . sin[(Zk —1)”%9}
_ 2 2 2 o k+1
0 = ———(Ryy* =(x=R,)* —y?) u dopmymoit p, =" (-2 Tornma
© 2Rt\/ v ¢ ncﬂ; (2k _1)2

1 .
Opg = H(Rtv2 —(reosp, - R2)2 —(rsm He )2)2 0.
tv

Takum  oOpa3om, ypaBHeHHe TpaHuubl Kaccetel ¢ 91  TBOJlom wumeer Bua

o={op Ag Ong Vo Opp Vo On3 )20, mpr n; =38, R=6, n, =32, R =45 n=21, R,=3 u
ABIIeTCsl cemumapamerpuueckum (N, Ny, N, R, R, R,, R,) cemeiictBoM kpuBbIX (pHC. 2, 0).
Cregyer OTMETUTb, 4TO R-olepaluy HCHONB30BAINMCH JIMIIb TpH pasa. [lpy  HaIuuuu

1
neHTpansHoro TBO3Jla momyunmM o = oy Ag Ong Vo Oy Vo Ona Vo H(Rw2 -x%2- y2)2 0
tv

npu N, =20.
3Has ypaBHeHUs KacceTbl u TBDJIoB, MBI MO)keM NOCTaHOBKY 3azauu (1) mepemumcats B BUze

AV, =-C oT
{div(kVT): £’ C TPaHHYHBIMH yCIIOBHAMHU V, oo,y = 0, %+ hT‘Qb =0, Ty o0y, =T, 0,
oT, oT
Xl—l = kz—z , TIe
oM aq, N2 g,
1-si 1+si 1-si 1+si
A=y sgnmtv A, +S|gnmtv F-y, sgnmtv rq +S|gnmtv .

DizuKo-mamemamuyni HayKu



103

Jlns pernenus ucnonb3oBajics MeToA R-QyHKIuid B codeTaHny ¢ BapHalMOHHBIM MeTofoM Purma.
CrpykTypa pemieHus 3aJadd O JaMHHAPHOM TEYCHHH INpU NpoJosibHOM obOTekanuu TBIJlos

JKUAKOCTH HMeeT BHI V, = o, I1e 0)(X, y)z ®, Ag @y =0 — ypaBHEHHE rpaHHIBI ONIEPEYHOTO
N

CCUCHHS KACCEeTbl, 4 HEOMPEJENCHHYI0 KOMIIOHEHTY [g = Zcik(pik(x, y) 6yaem OTHICKHBATS,
i=1

MHHUMI3HpPYs (QyHKIHoHan | = I((VVZ )2 -2CV, }19. 3amernM, 4TO pemieHue V, IolydaeM B

Q

AQHAJMTUYECKOM BHJE M HCHONIB3yeM 0e3 Kakoii-mmbo NaibpHeliel oOpaboTKy (anmpoKCHMAaluH,

UHTEpNoAnuy). 1103TOMy MONY4eHHOE paclpeleNeHHe CKOPOCTH MBI MOJCTABISIEM B IPABYIO

YacTh ypaBHEHMs TEIIONPOBOAHOCTH. CTPYKTypa pEelIeHNs 3a1a4y ONpeeIeHUs] TEeMIePaTyPHOro

MOJIT  UCTIONB30BaJlaCh KaK TOYHO YJOBIETBODSIONIAs TPAaHUYHBIM YCIOBHSIM Ha  O0Qy

N
U= p, +oy(~Dyp, +hpy), Tak u B BUE T = Py, IJie, Kak u panee, Py = Zdik(pik(x, y). 3mech
i=1

or oT.
CIelyeT OTMETHTh, YTO TPAaHUYHBIE YCIOBHSA a +hT|, =0 u R =hy—2
an Qb | Ny |50,
v v
ABIIAIOTCS €CTECTBEHHBIMU u CIEIyI0T u3 GbyHxoHana Putna
I = I(A(VT )2 - ZFF)iQ + I hT ZdGQb . B KauecTBe AaNMPOKCHMAIMOHHBIX cpencTB @i (X, )
Q o

ucrnosb30Bainch Kybudeckue crutaiiuel [llenGepra mpu N =6400, 10000. BeruucnurensHbie

SKCIIEPUMEHTBI MPOBOJWINCH B ycloBHAX dkciutyatauun cuctembl [IOJIE, paspabortanHoii B
OTJIeNIe IPUKIIATHON MaTeMaTHKU U BIYMCIUTENbHbIX MeToqoB UIIMam HAH Ykpaunsr.

