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TNABA 1

mAPOAUHAMUMYECKOE CONPCTUBAEHME
HE3AMKHYTbIX NMOBEPXHOCTEH

Onna u3 UeHTpaNbHHIX Npo6JieM aspOJAHHAMHKH MNapalilios
Ta — Onpeje/ieHde CHJACBOIO BO3JEHCTBUA Cpefbl Ha KYMNOJ.
Ona npuMbiKaeT K W3BECTHOH KJacCHYeCKOl 3ajaue MNpUKIals
HOH TH/ApOJKHHAMHUKHN — BbIUHC/IEHHE CONPOTHUBJAEHHA MI0X000~
TEKEEMbIX TeJl, B YaCTHOCTH, OOBEKTOB MPOCTOH KAHOHHUYECKOH
($OpMBI, TaKHX, KaK MJAacTHHA M JHUCK.

OcHOBHOJI MyTh peILEHHS TOH 3aJa4d COCTOMT B HCIOJ/b:
30BaHMM DasiHyYEBIX ,,cXeM oOTekanus‘‘. B HuX npumensercs
KOHLIETIINA HAeaAbHOH HeCXKUMaeMoi MKUAKOCTH; OTPHLIBHOM
XapaKkTep peajibHOrO TeUCHHS YUHTBEIBAETCA C NOMOILIBIO pas-
MeUIEHHS] B NOTOKe JOIMOJHUTEJbHEIX THAPOAMHAMUUECKUX
0CO0eHHOCTEH (MCTOYHMKOB, BUXpeH), KOTOpbleé MOTYT ObITb
Kak [BMXXYUMUCH, TaK H IIOKOSHIMMHCH.

JTOT MOAXOA IMPHMEHSETCS HE TOJNBKO B a3pPOAMHaMIIKE
napaunorta, Ho W B oflleM CJiydae JAJd ONHCAHUS TedeHlist
BOJIM3H MJIOXOOOTEKaeMbIX TeJsl MpouaBOMbHON hopmbl [22; 545
55; 65], v npy KOHKpETHHIX pacuerax OOTeKaHHHA KpblI1OBbIX
npodunedn [20; 60], pewerok [13], CTPOMTEJILHBIX COOpYIKe-
HEWR W T. M.

OO6uiefi uepToil MHOTHX cXeM OOTeKaHus SBAsETCsl Hajuuue
CBOGOAHOrO TNapaMeTpa — HanpuMep, JLOHHOTO JLaBJAeHUs, 410
mpuaeT MM HOJysMOMpHueckKui xapakrep. Hekorophle cxe-
Mbl He colep:KaT CBOGOIHBIX napamerpos. lIpumepoM ABIsCT:
Cs1 1UMPOKO [OpHMeHseMas B aspoJMHaMHKe Kpblia CXeMd
C. M DBenouepkosckoro [5; 6; 7; 8]. OuHakc Takue ,,4HCTO
TEOpeTHYECKHe ! cXeMbl TPeOYIOT pacueTa BHXPEBOH MNeJeHb,
HENpPepLIBHO CXOAAmeH ¢ o6TeKaeMOH MOBEPXHOCTH, YTO CBf-
3aH0 ¢ COAbIIUM OOBEMOM BBIUMCACHUN. 3alaud a3poawHaMH-
KM M JUHaMHKHM [apau:oTa, Kak [paBMJIO, MHOromapamer-
puyeckue, MHOroQakTOpHBIE K JUIS HX pelieHus Tpebyercs
pasHoOOpasue cxeM oOfTekaHuss W BooOlle MATEeMaTHUECKHX
Molenefi. B yacTHOCTH, OpY H3Y4YeHHH HEKOTOPHIX BOIPOCOB
CONPOTUB/ICHUS, YCTOKUHBOCTH U HAIOJHAEMOCTH MOTYT OKa-
3aTbCsl 0JIESHBIMU GoJiee OPOCTHE, SKOHOMHYUHBIE BBIYHCTUTE b=
Hble CX€Mbl, NPUTOAHBIE ISl BKJIIOUCHUS B CHCTEMBl aBTOMATH-
3UPOBAHHOTO INIPOEKTHPOBaHHA. Mbl ONMIIEM 3AECh HPOCTYIO
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NONy3MIOHPHUECKYO cXeMy ,,3bdekTuBHOH noBepxHocTu [43;
45], KoTOpyi0 MNpHMEHHM Jajee (C HEKOTOPbIMH MOAU(DHKA-
UMSIMH) A5 DellleHHst psija  3ajad AMHAMUKY MapailioTHBIX
CHCTEM.

PacuetHas cxema B sutepatype umeoTcs MHOrcuucheH-
Hble YKa3aHH® Ha TO, 4TO JOHHOE J[aR/jeHHe MaJji0 MeHsAeTCs
BJI0JIb KOPMOBOH MOBEPXHOCTH TJIOXOOOTEKAEMbIX TeJl (CM. Harp.,
monorpadun [17] u [53]). D10 06yCIOBJIEHO XapaKTepoM Te-
geHusl B JOHHOH 06JlacTh: CKOPOCTb KHUAKOCTH 3j1€Ch B JECAT-
KM pa3 MeHblle CKOPOCTH OCHOBHOTO motoka [27]. [ToctosH-
CTBO JIOHHOTO [aBJEHUs Uenecoo6pa3sHo HCNOJb30BATL B Kaue-
CTBe MCXOJZHOTO MOJIOXKEHHs NPHO/IMAKEHHON TEeopuy, 4To MN03-
BOJIUT OTKa3aThCst OT pacyeTa TeyeHust B O6JaCTH GJIMMKHETO
cAaena. D70 NOJOMKEHUHE HCIONB30BAJOCH U B APYyTruX pacCuyer-
Heix cxemax [13; 60; 68]. Ouo noarBepxaacTcsa TakkKe U3Me-
PEHWSIMH JIOHHOTO JaBJieHWsi [JIs HAMOJIHEHHBIX [apallioTOB
tMna ,,JIOCKUH Kpyr B packpoe‘*.

B cootReTcTBHM ¢ W3BECTHBIMH CBOHCTBAMH ypaBHEHUH
Hasbe-CTOKCa 1 3KCNepUMeHTaNbHBIMU JaHHBIMM [17] MOXKHO
[IPUHATD, 49TO MPY XapaKTepHBIX IR NapalllOTHON TeXHHKH
fosiblIMX 3HaYeHHSAX uucja PefiHonbAca pacnpenesenue Hapjie-
HHs 710 BHYTpeHHel, O0pallleHHOH K NOTOKY, MOBEPXHOCTH KY-
nosaa ompeaessieTcsi 1eopuell MOTeHUHAIBHOTroO ofreKanus. Bo-
npoc COCTOHT B TOM, Kakoe HMEHHO Teslo (peaJibHas MOBep-
XHOCTb -} ,,IOC/IeTe/I0 ) HWCIOJIB30BaTh AJsi pacyeTa MHOTEH-
uHaJbHOrO OOTeKaHus, B KAaKOH (popMe yuecTb BJAHSIHUE CJIOER
CMeLIeHus] U JajibHero cjaefa.

Kak otmeueHo B [23], pasHble THAPOAMHAMHYECKHE KaBHU-
TAUMOHHBIE CXeMBI, OTJIMYaiollivecsl N0 cnocoby S3aMbIKaHHS H
thopMe KapepHbl, JalOT OJU3KHE Pe3yJ/bTaThl MO paclpeAesiCHHUIO
JlaBJIeHUs] Ha NepefHel MOBepXHOCTH OGTEKaeMOro Tesa, a 3Ha-
YT ¥ 00 3aBHCHMOCTH KO3(hHUIHEHTa CONPOTHUB/IEHUS OT IOH-
Horo naeseHus. CJejoBaTesbHO, BOUpOC O Beibope (opMEl MO-
RePXHOCTH, HCMNOJB3YEMOHN [Jisi pacueTa NOTEHHIUaJbHOro ob-
1eKaHus, MOXKHO pellaTh, HCX0JAA U3 NMPOCTOTHL pacueta, T.K.
pesyibTaThl HE OUYeHb YYBCTBHTEJbHBL K BuIOpaHHOH (opMe.
B HeKOTOpHIX pacCyeTHBIX CX€MaX HCIOJb3yeTCs MNOTEHLHA/b-
Hoe oOTeKaHuWe camMoro obbekta (6e3 ,,mocnertena‘’) ¢ nome-
H{eHHeM B MIOTOK, AJsi yueTa >(peKTOB c/ena, AOMNOJHUTEb-
HBIX ocoOeHHOCTeH (MCTOUHUHKOB, BuXpel). B nanuofi kHure
NpUMeHEH CJeAYIOmUH NOAXOA: /IS pacueTa pachpelesieHus
JaBJeHHs HCMOJIb3YeTCH MOTeHHYaNbHOE OOTEKaHHE HEKOTODOf
‘3 KTUBHOH'‘ NOBEPXHOCTH, HECKOJDbKO YBEJHUEHHON RO Cpa-
BHEHHIO ¢ peasbHoH., HanpuMep, 1ja BBIYHCIEHUA AABIEHUS
Ha nepefHell NOBePXHOCTH JIUCKAa Pajnyca a HCOOJb3yeTcd
peiueHue 3ajayk O MOTEHHIHAJbHOM OGTEKaHMH IHCKa pajauyca
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S.a, rae S > 1. Hapamennas yacTb TOBEPXHCCTH SBASETCA
PyIMMEHTAPHON MOJE/IbIO CXOAALLHX C KPOMOK CJIOEB CMerle-
Hysl (BUXDEBBIX CJIOEB).

[Tpn TakoM nonxoje HeOOXOJAMMO 3ajaTb YCJOBHE, OIlpe-
nensioolee pasmep sbdpeKTHBHON noBepxHoctd. s Bribopa
3TOr0 YCJOBUS BOCTIOJNb3YeMCs CJIeJy IOHM SKCIIePUMEHTAb-
ubiv (akTopom [27]: n3BeCTHO, 4TO PasHOCTb JaBJEHHH 11O
offeuM CTOPOHAM CJIOSi CMeLlIeHHs, CXOASILEro C KPOMKH, OUYeHb
Majia, MeHee 19 OT BeJqMUHMHBE CKOPOCTHOro Hanopa. [as
HALIUX Hefell MOXKHO mpeHeGpedb 3TOH MajioH pasHOCTBIO H
{IPUHATL, 4TO Nepenaj AaBJIeHMH Ha KPOMKe KyMNoJda paBeH
HyJ/10, T. €. BHYTPeHHee [aBJeHHe, Onpeje/semMoe [0 TeOpHH
HOTEHIUATbHOrO OGTEKaHHS, 31€Ch PEBHO JOHHOMY JaBJieHHIO.
[Tpy 3a7aHHOM JOHHOM JIaBJeHHH 5TO YCJIOBHE ONpenessieT
pasmep 3pdeKTHBHOH MOBEPXHOCTH.

BesnuuuHy AOHHOTO AaBACHHS pp MOXKHO 3aZaTh C HO-
Moluibio Ge3pa3MepHOro uMcJa paspekeHus Q:

pe=pe—QQ, (r.n

rle p. — [JAaBJeHUe B XKUJKOCTH BJAMH OT OOTEKaeMoiH mno-
BEPXHOCTH, § — CKOPOCTHOH Hanop.
[IpepnaraeMyio pacyeTHYIO CXeMV MOXHO CHOPMYJHPOBATH
Tax: .
1) Pacnpenenenne naBsieHus Ha BHYTpeHHeH, ofpaiueH-
HOH K MOTOKY, NOBEPXHOCTH KyTOJia IPUHHMAETCS TAKKUM Ke,
KaK W [pH MOTeHHHAJIbHOM Ge30TPLIBHOM GeCUUPKYISUHOHHOM
OOTEKAHHH NapauroTa WAeaJbHOH HECKUMAeMOH KUAKOCTHLIO.

2) JlaBjieHve Ha BHellIHe# MOBEPXHOCTH KynoJa (AOHHOE AaB-
JleHye) TpH YCTaHOBHUBILEMCHA ABHMEHHH CUuTaeTCs MNOCTOSH-
HbIM BJOJIb MOBEPXHOCTU U CBSISAHHBIM CO CKOPOCTHBIM Hano-
pom dopmyaoht (1.1).

3) Tlepenan naBneHH#t HA KPOMKe KyNoJa paBeH HYJIIO.

OnpejiesieHue COMPOTHUBJAEHHS] Teja 10 TPEeJACTABNEHHON
cxeve 1) —3) npu 3ajaHHOM UHC/AE paspekeHHst § CBOAWT-
¢ B OCHOBHOM K pPeUICHHIO 3aJaud O NOTeHNWAJTLHOM ©6-
TEKaHHY HE3aMKHYTON HOBEDXHOCTH KynoJsa. ITa 3ajaua,
B CBOIO Ouepejib, MOMKeT ObITh CBeJE€Ha K CHHTYJSPHOMY
HHTETPaJbHOMY YDPABHCHUIO (CM. TIJl. 3), KOTOpOE pellaercst
TPaJMIMOHHBIM METONOM JHCKpeTHeIX BuXpe# [b; 6; 7; 8.
Pacuer conpotuB/ienus Kynoaoo6pasHo#i o6oJ0UKA BpaileHys
TpefyeT, KaK NOKa3blBAaeT ONBIT, He (oJee HECKOJbKUX ce-
KyHJ MalvHHOTO BpeMend OBM cpeaHero €blcTpomeficTBus.
Jlag pana OpocTBIX MOBEPXHOCTEH perieHWe MOXKeT ObITh MO-
JIyueHO B 3aMKHVYTOM BHJE.

ConpoTuBienHe AUCKa M nJjacTuHbl. [Ipumenum sty pac-
YETHYIO CXeMy AJsl BBIUMC/IAEHHA KO3(pOpUIHeHTa CONpPOTHBJE-
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BHs pucka. Mcenosbsya w3BeCTHoE pellleHMe 33ajauyd O NMOTeH-
HHaNbHOM OOTeXKaHHW AKCKa [33] U NpuMeHss NpaBUJa pacuera
1) —3), maxomum: yasaunenue S = (1 4 1)1/2;

KO3(p(HLIMEHT CONPOTHBJECHUS

C=014+QA+2d—rlnd+2171), (1.2)
rae A=4n"2(1 + Q)"

31ech KO3h(PUIUEHT COMPOTHBJAEHHS OTHECEH K IUIOLLEAH
JMCKa W CKOPUCTHGMY Hamnopy.

Paznoxenue 3aBucumoctu (1.2) B psia 10 creneHsm @
A0 4JICHOB BTOPOTC [OpPAAKa JaeT HOPHOAHMKEHHYIO gopMyJty:

C = 0,697 + 0,799Q -+ 0,0568Q*. (1.3)

KoatduunenT npy KBAAPATHUHOM 4YJeHE Majad, ¥ B [pak-
THYECKH peanusyeMoM auanazoHe (0 < @ < 1) 3aBaACUMOCTB
CONPOTHBNEHUA OT LOHHOIO AaBjeHus GJHM3Ka K JIHHEHHOH.

MapecTHo {23}, uTO 3KChepHMeHTasbHBIC HJaHHBEIE, HOJY-
YeHHbe B OCHOBHOM IJI5 CYMEepPKABUTHPYIOMHUX JUCKOB, XOpO-
[0 COIJIACYIOTCS C HHTeDnoJsauuoHHoH dopmynoll Ilaeccera
u Heddepa

C = 0,805 + 0,805Q + 0,0225Q%, (1.4)
a TakxKe sMmrupuueckoll JuHefiHo# dopmynof Palixapara:
C=0,79 4+ 0,79Q. (1.5)

Conocrapnenue cooruowenust (1.3), (1.4) u (1.5) noka-
3HIBAET, YTO pacueTHas cxema l) — 3) mo3BogsieT AOCTaTOUHO
TOYHO ONpeleauTh HakjaoH 3saBucumocTd C =C(Q) u co-
JEPKUT HeBOJbUIYIO CUCTEMATHUECKVIO IOIPEHIHOCTb NOpsiKa
10%. 3aMeTHM, 4TO TaKViO Ke [OTPELIHOCTb HMeeT WIHPOKO
npHMeHsieMasi KJacCHueckas KpuBas beTua 3aBHCHMOCTH N0Ab-
eMHOH CHJIBI OT VrJa aTakH ajs npodunas JKyKOBCKOTO

AHaNorvguple pe3yJbTaThl MOXKHO NOJYUHTb /8 JIOCKOH
JIACTHHBI, OPTOTOHAJbHOH K notoky. IlpuMeHeHue pacuyer-
HOH cXeMbl M pelieHius 3ajaud O NOTEHIMaJbHOM OOTeKaHWH
niactunnl [31] maer xosdduunent couporuBnenus C= Q +

+2—(Q+2 Q-+ DVIn(Q+ DY+ (@Q+ 2"
UM ¢ TOYHOCTBIO A0 Q%
C = 0,754 (1 + 1,077Q - 0,0529Q%). (1.6}

DkcnepuMeHTabhble januple npu 0 < Q < 1 xopowo an-
POKCHMHPYIOTCS JHHefiHOH dopmysofl [23]:

C=0,880(1 + Q). (1.7)



Conocrasnenne ¢opmyn (1.6) u (1.7) noxaswiBaer, uTO
pacueTHas CXeMa VJIOBJETBOPUTENbHO BOCIPOM3BOAHT HAKJOH
3aBucHMOCTH C = C (Q), HO CHCTEMATHYECKU 3aHHKEET KO3(-
(PULLHEHT CONMPOTHUBACHHs NpUOAn3HTeAbHO Ha 10% . ¥YcrtpaHe-
HUE CHCTeMaTHueCKOH norpeiiHocTH noTpeGoBano Gkl 3HAYH-
TEAbHOTO YCJOKHEHHA pacyeTHOR CXeMbl M Obl10 GBI, Bepo-
ATHO, OecroJie3HbIM [/ [OpPUIOXKeHu#: oObluHas TOYHOCTH
SKCHEepPUMEHTANbHBIX JAHHBIX, MOJYYeHHBIX B aspoiHHamuue-
CcKHX Tpy6ax, Toxe mnopsika 10%. TouHOCTb HATYPHBIX
HCOBITAHUH TapalilOTHBIX CHCTEM, KaK NPaBHJIO, elle HUXKE.

OxcnepuMenTanbable 3aBucuMocTd (1.5) u (1.7) nosyueHs
B KaBuTauuonHoM pexume. Ho kosdpduuments conpornsie-
HUSI OpH GeCcKaBHTAIMOHHOM OOTEKaHHH TAKXKe VAOBJETBOPS-
FOT 3THM 3aBHCHMOCTAM. Hanpumep, mis 1/I0CKOH M/IaCTHHBI
C=20mnpn Q=13u C=1,5 npu Q=~0,8 [53, ra. ;'
10). Hust gucka C= 1,2 npu Q=05 {53, ra. 1, 10] u
C=11nopu Q=0,4[9]

OpnnosHadnocth 3aBucumocTH C = C(Q) mpd pasHeIX pe-
EUMax o0rekanusi o0yC/OBJIeHa, KaK M3BeCTHO, (GUKCHPOBAH-
HbIM [OJIOXKEeHHeM JIMHUM OTPBIBA [OTOKAa HA OCTPBIX KPOMKAX
ofTeKaeMbiX NoBepxHocTelt [23].

ConpoTuBjeHue cepuyeCcKHX KYROJIOB R BbHIGOp uHCJIA
paspexenusi. VspecTHolll uHTEpec A5 MeXaHWKM napaunora
OpencTaBiasieT pellieHve 3aJad¥ O HOTEHIMAJbHOM OOGTeKaHUH
cepuuecknX Kynosos. DTa 3agaua pemena B padore C. K. H6-
paxuma [59] u HesaBuCHMO APYruM MetopoM B [22]. Hexkoro-
pble CBeJEHHst O DellIeHWH NpuBeJeHbl HuXKe, B ra. 3. [lpu-
MeHeHHe 3TOTC pellleHHs] W IIDaBHJ pacueTHOH cxeMbl 1) — 3)
TO3BOJISTET PacCUliTaTbh 3aBHCHMOCTEL KO3(D(HIHEHTA CONPOTHB-
Jenust C cepuyeckoro Kynosna OT 4ucaa paspexenus Q H
yrya pacKpuiTHS KynoJia ¢. PesyJbTaThl BbIUMCIeHUE npUBeje-
gel Ha puc. 1.1. KosdduuueHT cONpOTHBAEHUS OTHECEH K CKO-
POCTHOMY Hanmopy ¥ IJIOm@AM BXOJHOTO OTBepcTHs na’sina,
{(a — paanyc kynosa). [losoxuTesabHble B3HAUEHHST « COOTBET-
CTBYIOT KyNoJiaM NapAINoTHOH KOHGUIypanuH, obpalieHHBIM
BHYTpeHHel CTOPOHOH K KyHoJy, OTPUHATENBHBIE — KYNOJaM,
ofpaleHHbBIM K 1OTOKY BHeluHeH (BBIIYKJIOH) CTOPOHOH.

3aBucuMOCTh  conpotuBaeHnss C OF dpcjaa paspeenus Q
fmuska K aumeiinoft: C = C, + QC,.

Kosdpopunuenrst C, u C, nokasaesl Ha puc. 1.2 B dyux-
gun or yraa a. [Ipu o > 90° xosdbdunuentsr Cy u C; mano
OTJMYAOTCS OT efUHHIBL. [IpHunHA COCTOHT B TOM, UYTO Yy
KYIOJIOB MapamoTHOR KoHGurypanuu (6oJblline 3HaueHus o)
CKODOCTb [IOTOK2 NOJ KYHNOJOM, KaK IOKa3bIBAIOT BhIUKCIE-
HHs, BecbMa Mana, H, CJAeI0OBaTe]bHO, nepenaj JaBieHufl P,
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Puc. [.1. Kosthhuuuent conpoTuBieHns chepu- S5-7

UYeCKHX KYIOoJ0B :

Puc. 1.2. Kospduunentt Cy 1 Cy 1as chepn-
ueckux KynoaoB: C = Cy - QC; 010

Puc. 1.3, 3aBucumocts K03(pPUIHEHTa CONMPO-
THBJIEHHS OT yIJIa PacKpHITHA o ChepHYecKoro
Kynona 005
X — 3KCIIePHMEHTAJIbHBE JaHHhE 4 \

Puc. 1.4. 3aBucamocTs napameTpa yIJTHHEHHS
S or yrsaa packpbTHsi cEpPHUYECKOro KymoJa
o npu Q= 0,42 - N,
0 60 120 o°
onpeje/eHHbI O NpaBU/IaM PAaCUETHOH CXeMbl, MOYTH MOCTO-
sHeH no kymoay: P== (1 4+ Q)g, uto u gaer C= 1+ Q.

Bemyuuna P 3aMeTHO OTJIMYAeTCs] OT HOCTOSIHHOH TOJIBKO
B y3KO# 30He BOJIH3W KPOMKH, TJie nepenaj AaBleHHH GhICTPO
cnajaer Ao HyJs.

Pacuetnyo cxemy 1)— 3) HeoGXOAMMO [ONOAHHTL 3aja-
HUEM uucJsa paspexkeHus Q. VsBectho, uro mjs gucka Q=
=04 ... 0,6[9 53], 118 HaNONHEHHLIX NapALIiOTOB @ =<
=~ (0,3 ... 0,65. Bysem npennonaraTb, 4YTO JJIsi OCECHMMET-
PUYHBIX KYMOJIOB (J He 3aBUCHT OT (QOpPMBI KyroJa # GIH3KO K
sHageHuo Q aaa gucka, Ha puc. 1.3 mokasama 3aBucHMOCTB
K03 (UIUeHTa CONPOTHBAEHNAS OT WHOJAYYIJIA PacKpPhITHS s
chepuueckux kynosioB, OHa DoCTpoeHa 1o AanHeiM puc. 1.1 B
HpeAnoNoXKeHnu, 9to Q He 3aBUCHT OT o. [lpuBenenn rpadu-
ki C =C (o) mpu Q = 0,40; 0,42 u 0,45. Tam ke mnpupene-
HBl 3KCIePHMeHTA/bHBE HAaHHBIE IJIST KECTKHX cdepuyecKux
KRynosoB [19]. Bujno, 4TO NpeAnoONIOKEHHE O HE3aBHCHMOCTH
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gucsa paspexkeHus @ OT of He IPOTHBOPEYHT SKCHEPUMEHTY.
Boibepem no puc. 1.3 «Hausnyuilee» CTaHA3DTHOE 3HAYEHUE
Q=042 u Oygem jJajsee fpeAnoJaraTb, YTO 3TO 3HAUYEHHE
gHC/Ia paspeKeHus NMPUTOJHO /IS ONHCAHUSA JOHHOTG JaBJe-
HUSI CTAllMOHAPHO JABIKYUIHUXCH NAPALIIOTHBIX CHCTEM. .

D10 NpeAnoaoKedre 3aMBIKAeT pacuUeTHYIO cxeMy. OHO 03B0-
JIsleT PacCYMTBIBATL € Y/AOBJETBOPHTEbHOH TOYHOCTBIO COMpPO-
THBJIEHHE OCECHMMETPHUHBIX H NOYTH OCECHMMETPHUHBIX KYIIO-
noB. [L14 pacyeta CONPOTUB/IEHHS BEITHHYTHIX NJIACTHH, IaHEeH,
HE3aMKHYTBHIX [LUJUH IpUYecKuX 060JIOUeK U T. 1. HenecoobpasHo
ACMOJIb30BaTh KO3(p@UIHEHT paspexeHHss MJOCKOH MJIaCTHHEL.

[Tapamerp yasuuenus S nmpu Q = 0,42 wmano oTiHuaeTCs
or epunuubl (puc. 1.4). 3asucumocts S = S(«) HaillgeHa o
{IpaBUJIaM pacUeTHOH CXeMbl € WCHOJb30BAHHEM pelleHHs 3a-
Jaud O NMOTEHUHAJbHOM OOTEKAHUH CPEepHuecKero KymoJa.

Cnefyer 3aMeTHTb, 4TO UPSIJIOKEHHbIEe 316Ch [paBU/a
pacueTa CONPOTUB/IEHHS He3aMKHYTBHIX MOBEDXHOCTEl SABISIOT-
¢si CKOpee 3BPHUCTHUECKHMM KapKacoM, 4eM 3aKOHUYeHHOH pac-
geTHOH cxemofi. Kaxjpoe pacuiupenne oOJacTH NPHJIOKEHHs
(yueT HecTaIMOHAPHOCTH JBHXKEHHS, NPOHHLAEMOCTH TKaHH
U T. 1) TpeOyeT AOMNO/HHUTENbHBEIX I'MIOTE3 O HOBEJEHHH JOH-
HOTO JaBjeHHst HJIH MNapaMeTpa YAJHHEHHs. IDTH THINOTESE
OyLyT BBOIUTbCA B XOJe OOCYXKIUEHHS COOTBETCTBYIOIMX
8ajiay.

Hanpumep, uccnepyst apHxeHHe Kynosa ¢ MeHsiouiefics
¢dopmoii, 6ynem NpHHUMATh, YTO MapaMeTp YIJMHeHus S B
Kax bl MOMEHT BpEeMEHH ONpefensieTCss TOJBKO MIHOBEHHOMH
QopMoii U MoxeT ObITh Halijled H3 pelIeHHs 3aJayd O CTa-
UHOHAPHOM ABUXKEHuH. Takofl «KBasHCTALMOHADHBIHY MOAXOJ
fI03BOJISIET pACCMOTpeTh NyJbCallHH HANOJHEHHOTO KynoJa
¥ HEeKoTopple (as3bl PacKpHITHA.

AHajoruyHele JOMNOJHUTENbHBIE THIOTE3B HEOOXONUMEL B
/o00# noJyIMIHPUYECKOH pacueTHOl cXeMe, B YacTHOCTH,
B Da3NHUHBIX MOAE/SX KAaBUTAUHUOHHBIX TeUeHHH, W JHulb NIO-
JyUeHHBIH B pe3ysbTaTe HX NPUMEHEHMs] [POTHO3, MONTRep-
K IeHHbIH MPAKTHKOH, ONpaBAbIBaeT YCWIMA [pPH HX peasd3a-
{11H.



TJTABA 2

NOCTAHOBKA OCHOBHbBIX 3AHAY AMHAMMUKHU
MAPALIOTHOW CHCTEMbI

2.1. [ABMKeHme NapawlloTHOH CUCTEMbl
BAONb OCM CMMMETPHM

Merton pacwensenust. Ecau 3aBiucnMocTh QopMsl Kymosa
OT BpEeMEHM 3ajJaHa, TO c(OpMyJHpOBaHHAs pacueTHash CXeMma
NO3BOJIsSIET HafiTH pachpejesieHde JaBJeHUusl MO NOBEPXHOCTH.
s sToro Heo6XOAMMO, B YAaCTHOCTH, DEIUMTb 3ajady o [o-
TCHUMAMbHOM OOTEKaHUM KYNoJa, YTO KaK H3BeCTHO, sIBJISETCS
sanaueli Hefimana ans ypasHenusi Jlannaca [40). D¢derTuBHbH
METOJZ €€ DPelUeHUs — IPUBEACHHE K CHHIYJIAPHOMY HHTErpajb-
HOMY YPaBHEHHIO MEepBOT0 pOja C SAPOM, COIEpKallHM OCO-
SeHrocth THna Kowmw. UucaeHubl METOS «IHCKPETHRIX BUXpei»
L5 peleHHs TakUX ypaBHeHuH onucaH B [5—8].

Jas MArKHX napauntoTHHIX KyNoJdoB (opma sapadee Heus-
BeCTHA H MNOMJEKHT ompefieseHuio. OHa 3aBUCHT OT pachpe-
JlesieHus Hepernaja [JaBjleHUH, KOTOpOe, B CBOIO cuepenb, 3a-
BUCHT OT QOpMBI 000JIOUKH, DTa CUTyauusl THIHUHA /s 32124
aspoynpyroctd [10; 51]. B xauectse Meropga pelueHusi npei-
JaraeTcst CJCAYIOMUA MeTO] pacilellyieHns] CBSSAHHBIX 3aj]a4
THIAPOAKHAMUKY H TeopHH OBOJCUEK.

AnnpokcHMApDYeM TMOBEPXHOCTL Kymosa cemeficTBOM (yHK-
IUf, 3aBHCHIIAM OT 7 napameTpoB (opMbl ;. Pemas 3agauu
O MOTEeHNHaNbHOM OOTeKaHHH MOBEPXHOCTeH NaHHOTO CeMeHCTBa,
HalJeM [0 «IPaBUJIaM» PACUETHOH CXeMBl pacnpejesieHne [as-
JIEHHSI, 3aBHCAllee OT NapameTpoB (opMBI o, a 1aKkKe ux
IIPOM3BOJIHBEIX 110 BpeMeHH &;, &,. IloxcraBnss 3arem HafineH-
HOE paclpejlesieHHe AABJICHHS B yPaBHeHHSA ABHIKEHHS 06OJOUKH
¥ YIOBAETBOPSAS 3THM YpaBHEHHSM MNPUOMMKEHHO, [OJyYuM
AJIst 1apaMeTpoB (OPMBbl o; CHCTeMY HeJHHeHHBIX OGHIKHOBEH-
HBIX AuddepeHUHanbHBIX ypasHeHHH. PellleHue 3TOH cucteMsr
ONpejesIsieT 3aBHCHMOCTb INapaMeTpoB o; OT BpeMeHH, T. e,
usMeHneHue GoOpMbL 000JIOUKH CO BpeMeHeM. I/ CTalHOHARHOTO
ABHKEHHS YpaBHEHWs1 PaBHOBECHS OOOJOUKH MPHBOAST K CHC-
TeMe TPaHCHEHJEHTHBIX ypaBHEHHH OTHOCUTENBHO NapaMeTpoB
o;, pellerne KOTOpoH npub/uHKEHEO ONpenesseT PaBHOBECHYIO
B NOTOKe (opMy MSATKOfi 000J0YKH.

3TOT METOA SIBJSETCS PASHOBUAHOCTBIO IPUMEHSAEMBIX B 89D0-
VOPYI'OCTH METOMOB (IIOJNYKECTKHX (HOpM» M JPYTHX POACTBEH-
HBIX MeTogoB [7; 11; 51). B Teopum napamnora ujes 3aianus
(GopMB! KYIIOJa B BUJE HEKOTOPOH MOBEDXHOCTH, 3aBHCsiield
OT ORHOTO NapaMeTpa, Bocxoaut K paboram X. A, Paxmatynuna
[36], B. Mioasiepa [63] u . O’Xapa [64]. Dror noAxoh npu-
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MeHsieTcsl ¥ B COBpeMeHHBIX paboTax MO MeXaHHKe NapalnoTa,

MoTtenuuan ckopocTell M pacnpeaenende nepemaja iabJe-
auil. PaccMOTpUM ri1poAHHAMUYECKYIO 4acTh PACILeNIeHHOH 3a-
nauyn. Bynem cuntarh KynoJ HenpoHHIaeMOH 060J0uKOH Bpalle-
HUS NMepeMeHHOH ¢OpMBL, ABHXKYIIEHCS BAOMbL OCH CHMMETDHH.
Ilyctb ¢ — noTeHnuan cxkopoctefl. 3Ta (QYHKUUS CTpeMUTCS
K HYJO BAaJH OT KYNOJa, BCIOLY BHe KyNoJa YIOBIETBOpSET
ypasHenuio Jlannaca: A =0, Ha MOBePXHOCTH KymoJa yAOB-
JIETBOpSIeT YCJIOBHIO HeNpoTeKaHus [33]:

op

Tn = Ve

rae Vo — CKOpOCTb TOYEK MOBEPXHOCTH; 1 — €IHHHUHBIH BeK-

0
a—n—HpOI/ISBOﬂHHH 10 HOpPMaJH.

CkopocTe V¢ yAOOHO OpefCTaBUTL B BHAE CYMMBI «TBEPAOC-
TeNbHOH» CcKOpocTH V 1 «aedopManHoHHOR» CKopocTH Vg
B xawectBe V¥V MOXHO HCIIOJNB30BAaTh CKOPOCTH KaKOH-HOO
Toukd O Ha ocu CHUMMETpPUH (HAOPUMEP, MOJIOC KYNOJa, LHEHTp
IS cepuyecKod WM 3JJHNTHYECKOH OOOJOUKH K T, 1.).
Ecan ypaBHeHue MOBEPXHOCTH KYNOoJa 3a/aHO B BHJE!

r=rg(s 1 2=z, 1), (2.1)

TOp HOpMaJaH K MOBEDPXHOCTH;

rie r, z— UMJIHHJDHUYECKHUE KOODJAWHATHI C LEHTPOM B TOUKe
O (ocb z wHanpaB/eHa O OCH CHMMETPHH), S— AJMHHA AYTH
BJ0Jb 00pasywolel KynoJaa, {-— BpeMs, TO HOpMmasjbHad K 1o-
BEPXHOCTH KOMIIOHEHTA CKOpPOCcTH V4 ecTh!

orq 0z,
n- Vd=‘a’{sz+“a‘[COSX

(y — yron mexny BHEWHeA HOPMajbio H OCBIO 2).
Tak kax

ore Oz, .
Bs = COS Y s = —SIny; (22)
D (rcv ZC)

o n-V,=d, rae d= DG
z, 1O nepeMeHHIM S, !. YuuTwiBag, uto n -V =V . cosy,

rie V —mnpoekunsi ckopoctd V Ha oCb 2, 3aOHieM YCJIOBHeE
HENPOTEKaHHsI B BHJE:

— AKOGHaH GyHKIMA 7,

0y
W:Vcosx—f—d,

CnejfoBaTe/IbHO, MOTEHLHAN CKGPOCTEH ¢ MOXKHO MPEACTAaBUTD
B BUIE CyMMbI

o=Vo, + o, 2.3

11



rie ¢, M ¢, — rapMonnyeckue (GyHKINH, yIOBIETBOPSIOUUE
Ha NOBEPXHOCTH KYIIOJa YCJAOBUSM:
0 L)

i .o 2td
— =cosy; - d

Annporcumupyem noBepxHocTb (2.1) n-mapaMeTpuueCKuM
ceMeHcTBOM (BYHKIME:

r=r.(s a, ..oa), O<ss<ly
2=2,(8 g, 0 ), % =y (l). (2.4}

B coorsercTBHH ¢ (2.4)

n
D(r,, z,)
= i i S
d= Ea"di’ d; = D(s, a) ’
i=1
M, CJELOBaTeNbHO, AeQOPMALMOHHBI MOTEHLUAA ¢, MOKHO
NPeACTaBUTb B BHAC CYMMBI

{2 =i_21 &9, (2.5)

31ech @; — rapMoHuueckie (YHKUHH, YIOBJIETBOPSIOLIKE Kpae-
BBbIM YCJIOBHSIM:

O9;

on &

CnenoBaTebHO, AASl pacueTa JaB/jieHUst HeOOXOQUMO pPelldThb
(n -+ 1) 3agauy Teopuu noreHuUuasa. [ paHuuHble YCJAOBHA HIJIst
NOTEHUUANOB @, U ¢; HE COIEPKUT BPEMEHH SIBHO, UTO O3BO-
JIfeT ONpelie/iTe ¢, M ¢; 3apamee, 10 DelleHHs 3a4aun O JBH-
KeHHu KynoJa.

Kpaesble yc/oBUA [OJAXKHBL ObITb IIOCTaBAEHBL Ha atiex-
TUBHOH MOBEPXHOCTH!

Ap, =0; |V |=0; 2
¢y =0, [V, (0)| =0; = = cosy,
IpH 7 =1 (S, o) 2=2.(5, o), 0 <5< S5
dp;
Ag; =0; |Vg;(o0)|=0; E{lzd;‘» (2.6)

mpH r =71, (s, o), 2=2,(s, a;),
0<s<§, 2.7)
rae A — oneparop Jlannaca, S = S (o) — napameTp yAJIHHEHHS,
[Tpyu HaJMUUH KOHCTPYKTHBHEIX OTBEDCTHH, COXpaHSIOMMX

OCEBYI0 CHMMETPHIO — ITOJIIOCHOTO OTBEPCTHUA HJAH KOJbBIEBLIX
HLeJIEI:'I,— HapyHtaroUiHX OJHOCBASHOCTD IPOCTPAHCTBa, 3aHATOr'O
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JKMJKOCTBIO, HEOOXOIMMO MOCTABHTD IONOJIHUTE/IbHBIE YCJOBUA
Ha HUPKYJIALNAI0 CKOPOCTH.

M3 ¢dopmyn (2.3) u (2.5) caeayer, yTo noTeHuuan ¢ sa-
BUCHT OT 0000UleHHBIX cKopocTelt V M &, muHedHo. D10 O3Ha-
yaeT, YTO ONpeleseHHBI MO pacueTHOR cxeMe nepenaj aap-
JEHHA  COUEPKHT JMHEHHYI KOMOHHALHMIO —JMHAMHYECKHX
nepemerssix V, a;, V2, Va,, a0y, (i, j=1, ..., n). Koap-
GUUMEHTHl NPH 5THX MEPEeMeHHBIX BLIPAXKAIOTCS 4€pe3 [OTeH-
Uuanel ¢, U Q.

HOna BelunmcieHUs JaBieHMst p~ Ha BHYTPEHHed IOBEpX-
HOCTH Kylosa BocHojb3yemcest uurerpanom Komwu-Jlarpanxa,
3allMCaHHBIM B MOABUXKHOH cucTeMe KoopauHar [33}:

- oD I - -
prs h=po——2 —5 (Vo) + Ve Voo, (2.8
rie D=9 (r = ro(s, ou);, z=2.(s, @;))— 3HaueHHe MNOTeH-

LiKaja ¢ Ha BHYTPeHHeH NOBEpXHOCTH.
JoHHoe naBienue paeHo (ra. 1):

pr=p (=1 1), 2.9
TaK uTO Nepenaj NaBleHull ecTb: P = p~— pp.

31ece u HUKe OYyAyT UCMONB30BaHLl Oe3pa3MepHEHie mepe-
MeHHbLIe: €JMHHIA AJMUHBI — DACKPOHHBIA DafuyC &, €NHHHIA
Macchl pS§ (p — MIOTHOCTb (KHAKOCTH), €IWHHIA BpEeMEHH —
T = (Ns;/@)\?, N = 2nps}/m— uucno HeioTona (m — macca
CracaeMoro TIpysa); g — yCKOPeHHe CHJbl TATY (HampuMep,
YCKODEHHE CHJBl TfXKECTH [PU ABHXKEHHH B atMocdepe HJIH
YCKOpeHUe, Co3/aBaeMoe CHJION IIIaBy4eCTH, A [apaillioToB,
TOPMO3SIIUX BCIIBITHE); €IUHUNA CHIB — mg/H{2m).

Ucnoawsys dopmyny nns nasienus (2.8) ¢ HOTeHIHaNOM
(2.3), (2.5), ynoBnerpopsiomuM ypaBHeHHAM (2.6) u (2.7),
HaxOJUM MO NpaBWjiaM pacueTHOH cxembl Il | pacnpejenenine
nepenaja AaBJeHUH £ HA NOBEPXHOCTH KyloJsa:

P=2(’],~{R,}—-%2qﬂl{Rii}. (2.10)

=0 =0
3rech g, — 06OOIIEHHbIE CKOPOCTH, Gy =V, g, =a; (i > 1),
Ry=Dy; Ri=®, (=1); Ry = (@) +siny)?
Ry =@y, i—d;cosy — @ (®}; +siny) — )1, (=1)
Ri,j=®; i+, i —did; + ©:D; — Pil; — DPjly, @, = 1),
@2.11)
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rae @ u @, — 3naueHHs COOTBETCTBYIOIIMX MOTEeHIHATOB, ‘Ha
BHYTpeHHeH nosepxnocm KynoJia;

o _ 000 g 0%
=" ¢ Tas
00 ob;
o= o=
13
. J
l, = COSXg%“S‘nX a;‘ . (2.12)
1

B dopvyne (2.10) u nanee Bciofy GUrypHele cKoGKu O3Ha-
YaloT DAa3HOCTb MEXK]Y BhIpaXKEHHEM B HHUX 3anHCaHHBIM X
aHANOTWUHLIM BBIDAXKEHMEM Ha KPOMKe KynoJa npn s = l.
[Ipeanonaraercs, B COOTBETCTBHH C NpaBWJIaMH pacueTHOM
cxeMbl I |, 4TO fOHHOe JaBjieHHe p, MNOCTORHHO NO EBHEIl-
Hefl NOBEDPXHOCTH KYIIO/Aa W PABHO MOAKYTOJBHOMY JAaBJEHHIO
Ha KpoMKe (2.9).

[Torenuwansl ® v P, 3aBUCAT OT mapamerpa yJIHHEHHA
S. B pamkax npunATOfi pacueTHO# cxXembl Oyne mnpelnoJa-
raTb, 4TO S ONpejessieTcs TOJNBKO MTHOBeHHOH ¢OpMOfl Ky-
nosia. JTO O3HAUAET, YTO mapaMeTp S MoxKeT ObITb HafileH H3
pelueHHs 3ajayd O CTAlHOHADHOM [BMJKEHMM MNapaiiioTa
(V = const, a,=const) ¢ unciaom paspexenus Q= 0,42.
TIpn TakoMm ABHMKEHUH MOJKYIOJIbHOE [aBjIeHile Ha KPOMKe

PrEps=1)=p.+g V=5 VPRE. (213

(3Be3n0uKa (*) O3HayaeT, YTO BeJIMUMHA R,, BBIYHCAAETCA HA
KpoMKe, npu s = 1).
Tak kax no (2.9) n (1.1)

p* =p3=pw~%V2Q, (2.14)

TO u3 comocraBierus (2.13) u (2.14) BhiTeKaeT ypaBHEHHE,
onpejiessiolllee  3aBUCUMOCTb [1apaMeTpa yAJAUHEHHs & OT ma-
paMeTpoB (POPMBL @

=1+Q. 2.15)

Paspemiass  ypasHenwe (2.15) orTHocutenpHo S, HaiijieM
dyukwo S = S(a;, Q). ®opmynaa (2.15) cosmectHo ¢ (2.6),
(2.7), (2.10), (2.11) samplKaeT NOCTaHOBKY 3aJau¥ O BBIYHC-
JIEHUH Tiepenaja JaBJeHUHl NPH 3aJaHHOM ABMIXKEHHH KynoJa
(mpu usBectHnix V, V, o, &;, ;).

YpapHenHe paBHOBecHs Kynosa. Mcnosbsyem npoctefimnyto
MOJiesIb KyTOJIa fapallioTa — HeBecoMas 000JI0UKa BpalleHus,
B KOTOPOH OTCYTCTBYIOT HArPsKEHHS B asHMyTaJLHOM Hanpas-
JIeHH¥, a B MeDHJIHOHA/JbHOM HalPaBlCHUH OHA HEPACTsIKUMA.
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Dra Mozenb WCNONB30BaNach e€lle B KJIACCHUECKHUX paboTax
{30; 70] v B HacTOsILlee BpemMs NPHMEHSIETCS BO MHOTUX HC-
cnenopanuax {25; 38 u ap.] KaKk yjnoOHBIA jaa aHajusa npe-
‘menprnlfi caywa#i ofmedi Momenu X. A. Paxmaryauna [39]
npu €ONbLIIOM 4KcJie CTPOM.

YpaBHeHHe PaBHOBECHs »JIeMEHTa TaKol OBOJIOUKM:

0
s (Trc'c) -+ Prcn =0, (2.16)

rae T — MepHAVOHAJIbHOE HATSKEHHE, T, I — OPTH KacaTesb-
HOH M HOpMaJH.

Ipoextupys (2.16) Ha % ¥ © ¥ yUUTHIBAsI, UYTO
ot oy,

v _n__ %
5 T T T TR

rae { — noKaJabHBIE DPafHyC KPHBH3HEL MEPHAHOHAIBHON JHe
HHH, MOJyyYaeM:

7] T
5Try) =0, F—P=0. @.17)

W3 (2.17) crnemyer, yto mnpowusseneHue Hatskenus T Ha pa-
IMalbHYIO KOODAUHATY 7, HE 3aBUCUT OT § H, C/IelOBATEJILHO,

MOMKET 3aBHUCETb TOJBKO OT BpEMEHH:

Tr.=A(). 2.18)
Hcnonpays (2.2), (2.17), (2.18), nonyyaem cucremy ypaeHe-
HUE Isis ompenesneHusi GopMEl OGOJOUKH:

or
%=7f s —a—sc=cosx; 0<s< 1. (2.19

I'pannyHoe ycjoBHe B NOJIOCe KynoJa (IIPH OTCYTCTBHH [O-
JIIOCHOTO OTBEPCTHSA):

re©, )y =0; x(0, t)=0. (2.20)

Ipanvynbie yCJOBUMSI Ha KDOMKe BBIpaXkaeT TOT (DakT, 4TO
3aigHa JJIMHA OTpe3Ka KacartesabHOH [ MeXAy KPOMKOH H OCbio
CHMMETpPHM (IJHHA CTPOTILY):

ro+1lcosy =0, mpus=1. (2.21)

HonoanurenpbHoe reoMeTpHuecKoe cooTHoMeRue (2.2) onpe-
JeJsieT TaKXKe 3aBUCHMOCTb 2-KOODJMHATEL OT IAJHHBI LYTH §
U BpeMeHu [:

—f = —siny, (0<s<]l). (2.22)
[panuunoe ycnoBue kK 3TOMy ypasHenuio 2.(0, 7) =z, (f),
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e 2, — 2-KOOpAKMHATa MOJIoca, 3aBUCAllas OT BHGOpa Toq;él 0.