Hwxe (puc. 2-5) mpuBeneHbl pe3ynbTaThl HMCCIEAOBAaHUII [UIS pa3iMYHBIX ymakoBok TBDJIos.
Kaxnas ynakoBka comepxuT 91 cTepkeHb TMpH BCeX MPOYMX PAaBHBIX  YCIOBHSX
A =1 Ay, =10, h=1 gy =4. Menss 3Ha4eHus1 OyKBEHHbIX MAPAMETPOB, HOJIYYHM Pa3IUYHBIE

pacnpeacieHust UCCICAYEMBIX moJnen.

.39437E-81
.35884E-81
.387I1E-B1
.26379E-81
.22826E-81
.17673E-81
.13321E-81
.B9679E-B2
.46152E-82
.26256E-83

.39878E+A1
-36179E+81
-32487E+81
-28796E+81
-25184E +81
-21413E+01
17721E+01
.14829E+81
.18338E+81
-66463E +08

NEORCORCEEN

Puc. 2. KaptuHbl pacipeaeseHus CKOPOCTH U TeMIIepaTyphl B LIeCTUrpaHHoi kaccere ¢ TBDJIamu, pacnonokKeHHbIMU
I10 IIAXMAaTHOU cXeMe

ERCRORCRGEN
g
&
H

1PSIBE-HI

Puc. 3. Kapruns! pacripesiesieHiss CKOPOCTH U TEMIEPaTyphl B KACCeTe ¢ MUKIMYECKU pacnonoxeHHbMu TBDJlamu n
neHTpansHbiM TBOJIom

Bicnuxk 3anopizvkozo nayi ynigepcumemy Mel, 2015
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.25634E+BL
. 23493E 81
21113E+81
L1BB23E-A1
.16532E+B1
.14242E+81
-11952E+81
.GE612E BB
. 73780E B8
SEBA4E BB

.407B3E+00
.36185E+00
.31662E+00
.27139E+00
.22616E+08
.18B93E+00
.13578E+00
.99473E-81
.45244E-81
.14845E-84

Puc. 4. KapTuHbl pacnpesiesieHusi CKOPOCTH M TEMIIEPATYPhl B LIECTUIPAHHOM KacceTe ¢ IUKINYECKH PACTIONOKEHHBIMU
TBDJlamu 6e3 nentpansHoro TBOJIa

3.a870 [

10684

-6.6199 £.619%

Puc. 5. I'paduku mosist Temmepatyp 1u1st pa3inudHbix yrnakoBok TBOJIos B ceuennn Y =0 : 1 — maxmaTHas cxema;
2 — HMKITMYecKas CAMMETpHs ¢ meHTpaibHbiM TBDJIom; 3 — nukinueckas cummerpus 6e3 reHtpansaoro TB2Jla

AHanm3upysl pe3ysbTaThl, MOYKHO CIIEJIaTh BBIBOJ, YTO HAJM4YHE CTEpPXKHEW B IECHTPAIBHON 30HE
NPUBOIMT K OoJiee BBICOKOH TemmepaType. [109ToMy, MEHsSI KOHCTPYKTUBHBIN XapakTep YIHaKOBKH
U TUIBI CAMMETPHUHU, MOXKHO PEryJIHpOBATh XapakTep TCUCHUS U PACIPE/ICIICHUE TEMIIEPATyphl 110
Kaccere, JOOMBasCh HEOOXOAMMOTO 3HAYECHHS, OOYCIOBICHHOTO TEXHUYECKUM 3aJaHHEeM. AHAHN3
XapakTepa pacmpelnelicHHs CKOPOCTH W TEMIIEPATyphl IMO3BOJSIET CJENaTh BBIBOJ, YTO
paccMOTpeHHe oISl CKOpocTel Uit staeiiku (puc. 1), B cilydae ee TOCTATOYHOW YHAIEHHOCTH OT
TPaHHMIBI, SIBISIETCS 1IeIeco00pa3HbiM. OHAKO IMOJIe TeMIIEpaTyp MPH 3TOM OYyJIEeT BeChMa JaIeKHM
OT JeHCTBUTEIBHOCTH, YeMY CBU/ICTENILCTBYIOT PE3YJIbTATHI, IOIyIE€HHBIE JJISI KACCETHI B IIEJIOM.