[Tpu sapanHoM pacnpejenenun P (s, {) KpaeBas j3ajaua
(2.19), (2.20), (2.21), (2.22) siBaslercs B KaXKJbH MOMEHT
BpemeHu (f Bxoawt B (2.19) kak napameTp) HeauHeHHO! 3a-
JaueH Ha cOGCTBeHHBE 3HaueHuss s mapamerpa A. Ona
MOXKET WMEeThb He eMHCTBeHHOoe peiienve. «Hedusudeckuer,
3aKDyUYEHHBbIE B CNHPajb y KPOMKH WIH MEHSIOIUMe SHAK 7

pelleHrA HCKJIIOYATCH JONOJHUTEJIbHBIMU YCAOBUAMH!
o< (l, H<m r,>0. (2.23)

C’

Meron Taaepkuna. [las pemeHust 3ajauy  HCHOJB3yeM
annpokcumupviomne dyakuun (2.4). Oru B ofeM ciyuae
MOTYT He V/JOBJETBOPATb NepBoMy ypaBHeHuwo (2.19) u ycjo-
BUIO Ha KpoMmke (2.21). OcTanbHble COOTHOUIEHHS T'€OMETDH-
YecKoro xapaxTepa OyJAeM [peAnoJiaraTb BHIIOJIHEHHBIMH.
Owmbxa annpoKCHMAIUH

A o
E = o (2.24)
H COOTBETCTByIOLlas OmHuOKa B KPaeBOM ycaoBHH E* = [ X
X cosx* +4- rj 3aBUCAT OT NapameTpoB (opMBbI ;. ¥YpaBHEHU:
Wi @; MOTyT OBITb NOJyuyeHBl MeTonoM [anepkuna [24].

BriflepeM n suHelHO He3aBUCHMbIX GyHKUME g (s, ) u
onpefiesiuM o; U3 YCJOBUS OPTOTOHANBbHOCTH BeCOBOH (DYyHKUMH
¥ OLWMOKH anMpoKCHMaIiHH;

1
fg[Eds mpu £*=0 (=1, n)
0
il u3 O0OOWEHHBIX YCAOBHH OPTOrOHANBHOCTH:

1
[gEds+1Ex=0, ¢=T n), (2.25)
[

ecaH He npejanoJgaraercsi, 4to E*=0.
3nech A, — HeKoTOpHle uHcMa (KO3ddunmentsl Kypanrta uan
KoabdunmenTst mrpada [4)).

s BeiGopa g; M A; BOCHOJIb3yeMCSl MEXAHHUECKOH HHTep-
nperauuefi merofa Nanepkuna [35].

3ananue noBepXHOCTH B BHAE (2.4) 3KBMBAJeHTHO HAJO-
XKEHHI0 HEeKOTOPHIX MEeXaHHUYeCKUX CBsizeH Ha Kymosa. J[las
noNyyeHuss ypaBHeBEHE paBHOBecn#i Buza (2.25) mpumennm
npurnun [ManamGepa [52]: paGora cua peakuuil cBsiseli Ha
BO3MOXHBIX O6paTHMBIX NepeMelieHHsiX paBHa HyJo. Ilopepx-
HOCTHasi NJIOTHOCTb CHJI PeaKIMH CBA3eH paBHA OLIHOKE annpok-
cumanuy E. JlononnutenbHas cuia peakuuu Es pacnpejesena
BJlOJIb KPOMKK OGOJIOUKH (€CJIH He BRINOJIHEHO ycsoBue (2.21),
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T. €. HApYLIeHA HENPEPHIRHOCTb KAacaTeIbHOA Ha KPOMKe).
PaccmarpuBas ycoBHE DaBHOBECHSI JIEMEHTOB KPOMKH, MOMKHO
HaliTH, YTO IWIOTHOCTb CHJBl £ Ha OIMH pajuaH paBHa

E;= A (cosy, + siny, tg 9), (2.26)

rae T. H. «yroJ paseaja cTpol» O ompejensieTcsi COOTHOLIe-
HHeM

8 = arcsin (r}/1). (2.27)

[lotpeGyeM, uTofbl paBHAJach HyJ paboTa cuj peaknui
npu mnepeMelleHHH OOOJIOUKH KakK TBEpAOTO Tesia BHOJb OCH
CHMMETpUH:

j‘ErCcosxds =0,
4]
4TO ONMpejenaut, ¢ yuetoM (2.24), Beauuuny A:
Asiny, = 5 Pr,cosy ds. (2.28)
0

IlorpeGyeM TaxKe paBeHCTBa HyJ0 paboThl CBf3ell OpH
JobbX Bapuanusax ¢GopMbl KynoJsa, AONYCTHUMBIX anmpoKCHMa-
uueln (2.4):

1
[Erporgnds+ Eprt=0, (2.29)
0

rne (8ro) n = Or,siny 4- 8z, cosy — BO3MOKHOE MepemeleHne
TOYKH MOBEPXHOCTH IO HOPMAaIH K KyHOJY.

Tak kak
\ =Y 7
A-t % a Ozp = D 8o, 5

)

roe 6oci——Bapnaan napaMeTpoB GOpPMBI @;, TO BBUIY Hesa-
sucumocTd Oo; w3 (2.29) BHITEKAOT YpaBHeHHs PABHOBECHS
Buga (2.25):

*

or e .
Eerids—{_ESa_a_i—:O’ l:l,n.

HOJICTaBJIHﬂ B 3Ty (OpPMyJy COOTBETCTBY OLUHE BLIPAXKEHUS
s E (2.24), E, (2.26), 4 (2.28) u 8 (2.27), HaxomuM npu6/s-
JKeHHBle YDaBHEHHS DAaBHOBECHS:

1

§Prc (d;—e;cosy)ds=0, i=1, n, (2.30)
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rie
X‘
org ¥y pR (12 pE—1/2 =l o
ei:aTi(Cth +rE (P — 1) +sin71y* | d4;dy. (2.31)
0

IToacraBuB B (2,30) pacnpenenenue fiepenaja AaBIeHuld
(2.10), HaxoOuM OKOHYATeNbHHIH BUJ NPUGIHIKEHHHIX ypaBHe-
HUH JBHKEHUs] KyIoJja:

. I —
Vot ++ Y qg, =0, &=Tn, 239
i=1

i; i=1
re 0603HaYeHO:

1
He,r= S{R.}rc(dk—ekcosx) ds (2.33)
]

u Bbipaenus Re ompezenenst gopmysnamu (2.11) (Touxka (@)
BMECTO HHJEKCOB i H ij).

YpasHenus (2.32) ecTb cucTeMa 1 KBasHJIHHEHHBIX AH(de-
peHLuaNbHBIX ypDaBHEHHH MJIsi onpeneseHuss n 4 | HeuspecT-
ot (V u o). 3aMbiKaeTcs 3Ta CHCTEMa ypaBHEHHeM OaJliuc-
THKH JUJIs1 NapaloTHOH CUCTEMBL:

mu =mg + F, (2.34)
rAe # — CKOPOCTb Tpy3a, g — yckopeHue cuinl Taru, F =
1

= QTLJ Pr.n ds — cuna, GefCTBywomlas Ha KyNOJ CO CTOPOHEI

0
JKUIKOCTH (CONPOTHBJICHUEM Ipy3a npeHebperaem).

BexTop, coepnHstomuA HEHTp WHEPUHH rpysa ¢ Toukoit O,
obosnauuM fEk, rhe Kk — eIUHHYHBIH BEKTOp OCH 2, a [ ==
= f(o;, l) —u3BecTHasi (yHKOUA napametpos (OpPMHL o; H
AauHel ctpon [i f = lcosd— 2.

OueBuzHO, 9TO NpPU JBUKEHHH BIOJb OCH CHMMETDHH

V=u+k-f=zi+k~2d,§o’:—i. (2.35)
i=1

[ogacrasnas (2.10) B (2.34) u nmpoeKTHPYS HA OCh CHMMeT-
puH, HaxoauMm ¢ yderoM (2.35), ypaBHeHHe GaJIHCTHKH B Ge3-
pasMepHOM BHje!

ﬁ(V—zo'iifii—- 2 didbjf,ij)"}fEQzGri—';‘ E X
i=1 '

i, i=1 =0 i, j=0

X q4G,;+1=0, 2.36)

-,
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rae

1
G. = 05 {Ra}rc cos y ds;
N= m/(2npsd) = N7%;

3 of ;
f;z=E/:7; f,if=w’i. (2.37)

Kosdbpuuuentsl He,» (2.33) 1 Gg (2.37), BXoAsuue B
ypaBuenuss (2.32), (2.36), 3aBucsAT OT napameTpoB (HOPMBI o
K4aK $IBHO, TaK ¥ uepe3 roTeHumanssl &, Bxoasmue B (2.11).

Gopmyasl (2.6), (2.7), (2.11), (2.15), (2.32), (2.33), (2.36)
¥ (2.37) 06pa3yloT 3aMKHYTY O [OCTaHOBKY 3aJa4H O JABHIKe-
HHH [ApaillioTHON CHCTEMBI BIOJMb OCH CHMMeTpHH. Peinenue
kpaesbix 3anay (2.6), (2.7) no3Bosisiet ONpeiesHTb BeJHYHHBL
(2.11), wa#iTw napamerp vaiuHenns u3 (2.15), BHUHCANTD
wnrerpain (2.33), (2.37) kak ©yHKunMM napametpos o. [lo-
cAenyolilee pelleHe CHCTeMsbl AubdepeHHUANbHLIX YDaBHEHHH
(2.32) u (2.36) no3BoJISiET HAHTH S8aBUCHMOCTb CKOPOCTH
¥ napametpbl QopMbl o; OT BpemeHu. Ecau seauuunsl V, o,
HafijieHbl, TO CKOpPOCTb Tpysa Haxoaum corsacuo (2.35):

u=V —Ya,, (2.38)
i=1

MHTETPHPYsl KOTOpoe MO BpEMEHH, MOKHO HAHTH KOOPIHHATY
rpysa.

2.2. NMpocTpaHcTBeHHOE ABMMEHNE
OCECHMMETPHUYHOX MNAPALUIOTHON CHMCTEMBI
€ KECTKMM KYNONoM

IlpocTpancTBennoe nswkenue [IC, B TOM unCJe BONPOCH
KosiebaTesbHOM yCTofunBOCTH, Hecaenorann A. M. AntoHeHko,
A T. Broowrene, B. §. Jlokumu, B. A. [Ipusanos, A. A, in-
JoOB ¥ Apyrue aBTopbl. OOCbluHOe ynpoiieHWe B MOLOGHBIX
uccnefoBaHuAX — 3ameHa [IC cuctemoli TBepABIX Ten C W3-
BECTHBIMY a3POJMHAMHYECKHMH XapakTepuctukamu. Hirke, xak
¥ B YHOMAHYTHIX paboTax, HCNOJb3yeTICA NpeifoJioKeHne o
HeH3MEHHOCTH (GOPMBI HANOJHEHHOTO KyHOJMa B MpolLecce ABH-
KeHHus. TakuMm o0pasoM 3a mpefesamy HaUIETO HCCJIeNOBaHMU$
OCTaeTCs CJOXKHAs W yBJeKaTeJbHas 3alaya O B3aUMOBIHAHUY
flyJbcaumit ¥ KonebaHu#A napamoTHOH CHCTEMBL.

OJieMeHT HOBH3HBI B PWHSTOM HAMH MOAXOLE 3aK/II0YaETCs
B TOM, YTO as3pojvHaMuyecKue KOIPPHIHUEHTH He CUHTAIoTCH
sapaHee 3aflaHHBIMA. [I7s U3YyUeHHs pacrupezeseHHs JaBJeHHA
¥ BBIYHC/ICHHA a3pOJAHHAMHMYECKHX KOI(POhHIHUEHTOB HCIONb-
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3yeTcs pacueTHas cxema u3 ra. 1. [lpuMeHenue wmonenn
KEeCTKOIO OCEeCHMMETPHYHOTO KYNOJIa TMO3BOJISET HalTH Ko3d-
$UUMEHTbl COMPOTHB/AEHHS HAMOJHEHHOIO NAapallioTa B HEKO-
TOPOM JAHalla3oHe YIJIOB aTakH, a TaKXKe I[POaHaNN3HMpoOBaTh
xoneGatesbuyio ycrofiunsocts [1C. Hanuuue cnacaemoro rpysa
VUHTHIBAETCS B UHEPIMOHHBIX XapPaKTePUCTHKAX CHCTEMEL.
ConpoTuBjieHHeM TPy3a NpeHebperaem.

[orenunant ckopocTell NPH NPOCTPAHCTBEHHOM ABHME-
uuu [1C. Y 1o6HO HCNIOIB30BATh ABe CHCTeMB! oTcyeTta {pHc. 2.1):
1) «HenoaBu:KHasg» UHEpPUHANbHaA cucTeMa K, B KOTOpOi BBe-
nenbl  gexaproBel kKoopauuatet X, Y, Z (K —opt ocu Z);
2) «10ABM:KHAasf» cUCTeMa OTcYeTa k, CBs3aHHAs € KYOOJOM.
B cucreme k BBeleHB AEKApTOBbI KOOPIAMHATHL X, Y, 2 (R —
opt ocu z). Hawano koopaunaT cucteMnl x, y, z— Touka 0 —
€CTh MPOM3BOJbHAR TOYKA HA OCH CHMMETPHH («IEeHTP» KYNoJa),
oCb z copnajgaer € oceio cuMMeTpuu. Opuenrtanys ocefl &
OTHOCHTENILHO HETIOABIKHON CHCTEMBI 3ajaeTcs yriamu Jiepa:

yrsiom ataku y {cosy = k- K), yrioM npoueccuy ® H yIJOM
coGCTBEHHOTrO BpalieHus KyroJa A (puc. 2.2).

zZ, W

Y

-

Puc. 2.1. Hcnoabsyemple Koop-
JMHATHBIE CHCTEMbI

Puc. 2.2. Opuentauus NOABHKHOH
CHCTEMBI R OTHOCHTENBHO HEHNOABH XK-
Boll K

[lycts O — paanyc-BekTop UeHTpa Kynosna O B cucreme
K u V = O — ckopoctb 1eHutpa otHocutebuo K. Ecau R —
PaAnyC-BeKTOp HPOM3BOJIbHOH TOUKH B cucremMe K, a r — pa-
JUyCc-BeKTOp ee B cucreme k, 70 r= A(R—0), rre 4 —
MaTpuia npeo6pas3oBaTesss KOODAWHAT, BbIpaKeHHAs, HAIIPUMED,
yepes yrJbl Ofinepa [15]. Tolt Xe matpuuelt samaercss npe-
00pa30BaHie KOMIIOHEHT JIOBOTO BEKTOpA.

[ycrb @ — cKopocTh KUAKOCTH oTHocutenbHo K. Ilo pa-
cueTHOH cxeme 1. | aJisi onpejesieHUs [aBAeHUst TIOJ Kylo-
JIOM HEOOXOAMMO pPEUMTb 33334y TEOPHH MOTEHUMaNAbHOTO 06-
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TEKAHUA: HAATH CKaAApHYIO QYHKIHIO @, Takylo, 4T0 W@ =
= Vo. [lotenunan yaoBneTsopsier ypasHeHuio Jlamiaca [33):

(a+r2-Z)e=0, (2.39)

rae r= (x* 4 y*)!/2 — paccTosiuMe OT OCH CHMMETDPHH; A —

a3HMYTaJbHBIl Yroa; A — «oCeCHMMETpHUHAsl YaCTh» Ofepa-
topa Jlaraca [24].

[lotennuan ¢ oaHO3HAueH ¥ 3aTyXaeT Ha OeCKOHEUHOCTH:
¢—0, |Vo|—0 npu r* + 22— oco. Ha nosepxuoctu Kynosa
NOTeHUYAN ¢ YAOBAETBOPAET yCJaOBHIO HenpoTekanusa [33]:

rie Vo=V 4 Q X r, (8- yrjiosas cKOpPOCTb KyNOJa).
BeimosiHenue ckansipgoro yMmuoxkenus B (2.40) naer:

Oy~ V,=Vom; %=Q.b r=r

on T C"‘v

(2.41y

OpTel HOpPMalH 1, XKacaTeJbHOH % W OPT a3UMYTaJbHOrG
HampaBJjieHust & 00pa3yioT NpaBylo TPOUKY.

Yecaosue (2.41) nonxHO ObITb BHINOJHEHO Ha 3PdEKTHB-
HOH NOBEPXHOCTH KYNOJa: 7o =1, (S); 2. = 2,(S); 0< ) < 2m;
0<s<S.

[locne BuIUMCICHHS CKaAspHBIX nOpousBefenuit B (2.41)
yCAOBHE HEMPOTEKaHHs] MOXKeT OwITh NpPEACTaBIeHO B BUIe:

%‘nﬂ:cosx.Vz+sinx.(vxcosx+vysmx)+

4 Resin(©¢ — %) (Q, sinh —Q, cos ), (2.42)

roe V,, V, V,—npoeknuu cxopoctu V Ha ocu x, y,
Q,, Q, Q, —npoexnun Q Ha Te xe ocu. KomnoneHTn Bek-
Topa Q mNpeiCTaBUMBbI uepe3 yriel Jijiepa H HX TPOH3BOAHBIE
no BpemenHu [15]: Q, = @sinysin A +JcosA; Q, = wsiny X
X cosA — i sinA; Q, = dcosy + A.

R, 0, A — cdepuyeckne KOOpAMHATHl C LEHTPoM B Touke OF
¥ TOJAPHOH OChI0, HanpaBleHHOH 1o ocH 2z R, = (rh 4 22)!/7%

0c = arctg ;i .
c

2k



Tlpw euruucsieHun npasoil yacte B (2.42) mcmosn3oBanacy
MaTpHuUa CKaJSIPHBIX NPOU3BEAeHUH OPTOB AEKAPTOBOH CHCTeMH
X, Y, 2 ¥ BEKTODOB n, =<, b:

n T b
i sin ) cos A | cos ¥ cos A —sin A
J sin % sin A | cos X sin A cos A
k \ cos ¥ —sin ¥ 0

Komnonenta r; npeobpasoBaHa K BHAY: rp= r.COSY —
—z siny =R, sin(0,— ).
Pemenue rpaepoit zanaum (2.39), (2.42) ya10o6HO HCKaTh B Cile-
IywoomeMm Buze [31):
Q= Vz(p” + (Vycosh -V, sinM) o, 4+
+ (Qgsinh —Q, cos i) @, (2.43)

rie QyHKIHH @, @ , @y (IPONOJBHEIH, MOMEPEYHBId U Bpa-
{aTeJabHBIH [OTEHIIHAM) HE 3aBUCAT OT YIJIOBOH KOODAHHATHL A.
logncrasnssa (2.43) B (2.39) u (2.42), Haxonum GoOpMYJIHPOBKH
KPaeBbIX 3ajay AJIs NOTEHNHAJOB:

Ap, =0, A—r?e, =0; (A—r?)g,=0; (2.44)
99
“on

Kpaesbie ycnosus (2.45) mocraBieHsl Ha 5(0(deKTHBHOH [o-
BEPXHOCTH Kynona. [lapamerp yanuueHus onpejesneH Qopmy-
Joi (2.15).

IlaBnenne nop kynosom omnpefensercs gopmy.oii Kown-
Jlarpamxka B moaBmkHOH cucreme k [33):

00 1

9 294 .
—cosy; ot =sing o= Resin(o—y).  (2.45)

Tlle [pOUu3BOLHAA BRIUMCSIETCST B cHcTeMe kB U Vo=

of
= V + & X r,—neperocHas ckopoctb. Hcmonbsys (2.43—

2.45), BaxoauMm, YTO Ha BHYTDEHHEH NOBEPXHOCTH KymoJa
% — V.0 +(V, cosh 4V, sin k) @, +(Q, sin h—Q, cosh) b,
Ilpyrue ciaaraemble B (2.46) MOTYT OBITh BBIYHCJEHBI CJEAYIO-
mwum  obpasom: (Vo) = @ = w? + w? +wi V. Vo=
=V, w, + Vo, -V, Tle =W %, 0, =W N, W=
=w-bV,=V-n Vi=V-1v; V,=V-0b.
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Ha BuyrpeHHEH NOBEPXHOCTH KymoJa:
w, = V,cosy + (Vycosh -V sinh)siny +-
+ (R, sin A — Q, cosA) Resin (B — X);
wy=V, - @y + (V, cosh+V,sink). &,
4+ (Q, sin A — Q, cos &) Dg;
0D
rae ¢ = W) .
w, = (Vycosh—V,sind) & r;t +
+ (Qcosh —Qysinh) - it
V,=w,.
Ve= —V,siny+ (V,cosh +V sini)cosX
+ (@, cosh — Q, sin k) R¢ cos (B — X); (2.47)

V,=Qr.—(V,+ zCQy) sinA + (Vy — 2. )cosA.

OnpenenuM IOHHOE JaBJIEHHe p, COOTHOLIEHHeM:

2w

2apy=\ p(h s=1)d, (2.48)
0

yro ofeclieuyT pPaBeHCTBO HYJIO Nependjia AaBAeHM! Ha KPOMKe
(s=1) B cpeaHem no A. 3710 ycjoBHe 0600liaeT npaBHIO 3)
ra1. 1 Ha caydafi HeocecHMMeTpHUHOrO ABMxkeHus [1C,

[lepenan Jnapjenuit P onpeaejasercs ypaBHeHueM P =
=p —pg, TAe p~ LOJKHO OBITb ompeneneHo us (2.46)
n (2.47).

[lo usBecTHOMy nepenafy P Moryt OBITb BEIUHCJIEHB! CHIA
F u moMenT M, jeficTBylolIHe Ha KYNOJ CO CTOPOHBI KHJ-
KOCTH:
2%

F={r.ds| Pndxr (2.49)
0

Oty

WJIH B NPOEKHHsiX Ha ocH k:
1 2%
F, = S rosinXds choskd?»;

0 4]
1

2%
F, = Srcsinx(isjpsinxdm
] (¢}
1

2n
F,=[rocostas | Pan (2.80)
0 0
(eavHuLBl H3MEpeHHs Te e, 4TO ¥ B § 2.1),
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Momenr cuiasl M OTHOCHTENBHO UEHTPa HHEPLWH Tpysa
onpejensercs Bblpa)KEHI/IeM‘
2n

M= Sr dsjp(fk+rc)xndx @2.51)

BexTop 7, yro0HO NpeACTaBUTb B BHAE CYMMEl BeKTOpa, Ma-
PaJLTesIbHOrO R, ¥ BeKTOpa, napajjelbHOro m:

ro=(@,—r.ctgX)k +rosin - n.
3ameuas, 4TO
z,—roctgh= —Rcsin‘1Xsin(BC—X); ExXn=sin¥X-b,

apeobpasyem (2.51) K ynoGuoMy AJA BHIUMCJCHHUH BHAY:
2

M= [r (¢sinx— R sin@,—%ds | Podr (2.52)
0 0
418 B NPOEKIUAX Ha OCH ki

1 2r
M, = — (ro(fsin%— R sin(@,— %) ds { Psind du;
1] ]

i 2%

M, =OS ro(fsinX— R, sin(@,—%) ds§ Pcoshdr,;
M, =0. (2.53)

PapencTBo HyJI0 KOMOOHeHTH M, 03HayaeTr, 4TO THAPO-
AMHaMMYecKue CHJIBI He MpPensTCTBYIOT cOOCTBEHHOMY Bpallie-
HHUIO KYNOJa BOKPYT OCH CHMMETpHH.

YpaBHEeHHS] NJIOCKOro JABHXEHHS ocecHMmerpuunoi IIC
TP OTCYTCTBHH COGCTBEHHOro BpaleHus. BoluncieHus mno
dopmynam (2.46), (2.47), (2.50) u (2.53) npusogsaT A obuiero
caydast TpexmepHoro aswkenus IIC X Z0OBOJBHO I'POMOBIAKMM
cooTHouteHHAM, OTpaHHYMMCS YACTHEIM CJIydaeM JIByMepHOIO
puxenus [IC npu orcyrcTBum coGCTBeHHOro Bpainenus. s
TIepeX0fa K 3TOMY YaCTHOMY Cay4a:0 B (pOpMyJaax MDEABILY-
IIero IMyHKTA HEOOXOLUMO HOJOXUTD w=A =0, Q, =7,
Q, =Q,=0, V, =0 (1BuKeHue NPOUCXOUT B MIIOCKOCTH y2),

Beenem 0O0OOIIEHHBIE CKOPOCTH (4, G5, (3:q, =V, = u,
gy =V, =0, g;= Y. Bunonnss sbiuucaenus no (2.46), (2.47),
‘HaXOJUM pacnpefiesieHUe NAaBJAEHHA NOJA KYyNOJOM:

3
1 v, i
P =P -+ ?(u2+02)_zqini__2' Z qiql'n”r

i=1 iy i=1
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3 3
,= Ysin" 2. 0" n,-,-=k§sm’?*‘x.n§.§?*‘>, (2.54)
1

=1
re
M=o, M=o =0
e = M=o, =0
I =0 M=o, M2 =0
ngl = 02”1 Hil =0 I, = 0
I3, = Uib I, =0 3, = Uix — U2J_b
T3; = 05, — 22 Mg =0 Iy = 08, — 03, — %
g, =0 M, =v,.0., 2, =0
M}y =0 My =0, Vo, —r, Tl =0
My =0, g, +2, =0 3 =0, Yoy V¥ o

(2.55)
B (2.55) BB eneHbl caepyiclive 0fO3HAYCHHS:
v, = CD'“ - sin%;
0, =@ —cosX v = D rt—1;
vy, = g + R cos (8, —%);
Uy = DPorzt + 2. (2.56)

Brrnenss no (2.54) u (2.48) HOHHOe HAaBJEHHE, HAXOIUM:

3
1 : 1 \
Pp= P +’§(u2+02)_2qi (Hg* +'§Ht2*j—
i=1
3
I 1
-5 Z q,9; (H?i* + 5 H?;*) (2.57)
i,_ j=‘
uleHbl, coxepiamue [lg, o6pamaTcs B HYJAb NPH OCPE]-
©
HEHUH 1O A).
CorsnacHo (2.54) u (2.57) HaxomuMm pacmpefesieHHe nepe-
naja AaBJeHMH:

3
P=—Y g ({11} + sin MT: + sin? A {IT3} +
i=1
TR, (sirﬁ A — —;)) -

2

9.4, (11} +

I

i

. , : 1
+ sin A - I1}; 4 sin? A {TT5;} - I1;, (sm2 A— 7)) ©(2.58)
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Jnst BHUMCAEHMS CHJAB K MOMEHTa BocmoJsbayemcst (2.58),
2.50) u (253), uro naer:
3

3
i . 1
F,= —2n €quYi+ 7 2 94;Y, )
i==1 i T

i j=1

3
Fz=—2ﬂ,(zé,7izi+; > ,q,Z,,-):
=1

i J=

w

w

3
1
M,=—2n S%Mt—f"g 2 ‘J,-Q;Mﬁ);
=1

=1 i 7

F,=0; M,=M,=0, (2.59)

re 0603HaueHO

1

Y° = —é— Vf Sln'X.I_I‘ dS

0

1

1
jr cos ¥ ﬂ9+ H2 }d'
g

1
Mqg=— S re(fsinX— R, sin (8, — %)) g ds. (2.60)
0

B (2..6.0) TO4YKa (@) 3aMeHseT COOTBETCTBYIOMIHE HHACKCH i
Wiy ij.

Enunnna usmepenus cussl B (2.59) paBHa psit™2, eluHMIA
MOMeHTa — PS5T™%, TAe T-— eIMHHUA BDEMEHH, olpejlesieHHas
B § 2.1.

Gopmyael (2.59) npumeHUM Js COCTaBJSHHS ypaBHEHUH
asockoro apukenusi IIC. YpaBHeHUs NOCTYHATEJbHOTO ABH-
KeHHs umeroT Bua {151

m(%+9xu)=mg+F, (2.61)

0
TZe @ ~— CKOPOCTb I'py3a OTHOCHTEJbHO K, 5 NpoxU3BOAHAdA

[0 BDEMEGHH, BBIYHCJ/IEHHAs B [OABHXKHOH cucteme £, g —
YCKODEHHE CHJBI TSIKECTH,
Ilpu nnockom nemkenun [1C:

g=—gsinyj—gcosyk; u=V+ [y (262
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Vpasuenus apixkeHus (2.61) Moryr GbThb 3amucaHsi ¢ yue-
ToM (2.62) B cJjenyioiieM 6e3pasmepH0M BHIE:

N(u+fv+vv)+cosv+2,qzzz+ qu,;, 0;

=1 i, f=1

X7 /: o . . . 1 ~
N@+ f—up) +siny+ DY, ++ ¥ aq,Y,=0,
i=1 i, =1

(2.63)

rie N = 1/N; 4, v — BBeleHHbIe BHIillE KOMIOHEHTBI CKOPOCTH
LEHTPa KymnoJa.

Y paBHEHHSI NOCTYNaTeNbHOTO ABHKeHHd (2.6]) nonoaHsoTCS
IHHAMHYECKHMH YpaBHEHusiMH JiiJepa, ONUCHIBAIOUIUMM Bpa-
mareabtoe ABuKenue [IC {15]. Tlpn niockoMm ABMXKEHHH 3TH
yPABHEHUS] CBOAATCS K OLHOMY (BpallleHHe BOKPYT OCH X):

Ly=M,, (2.64)
rie [, — MOMEHT MHEpUMH Tpy3a OTHOCHTEJbHO OCH, NPOXO-
Isiiiedl yepe3 LEeHTP HHEPUMH NapanJesnbHo ocH x. [lpu samucu
(2.64) npeano.iaraioch, YTO IJaBHble OCH HHePHUH Tpy3a
COBMAJAOT 110 HAMPaBJEHHIO C OCAMH X, Y, 2

[yers [, = md®?, rae d — paguyc uHepnuu rpysa. Mcross-
sys (2.64) u (2.59), sanmmeM ypaBHEHHE BDAIHATENBLHOIO
IBUIKEHUs1 B 6e3pasMepH0M BUjE:

NDj + thM + 5 2 9.9,M,; =0, (2.65
=1 i, j=1
rie D = d%/sk.

Ypaeuenus (2.44), (2.45), (2.55), (2.56), (2.60), (2.63),
(2.65) cosmectHO ¢ (2.15) 00pasyloT 3aMKHYTYIO [OCTAHOBKY
3ajayd 0 mJuockoMm ABukeHun I1C.

Pemenne xpaeBbix 3anau (2.44), (2.45) ompenensier Tpw
noTeHuMana @, ¢ , @,. Ilo dopmynam (2.55), (2.56), (2.60)
BBIUMC/ISIOTCS  a3POAMHAMUYECKHe KO3(QPUIHEHTH Mapalliora
Y., Z., M‘ (ecero 13 orsumuneix or nyas AK pasa xect-
KOTO OCECHMMETpHUHOro kynoJa). [lpu usmecthnix AK ypas-
neHHs (2.63) u (2.65) o8pasyioT cucTeMy Tpex OOBIKHOBEHHBIX
1uddepernHalbHEIX YPaBHEHHH OTHOCHTEJIBHO TPEX HCKOMBIX
BeJMYHH u, U, y. Ecam u, v, v HafijleHbl, TO KOMIIOHEHThI
ckopoctd rpysa U(=uw,), V(=u, B npoekuusx Ha Hero-
IBHXKHBIE OCH cHCTeMbl K MOTYT CHITh Hafledbl mo (2.62):

V=vcosy—usiny+ fycosy;
U=uwusiny+ucosy + fysiny. (2.66)
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Tlocnepywomee wnterpupoBanune U u V no spemenu naer Z
4 Y KoopauHaTEl LUEHTPA WHEPUHH Tpy3a.

[To cpaBHeHHIO ¢ ypaBHEHHSMH [JIOCKOIO JIBHXKEHHS, Pac-
CMOTPEHHLIMH APYT'HMH aBTOpaMHM (CM., Hanpumep [2]), cuctema
{2 63). (2.65) obsanaeT HECKOJBKO GoJiee GOraThiM a?poAuHa-
MUYECKHM  COLEPKaHHEM, B GoublieM O0beMe YUH1bIBAET
B3aUMOAEHCTBHE MOCTYNaTeJbHOTO U BPalllaTeJbHOTO ABHIKE-
dust. Mcnosb3oBaHue NOJBHKHOM CUCTEMb! KOOPANHAT B 3alUCH
{2.63) cospaeT HEKOTOpBIE NPEUMYIIECTBA IO CTPYKTYPE 3aMHCH
ypaBHeHUH [BHXKEHHS, B YaCTHOCTH, |3 OTJMUHBIX OT HyJd
AK cucremst (2.63), (2.65) He saBucAT OT yIJa aTakw.

2.3. Kpu3ucel obrekanuna wynona
M npegenbl NPUMEHMMOCTH PACHETHOH CXEMbl

Pewenne 3apaud 0 NOTEHUHAJILHOM OOTEKaHHM KynoJa
#e TOJBKO MO3BOJAET ONPeleNuTh a3pojHHAMHUECKHE KO3(-
$uLHeHTl o Mmetonuke § 2.1, § 2.2, HO ¥ nRaeT onpejae.eH-
HYI0 HEOPMAHHI0 O HEKOTOPHIX KPHU3UCHBIX ABJEHHAX, CDS-
3aHHBIX ¢ [1epeCTPOiiKOfl peasjbHOTO OTPLIBHOTO TEYEHHS.
BosmOyKHOCTb KpH3UCOB OOTEKaHUs Hajalaet orpaHHUEHHs Ha
OpHMEHHMOCTh PacyeTHOA cXxembl ra 1.

OBBIYHO MpescTaB/leHHEe O KpH3uce OOTEKAHUsl CBSI3aHO
€ U3MEHEHMEeM [OJOXKeHHs JIMHHK oTpselsa notoka. [lnas ofn-
€KTOB C OCTPbIMH KPOMKaMu JIHHHMS OTPBIBA, Kax MpaBuJo,
dbUKCHPOBAHA HA KpoMKax TeMm He MeHee M 115 HHX MOXHO
BBECTY NPEACTaB/EHHe O KPHU3HCce, O0YCNAOBACHHOM H3MEHEHUEM
HanpaBJeHusl OT{blBa: Hanpumep, AJAA KYynoJoolOpa3HoH He-
3aMKHYTOR 000JIOUKY CPBIB [OTOKA C KPOMKH MOXeT ObITh
Hanpasjied 004 Kymos uiau 3a kynoJ. Vamenenue HanpaBse-
‘HHUS CPbIBA HEM30EXKHO IPHBEET K DE3KOMY H3MEHEHHIO a3po-
JMHAMHWYECKUX XapaKTEPUCTUK.

B nortenunuaibHOM TeYeHUH Ha KPOMKax o0TekaeMol no-
BEPXHOCTH KacaTenbHad K MEpUJHaHY KOMIIOHEHTa CKOPOCTH
KUAKOCTH W, NPUHHUMAET GeCKOHeuHble 3HaueHHsl. B peanbuom
TEUEHHH HA KPOMKAax TMPOUCXOAUT OTPhIf moToka. Hanmpasienne
OTpPBIBA COTHafaeT C HalpapleHHeM [epexoja CKOPOCTH Mo-

TEHUHUAJbHOI'O TEUEHHS Wy OT Wy== —00 K W; = - 0.
Ecnn noa rkynonom w*™ = 4-oco0, a Ha BHewneH CTOPOHE
Kynosia y KPOMKH @' = —oo, TO CpBIB NOTOK# NPOHCXOLAHT

¥3-noj xynona. 3a Kynojom obpasyercs 3oHa OJMAKHETO CJjea
¢ NOYTH NOCTOSIHHBIM JaBJeHHeM, B KOTOPOH TeopHs noTeH-
AMAJBHOTO TeueHus HenpuMeHuma. Pacmpenesenue ckopoctefi
¥ JaBJeHHH TON KYMOJOM OHUCHIBAETCS TeopHel MOTeHlHaib-
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HOTO TEYEHHSI BCIOAY, 32 HCKJIOUEHWEM y3KO#H 30HBI BOJIH3H
KPOMKH. B Takch® cuTyauuu onpaBaaHO IpPUMEHEHHE DacdeTHOH
cxempl ra. 1.

Ecan noa Kynosom Ha kpomke w¥™ = —oo, a Ha BHELIHeH
0BEPXHOCTH W " = 00, TO B peajbHOM TEUEHHH CPbIB [O-

ToKa HarnpasjaeH noa Kynosa. O6nacTe GaIHKHEro cCJjeja gac-
THUHO MepeMellaercsi B MOAKYMNOJbHOe npoctpaHcTso. [lpen-
[IOJIOXKEHHEe O NOTEHHHAJBLHOCTH TEYEHHs] He ONpPaBlaHoO, Kak
¥ [pUMEHeHHe pacueTHOH cxembl IJ. 1.

C/ie0BaTeIbHO, KPUTHYECKHMH #ABJAAIOTCS Te 3HayYeHHs
napaMeTpoB napaioTa W Haberamwllero noToka, NpPH KOTOPBIX
NPOMCXOJUT M3MeHeHHe 3Haka w)™, T. e. wi™ = 0.

Takx Kak B paMkKax MOTeHUMAJIbHOH TEODHH CKOPOCTH Ha
KpOMKax w?™ MOXKeT MMEeTb HJH OeCKOHeUHbIe, WM HyJIEBBIE

3HauyeRHd, TO KpU3HC OOTeKaHus MNPOHCXOIWT Torjia, Korjla
X0Ts OBl B HEKOTOPHLIX TOYKAX HA KPOMKE BBUIOJHAETCS YCJIO-
sie Yanapiruna->K yKoBCKOro

w? = 0. (2.67)

[ocsie Hayasa KpH3UCA U NepecTPOfKH NOJIs1 TeYeHHS MOXKHO
OXUJATh YXYALEHHS TOPMO3HBIX XapaKTepUCTHK MapallioTa.

KpHuTHuecKue pa3Mepbi NOJIOCHOTO H KOJbLEBbIX OTBEPCTHIA.
PaccMoTpum 3a7auy 06 0CeCHMMETPHIHOM GeCLMPKYJIALHOHHOM
[OTEHIHAAbHOM OOGTEKAHHH 2KECTKOTO KYIOJia C IOJIOCHBIM
oTBepcTHEM pajuyca ¢, llpuw HOCTATOYHO MaJbiX 3HAUEHHSX
¢y mepeiHas KpHTHUeCKas TOuYKa Haberamollero noTtoka pac-
[I0JI0KeHa Ha BHYTpPEHHEH I[OBEPXHOCTH Kynoaa (puc. 2.3).
CKopocTb Ha BXOJHOH KPOMKe € BHYTPEHHeH CTOPOHBI MO-
BEPXHOCTH paBHa -+oo (NIpH YHCJECHHOM DeIlleHHH 3ajauu
OBTEKaHHs METOAOM JMCKPETHBIX BHXpeH MHTEHCHBHOCTH f€p-
BOTO BHUXPS V BXOJHOH KPOMKH, Da3yMeeTcsl, KOHeYHa, HO
OTpHUATeNBHA H BeJHKa). DTO 03HAYaeT, YTO B DeasbHOM
TeueHMH MPOUCXOAHT CPBIB [IOTOKA Ha BXOAHON KPOMKe B Ha-
[paB/JEHUH H3-II0J, KYMOJa HA BHEINHIOW, KODMOBYIO [OBEpX-
HOCTb, T'Jle 00pasyercs MelJieHHOe cnyTHoe TeueHue. Kymos
Moxer QYHKUHOHKHDOBATH B CHCTEME a3pOAHHAMHYECKOTrG TOp-
MOXKEHHS.

[Ipu GosblOA BesMUMHE () NepeHAs KPUTHUECKast TOYKa
fIOTEHIHAAbHOTO TeUeHHS MOXKET NEPEMECTHTHCS Ha KOPMOBYIO
nosepxHocTh (puc. 2.3). Ckopocth w; paBHa —oo Ha BHYT-
peHHell MOBEPXHOCTH. DTO 03HAUAET, YTO B PEAJTbHOM OTDRIB-
HOM OOTeKaHuH npu OOJbLIMX (J Ha nepeliell KPOMKE CDHIB
{I0TOKa HampapJ/JeH noj KynoJ. COopMHpyeTcs TeyeHHe THNA
«TeyeHuss B TPybes. Kynmon B 3tom cayuae, seposTHO, He
OpPHTOJleH B KayecTBe TOPMO3HOFQO YCTpOHCTBA.
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TaknM 06pasoMm CymecTByeT HEKOTOPOEe KPHTHYECKOE 3Has
YeHHE (@ = (J¢, OTHENsiioliee JBa pexxuma Tedenua. [Ipu
@ > @ ¢ B GeCUUPKYJIAUMOHHOM [OTEHUHAJLHOM TEYCHHH Ha

BXOJHOH KDOMKE BbINIOJHAETCS ycJoBue Yanawiruna (2.67).
Ipn & > ¢ pacueThHas cxema rJ. | HenmpuMeHHMa.

PaccmoTpuM aHasmoruuHyo 3anady AJds KynoJa ¢ KoOJb-
ueBbM OTBepcTHeM. [lycTh OTHOCHTeNBHBIN pafHVC BHYTPEH-
HEro [MOJIOCHOI'O TMOJIOTHHINA paBeH P U JUHEHHBIH pa3Mep
mesy pased e. Jlust 1aHHOH GOPMBI KECTKOTO KYMOJa B IJIOC-
KOCTH [apaMeTpoB &, VP CYLIECTBYeT HEKOTOpas KpUTHIeCKas
KpuBasi L:e= e, (}) Takas, 4TO ecqau Touka (¢, {) €L, TO
Ha BXOJHOH KDOMKEe BBINOJIHAeTcs ycJjosde (2.67) npu HyJqe-
BO# pupkysasuuu. Ecau € > €. (), TO CPBIB IOTOKA NPOUCXO-
IMT ¢ KPOMKH NOJR KymnoJ. PacuerHasi cxema ria. | npuMeHuMa
npu € < €. ().

Jas KYnoJioB ¢ NOJIOCHBIM WJM KOJIbUEBEIM OTBePCTHEM
yeaopue HanapiruHa-)KykoBCKOTG ONpefesifieT MaKCHMaJbHO
JIOVCKaeMblil pasMep MOJIOCHOIO OTBEPCTHA () UJH MakcH-
MaJbHO AOMYCTIMBbIA pa3Mep LueJau & NPy 33aJaHHOM e€e pac-
NOJ/IOKEHHHU .

Onucan#bifi  MEeTOA TPHIONEH [Js KECTKHX KYTIOJOB.
OnpejlesieHie KPUTHYECKHX Da3MEPOB OTBEPCTHH [JI MSAUKUX
[apalulloTHBIX KYNOJIOB HOCUT MeHee TPHBHAJbHBIM XapakTtep. C
YBEJHUEHHEM pas3Mepa OTBEPCTUA KyNOJ CTPEMUTCH H3MEHHTb
cBolo POpPMY Tak, 4TOObl COXDAHHTb «NPABHJBHOE» HalpasJe-
HUe OoTphiBa. [Ipn MankiX ¢ CyHIeCTBYET PaBHOBECHAad B IIOTOKE
topma KynoJia — COBMECTHOE pelleHue ypaBHEeHUH PaBHOBECHA U
3akauy OOTeKaHHA ¢ «PAaBUJLHBIMY 3HAKOM OCOGEHHOCTH. Ecau
pasmep OTBepPCTHS NPEBBIIAET HEKOTOPOE KPUTHUECKOE 3HAUEHHE
@ (3aBucsiuee OT LJIMHBL CTPOM!), TO TaKOE PABHOBECHOE pelie-

Hue He cyuwectsyer. [locsenHee yTBepK/JeHHE OCHOBAaHO Ha
BLIYMCJINTE/IbHOM ONBITe aBTOPOB. Hoxa3aTh ero GopMajbHO
He yLaeTcs.

TTocsie npeBBILIEHHS KPUTHUECKOTO pa3mepa KyIoJ, Bepo-
ATHO, <CXJIONBIBAETCS», JIHHHUS OTPhIBA NEpEMelaeTcs ¢ KpoM-
KH B CTODOHY MHUjess. PacueTnass cxema ra. | He OpHroiHa
LJIST UCCJeJIOBAaHHSA 3TOrO mpolecca.

Kpuruyeckuii yroa araku. PaccMoTpum 3ajady o cranuo-
HapHOM MOTeHIHAJBbHOM OOTEKaHHH MKECTKOTO OCEeCHMMETPHY-
HOTO KYIOJIa, PacloJIOXKEeHHOTO TNOj YIJOM aTakH y K Hale-
rallieMy MOTOKY (Y — yroJ MeXAy OCbI0 CHMMETPHH H CKO-
POCTbIO MOTOKA).

[Ipn maJspix yriaax y xapTHHa oOTexkaHHs Takas »Ke, Kak
v npd y==0: nepeiHas KPUTHYECKAs TOYKa paclOJIOKeHa
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Ha BHYTDEHHell MOBEPXHOCTH KYHOJa, CKOPOCTb w i = - oo
noA KynoJsioM y KpoMkH. Crei0BaTeJbHO, B DEabHOM OTPHIB-
HOM TEYEHUH CDHIB NOTOKAa Ha KPOMKE HalpaBJeH H3-NOA K-
10Jla HAa BHEINHIOI MOBEPXHOCTH (pHC. 2.4).