PasnuyHble KOMIIAHWH HCIIOJIB3YIOT pasiH4yHble (DOPMBI KacceT: IIeCTHIPaHHbIC, KPYIJIbIE,
KBaJpaTHbIE, IpsIMOyronbHble. MeTon R-(yHKIMI 03BOJISET ONEPaTHBHO U3MEHATh HH(POPMALMIO
o ¢opme paccmarpuBaeMoii obiactu. Ha pucynkax 6-9 npuBeeHb! pe3yabTaThl UCCIESIOBAHUS IS
pasnuuHbIxX yrmakoBok TB3JIos u ¢popm kacceTsl.

.ZB3Z3E 88 - Z6498E+81

. 245BBE 81
.227R1E.81
. ZBBHZE +81
. 1B9B3E-B1
. 17BBSEB1
L15186E+81
- 132876481
- 11388E+81
. 94BG4E BB

EEOEORCEEN
8
=
H

.39122E-84

Puc. 6. KapTrHbl pactpeneseHus CKOPOCTH U TeMIIEpaTyphl B KPYIJIOi KacceTe ¢ UKINYECKH PACIIOIOKEHHBIMU
TBDJlamu u nentpansasiM TBDOJIom
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.47834E+81
.42393E+81
. 37752E+81
.33111E+81
. 28470E+81
. Z3829E+81
. 19188E+81
. 14546E+81
.99853E+88
.52641E+88

. 4839AE-81
- 359A5E-81
. 314Z8E-B1
. 26934E-81
. 22449E-81
. 17964E-81
.13478E-81
. B9931E-82
. 45879E-82
. 2Z596E-84

IR0EONCREN
[ [S[{=[m]e m]=la] |

Puc. 7. KapTuHbl pacupe/eneHus CKOPOCTH U TeMIIepaTypbl B Kpyriioif kaccere ¢ TBDJIamu, pacnonoxeHHbIMH 110
LIaXMaTHOU cxeme

IIpn xopumopnoii ynakoBke TBDJIoB B KBaipaTHOH KacceTe IS IOCTPOCHHS YpaBHEHUS

KBaJIpaTHOI'O KOXKyXa BOCHONb3yeMcs meopemori 2. PaccMOTpuM  ypaBHEHUE IpsAMOH

k+1 sin[(2k —1)26]
(2k —1)?

nonmyunm o, =R, —rcosp, =0, roe r= w/xz + y2 , O=arctg Y 3ameTHM, YTO TpoIece
X

4
6=R, —Xx20 u nepuopmyeckyro (QyHKUHIO W, = 3—2(— 1) . B pesynbrate
s
k

TIOCTPOEHHS AaHAJOTHYIEH TOCTPOSHHUIO MIECTUTPAHHOTO KOXKyXa, a U3MEHSSTCS JINIIb 3HadeHne N .
Jlns noctpoenuss kopuaopHoi ynakosku TB3JIos Bocnonbssyemes meopemoii 1. 3agagum
2 2 2
fi=R —py —py 20,

rie

. X . X
sin[ (2k —1)-=~ sin| (2k -1)—

hy 4h, h

py =—2L Y ()t
k

(2k -1y

By = TZ(_l)kJrl

n° K (2k—1)2 ’ ks
npu h, =h, .

Torna ypaBHeHHE TOIUIMBHOM KacCEThl UMEET BUI 0=y Ag Oy =0, 0, = f1 20.

B .26159E+08 B .17305E+B1
I .23264E+08 [ .15691E+B1
I .28368E+88 [ .13998E+B1
1 .17472E+88 [ .12304E+B1
B .14577E+08 B .18611E+B1
O .116B1E+88 ] .89178E+B8
B .67858E-81 I .72234E+B8
] .589682E-81 ] .55298E+88
B .29947E-81 [ .38362E+B8
W .99122E-83 B .21426E+B8

OO

(8) OO ONVC

Puc. 8. KaptuHbl pacnpeneieHus CKOPOCTH U TeMIIEpaTyphl B KBaapatHoii kaccere ¢ TBDJlamu, pacnonoxeHHbIME IO
KOPHJIOPHOH cXeMe

Bicnuk 3anopizvkozo nayionanshozo ynisepcumenty Mel, 2015
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. 29132E+81
. 26356E+B1
.23568E+01
. 208684E+B1
. 18828E+B1
. 15252E+81
. 12476E+B1
. 96995E+88
.69234E+88
.41473E+68