Puc. 2.3. Xapak ep Gecuumpkyns- Puc. 2.4. OGTexanme xynoiaa Ioj

LLHOHHOTO HOTeHNIHaAbHOro 0”TekaHus YIVIOM aTaKH y:

KYIOJOB C [MOMIOCHHM OTBepcTHeM® 8) HOKPH3HCHOE OGTeKaHue (Mansie ),

a) ROKpH3HCHOe 06TeKaHHe (Mable (3); 6) HOCIEKPH3HCHOe o6Tekatne (60Jb-

6) nocAeKpu3HCHOe OOTeKaHue (60Jb- LIHE V).

uige &) O — nepefinsisl KpUTHYECKas TOUKa,
AV — JONOJIHATEIbHAS JIHHHS OTpHI-
Ba MOTOKA HA BHeiuHell MOBEPXHOCTH
Kylnoda [pu GOJBIIMX ¥

[lpn Gosblinx y B pelieHUH 3a4a9H O MOTEHIHaJbHOM 00-
TeKaHHH Ha KPOMKe MOSIBJSIOTCH TakHe YYacTKH, HAa KOTODPBIX
KHJKOCTb TEePeTeKaeT C BHEINHEH CTOPOHBI Ha BHYTPEHHIOW

* . %
(cuapyxu w;" = + oo, nox KynoJ w; = — oo). Cyejnosa-
Te/IbHO, B DEaJbHOM OTPHIBHOM TEUeHUHM Ha 3TUX yUYacTKax
KPOMKH CPbIB MOTOKa NPCHCXOMUT C BHEHIHEH CTOPOHBL ITOBEPX-
HocTH moj, KynmoJa. Ofpasyercs CJjlokHAs TpexMepHasi KapTH-

Ha MOTOKa, TONOJIOTHYECKH OTJHN4YHAs OT TEeYEHHA IIpH Y = 0
(puc. 2.4).
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OueBuaHO CyIECTBYeT HEKOTOPOE KPHTHUECKOE 3HAYEHHE
yrJia aTaku Y¢, NPy KOTOPOM HDPOHCXOJUT NEPECTPOHKa Tede-
HHsl OT MepPBOrO THNa (Majble y) KO BTOpoMy (6oubiume 7).
Lnsa onpepeneHus y¢ MCnonb3yeM COOTHOLICHHS § 2.2, noana-

rag B HuX y=0, V= 0. 13 (2.66) BhiTekaer, uTo
= — Usiny; v = U cosy (2.68)

(U, V — npoexkuun CKOpOCTH Kymosa Ha ocu Z u V; u, v —
NPOEKLHH CKOPOCTH Ha OCH Z H y).
C yuerom (2.43) u (2.68) HaXOmUM Wi

Wy = CD'“ U cosy — @, U sinysin. (2.69)

Cornacno (2.69) HaxoAuM KOOpIMHATH TOYEK KPOMKH A¢, B
KOTODBIX MOXKeT ObITb BEINOJHEHO ycJosre JKyKoBckoro (2.67);
sinh¢ = ctgy lim (@) /@), (2.70)
s—+1

a Tak Kak (sinA) < 1, TO 171 CyUleCTBOBaHHS DEUICHHs YDaB"
HeHusi (2.70) HeoOXOMMMO BHINOJHEHHE  YCJAOBHS Y == Ve,

rne
¢ = arctg <1i?1) [ /D). 2.71)

s>

Ilpu 9 < y. 30Ha OTpLIBA pacloJioKeHa 3a KymojoM. s
pacueta AK u uccnepoBanns muHamuku [IC npumenuma pac-
veTHast cxeMa ra. 1. Tlpm v > y¢ ucnonb3oBanue pacuyeTHOH
CXeMBl HeOIPaBJaHO.

[lpn Hamv4uM MOJIIOCHOTO HJIH KOJbLEBBIX OTBEPCTHH CJle-
LyeT NpPOBEPHTh BO3MOXKHOCTb NEPECTpPOHKH TEYeHHS He TOJb-
KO Ha BXOJHON KPOMKE, HO H Ha BCeX OCTa/IbHBIX KPOMKax.
[pu >TOM KpHTHYECKOe 3HauY€HHE yIJa aTakH Y¢ ONpelesseT-
€ COOTHOLIEHHEM

Yo = Minyes

ver = aretg (lim| Oy /DL ), (2.72)

rje S;— MepHHOHaJbHAas KOOPAHHATA i-TOl KpOMKH, @ j u P, —
COOTBETCTBYIOUHE TNOTEHHHAJbl GeCUUpKyIALHOHHOIO ofTeKa-
HHS.

OrpaHHyeHHs Ha KHHeMaTHUYeCKHe TiepeMeHHbIe. Y CJIOBHe
«IPABUJIBHOTO» HANPABJIEHHS CPbIBA [10TOKA HaJaraeT Orpa Hu-
yeHHe He TOJIbKO Ha BEe/JMUYMHY yrJia aTaku NpH CTalHoHap-
HoM zBuikeHuu. OHO Bpijesser 00/1aCTh AOMYCTHMBIX 3Haue-
KUl B IIECTHMEPHOM NPOCTPAHCTBE KHHEMATHYECKHX HEpPeMeH-
HbIX (KOMIIOHEHTH BEKTOpa CKODOCTH H BEKTOpa YIJOBOH CKO-
DOCTH),

Hrobbl u3bexkaTh TPOMO3JKHUX BblpaXKE€HHH, pPacCMOTPHM
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COTBeTCTBYIOLIHE OTPaHHYEHHs TOJBKO AJSl HJIOCKOTO JBH 3Ke-
Hus. B sTOoM Cayuae IIPOCTPAHCTBO CKOpocTell TpexmepHo. B
0603HaueHusx § 2.2 CKOPOCTh KHAKOCTH Ha BHYTPEHHeH [O-
BEPXHOCTH KYIOJa HMeET BHI:

wr = u®) -+ vsinh @, + Qsink dg, (2.73)
Ilie 4, U-— KOMIIOHEHTB! CKOPOCTH LeHTpa KymoJa, & — yrioBas
CKOpOCTb mapauioTa, @' — NpPOM3BOAHBIE OT [OTEHUHAJOB
CKOPOCTH.
Ycaosue JKygroeckoro (2.67) B mpumeHennn X (2.73)
O3HagaeT, 410!

u -+ sink¢ (va, + Qac) = 0, (2.74)
rie
o
a, == lim—*:
s—+1 (D”
D
ag = lim — . (2.75)

s—>1 I

YpaBHenue {2.74) umeeT peireHye OTHOCHTEJbHO Ag TOJb-
KO [IPH BBIIOJIHEHHH VCJIOBHS:

jul <lva, + Qae] . (2.76)
CootpercTBeHHO 00./1aCTh ZONYCTHMBIX 3HAYEeHHH KHHeMaTHye-

CK¥X MapaMeTPOB OINpejeJsiseTcsi HepaBeHCTBOM, NPOTHBOMOJIO-
JKHBIM HepaBeHCTBY (2.76):

lul >lva, + Qae]. (2.77)
B sT10#i o6sacTu ypaBHeHue (2.74) He HMeeT PellIeHHs, CpHIB
[OTOKA HanpaBJ/eH 110 Bce#l KPOMKE H3-II0J KylI0Jia B KOPMOBYIO
06J1aCTb, M pacueTHad cxema IJji. 1| npuMeHuma, 1o KpaHned
Mmepe, KauectBeHHo. [lpm mHapymenuu ycaoBus (2.77) CpeIB no-
TOKa H4 YacTH KPOMKHM HanpasJjeH MOJ KYIOJ, a3poiHHaMHye-
CKHe KODQHUHEHTH pe3Ko MeHFAITCA H HCNOJb30BaHHE ypa-
BHenuil ABwxerusa IIC, nosyyeHHBIX B NpeiblAylleM maparpa-
(e, CTaHOBUTCA HE3aKOHHBIM.

Caenyer, BepOATHO, CUMTATb, YTO BEJHYHHBI @, H Qg fIB-
JSIOTCA a3POJAHHAMHUYECKHMH XapaKTepUCTHKAMH KyloJa — XO-
75 ¥ He TPaJHLHOHHBIMH, HO He MeHee HHGODMATHBHBIMH, UYeM
KO5Q(QHUMEHT CONPOTHBJEHHS, KO3(DQUUHEHT MOMEHTa H T.[.

Oco0ennHo mpocTolf BHJ HepaBeHCTBO (2.77) NpHHHMAeT s
chepuueckoro KynoJsa. B stom cayuyae Q=0 u, cJuenosa-
TesbHO, e = 0. Orpannuedue (2.77) MOXKHO 3anHCarth B BHIE

oy | < ye, (2.78)
rre

v
oy = arctg ~
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€CTb yroJ aTakd LeHTpa Kymoaa (Yyron MeXIy CKOPOCTbIO
HEHTPa ¥ OChIO CHMMETPHH), 4 BEJIHYHHA V¢ ONpPeleseHa Bbipa-
xennem (2.71) (yc = arctgla, }).

Cootnowmenue (2.78) nokaselBaeT, 4TO AJisi CHEPHUECKOTO
Kynosa NpH NPOM3BOJBHOM HECTALHOHADHOM [IBIXKEHHH yroJl
4T3KH UMEeT TO K€ OIPAHWYEHHE, YTO H NIPH CTAUHOHAPHOM
ABHAKEHHY.

HepagenctBo (2.77) cnpaBeisiHBO IJSl KECTKHX KYMOJIOB.
Jna mArkoro KynoJa KHHeMAaTHUeCKOe MPOCTPAHCTBO 6ecKo-
HEUHOMEPHO, @ aHaJu3 AONMyCTUMOH o06JacTH CyHIeCTBEHHO
VCIAOKHACTCSL.

XapaxkTep o6TeKaHusa Ha paHHUX da3ax pac-
KPHITHS M KPpUTHUECKad popmMa Kynoaa. Kax usse-
CTHO, npu OOGTEeKaHHHM HAINOJHEHHOTO KyINoJa C He OuYeHb KO-
POTKHMH CTPONAMH CDBIB [OTOKA IPOHCXOJIHT Ha KpoMKe [2].
370T akT Jer B OCHOBY pacyeTHo@l cxeMbl I 1. OnHaxo
(hopMu pOBaHHE CPBIBHOTO TeUeHHS MPOHCXOLUT, BEPOSITHO, He
MTHOBEHHO, a [OCTeNeHHO B [poliecce pPackpuiThsa. B cooT-
BETCTBHM C KJIACCHYECKHMH 3KCIEpHMEHTAJbHEIME JAHHBIMH
10 HeCTAIHOHApHBIM TEUEHHUAM MOXKHO OXKHIATh, YTO HA paH-
HHX ¢asax PacKpPbITHS TEUEHHEe HMeeT B LEJIOM [OTEeHIHalb-
HBIfl XapakTep ¢ y3KOH 30HOH OTpHIBA B OKPECTHOCTH 3ajHel

KPUTHYECKOH TOUKH.

: Jlis onucaHust aspoIMHAMUKHM PaHHUX (a3 PacKpHITHS HHO-
ria UCMOJMb3yeTCsl CJleyIOILAs CXeMa: TeyeHHe MOTEHIHAMbHO;
HA KPOMKe KynoJa BbllonHsercs ycsosue YHanssiruaa-)Kyko-
sckoro (2.67). Jlas ynoBMeTBOpeHHS MOCJEJHErsc VCJIOBHS
CKOPOCTb DacKpbiTHR KynoJa (T. €. BeJHYMHBl ;) JNOJIKHA
npUHEMATh ONpeleseHHOe 3HAaueHHe, 3aBUCAIlee OT MTHOBEH-
Ho#l Qopmbl KynoJa.

Henoassys (2.3) u (2.5), HAXOAMM BHIpaKeHHe A8 Wy

n

w, = V@ + gldicbl-, (2.79)

rie V — ckopocTbh LeHTpa KymoJa.
M3 (2.79) u (2.67) BoiTeKaeT COOTHOMIeHHe, HeoOX0aH-
MOe AJifi peasusalidy OE30TPHIBHOTO TEUeHMs:

n
v+ E}ai lim (@y®}) = 0. (2.80)
i= S+1

Ycaoeue (2.80) HasmaraeT HErOJIOHOMHYIO CBsI3b Ha napaMeTpHl
dopMbl @; (f), KOTOpasi AOJDKHA YHHTHIBATLCS IPH  PEILEHHH
ypaBuennfi nemxkenns [IC (2.32) w (2.36). Dtn ypaBHeHus
COXpaHAOT CBOH BUA M A9 6e30TPHIBHOIO OOTEKamH#s No pac-
CMaTpHBaeMOH cXeme, €CJH MOJOXKHUThb, YTO

{Rg!=Rg — R (2.81)
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rIe R; " R;—COOTBGTCTBy}OHIHe 3HAUEHHUA BeJHUYUH R.,

onpeneneHHblX no (2.11) na BHYTpeHHell ¥ BHeIHeH NoBepXs
Hoctd kynoJga. Onpenenenue (2.81) yuutniBaer, uro nmpu 6es-
OTpblBHOM OOTEKaHHH JAaBJ/eHHe W Ha BHYTPEHHEH, U Ha BHEI-
Hell OBEPXHOCTH KyIloJia ornpe gessercs ¢opmydaofi Komu-Jlar-
pamka (2.8). YuuThIBag CBfI3b MeXAY V K CKOPOCTBIO 11€HT-
pa #HepuuM Trpysa u u3 (2.38), ycuaopue (2.80) nepenmmeM B
BUJE!

u+ .;‘Jl &,C, =0, (2.82)
rjue
¢ =L 4 1im (3) . 2.83)
aai s-1 d)H

OnpefenuM «KpPUTHYECKYIO» DOPMY KYNOJ2 KaK MHOMKECTBO
sHaueHuil napamerpoB (OpMBl ., YAOBJETBODSIOMIMX YpaBHe-

HHUsIM:
C,=0;i=1,n (2.84)
lpu @, = o, BENMOJHeHHe ycnoBui (2.82) s sanaHHOHR

CKOpOCTH TI'py3a ¢ HEBO3MOXKHO HH IPH KaKMX KOHEYHBIX 3Ha-
geHuax &; (T. €. HH IPH KAKOH CKOPOCTH RehOpMalHH KyIoJa)-
CrejloBatesibHO, ecan cucteMa (2.84) umeer peuienue, To Ges:
OTPBIBHCE PAacKPBITHE KYIIOJa BO3MOXKHO TOJNLKO JO AOCTHKEHHS
KpUTHYeCKOA GOpMBI, IOCJe uerc INPOH30HAET CPHIB HOTOKA
¢ kpomku. Ilocse dopMupoBaHUS CPLIBHOH 3CHBI AJS1 ONMCAHHA
IBHKEeHHS NpHMeHHMa pacuerHas cxema r. 1. Ho storo mo-
MeHTa Qgopmysbl § 2.1 He AAOT NpaBHJBHOIC ONHMCAHHS [HHA:
MHKH DacKphITHsi — OoJsiee afleKBaTHOH sIBAsieTCH CcXeMa, B KOs
TOpOH BEIIOJHAETCH ycJjoBue UansbirnHa-)K yKoBcKoro.

2.4. BausiHne NPOHMULAEMOCTHM TKaHM
Ha MEeXaHMKY NapalliOTHOW CMCTEMBbI

Onucblpaotiye B NpeAplAymux naparpagax aunHamuky [1C
COOTHOILIEHHS MOJIYUeHhl B INDPEJINONOXKEHWH O HeNpOTeKaHUH
AHAKCCTH uYepe3 MNOBEPXHOCTb KynoJa, MayueHue mponuiae-
MOCTH TKAHH MOXET OBITb NPOBENEHO C IIOMOLIBI0 MOJEJIH, TIpej
goxenHo# X. A. PaxmarysmunpiM [37]: CKOPOCTb XMIKOCTH H
JiaBjesrue Ha KaXJAOH CTOpPOHE NOBEPXHOCTH CUHTAIOTCS Herpe-
PHIBHBIMM M TJIAAKHUMHM (QYHKLIHAMH KOODAMHAT;, HOpMaJibHas
KOMIIOHEHTAa CKOPOCTH MKMJKOCTH HeNpepelBHa IIpH Nepexoje
yepes MOBEPXHOCTb W OTJ/HYAETCS] OT HOPMAaJLHOH KOMIIOHEHTHE
CKOPOCTH KYIIOJIa Ha HEKOTOPYIO BEeJIMYHHY U, («CKOPOCTH MPO-
HuLaHus»), 3aBUCAILYIO OT Tepenaja AaBjeHuil P,

(4]
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Ilnst Beuscienust P oHMMKe HCHOJB3YETCS pacueTHas cXema
ra. 1. IlpunuMaercs, 4TO QOHHOE NaBJEHHE pg NOCTOSHHO HA
BHeIUHeli MOBePXHOCTH Kynosa. Bennunna p, onpenensercs us
yCIOBUSI OTCYTCTBUA fepenaja AaBjeHuH Ha Kpomke. BuyTpen-
Hee JaBJeHHe p~ ONpeleNsieTCs M3 pellleHHs 3afaud O [OTeH-
nuanpHOM OOTeKaHuM npoHunaeMmoll obosnoukw. Ilapamerp yi-
JuHeHHs1 S CUMTaeTCss HE3ABHCSWMM OT IPOHHIAEMOCTH: BeJH-
yHHa €ro Takas ke, KaK W AJs HenpoHHLaeMoH 0GOJIOYKH
TOH Ke (DOpMEL.

O6Tekanne IPOHHUAEMEBIX Kynosos uccnefoBaau M. M. Eg-
emoB, A. B. Jlapes, A. I'. Cymakos, M. B. Tperbsixos,
. Y. UpiragoB u gap. ITH aBTOpH NPHUMEHSUIM MOAEIb HPO-

punaemMocty no X. A. Paxmarysury [37]. Otauuus uMesucs
B HCHOJB3YyeMBIX THIPONMHAMHUYECKHX cxeMax: OGe30TphIBHOE
noTeHLKaNbHCe OOTEeKaHHe, KaBHTALMOHHOe obTeKanue, obte-
KaHue C HenpephiBHBIM CXOJOM BHXpeBofi mesenbt W ap. He-
KOTOpble CXeMbl He HAIOT BO3MOXKHOCTH pacCUUTATb COIPOTHB-
JieHHe KynoJa; ApyTHe J3I0T KaueCTBEHHO HeBepHble pe3ysb-
TATHl — POCT CONPOTHBJIEHHA C POCTOM [IPOHHLAEMOCTH TKaHH.
Jns pcnpaBiendss TNOCAERHEr0 HeROCTaTKa TpefyeTcs MOau-
¢ukamus mogmenn X. A. PaxmarynmHa. HcnonssoBazue pac-
yeTHOM cxeMbl IMi. 1 B couetanuu ¢ mozenbio X. A. Paxma-
TYJAMHA MO3BOJSET MOJYYHTb pPe3YJbTaThl, COTVIACYIOLLHECs
CO 3]IpaBBIM CMBIC/IOM.

Cxopocth nponuuanusa. [lpu crannoraproM psukenun [1C
MOXKHO OXHAATH, YTO CYIIECTBYET ajrefpanueckas CBSSb MEXKIY
v, 1 P. Ilna sanucu 3TO# CBsASH yHOGHO BPEMEHHO BEPHVTHCS
K pasMepHBIM [epeMeHHbIM. TeopHs pasMepHOCTH IOACKa3biBaeT
caeayomyo GopMy sanHcH:

v, = k(2| Pl/p)of (3); 3= (2| PloV)Vs,  (2.85)

rie k — Ge3pasmepuast IOCTOSIHHAS, BBOAUMas B hopmyJy (2.85)

s yro6ersa (Ko3hhHLUHEHT NPOHHIAEMOCTH TKauu);, V — na-
pamMerp pasMepHOCTH CKOPOCTH, XapaKTepU3YIOLui NpoHHuae-
MOCTb [AaHHOH TKaHd B JAHHOR KHUAKOCTH; f(2)-— HeoTpuua-
teqbHasi GespasmepHass (YHKLHS, onpeneasieMas SKCIIepHMEH-
TAJIBHO.

Kak mnssectro, npu GoJbliux mepenajax JaBjeHui OTHOLe-
uue v,/Pl/> He 3aBucuT (csa6o 3apucHT) OT P. B coorsercTsiu
¢ 5TuM, NOJOKMB f(Z)— 1 npu Z—> oo, wnafizem no (2.85):
k = lim (v, (2P/p)™/2). Iasn 0GbIYHO MpUMEHSEMbIX TKaHeH & =

P-roo

=0,02 ... 0,12.
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[Mpu manbix P CKOpOCTb INPOHMIAHHMA NPONOPUHOHaIbH2 P
[37] (sakon [apcu). [Monaras f(2)/z— 1 npu z— 0, Haxomum
no (2.85):

V =2kajp, (2.86)
rie

CnokHasi CTPYKTYpa NPOHHLAEMBIX MAaTEPHAJIOB 3aTPyIHsAET
TeopeTHUeCKoe omnpejeseHue Bua ¢ynxkuuu f(Z) B (2.85). [pu
MasbIX CKopocTAX BbinoJHsieTcs 3akoH [apen. [lepenax nas-
JeHufl KOMIIEHCHDYETCS BA3KHM TDEHHEM B JIAMHHAPHOM [OTOKE,
[Mpu Bo3pacTanuy nepenajza JaBneHudt s3akon [lapcu Hapyma-
eTcs M Nepenaj [aBJeHHH NpHOMH3HTENbHO [DONOPLUUOHAMEH
KBaapaTy CKOPOCTH. 3TH ABJICHHS XOPOIUO M3YUeHB! AJIS TEUeHHH
B TpyGax. Ho B oTamuue or TeueHu#t B TpyGax, npH ABHKEHHH
KUIKOCTH Yepe3 MOPHCTYIO CPely Hesb3sl yKasaThb KakoH-THGO
ompejieseHHbI Mana3on gucen Pelinonmbica, npy KoTopoMm mpo-
ucxoauT TypOv/M3alus NOTOKa B Nepexoi OT JIMHEAHOro K KBaj-
PATHYHOMY 3aKOHY. Pas/iMuHbIe 5KCIIEPHMEHTHI JAI0T KPUTHUECKOE
gucao Pefinospaca ot 0,1 xo 75 [69]. OG6biuro npumensercs
npubaMKeHHast HHTePIOSIIHOHHAA $OpMya, CojepKaias JiH-
Helinylo KOMOMHALMIO JIMHEHHOTO M KB3aJPaTHYHOTO 3aKOHOB,
Jlis onHcaHvs TeYEHHA YEPe3 NPOHMLAEMYIO TKaHb 3Ty 3aBU-
cumocts mpeaiokua X. A. Paxwmarysus [37]. Ilpumenstorcs
H ApyrHe HHTEpNOJIALIHOHHBIE (hOPMYJIEL.

C yuerom (2.85) u (2.86) dopmyna X. A. Paxmarysuna
uMeeT caellyromuil B

2P 0 (2
=t E) @87

Conocrasass (2.87) u (2.85), HaxoauMm, YTO
@) = ((1 4 428V — 1),(22). (2.88)

Ecan gyHxuus (2.88) sBnsercs yHHBepCanbHOR (T. €. He 3a-
BUCHT OT CBOHCTB TKaHH H JKHAKOCTH), TO IS ONHCaHHsA
CTallMOHAPHOTO [BHXKEHHSI NIPOHHLAEMOTO KyToJa HeoGXOMUMbL
nBa (espasMepHbIX Napamerpa: KOo3(pQUUMEHT MPOHHIIAEMOCTH

TRaHH k& u orHowenuwe M = V/V, rre V — cxopocrs I1C.

[lo amamoruu ¢ H3BECTHBIMH [JAaHHBIMH O TYpPOYJIEHTHBIX
TeYeHHsX B TPyOaX MOXKHO OMKHAATb, UYTO NIPH OYeHb GOJBIHX
flepernajax JaBieHdH KBaapaTHyHbI unen B gopmyae X. A. Pax-
matyauHa (2.87) COAepXKUT JOorapUPMuUuecKHA MHOXKHTENb.
Mupivu  cnoBamu, KOS((HLUHEHT NPOHHIIAEMOCTH R fBJAETCH
HE KOHCTAaHTOH, a MeAJeHHO MeHsuollefica QyHKuHe# v,. 3to
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ABjJeHye HabaronaeTcs npy P, cooTBercrByioumieM uucay Pef-
HOJABACAZ mo TKaHu Re,> 10% B onucanue nponunaemocti
MOXKET TaKXe BHOCHTb yCJIOXKHEHHS DacTSLDKUMOCTb TKAaHH.
Mg HecTauMOHAapHBIX TeueHWH 3aKOH NPOHMLAHUA Gujee
caoxer. CKOPOCTb IPOHHLAHHUSA U, HE YCNEBAeT «IIOACTPOHTHCH»

K MIHOBEHHOMY SHaueHHiO nepenaia P. Mexay v, u P BMecTo
anrebpayuecKofl CBSI3M MOXKET CyILIeCTBOBaTh AHGPepeHINAIbHAS
cBsA3b Buaa [3]:

Up vp \2
o oY +kf/+(k7/> ’

rie T, — HEKOTOpassh KOHCTaHTa pasMepHOCTH BDEeMeHH, Xapak-
TepU3VIOULas HHEPIHOHHBIE CBOHCTBA TEyeHHA.

Hixe paccmarpuBaeTcss TOJNBKO CTAUHOHApHOE TeyeHHe
B MNPEANOJNOKEHHH O NPUMEHHMOCTH 3akoHa (2.87).

Mloctavopka 3anauu o jswxkesndn IIC ¢ nponunaemeim
KynosaoM. PaceMoTpuM cTalMOHApHOE JIBHXKEHHE UCeCHMMeTpHY-
no#i I1C Brosp ocH cummerpun. [as onpeieneHds Jas/eHus
[OJ KYNOJIOM HEOOXOAMMO pEUIMTh 33439y O NOTEHLUHAJbHOM
OOTEKaHHH KyToJa.

KpaeBoe ycsoBue aas noTeHUMaja CKOpPOCTEH ¢ Ha mpo-
HULAeMOA MOBEPXHOCTH:

Jp .

rge V — ckopocers I1C; ©, — CKOPOCTb IPOHMLAHHUSI:
v, =n*-F(P)signP, (2.90)
n* — BEKTOp BHEIIHEH HOpMasy,
F(P)=k@|P[:-f(n(2]Ps). 2.91)

37ech HCMOB30BaHbl (eapa3MepHBIe NepeMeBHble. L iuHHIa
CKOPOCTH — cKopocTh isikenus IIC V, exunvua nasienus —
pV?, elnHHUA JJUMHB — PACKPOHHEIN pajuyc KynoJaa s,. PyHk-
uua f(Z) onpeneniena dopmyneht (2.88). Ilepenan Aasnenuit P
gaxoaurca no (2.8) m KpajpatuyHo 3aBucuT oT yg. Creno-
BaTe/lbHO, KpaeBoe ycjioBHe (2.89) HeanHedHO, 4TO JenaeT
337AYy O HAXOXKJIEHHH MOTEHIHajka ¢ ACCTAaTOYHO CJIOXKHOM.
OnpuKM M3 METOJOB peIlieHHs MoxkeT OBITh Das/ioKeHHe Kpae-
BOH sajaud B psig no mMaidomy napamerpy k. Ho B pannom
€1y4ae MOMKHO TpPEeANONOXKUTE APYTOH NPHOIMKEHHBHA MeTOA
{44].

Kar mokaselBaloT BhIuMC/IeHHS (cM. Hke § 4.1), aisa ne-
MIPOHUIIAEMOT0 KYN0JIa riepenaj JaBaenuil Py — BeJHYHHA NOuTh
nocrosHHas: Py = (I + Q)/2, rae Q = 0,42 — uucyio paspeme-

38



HHUS 1Ji9 HENPOHHIAEMOT'0 KynoJa. HpelIHOJIO}KHM, 4TO ¥ 175
nponnuaeMoﬁ 0O0JIOUKH nepemnan JIaBJeHUH TOUTH He MEHseTCs
BIOJIb NOBEPXHOCTH!

P = P, = const > 0. (2.92)
Benuunna P, sapanee nensBectHa. [loxcrasnsas (2.92) B (2.89),
HAXOLUM KpaeBoe YCJOBHE LA @:

o9
5, = — COs} “+ %, (2.93)

rae
x = F (Py) = const. (2.94)

Hazoeem % «3peKTHBHOH NpoHMLIAeMOCTBIO». M3 (2.93) cie-

AyeT, uTo
@ = @ + %y, (2.95)

rle noTeHUUuas sl @y H @y SBJISIOTCH pELIeHHUAMU CNeYIOIHX
KpaeBbIX 3ajad.

A, = 0; ~——cosx r=r.(s, ay),
a% npu z=z.(s, &), (2.96)
=0 =1 0<s<S.

MMapamerp yanuHenust S onpenenen gopmysoi (2.15). Jasne-
HHE TIOJ Kynonom BuIgHC/steM no (2.8):

pr=pr.+t5 (1 — %) — % CD“ + siny — x®;)%. (2.97)
Hounoe naenenue p, no (2.9):
— 1 1, ., . ,
Pp="0, =P+ 51—=2%) — = (@) + siny— =), (2.98)

rie 3Be3foYKa * O3HAYaeT, 4YTO COOTBETCTBYIOWIAS BeJHUMHA
BHIUKC/IAETCS HA KPOMKeE, mpu s = I,

Taxkum o6pasoM, nepenaj nasnexuft P mo (2.97) u (2.98)
paBem:

P = o {— (®f + siny — %®3)2). (2.99)

Qurypusle ckobku B (2.99), kak u B § 1, § 2, osmauaior pas-
HOCTb MeXAY BbIpAKEHHeM, 3alHCAHHBIM B HHX, OpH J000M S
Y adaJIOTHYHBIM BHIpa:KEHHEM Ha KPOMKe.

B kauectBe mnocrosuHoH P,, BXosied B ompeleleHHE %
u3 (2.94), BeiGepeM sHaueHue P B mosoce Kymosa:

P, =P (s =0) = Py (1 — Bx)?, (2.100)
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rie mo (2 99):
Py = 5 (@] + siny)? (2.101)

7

= (Or /Dy + sin ¥))x. (2.102)
Uz conocrasrenus (2.101) u (2.15) BuiTeKaer, ut0 Py = (1 4
+ Q)2 (Q =0,42). Tloncrasasa (2.100) B (2.94), nonyuum
ypaBHEHUE, ONpelesioliee * [0 3aJaHHBIM 2 W 1

x = F (Py(1 — Bx)?). (2.103)

[IpennoxeHHsId MeTOJ, pelleHHst MEPEHOCHT HEJHWHEHHOCTh
3a1aud M3 KpaeBoro ycnosusi (2.89) B anreGpanyeckoe ypas-
Henue {2.103), onpenensiomniee s3pGeKTHBHYIO NMPOHUIIAEMOCTD %
nocJje peleHusl JTUHeHHBIX KpaeBplX 3azad (2.96). [loxcTaHoBKa
¢yukuud X. A. Paxmarynuna (2.91), (2.88) B (2.103) u pe-
menve (2.103) oTHocHTeNBHO ¥ OPHBOAMT ¢ yyeroMm (2.92)
K COOTHOILIEHHIO:

% = & (k) (1 + 4BRNPR)/(1 — 2B*K*Py)

X (—1+ (1 + 81°Py (1 — 2k°B%Py) (1 4 4BknPy) ™)'/
(2.104)
(mpu k<< B (2Py)~V2).

Kospduunentr B (2.102) saBucHT ot $opMur kynosa. Ciue-
AOBATENBHO, ANst KecTKOoro Kymona (2.102) cpasy xe onpe-
JC/IUT BeJIMUMHY X 1O 3aJaHHBIM £, 1 1 dopme, Dopma MATKOTO
KyoJia B3aBHCHT OT pacupeflesieHuss P, W, C/leI0BatebHo,
cornacuo (2.99), oT 3¢dexTHBHON NPOHHLAEMOCTH *.

Ioacrasus pacnpenenenve P (2.99) B npuC/IHKeHHbIE ypaB-
HeHuA pasHoBecus (2.30), HaxoAuM, 4TO NapaMeTpsl POpMbE
Q; LJsi IPOHHLAEMOr0 KyNnosa [OJIKHBL yLOBJETBODSTH Ypab-
HEeHUAM:

H,=0; k=1,n, (2.105)
I e
1

= S {(@f) + sin yf — #xD:)?} (d, — e, cosy) r ds.
0

Besvunest e, ¥ d, onpefiesiensl B § 2.1,

CoBMecTHOE pelleHHe cucrembl ypasHenuit (2.105) u (2.104)
onpejenser Qopmy Kynosaa H kosddunuert %. [locae sroro
MOXKeT OBITb BBIYMCIEHA CHJa, AeHCTBYIOMlas Ha NPOHUIIAEMbil
KynoJs (8 NpOeKIMH Ha OCb cuMMmerpul) (cM. (2.34)):

1
F=—n S (@) + siny — xD;)?}r cosy ds. (2.106)
[
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(Emvnvna cuasl B (2.106) pasra pV3s2). OtHocst cHaIy K CKO-

pPOCTEOMY HANOpYy M pacKpoHHO mjomajy, HaXoguM Koaddu-
UMEHT CONPOTHBJIEHUS NPOHHLAEMOro KyloJa

C= 2F/x. (2.107)

Ypaeuenus (2.96), (2.104), (2.105) u (2.106) obpasyior 3aMK-
HYTYIO TIOCTaHOBKY 3aJadd O CTaHHOHAPHOM JBHXKCHHH
TpoHMIAeMOro KynoJsa. Pemnenue KpaeBblx 3afiau (2.96) ompe-
zenser noterunanst P; u P,; cosmectHOe peinienne (2.104) n
{2.105) ompepensier GopMy KymnoJsia W BCOOMOraTelbHBIH fapa-
meTp #. Ilo (2.106) BeluHesseTcst cHsia CONPOTUBJEHHH.

TNIABA 3

METOX PELUEHMS KPAEBBIX 3AAAY
OBTEKAHMS KYNOJA

3.1. OcHOBHbie COOTHOWIEHHS
ANsl Pa3pbIiBHbIX BEKTOPHBIX nonen

Kpaeprle 3anaun ofTekanusi KynoJa, IOCTaBleHHbIE B IVI. 2,
MOJKHO CBECTH K HHTETrPasJbHBIM YPABHCHHUSIM Ha OCHOBE TeOPHH
norerunanos [50]. CornacHo ell o0bembl, NOBEPXHOCTH, KpH-
BbIe W T. 1. TOYKH MPOCTPAHCTBA BHe 0OJAaCTH ONpejeseHust
pelleHUlt KDaeBHIX 33Jau SaMeHsIOTCs MOAXOAsMM ob6pazom
non00paHHBIME  OCOGEHHOCTSME  (paclpefieieHusIMH  0CoGeH-
HOCTEH) cpelpl TOH Ke NDUPOJB, YTO MW u3yuaemas. Takim
ofpasoM, moJaraeTcs, 4TO WieajbHas XKHIKOCTb 3aHHUMAaeT BCe
OJHOCBA3HOE €BKJWAOBO NPOCTPAHCTIBO Ry, B KOTOPOM 0fTe-
KaeMasi (JIBUXKYIIasicsl) NOBEPXHOCTb 3aMeHeHa HabopoM oOco-
6cHHOCTEH, THI KOTOPHIX AVKTYETCsS TPaHUIHOH 3ajnauei.

Kak Oblio oTMeueHo pamee, TNpH OOTEKaHHH KymoJa napa-
IOTa BROJIb €T0 MOBEPXHOCTH TEPHAT pas3phiB:

— BEKTOP CKODOCTH [BHXKE€HHSI KHAKOCTH NPH HerpepkIB-
HOH ee HOPMaJIbLHOH COCTaBASIONIEH;

-— AaBJIeHUe KHAKOCTH p;

— TOTEHIHAJ CKOPOCTeH ¢, ONpele/siomUil JaBreHue co-
raacHo uHTerpany Komn-S#nepa.

Ho ecnd Toukm ofwema V, 3aHaThle KYMOJOM, CUMTAThH
3aHATBHIMH KUAKOCTBIO, TO paspbiBHBIE B JBYXCBSI3HOM €BKJ/H-
LOBOM MPOCTPaHCTBe R, CKasipHbIE ¥ BEKTOPHBIE NOJs yIOOHO
npeAcTariTh uepe3 of6oOmeHuble O-byHRumuM [14], cB3aHHEBe
C MIOBEPXHOCTAMH, KDHBbLIMH 1 oObeMaMu [26]:

p=09C [l =M} p=pE (1 —5V)
w=w () [l — V), (3.1
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rue

— . [l rev
Is;aé(V)f(r)dv §f(r)dv,6(V) {o,?av.

TakuM 06pasom BBeleHHBIE PaspblBHEIE CKa/spHbie H BeK-
TOpHBIE TIOJISI ONPE/esieHbl Tenepb JIs BCEX TOYEK OLHOCBA3-
HOTO €BKJIHIOBOTO NPOCTPAHCTBA Ry u GECKOHEUHOE YHCJIO pas
AugdepeHnupyemsl OrnpesieMM ¢ TOMOIWIBIO ONEPATOPA Y
BCIOMOTaTe/IbHbIE BEKTOPHBIE 110411 U CKaJspHBble QYHKIHH;

vo = vo(r) (1 —8()] + (9] 8 (S)
v =vyp(r)[1 —8(V)+ [p13(S)
e=divw=y w=dvw@)'l—8V)] -+ [w &)
o=rotw=vy X w=rotw ()l —8)—iw] x&(S).
(3.2
3neck 8 (S)=nd(S)=n(8(r—r(S) (§(r) — dyuruua Hu-
paka [26]) ecTb BekTOpHAs (YHKUHA JJIS OPHEHTHPOBAHHOH
noBepXHOCTH S ¢ BHelHe# HopManwio 2. OHa cesizana ¢ 8 (V)
coornouenueM [26}: V& (V)= —2&(S), koTopoe ecTh cieicTBHe
uHTerpanbHoil popmyan Iaycca. Uepes [¢], {p], [w] o6o3HayeHb
CKauKu COOTBETCTBEHHO MNOTEHUHana, JaBJIeHHst H CKOPOCTH
JKUIKOCTH MpU Iepexojie yepe3 OAHOCTOPOHHIOI NOBEPXHOCTh
S: @ = (@) — (@)
Ecnu rtenepp norpeosatbh, 4TOGH
divw((#)=0, rV; [wln=0 na S
rotw(#)=0 s rev,

T. €. XKUJAKOCTb HeCXKUMaeMa, ee ABWKeHHe NOTEHUUANbHO A5
BceX Touek oOBneMOB BHe V U HOpMasbHas COCTaBJSOMAs
CKauka CKOpoCTH [w] pasHa HYJIO, TO!

e=divw=0; o =rotw= (n X [w])§(S). (3.3)

Takum ofpasoM, paspeiBHOE MMOJIe CKOPOCTeH W ABJAETCH BHX-
peBbiM B K3 U MHIYUHMPOBAHO BUXPAMU HOBEDXHOCTHOH MJIOT-
HOCTH W TaKoOH, 4TO

p=nX|w], pn-n=yu,=0, (3.4)

pacnpelie/IeHHBIMH Ha OJHOCTOpOHHefl nosepxsoctd S. Ogo
HE COBNajaeT ¢ MOTeHUHANbHBLIM [OJIEM # = V@ TOJbKO Ha
MOBEPXHOCTH S, TJe OTIHYAeTCs OT W HOPMANBHON COCTaB-
gsmomeit: [#]n = [9]8(S), [win =0uaS. Ogsako sty 1044
CUHTAIOTCS S-3KBUBAJIEHTHBIMH [26], H60 1 = W BHe S U CKayKkH
KacaTelbHEIX CKopocTel Ha S y HUX coBmajaior: [#]-I=

= (@] - I=y[0] - 1 =2

—57 1 ecH l-n=0.
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Taxum o6pa30M, sajaua onpeneseHus NoTeHUuana CcKopo-
cTelt @ CBeJieHa K 3aJaue I[OCTPOeHHs BUXPEBOTO MoJA W 110

3a/laHHOMY paclpefeieHuic  portopa noas o = ud(S) =
= (n X [w]) §(S), ubo w = vy Bue S:

Lwl=1-wxm="pas. (3.5)

3ra H3BecTHad 3ajJada uMeeT perlenHe [40]:

w (M) = rot A —rot—ﬁ &f"l})")_—””“d (3.6)

raie RMM, P)=(rM)—r(®P) (PeS, MEgS)— paccrosaue
MeXIy Toukam#, P — TeKyulas Touka noeepxHocTH S, M —
T. H. «TOuKa HaOJIOACHMS» NPOCTPAHCTBA. BeKTOpHEIA noteH-
unai A, onpeleneHHBIN ¢ TOYHOCTBIO 0 IPafHeHTa HEKOTOPOil
rapMOHHYecKOH (QyHKUHMH, YLOBJCTBOPSET yparHeHusM: AA =
= —@, div4A = 0. Moxuo nokaszars [40], yto ecau A ectb
HOTEHIHAT MPOCTOTO TOBEPXHOCTHOrO ciaost [50]:

1 B
S
udive=0, o-n=20,
TO VCIOBUE coJeHOuAadbHOCTH BeKTopa 4: divA4 = 0 Bbmos-
HEHO TOXKJAECTBEHHO.

Tak kak ©@ = ud(S)= (7 X [@]) §(S) = —[w] X &(S),
TO

dive = —8&(S) - rot [w] — [w] - 8 (L), (3.8)
roe [26] S(L)=—rot&8(S)=b8(L)=bd(r—r (L)), L—

rDaHMUHBEIA KOHTYD MOBEPXHOCTH S (KPOMKa KYyINOJa) C BeK-
TOpPOM KacaTesnbHO# B.
M3 (3.8) cnenyer, 4ro

rotjw] - n=0mHa S, [w]-b=0mua L. (3.9)
Ecan u3 (3.4) Bextop [w] BBIPAa3HTh Uepe3 BEKTOp w: [W] =
=u-n, To ycaoBusi (3.9) OyAyT 3KBHBaJEHTHB! C/JeLAYIOUIUM:
divp=0mna S, p-t=0HaL (v-0=0, v-n=0). (3.10)
U3 ceoiicTs moTeHUmHMasoB npoctoro cios [60] crenyer, uro
dopmyaa Duo-Casapa (3.6) cornacyeres ¢ TeM, 4ro [w] -t =
=y, [W] b= —p, [W]-n=0nnpn McS, 1. e. c onpe-
leneHueM [w]=pn X n.
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Takum o6pasoM, 1Jsi TOUEK MNOBEPXHOCTH S BhIpaskeHue
(3.6) nmeer BHI:

_LS @B X RM,P) - n(M) g p)
T 4n !

@Wn R3(M, D)
1 1 Py X R(M,P)) = (M
wt = g (00 4 g || SR o P

(P) X R(M, P)) b (M
o = F 2mm+mﬂm)m;g’”®®

Hakounen, rpanuynoe yciaoBue w,= p (M) Ha S npuBoauT
K 3ajaue onpefieieHHs BeKTOpa M U3 HHTETPANbHOTO YPaBHEHUS

1 P) X RM, P)} - n(M
ES [ (P) Ra((M,;)l tM) @) =vpM) (3.19

(3.11)

Apu yCAOBHSAX:
divpu=0, u-n=0 na §,
w-t=0 na L. (3.13)
OnpejenuB BEKTOP W, U3 BTOPOTO H TPETLEro paBeHCTB (3.11)
MOXKHO HafiTi noTeHuwan ckopoctell P~, uWMesi BbIpaKeHUd
0~ . 0D~ —

5t Wi o T W
¢ TOYHOCTBIO [0 3HaueHHA IMOoTEeHIHaJida B KaKOﬁ-JIH6O TOUKE
nOBerHOCTI’I.

3.2. O6tekaHue NOBEPXHOCTH BpalUleHMS

Ilycte B HUAMHJIPHYECKOH cHcTeMe KOOpAMHAT (r, A, 2)
¢ gentpoM O Kynos mnapallioTa Kak TIOBePXHOCTb BpalleHHSs
3ajaH B BUJZe

r=r.(s), z=12,(5, (3.14)

rjle s— AJMHA AyTH BAOAb Mepujuana. Torza B TpHOPTOro-
HaJbHOH KpUBOJHHEHHOH cHcCTeMe KOOpAWHAT (S, A, n), CBs-
3aHHOM C MOBEPXHOCTBIO S, B KOTOPOH A €CThb a3HMYTaJbHBIH
YTOJI, 1 — KOOpAYHATA, OTCYUThHIBaeMas IO BHEWIHel HOpMasy
K TOBEPXHOCTH, S — AJMHA JAYTH BJOJb MepHJMaHa, ypaBHe-
HHeM 1oBepxHocTH Oyger: n=0, O<A<2n, g, <s<b,
(k =1, p), roe (p — 1) — unucI0 KOJbUEBHIX LIeNeH B KyNoJe.
O6o3HauuB OPTH KPHUBOJIMHEHHOH KOOPJAHHATHON CHCTeMEL
B touke P (s’, A, 0) nosepxnoctd, kaxk u B § 3.1, uepes T,
b, n, a B «<TOUKe Ha6mo;1ennﬂ» M (s, A, 0) — uepes 1y, by, ny,
MOMKHO TEOMETPHYECKH YCTAHOBHTH CBSI3b MEXKAY HHMHU:
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n,=n (M) = (— cosX,siny -} siny, cosy cos (A — L))t -

+ siny, sin (A — A’} b - (sin 4 sin % cos (A — A’) +

+ cosy, cosy) m;
b, =bM)= —cosysin(hA—A" )t cos(hA—Ar)b—
—sinysin(hA—A)n
1, = % (M) = (sin yy sin ¥ + cos ¥y cos x cos (A — A")) ©

4 cos y sin (A —A') b -+ (cos Xy cos (A — A') sin y —

— siny, cosX) n. (3 15)

3neck  (S) €CTb Yroj, COCTaBAEHHBEIH HOPMAbio 12 C OChbiO
CHMMETDHHA 2.

AHanoruyHO MOXKHO YCTaHOBHTB, YTo R (M, P) = — {r—

—rycos (A —A)cosy + (2, —2)sinyls + rysin(A—A') b —
—{l[r—rycos (A —A)]siny — (z;—2)cosy}nm; R*(M,P)=
=14 r} —2r.rycos (A—A") 4 (z; — 2)%, rme uHgekcoM «l»

0603HaueHbl BeJIMYMHBI B Touke M, 06e3 ummekca — B Touke P
NOBEPXHOCTH.

PackpeiBas CMelIaHHOe NPOU3BeJeHHe BEKTOPOB B (3.12)
N0 U3BECTHbIM NpaBHJIaM yepes OnpeleuTesNb:

pe o pp O e (Rynt Runyy) -
) _ S 1n — fXpll1p,
(WX R)-ny Ri Ry Ra + uy, (Ruftyr — Rinyy)
nyw My Mn

¥ [I0JCTaB/IsiA CIOJA NMPOEKLHH BeKTOpoB R, my, NONYYHUM HH-
TerpajbHOE ypaBHEHHE:

I ’ 4
s, ) x
S

P i 7‘.' _ ?\,' - 7\' —_ 7\,
« (2; — 2)sin %4 cos ( RS)(x,(;)) rycos ( Neos ¥y 4o (P) +

+4in”u1(8',7»') X
S

(rq €os %q cos X + r sin ¥ sin %y — (2 — 2) cos ¥ sin %;) sin (A — A7)
X R (ML, D) X
X do = P (s, A). (3.16)

Bropoe ypaBHeHMe, CBA3BIBAIOllEe HCKOMBIE KOMMIOHEHTH BUX-
pa u, noayuures us (3.13):

d d .
&(HbHﬂHT) + E (H’CHnW?) =0 fIpy n = 0, (3'17)

43



rie H g — xosbduunents JIams xpusomumefinofi TpuOpTOroO-
Ha/bHOH cucTemb! [16}:
n . . n . .
Hy=1 —}—m, Hy=r(s) (1 + o smx(s)),
H,=1, l/g': X, (S)
Toraa (3.17) umeeT BuX:

d ap«b_o. b 0
) + 57 =0, pe(s =ar, s=0,)=0. (3.18)

B cosokynnoctn ¢ (3.16) 3TO ypaBHEHHE COCTABJSET 3aMKHV-
TYIO CHCTEMY IJISl HaXOXKJEHHS fg, Hp. 3aMeTuM, 4To do =
= H:H,ds"d\' = rds’dA mpu n =0. Tlocne onpenetenns
BEKTOpa W u3 BuIpakeH! (3.11), KoTopble Mmocje MOACTaHOBKH
B HHMX BeKTOpoB u3 (3.15) uMeT B

— odp- 1 ! ’ ’ : ’

w0 =2 L M g | e ) sin =)
N

% rycos X sin ¥y - (z2y — 2) cos X cos ¥; — r sin ¥ cos ¥, ds’ d —

R3 (M, P)

1 r o
"ﬁjf“b(s , M) %
[r —r,cos (b —A%)] sin?{l — (24 — 2)cos (A" — A7) cos Xdc

X g

. 1 8d- 1 1 oA
w, :r—la—x=7Hr(s,7¥)—4—n£5}kr(sv7‘)rx

rosinX—rsin¥cos(A — Ay (2 —2)cosA—A") , , 1,
1 (M, D) ds’ dA —

— T st — a7 g =g RP @ 319
N

X

MOJKHO ONpeleJUTb KOMIIOHEHTH abCOJIOTHOR CKOPOCTH W MO
BHyTpeHHefl CTOpOHE MOBEPXHOCTH H, Jjajtee, NoTemmyan ¢~
MHTErpupOBaHueM cKopocTefi. B mnocjenymioleM HavmeueHHas
nporpaMma AefCTBUH JETaNbHO BHINOJHEHA IJIs ABYX 4acTHBHIX
3aBHCHMOCTEH TPAHHYHBIX YCJOBME 3aJayd OT yryia A.