. Z8388E+88
. 18125E+88
. 15878E+88
. 13615E+88
. 1136BE+88
.91852E-81
.685A3E-81
.45953E-81
. 234R4E-81
. 85581E-83

EEDECECONEN

Puc. 9. KapTums! pacnpeeneHus CKOPOCTH U TEMIIEPaTyphl B IPSIMOYTroibHO# kaccere ¢ TBDJIaMu, pacronosKeHHbBIMH
0 IaXMaTHOM cXxeMe

BbIBO/IbI

IlokazaHo, uro merox R-pyHKumii sBusercs 3GQEKTUBHBIM METOAOM pEIICHHS 3aad pacdeTa
(u3MYecKuX MOJIeH B DJIEMEHTaX KOHCTPYKLHUH SAEPHBIX JHEPreTHYECKHX YCTAHOBOK CIIOXKHOM
(opmsbl. Pa3paGoraHHbIe KOHCTPYKTHBHBIE CPEACTBA MOCTPOCHHS YpaBHEHHMil rpaHuIl obiacTeil ¢
TPAHCISAIMAOHHBIM W HUKIWYCCKUM THUIIAMW CHUMMETPUH TO3BOJIMIN CYHICCTBEHHO YMCHBIIUTH
KOJIMYECTBO OMNepaluii ¢ MOCeAyIomel aBTOMATH3alMell 3TOro mporuecca, a, CleJ0BaTelbHO,
YMEHBIIUTh U BPEMs pelIeHHs 3ahay. IIpoBeIeHHbIE MCCIIEOBAHUS IO3BOJISIOT KOHCTPYKTOpPaM
BBIOMpATh T€ WM WHBIE BUJBI YIIAKOBOK B 3aBHCHMOCTH OT TEXHHYECKHX TpeboBaHMi. [Ipu sTOM
CYILLIECTBEHHBIM SIBJISICTCS pAacyeT TEMIICPATypHOTO MOJS I KacCeThl B LENOM. MareMaTnieckoe
MOJICTUPOBAHKE M CBSI3aHHBIH C HUM KOMIBIOTEPHBI SKCIICPUMEHT HE3aMEHHMBI B TeX CIIydasx,
KOTZIa HATYPHBIH SKCIEPHMEHT HEBO3MOKEH WIIM 3aTPyIHEH 110 TeM WIM HHBIM IpHuuHaM. Kpome
TOro, pabora ¢ MaTeMAaTHYEeCKOH MOJENBIO HpOIecca M BHIYMCIMTENBHBIA IKCIEPUMEHT aaeT
BO3MOXKHOCTb 0€300JI€3HEHHO, OTHOCHUTENBHO OBICTPO M 0€3 CYILIECTBEHHBIX 3aTpaTr HCCIENOBATh
CBOICTBa U TOBCACHUE IIpPOILIECCa B PA3JIUMYHBIX CHTyaHHHX.‘B TO K€ BPEMSA BBIYHUCIIUTCIIBHBIC
9KCHEPUMEHTBl C MOJACIISIMH OOBEKTOB IO3BOJISIIOT, OMUPAsCh Ha COBPEMEHHbBIC YHCIICHHBIC
METO/Ibl, TMOAPOOHO ¥ TIyOOKO MX H3y4aTh. J[OCTOBEPHOCTb AHATMTHYECKOH HICHTH(UKALNM
TeOMETPUUECKUX 00BEKTOB MOATBEPXK/EHA MX BH3yanu3anueil. JJocToBepHOCTH METONOB pacyera,
pEe3yJIbTATOB U BBIBOJOB IOJTBEPIXKICHA CPABHEHHEM CO CBEACHHSAMH, U3BECTHBIMH B JIUTEPATYypE,
QHAJIN30M YMCIEHHON CXOANMOCTH PELISHHI U BEIYHCICHHEM HEBSI3KH.
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nepemilienb y 6araToKJIMHOBIH cucteMi sk QyHKIT JIMIIe YOTUPHOX HEBIZOMUX, 10 BU3HAYAIOTBCS y SBHOMY BHIJIA 3
BIINOBIIHUX KpaioBuX ymoB. OTpHMaHi BHMpa3u anpoOOBaHO NPU BU3HAYEHHI HANpPYXKEHOTO CTaHy HAaBaHTaXEHOI
30Cepe/KEHUMH CUJIaMU TPUKIIHHOBOI CHCTEMH.
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