OcecumMmeTpuuyHoe oOTexkanue. Ilycrs mnpasas
yacTh ypaBHeHus (3.16) He 3aBucuT OT A. B sTOM Cavuae
MOXKHO TOJMOXKHTb Pr = 0, p, = n(s). Torma ypasuenue (3.18)
yAOBJIETBOPAETCS TOXKIECTBEHHO, a HHTErpajipHOE ypaBHeHHe
{3.16) npuHEMaeT BHI: _

p_ b
2 S (s K (s, ) n(s)ds” = 1, (s). (3.20)
k=1 ag
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BekTopHoe snpo K (s, 8’} €CTb CKOPOCTb XKHAKOCTH OT KOJMbe
1eBOT0 BWXDsl NMOCTOAHHOH HHTEHCHBHOCTH p (s') ds’, pacnoso-
EHHOTO B IJIOCKOCTH ¢ KOODAYHATOH § NOBEPXHOCTH Bpallle
HuA, CO3/@BaeMast Ha LIMpOTe ¢ KoopAuHatoii s. OHa umeer
cefyolye NPOEKIHH Ha OCH HMUJIHHAPHYECKOH CHCTEMbI KOO
JMHaT

r—rqycos{h— }‘)dk'

r
K. = % =

2n

k14
o 2y —z)cos(A—A") ..,
K, _2—(5 os =1 gy

(r=r.(s), 2= 2,(5), ry=r,(5), 2, = 2,(5)).

Brruncive 9TH MHTErpanisl, MOXKHO MOJNYYHTb [5]:

- 1 (9 k2 T k2 .

K, 4n | (r+r)¥ @ — 2, (1 ~k2E_2K”f11_—7eﬁE)’

K, = etk (=B —2K, (21
4”’1V(’+’1)2+(Z—21)2 I , '

rie E(k), K (k) — nonHele snauntTHUecKue WHTErpajinl l-ro u
2-ro poja:
B2 — drry
(r+r)+(;—22 "
BekTop n; = 1 (S) MMeeT Cile[ytoLiMe IPOeKIHHU: n, = sin y (§)==
= siny,, 71, = €08 Y (8) = cosy;. OTMETHM TaKKe, 4TO

. . dzy dry
Siny; = — ds s
Kax ussectHo [5], mpu s —s saapo K umeer 0coGeHHOCTE
BHla (s—s’)™l, Tak uTO HHTerpajsbHOe yparHeHue (3.19)
AIBNSETCA CHHIYJIADHBIM. 13 TeopHH pelueHHS TaKWUX ypaBHe-
Hu#l caefyet [12], 4TO OHO HUMeeT p OJHOPOJHBIX peLIeHuH,
onpefeNsieMBIX € TOYHOCTBIO 10 MOCTOAHHOTO MHOKutens C,.
Jna onpejeneHHs 3THX NOCTOSAHHBIX HeOOXOAHMO 3a1aTh p
JOTIOJTHUTENIbHBIX  VCIOBHHA. TakoBBIMH SBJSIOTCS OTCYTCTBHE
uupkynsnud I'y no mo6omy KouTypy L,, oXBaThIBarouieMy
k-e MOJIOTHHITIE: @w -Idl= 0, (k= 1, p). Bubupas KOHTYpPOM
Ly
L, mepumman a, < s < b, U yuHTBIBAs pa3/MuHOE HANpaB/IeHue
=1 Mo BH;/TpeHHeH u BHeumeH CTOPOHE NOBEPXHOCTH, MOXKHO
k
noiyunth: | [w]xds’ = 0.
%

y COS Yy ==
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Ho (@] ®= s (s") = p(s'), T. e. IOMKHO OBITH:
b
\ ps)ds =0. (3.22)
]
Ecau mosocHoe oTBepcTHe OTCYTCTBYeT (2, = 0), TO ycaosue
(3.22) mpu k=1 cineayer uaMeHUTb Ha

p(a) =n ) =0. (3.23)

DTO yC/IOBHE eCTb CJIeICTBHE HENpephIBHOCTH CKOPOCTH B MO-
aoce, T. e. uyrto [w] =0 npu & =0 npn oceCHMMETPHUHOM
OOTEeKaHHN.

Hanee uz poipaxeun# (3.19) onpegenum aGCosoTHEIE CKO-
POCTH JBHIKEHHMS KMAKOCTH N[O BHYTPeHHeH CTOpoHe MOBepX-
HoOCcTH S:

p %
_ ob- ’ 7
wr = —tu+ Y | w16 =@
k= lak
wy =+ 5 =0, (3.24)

3/ech KOMIOHEHTH BEKTOpa 7% ONpPelessiOTCS BbIPaKeHUsIMHU
(3.21) t, = —siny,, T, =cosy,. Takum obpazoM, npu oce-
chmeTpanOM oO6TeKaH#H1 HOBEePXHOCTH BpalleHUs O~ = Dy(s)=

- Sm (s)ds -+ Cs, npu n=0, a, <s < b, Ilocrosunsie Cy

Ha KaxIoM k-OM TOMOTHHIIE KYHOJa MOJHO He HaXOJUTh,
TaK KaK MpH onpejeseHHH aspoHHAMHUECKUX KO3(DHITHEHTOB
HeoOXOiHMa TOJBKO pasHOCTb noreHuuana @O~ Ha k-oM mo-
JIOTHHIIE.

Kococummerpuunoe o6Grexkanue. Ecau npasas
yactb ypaBHeHus (3.16) mponopuuonanbHa sini, To BHGWpas
BEKTOD W B BHJE! R = Ui {S) cosh; pp = Wy (S) sind, us BbIpa-
weuuit (3.16) u (3.18) momyunm crenylomyo cucteMy ypas-
HEHH{l JJIA ompejefieHHs (QYHKUHH g, Mp

2 (b + =0, (3.25)

lak

p
(9 = ; f i) L sYm(9)ds’ +
k

+ | uo () M (s, s (s) ds’ (3.26)

e
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by
¢ IONOJHHTENBHHIMH YCAOBUAMHA: [ (a,) = - (b,) = 0, \ pe X
ap
X (s)ds'=0 npu a; #0; us, uy KOHEuHH, ecau a; =0.
B ypasreruax (3.25), (3.26) oGosnaueHo:
L w7 —rsiny -+ (2zy —2)cos %
y =

45 X
2n
% g‘ sin®e de .
Y (V r® - r; —2rrcose - (z; — 2)2)3 '
2
L — _rr,cosxS sin®g de .
4 3
o ,(V 4l —2ryrcose + (2, — 2)?)
271
M, = r{z; —2) cos? g de .
= 5
4n P (Vr2 -+ r? —2rrycose+4(z; — 2)2)
2%
M __r_S' cose(r —r, cose)de
¢ 4n (Vﬂ -+ rf — 2rrycose+ (2, — 2)2)3

0
HJH B ABHOM BHJIE!
—rsin X +(z; — z)cosx(2K—— E —-K)'

an1V("+f1)2+(21——z)2 k2 ’
b= —(ﬂ V(r-{—rczszi(zl—z)z(QK;E—K)?
2
Me= " an V(r+r1)l2+(zl_z)2[Elik2—4 X

x (2X2E k) #r(p 2=k o))

r

[Tocsie ompenesieHusi KOMIOHEHT BEKTOPAa W M3 BhIPAXKEHHH
(3.19) onpepesM KacaTesbHBIE KOMIIOHEHTHI CKOPOCTEH H NO-
TEeHIHaJ CKOPOCTeH 110 BHYTPeHHeH 4acTH HOBEPXHOCTH KynoJa:

W (s, M) = we (s)sind, wy(s, A) = ws(s)cosh, D(s, &)=

=B (9)sinh, wr () =S =—F 1)+
p b

+ NV ) L (s, ) + 88 M s, )] T(5) ds's
k=1ak
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p
—— 1 - ] " 4 0 4
Wy (8) =~ P = 5 e (s) + Z | e (8 0] (s, 8") +
! k=1 g,,
+ Mo (s") VY, (s, 7)1 ds”, (3.27)
rAe
2% ) .
vgt _ 4_;_5‘ —ry E;X:— r szm X cos e — (2; — 2) cos Xscos & cos & de;
o r2-ri—2rircose -+ (z; — 2)2)
2n
o0 __r(zl—z)S sin%e de
b 4n 5 (Vr2 4-ri —2rircose 4 (z; — 2)2)3
N
® = — M, + rsiny
be ok dary V)t + (2 —zp) %
k2 K—E Rrofn2—k o).
x [E I Lt El et “K)>'

o . L=z K—E
Y T (2 k2 K)' (3.28)

CjienyeT OTMETHTb, YTO
D (8) =r(s) wy (s), (3.29)

TaK 4TO OH JIeTKO ONPEACJHTC BMECTe C OlpejiesieHHeM CKO-
pocreit xuaKoctH. Hanee, ecs u3 mepBoro ypasHenus (3.25)
ONpPEeAE]HTD

d
Bp =—7¢ (r1itz) (3.30)

¥ TOJCTABUTb 3TO BhIPaXKeHHE B HHTErpajbHOE COOTHOLIEHHE
(3.25), 10 Oyier:
p Y%

D L s 8)— cosyM (s, s (9) —

k=1 a,
—r(sYM(s, s)n(s) ZT“,T)ds’ =1P; S). (3.31)

[Tocnennee ypaBHEHHE OTHOCMTCA K KJaccy HUHTerpo-Audoe-
PEHLHANbHEIX CHHTYJISPHBIX YPaBHEHHUi C AAPOM, HMEIOLIHM
ocobennocrh Thna Kowwm Buma (s—s')™. B cuay cBoicTs
COOTBETCTBYIOHIUX OIIEPaTOPOB — HHTErpasbHOro Tuna Kowmn
1 audibepeHIHalbHOTO EPBOT0 NOPAAKA, OHO HMEET ABa OJHO-
POAHBIX pellleHHs Ha KaxAOM [POMEXYTKE HHTEerPHPOBaHUS.
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J1/15 ORHO3HAUHO pa3pelinMOCTH 3TOTO YPaBHEHHS HeOOXORUMEE
TIOSTOMY [iBa YCJIOBMS Ha KaMJoM R-OM KOHTYpe

te(ay) == pe(by) = 0. (3.32)

B cuay (3.30) ycaosue orcyrerBus uMpkyJasauui [y BbIIOJ-
HEHO NPH 3TOM TOKIECTBEHHO.

Ecau nosocHoe OTBepPCTHE B KYIOJE OTCYTCTBYeT, T. €.
a; =0, To yc0BHe KOHEWHOCTH My (0) JOCTATOUHO /st petieHHs
ypaBHerusa (3.31), ubo agpa L, M npu s’ =0 (r = 0) pasHb
BYJHO.

BosBpamuasick Tenepb K KPAaSBBIM 3aJauaM, [OCTaBJAEHHBIM
B TJ. 2, MOXHO 3aMeTHTh, 4YTO AJISI ONPENeJIeHHsi OCeCHMMeT-
puuHeiX norteHuHatos @y, ®;, P, cienyeT nosOKUTH B ypas-
uennn (3.20)

cosy (s), o Py
Yo (s) = § di(s), nma Dy (3.33)
1, nas O,.
AHANOTHYHO NPH KOCOCHMMETPHYHOM OOTEeKaHHWH B ypaBHEHHH
(3.31) 6yner:
{sinx(s) niasg D

bu(8) = | Re (s)sin 8¢ (s) — % (s)) masa De.

Pemienne noJy4eHHBIX 37€Ch HHTETPaJbHBIX YPaBHEHUH mHpen-
cTaBjsieT cobofi TPYAHYIO 3ajauy, KOTOpasi MOXKeT OBITh pe-
meHa Jjuulb uucaeHHo (§ 3.4). IlostoMy moJiyueHHe aHANHTH-
YeCKHX pelIeHHH 3THX YpaBHeHHUH [peNcTaBjseT He TOJbKO
TEOPETHYECKHH, HO M BHIUHCJIHTEJBHBI HHTEpeC KaK TecToBasd
3ajaya IJig OLIEHKM TOYHOCTH U VCTOHYHBOCTH UHCJEHHBIX
anropuTMoB. B cienyioliem naparpade npeasioKeHO aHAJUTH-
4ecKoe pelleHHe KpaeBbiX 3aAau Ajas cpepHYecKoro KymnoJa.

(3.34)

3.3. ObTtexaHue chpepuHecKoro Kynona

B ucc/ie zoBanysX N0 JMHAMHKE NApALIIOTHBIX CHCTEM [IHPOKO
NpUMEHSIOTCS PA3JIHYHOTO BHJA OJHOMApaMeTPHUecKue amnmpo-
KcuMmanun GopMel KynoJa (noaycdepa + nuausnp, chepa -+
-+ Komyc H T. 1. {36; 63; 64]). Bribpannas ¢opma KymoJa onpe-
IeJsieTcst OLHO¥ 0OOOUIEHHOR KOOpAHHATON o.

[IycTb B KauecTBe ofHOTApPAMeTPUUYECKONR MOJIeJIH TapallTa
0e3 KOHCTPYKTHBHBIX OTBepcTHil BRIOpaHa cdepuueckass Nnosepx-
HOCTb MepexeHHOro pajuyca Rc (f) ¢ MOCTOSHHOH MIHHOH 00-
pasyrome# (MepHaHaHa), paBHOHA PaCKPOHHOMY pajuycy S, = 1.
Ecam yroq packpeitus cbhepiHuecKoro kynosaa o003HauUTb o ==
= R, To 06o6uienHol KOOpAUHATOH YA0OHO BHIGPATH pajnyc

Rc(t): oy =Rc=a™.
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Tlpn BuIGOpe Haua/ja KOOPAHHAT MOABHMKHOH CHCTEMHI OT-
cueta (Touku O) B ueHTpe cbepnl, ypaBHEHUs, 3ajalolue ee
NOBEPXHOCTL, HMEKT BHA

ro = Resin (SR 1Y), 2, = Rccos (SR Y). (3.35)

Yron y MeXAy HOpMaJbi0o H OChbI0 CHMMETDHH, fKOGHaH d,
paBHEL

. —1. _ D(r,2
r=sR;Y d; = DG, Ry — 1. (3.36)

B cdepuueckoit cucreme Koopaunat 6, A, R ¢ uertpoq O
B IeHTpe cdephl U NOJAPHOH OCbIO, HaNpaBJeHHOH BLOJbL OCH 2,

Ha nosepxnoctd cdepst R = R¢(f), ¥ = sR;'= 6. Kpaesbie
yesiosaa (3.33) ¢ yueroM (3.36) NPUHHVAIOT B

cos B ana Oy;
P (B) = I anas @, (3.37)
1 nng @,.

Mz (3.37) caeayer, uTo AJs8 coepuyeckoro xynoga pzedop-
MallMOHHBIH noTeHIHas P; He oTauvYaeTcs OT nortenuuana O,
00YCJIOBAEHHOTO NPOHHLAEMOCTHIO.

Pemienye 3agaun ocecUMMETPHYHOro obTeKaHus Cdepuyec-
KO! MOBEPXHOCTH MOXKHO HAHTU METONOM, HU3JIOXKEHHBM B [32],
KOTOPbIH H NIPHBEAEH HHKE.

[Ipexzae Bcero cJsenyeT OTMETHTb, 4YTO KpaeBasl 3ajaua
(3.16) moxer OBITH MOCTaBJeHA ¥ AJs KOMIOHEHTH A, Bek-
TOPHOTO MNOTeHIHama A, y KOTOPOrO OCTaJbHBIE KOMIIOHEHTH
A, A, paBHBI HYJIO B cuy oceBofi cuMMeTpuu. Torjaa us (3.6)
craenyet

1
Wn = r(s, n) ds

CoranacHo (3.7) u (3.15):

i ’ ! A—AYdA
Ap (s, n) = 4 S§ Uy () r1(es(s),us)'s,(x ——7»'), ) ds’. (3.38)
S

(f (s, n) Ap).

W3 rpanuunoro ycsaosus
w, = wl=w, =P, (s) Ha S(n = 0)

MOXKHO Ha#TH, 4TO

Ap(s, 0) = r(s)'g r(s’) Po (s7) ds" + —= r(s) (@, <s<by), (3.39

b
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rae C, — NMOCTOSTHHbIE WHTETDHUPOBAHUA, OMNpeleJiseMble H3
YCJIOBUS HENPEePLIBHOCTH BeJHuHHBl Ap(S) NpH s = &, u npo-
H3BOJHHOTO 3a[ldHUsl ee B KaKOH-/IHO0 TOUKE [I0TOKa KHLAKOCTH.
[Mpupasuueas Boipaxkenue (3.38) u (3.39) ua nosepxHocTH S,

rae n =0, noJyunm
o b o
N ) Kals, ) 08" = Refi (s (@ <s<biy (=1, p)
k=lay

8

Fo= 2l re) e + 8
o

T

(‘ cos e de
; Vﬂ +ri—2rr cose + (21 —2)?

(3.40)

K, (s, s = 5%—

Jans chepuueckofi MOBEPXHOCTH 6€3 KOHCTPYKTHBHEIX OTBEp-
CTHIl:

23
sin © cos & de

K 0,0) = .
2 ©,9) 2n 1/ 3(1 —cosBcos 06— sinBsin B’ cose)
5]
l ]

sin 0
8

F0) = sin 8, (87) do’"; C, = 0.

[Toab3ysicb H3BeCTHHIM pasjoxeHueM [18]: (1 + A% —

— Qhcosy)~Vz = Y, B'P.(cosy), (h<1), B  KOTOpOM
n=0

P, (cosy) — nosuHOoMbl JlexkaHApa, a TakXKe «TeOpeMo# cJo-
KeHus» [18]:
P, (cosy) = P, (cos 0 cos8’ 4 sin0sin 6’ cose) =
n

=P, (cos®) P, (cos8) + 2 ¥ = m!

pa mP’,’,’ (cos 8) X
m==1

X Py (cos®') cos me,
s K, (0, 6) nosyuum BbIpaKeHue:

P; (cos 0)
nin 1)

K, (6, 8) = 5 sin@’ Y,

n=9_

P} (cos 0.

3nech P (cosB) = 71% P, (cos0) — npucoesuHeHHble  (YHKIUY

Jlexangpa 1-ro poja.
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Takum ofpasom, ypasHenue (3.40) B cayuae oTCyTCTBHA
OTBepCTHH (a1 =0, b= [3—- So) npuHUMaeT BHI:

P,l2 (cos 6)

b Rc 2, Pn(cos 8) g ©")sin 6’ FYCE) do’ =

n=0 0

2RC ’ ’ ’

= mo Slne lpo(e)de

14 TIocJle MHTerpHpoBanus mo 0:
: ( 8)
R 0S8
EOP (cose)j u(07)sin® P d6" = F (8),
k4
F®) =2\ f(8)do + F (0. (3.41)

0

Peinenne ypasuenus (3.41) HaiileM, NPHMEHHB WUHTErpasbHHIE
TIpeACTaBJACHHA JAJs1 noJHHOMOB Jlexauupa [18]:

[¢]
2 " cos{n - 1,)¢dt
P 080y = = | 2T /elt .
n(cosH) n \ YV 3{cost —cos 0)

'E s’::él)SVQ(cost—— cosf)cos(n +1/,) ¢ dt.

(3.42)

Pl (cos B) =

Wom

{ [V'3(cost—cosB)] %, t<6;

Z P, (cosB) cos (n + %)t = 0, t >0

=0

©

in® 1
Z n—(sﬁl-r_L‘_T)Pﬁ (cos 0) cos (n -+ g)t =
n=0
_ { —V 2(cost—cos 0), t< 6
o 0, t>0.
Torna noacrasus B (3.41) Beipaxkenue P, (cos8) uz (3.42) u

HCIIOJIb3ys BTOpOe CooTHoWeHue u3 (3.43), Bmecto (3.41)
MOJIyJaeTes:

(3.43)

- 2 dt B I s !
- T{"Sl Vme—) 5”(6 )VQ(COSt— cos B )de :F(G)
0
(3.44)
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Beons ofosnauenue

B
M) = — S n®)Y 2(cost —cost)do’, (3.45)
1

nocJieHee ypaBHEHHE 3anHilleM Tak:

[+}
2 ¢ A () dt
< |

) Vo Teosi—cosh) = F(0). (3.46)

Judbdepenuupys solpakenue (3.45) mo ¢, ero MOXHO OpH-
BeCTH K BHAY (3.46):

b (6”)do’ _M®
V 2(cost —cos &)  sint’
i

(3.47y

O6a ypasHenns (3.46) u (3.47) npuBOASTCA K H3BECTHOMY
ypaBHeHuto Tuna Abens, UX pemenus 6yayT [24]:

. ¢

d F (B)sin6 d6
?\' t = = —— =
@ dfo ¥/ 2{cos 6 — cos )

t
—sint| L 19 IR
2sin V' 2(cos 8 —cos ?)
o

B
© =____{ A () dt _ 2 A (B)
i w df’ 'e'VQ (cos 8’ —cos?) T YV 2(cos 8 —cosp)

-+ (peryJisipHas uactbh npu 6 — f). (3.48)

IToctosinras F (0) onpefenseTcst H3 YCJOBUSE CYIIECTBOBAHHS.
[POU3BOJHOH A/ (t)-——ycmBHﬂ HEINpPEepLIBHOCTH (GyHKUuH A (f)
B Touke { =f: A (B) =

f(6) do

B
= — / —_—
F@) 4sinf 2\ V 2(cos 8 —cosB)

(3.49)

Pemenve ypaBHenus (3.40) B ciayuae OCeCHMMETPHUHOI'O 06-
Tekaunua cepuyeckoil MOBepXHOCTH (€3 MOJIOCHOTC OTBEPCTHS:
M KOJIbLEBLIX lieaefl NOCTPOEHO. B Kama0M KOHKPETHOM CJIy-
yae 3aJaHU4 NpaBOf YaCTH HHTErpaJbHOro ypapHenus (3.41) —

¢yHrRuuH F(0) — MOKHO HalTH aHaJIMTHYECKOE BEIpaXKeHHe
17151 BeJHYMHB po= p (0).
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Hns apoposasuoro nsnmemm*

Yo (8) = cos ;[ (0) =5 sm@ F(©) = —cos0 — 4 sinsin? §/2;

A{8) = 2cos /2 (cos 9 —cosB);

by (6) = — sinOvy (x);

vy (x) = 3arccos x + x (3 — x?) (1 — x%)~1/s;

x = cos /2 cos™16/2. (3.50)
Jiasi pacumipeHHsl KynoJia (M3MEHEHHs paauyca oB0J0UKH):
P, (0)=1; f(0)=1g0/2; F(O) =—4Incosb6/2 — 2B tgB/2;
A(B) = —2cos0/2 (B tgp/2 —0tg0/2);
 (0) = g V1 ()
vy (x) = — cos?f/2 x® arccos x + x71 (1 — x%)~12 x
% [xz(l + ot —g—)—coszﬁ/Q]. (3.51)

s onpeﬁeneﬁnﬁ aGCOJMIFOTHON CKOPOCTH W JBHXKeHHS
KUAKOCTH 1O BHYTPeHHeH U BHeIHel [OBEPXHOCTH Cdepbt

MOXHO HCII0/Ib30BaTh BeKTODHHIH nortenuuan 4 = (0, 4, 0)
u dopmyay Buo-Casapa (3. 6)'

Wy = r(s—'n) an (’ (s, n) Ap)
uaH B ChHEPUUECKHX KOOp)lHHaTaX
w08, R) = — ? . a‘Q(RAb)

Hopmanbras npousBogHas noreHnuana A, Ha MOBEPXHOCTH
TEPUUT pas3phiB, KaK M Kacare/bHas KOMIOHEHTa CKODOCTH,
npuyeM [wq] = w} —w, = u(9). [losTomy mas onpexenexus

ckopocTell Wl Ha cgepe mafizeM cymMy CKOpOCTed:

1 0 —
rie
C [ C
;~=—2-S (8)sin 6 n(n—{—l)( ) %
0 n=0
R
% P} (cos©') P} (cos 8) df’; ( =5 < 1)

C

R

R ; S R

— C AW 4 !
n=0

XPn(cosG)P (cos©) do’, (h__l—éi< 1)
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(3Tu npepcTaBNeHHS NOMYUEHBl aHANOTHUHO RcoKp = Ay (R =
= Rc). Brinmo/HAsl COOTBETCTBYIOUIME BBIYHCJICHHA COTJIACHO

g

(3.52), nomyume @i 4 wi = — § w(0) Kz (0, 0')do’ =
= —[(0) npu R = R¢, uto csenyer us (3.40). Torna
F= %0 = 7 O =10
wy = g o = — o (W (0) + f O)]. (3.53)

Teneps MOXKHO ONpeie/HTH 3HaveHHe HOTeHuuana O npn
OCECHMMETPHYHOM JIBHXKEHUH KYIOJa:

9
R
¢+:R6Swjd8: S| w(®) 0 — | RcF (8);
Y]

[
» R— 9
O = RCS wdb’ = CS\ w(0)do — %—RCF )
0
wig ¢ yuerom (3.48):

RC()

"
S dt — . (3.54y

Pr= S

B
Rc A () dt ‘
]/2 {cos 8 —cos?) ~ 2“0
Hoc.nezmee BbIpaXKeHHEe B COBOKYHNHOCTH C KOHKPETHBIMH 3Ha-
vennsiMid QyHRup# A (6), F(0) ms (3.50), (3.51) monnocTsio
peliaeT 3ajady HaXOXKOeHHs NoTeruHanos Oy u &1 .
KococuMMeTpHuHBIH cayuall ofTekaHHs cepHuecKoH No-

BePXHOCTH MKHIKOCTBIO CJEIYIOUIMM 00pa3oM CBOIMTCS K OCe-
CHMMETPUUHOMY.

KococuMMeTpHUHBIN MNOTEHIHa] CKOPOCTeH ¢ HMeeT BHA:
¢(s, A, n) =79 (s, n)sinh, rae (s, n) yAOBJETBOPSAET ypaB-

HEHHIO:
1 3 ag I~
T on (r 6n) 2 P=

:a%(ri'éé(’@jLan(r Gn((p)>_0

B 1o e BpeMs /sl OCeBOH CHUMMeTpHH KOMHOHeHTa A (s, n}
YAOBJAETBOPAET TAaKOMy e ypaBHeHmo~

~
\I-—.‘
Q),QJ
——
-
¥ 82,
S
+

dwp,

+6s:’
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e
1 8 1 0

w, =~ 5 (rdy), wi=—~ 5 (rdy),
T. €. MOTEHIHAJ CKOPOCTeH @ (S, n) CoBMajaer ¢ KOMIOHEH-
TOH BEKTODHOrO MNOTEHHHAJa HEeKOTOpofi OCeCHMMETPHYHOH
safaun. C gpyrofi CTODOHBI, KOMNOHeHTa A, ocecHMMeTpHYy-
#oro oOTeKaHUsl CBA3aHA C HEKOTODPOH rapMoHHYecKOoH DyHK-
auet g (s, n) COOTHOLLIEHUAMH:

0g 1

0
We=g =T AN W=

9 0
5= — 35 (R40), 55 = gy~ 55 (N0 44),

TaK 4ToO

[okaxkeM, 4TO APH YCJOBHSAX:
Ag =0 (A — oneparop Jlanaaca);
g=0(R™®) npy R—> oo (OTCYTCTBUE HCTOUHHKOB); (3.55)
scrnoMoratesbtas ¢yHkuug f(R, 9) — rapMonuueckas, T. e.
Af = 0. (3.56)
B camom nese, mobyio rapMoHudeckyio dyaxunio g (R, 0) npu

ycnoBusix (3.55) B cepuueckoll cHCTeMe KOODAHHAT MOXHO
fipeicTaBuTh B BHAE [H0]:

g= ), #2Pa(cost); (R=1

n=2

oo

g= % A,RP,(cosB); (R )
n=1

Torna
{ o~
R Pip,(cosB)y,  (R>1);
1 =
f=g ) gdR=1 "=
® Y B,R"P, (cos); (R < 1),
‘ n=l1

9TO M ROKasblBaeT cooTHouleHue (3.56).
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Takum 00pa3oM, NOTEHLUAT CKOPOCTEH @, yIOBACTBOPSIO-

muii ypapuenntio Lo = 0 u yOblBaloiiMfi Ha OGeCKOHEYHOCTH
Kak @ = 0(R™?) npu R-— co NpeicTaBJsieTcsl B BHIE

=9

a8’

rre f(R, 6)— rapMoHHYecKass (QYHKUHS. ITOT pe3y. bTaT
MOXKHO NOJIYYHTb U HEMOCPEACTBEHHOH NMPOBEPKON TOXKECTBA

~of 0
La—e——a—eAi.

Tax Kak noTeHnuasd BpalileHus cdepbl BOKPYT €€ LEHTpa
OTCYTCTBYET: ¢, = 0, BBHAY 0. = X (s), (cm. 3.34)), T0 B ganb-
HefimieM O000O3HAYEHO § = @ .

Hockoneky u3 (3.34) caeayer, 4To

00T odT 0 0
S5 + g = sinf, mpu R= R, 0 <0<,
TO AJA rapMOHHYecKo# ¢vukuum f (R, 0) Oyuer:

%; == % = —co0s0 + C (C = const). (3.57)
CpaBHHBas 370 ycjoBue ¢ {3.37) ¥ NOJb3ysICh JHHEAHOCTBIO
onepatopa Jlannaca, naxozuMm, urto f(R, 0) = (p”—[-C(pl,
f(Re, 8)= —D) ++ COy, rre @) u D, uMEIOT IpejcTaBJe-
HHe (3.54) OpH COOTBETCTBYWOILEM BhIGOpe byuKIME A (f)
u F ).

B cuay yesosus [w] - b= 0, w} = w,” npu 6 =P u coor-

+ +
HoleHUs rwp = OT npu KococuMMeTpuuHOM O6TEKaHuy, mo-
crosiiEylo C BO BCIOMOraTebHOM HOTeHuuasde (R, 0) cue-
AyeT BHIOPAaTb Tak, YTOGHl ObLIO

(19) = @ — &)
@1 =| 2} =0 npu 6=p;
2]l o

‘Iaim (w, — Cu,) = lim (sm pv, (x) — c (x)> = 0.
-+ x-+1

sinf

[Toncrapasia crona BbIpaXKeHHs vy (%), vy (x) us (3.50), (3.51),
MOXKHO NOJYUYHTb

C=sinP(l 4+ cosP) (P 4+ sinf)~L. (3.58)
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Tenepy u3 puipaxkenudt (3.53), (3.50), (3.51) caenyer:
R Ro. ¢
OF = —Rcwd + CRewii = Fsind— C-ftg o ¥

F Rc(3sin8 + 2Cctgh,2) arecos - 08 gg T

R,
T 5, cosp/2 ctg (2 (cos B — cos B))'2 x

(3 sm2 — 2cos? &~ B + C)
e (0) = - Sme(% —0) = ne(u,, (0) —Cny (8)).  (3.59)

[Noacrasaas oljHonapaMeTpuyecKyio annpokcumanuio (3.35)
B YPaBHEHHsi OCECHMMETDHYHOrO JABHKeHHs (2.32) u (2.36),
fl0JIyyaeM, 4TO HCKOMBIE BEeJAHYHHBI — CKOPOCTh LEHTPa Ky
nosa V (f) u ofobmennas KoopaHHaTa R¢(f) — ROJKHBI V0B
JIETBOPATD cneﬂy}omnm yDPaBHEHHSM!

VH + RCH1+ V2H00+ VRCH01+ RCH]I—— O
N (V 4 Ree— R%e) 4 VG, + RcG, +- 5 V2G,, +
+VRe Go + 5 REGy; +1=0, (360)

rje

He = RE| {Re}sind (1 —ecosB) do;
0

Gy = R¢ X{R.}smﬁcosﬁ)de
b

{ToYKa 3aMeHsieT COOTBETCTBYIOLUHE HHIEKCHL);
a = Rgly
e=osina + cosa 4 Lsina(sina —acosa) x
X (a2 — L2 sin? oc)'—l/z,
L =s,0™,
e=adcoso + Lot (sin 2o — 2a cos 2a) (a2 — L2 sin?a)™ ' —
— Lot sina (sina — a cos ) (200 — L%sin 2a) X
X (o2 — L2 sin2a) ™%, (3.61)
Beanundsl Re B (3.61) onpenesstorcss BeIpameHusaMu {2.11).
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IMoncrasass nmotenmmantnt Oy, ©,, &, B (2.11) u (2.12), na-
XOIUM, YTO

R,= D[, Ry = @1, Ry, = (wy) + sinB)%
Ry = —B(1+0)2 (o) —cosd—
[) op RC

— @
— Wy (wt” -+ sin 9) 4~ R_

Ru= 20+ 3 (fL) + @ar—1+ ZoT, 3o

19i (2
dinS -~

= Tga; o= ST1f. (3.63)

[Mapametp yasuHeHus S onpepensiercs ypaBHeHHeM (2.15)

(wy, +sin0)?=14Q, Q=0,42. (3.64)

Pemenune ypaBHeHus (3.64), nojydyeHHoe 49HCAEHHO, MOKa3aHO
Ha puc. l.4. Ypasuenua (3.60) onHCBHIBAIOT IBHIKEHHE PACKPHI-
BaoOlllerocst Kymoja B OJHONApaMeTPHYeCKOM MPUO/IIKEHHH.
Ecan ¢yukuun V() u Rc(f) Haiigens us (3.60), TO CKOpocTh
rpysa u(f) mMoxer GHTb HafineHa no (2.38):

Y paBuenus (3.60) Bmecte ¢ Boipaxkenusmu (3.40), (3.41),
(3.54), (3.59), (3.61) — (3.65) o6pa3yioT 3aMKHYTYIO TOCTAHOB-
Ky 3aJlaud O ABHXKEHHH KY[OJa B OJHONApaMeTpHYeCKOM IpH-
6muxenun Kynosa chepuueckofi noBepxHocTbio. Hekoropoe
[peuMyLLecTBO 3TOfl cuctem- nepen ofuell GopMynpOBKOH
3afayd B § 2.2 (mJs OpPOM3BOJLHOTO YKC/A fiapaMeTpoB (oOpMBL
@;) COCTOUT B CYIIECTBOBAHHH SIBHBIX AHAJIUTHYECKHX BBIpAXKe-
HEH JMHAMHYECKHX BelMuuH R (3.62).

Ilna obrekaHus KymoJsia BpauieHUs [POU3BOABHON (ODMBI
HeoOXONMMO peuiaTth noJiyueHHble B § 3.2 UHTerpa/bHble ypas-
HEHYsl YHCJIeHHO.

3.4. YUncneHHLIM anropuTM pelieHns Kpaesblx 3aAau
obTekaHMs NOBEpPXHOCTEH BpPAallleHHA

KpaeBble 3ajauyl 06TeKaHus NOBEPXHOCTH BpallleHHS 2aJaH
Hoii reomerprn B § 3.2 MeTojlaMy TeOpHMHM NOTEHIMATa CBele-
HBl K JIBYM 3ajauam:

— pellleHUe CHHTYJIPHOrO HHTErPaibHOrO ypasHeHus (3.20),
AP0 KOTOPOFO HMeeT IaBHYI0 ocoGeHHOCTh THHa Komu (ciay-
yafl oceBOHl CHMMETpHUH);
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— peleHue HHTErpo-AuddepeHtHanbHOro CHHTYIJISPHOTO
ypaBHenus (3.31) ¢ aapom, umelomuM ocoGeHHOCTh Thna Ko-
WK (KOCOCHMMETDHYHOE OOTEeKaHue).

Kak ©pin0 oT™MeueHo, nOJYyYEHHbIE YpaBHEHHA JLOJ/DKHBI
OBITb JONOJIHEHB! YCJIOBHSMH THIA KPAEBLIX [JIsi ONpeLeseHHs:
NOCTOAHHBIX NPUW OXHOPOJAHBIX pelleHHAX [OJYYEHHBIX HHTEr-
pa/IbHBIX ONEPaTopoB, 4TO HEOOXOZMMO /s MOJYUeHHS ORHO-
8HAYHOTO pelleHHA. DTH YCJOBHSI TaKkKe ObilH CHOPMYJHPO-
Banbl ((3.21), (3.23), (3.32)).

Jla8 9MCNIEeHHOTO pellleHMs] YKa3aHHBIX THIOB YpaBHeHHuf
OblJl pHMEHEH YCOBeplieHCTBOBAHHBIA METOA AHCKDPETHBIX 0CO-
GenHocTe#l (MeTOond mexaHHuyeckuXx KBazparyp [41]) B coBokym-
HOCTH C METOAOM KOJIJIOKaluil. Y COBeplLIeHCTBOBAHHE MeTola
OpOBeJeHO B CMbICJe YHUBEpPCasbHOCTH I[OHCKA pellieHHH B
pasiuuHbIX KJjaccax GyHKUW{t ¥ YTOYHEHHMS 3THX pelleHul Ha
KOHIIAX HHTepBa/Ja HHTerpHpoBaHus. OLeHKa CXOAUMOCTH H
TOYHOCTH MPEAJOKEHHOI'O aJIropUTMa Obljla NPOU3BE/EHA B CPaB-
HEHHMH C TOYHBIM aHAIHTHUYECKHUM pellieHHeM 3aJasu O0TeKaHus
cdepryecKoil moBepxHocTH (§ 3.3) U NJOCKOR IJIaCTHHKH.

Cr€nyer OTMETHTb OCHOBHOE OTJMYHE METONA AHCKPETHBIX
0cOGeHHOCTeHl NpH pelieHUH peryaspHbiX [41] # cuHTyJAspHBEIX
[6] ypaBuenn#i. MHTerpajipHble ypaBHEHHA C peryJspHBIMH
sipaMH ofnpejle/ieHbl BO BCeX TOYKax cermeHrta [a, 0] (a, b —
npejenbl HMHTETPHPOBaHHSA), B CHAY Yero YHCJIO BLIOPAHHBIX
N0 METOAY KOJJIOKAlM# TOYeK, B KOTOPBIX HEBf3Ka OT 3ame-
HBI HHTerpaia Pumana kodeuHo# cyMMoOH 1o KBaapaTypHo# ¢o-
pMyJie OT ero TOUHOrO 3HaueHHs O6palllaeTcsl B HYJb, NOJIKHO
COBNAJATh C YHCJIOM Y3JOBHIX TOUEK B KBaJpaTypHOH hopmyJe.
Hurerpanbhbie ypaBHeHus, 1pa KOTOPBIX UMEIOT OCO0CHHOCTD
tiuna Ko, onpefenens! Ayils Ha HHTepBane {(a, b), Tak Kak
uHrerpan tana Kolu He nMeeT cMbicsia Ha KOHIAX HHTEPBa-
aa [12]. TlostoMy umcJiO TOYEK KOJJIOKaUMH AOJKHO ObIThb Ha
OJHY MEHbILE, 4eM Y3JIOBbIX («BUXpEBbIX») TOYEK KBaApaTyp-
Ho#t ¢opmyJbl. Ilpuuem, 9T6Obl BHIYUCJ/EHHE PACXOAALIErOCH B
cMblcsle PumaHa uHTerpaja NpoOM3BeCTH B CMBICJE IJIaBHOTO
snauenus no Komm, Heo0X0A¥MO BbIGPaTth TOYKH KOJIOKAUHHA
MeXAY V3JOBBIMH TOYKamu — «BuxpsaMu» [5; 6], Mx pacnogo-
JKeHHEe NpH 5TOM HA HHTePBaJe MEXAY BHUXDSAMH, [0-BHAHUMO-
My, HECYIECTBEHHO, XO01s HX VAauyHOE DAaCIOJOXKEHHEe [03-
BOJIIET CHU3UTb [MOTPEIIHOCTb 3aMEHLI HHTErpaja KOHEeYHOH
cymmofl. DTuM 0OBACHSETCS CYLIECTBYIOMME HbIEE B BBIUUC/IH-
TeJLHOH IIPaKTHKE pellleHHs KpaeBBIX 3alay OOTeKaHus TOH-
KHX HecylluX noBepxHocTefi «meto 3;4» [B; 6; 21], umeto-
mui U usuyeckoe o6ocHopanue [10]. OxHako usMeHeHHe pas-
OueHHs HHTEpBaJa B 3aBHCHMOCTH OT IPEJMNOJAaraeMoro BU/Ja
pellicHHs JesaeT METOAUKY [5] He yHHBepCaJbHOH.
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Kak oTMeueHO B BLIUHMCJMTEJILHOH MPaKTHKe, 3HAHHE OCO-
6enHocTell MO3BOJIAET PE3KO NOBHICUTH TOUHOCTL BLIUMCJEHHH,
ocobeHHO BOJAHM3M OCcOOBIX ToueK. C ApPYrod CTOPOHBI, Ta XKe
tesb MOMET OBITh AOCTHTHYTA CTYHIEHHWEeM Y3JIOBBIX TOUEK pas-
6ueHust — HEPAaBHOMEDHBIM pasfueHHeM — BOJU3H [IpeArnoJiara-
€MEIX MECT HaJMYHs y peineBusi OblcTporo wusmenenns. Ovge-
BHAHO, 4TO of0a 3TH NpHEMa MOBLIUEHHS TOYHOCTH BHIYHCIE-
HHUH — BBIJe/IeHHe OcOOeHHOCTefl pellieHHs W HepaBHOMEpHOe
pasbuesne, — NpHMEHEHHbLIE COBMECTHO, HaiyT 3HAUMTEJbHBIH
BBIHIDEIIL B TOYHOCTH BBIMUCJEHUH.

YucaeHHbI aArOPHTM pellleHUs CHHIYJSIPHOTO HHTerpa-
JbHOTO YPABHEHHS! OCECHMMETPHYHOTO OOTEKaHMS,

1/ bk

VK6, oet=vy),

k=1 a,

a<s<b; (I=12,...,p (3.66)
NP YCJIOBHSAX:
by,
(me@at=0(k=1,2,...,p), a,=0;u,(0) = Ompu a, = 0.
e

(3.67)

Brogeanenue ocoGennocreil. Kak cienyer us teo-
pHM DEIleHHS CHHTYJADHBIX WHTETrPaJbHBIX ypaBHEHHH ¢ oco-

6enHOCTbIO KoM, pelieHve nMeeT OCOBEHHOCTb THIA t—% Ha
KOHIlIaX HHTepBaJa MHTErPHPOBaHHdA, T. €.

Ap
F—an bz —0
EcTecTBeHHO mO3TOMY HCKaTbh Mg (f) B BUIE:

p;(t)
V{E—ar) bs—0
[Ipu a; = 0 crenorasio ObL:

- peryJsispuas 4acThb.

Br )= vV

We (f) = (3.68)

By (t) = — PR nio
! Vo, —1 Viei—H Vie,—b

U 1A OOWHOCTH aJTODHTMA H B 3TOM CJydae BHJ peLIeHHS
(3.68) npuHAT 3a OCHOBY NpH YCJOBHH, YTO

p1 (0) = 0. (3.69)
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3aMeHa nepeMeHHBIX. BuijeJeHne o0coGeHHOCTER
B PEUIEHHWH NPUBOAMT K CJabOH HENOABMIKHOH OCOGEHHOCTH B
fiJlpe HOBOT'O YpPaBHEHHs
14 bk

* dt
ESMk(t)K(S, Nt =V

k=1 ap
B TOUKAX {= a, {= by. Jlaa ycTpaHeHus 3Tofl ocoGeHHOCTH
NpOH3Be/eM 3aMeHy MNepeMeHHBIX:
dt

N dX,
VE—ap) (5D
OTKYy a

b a bp —
tkzk‘g}‘k+k2

2k sin x;(—g <x< g), (k=1,p).(3.70)

YpobHO Ty Ke saMeHy NPOM3BECTH H JJIs BHEUIHHX IepeMeH-
HBIX S

b by — .
si(y) = 2EA 4 BB g, <—§<y<§), (=1, np).

(3.71)
Teneps ypaBHenue (3.66) umeeT BUZ:
b7
2 i1t (D K151 (9), (0 dx = (s, ()],
k=1_§2
(—§<y<:§),(z:ﬂ). (3.72)

Pasz6uenue unrtepsanob. ConiacHo METORY JAHCKDPeT-
HBIX OCOOEHHOCTeH, BHXDEBble TOUKH f,(X;) M TOUKM KOJJIOKa-
i s, (y;) BEIOpaHBl Kak:

toy=te(5), Xj=——5 —h+hi, (=1,...N,+ 1),
h .
h=N£D, Sl[=51(yi), yi:“‘%—g“}‘hl,
(=1,...N), N,=Y=P (3.73)

3necs M — makcuManbHOE YUC/IO TIOPSAKA MATPHIBL, AOMyCKa-
emMoe K pacueraM Ha DBM cramppapraofi mpouenypoii ofpaine-
Bus ¢ Matpuiiamu. Ilar pasbuenusi A MOXXHO 3aaTbh pas/IMYHbLIM
A/8 KaXJOro k-ro MHTepBaja:

p
k14
he= 7. » M=k§1m+p,
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xkj_—_———g——hk—"—hki; (j=l’29---)Nk+ 1);

14

h ..
yli:—i‘*?—{_{"hll; (l=1’2$--~9 NI)»

4TO HECKOJbKO YBEJIHYHT KOJHYECTBC HCXOIHBIX JAHHBIX.

Merton nuckpeTHbX ocob6eHHocTell. HHrerpan
(3.72) samensieTcss MHTerpaJbHOH CYMMOH 1O KBajpaTypHO#
dopmyse Tpaneuufi n tpefyercss BLIIOJHEHHE YDaBHEHHS] B TOU-
Kax KoJlokauu#t s;;(N, = N):

_p1 N+1 .
QQ&MMM=%0=Lzmmi=Lzm,m
= ]=

(3.74)
3xecn

e i=1 N1

1 %=1, N+ 1.
Keiij = K 813, tejl, $ue =P (800).

Boipazkenue (3.74) ectb cucrema N-p JinHeAHBIX ajare6panyecKux

ypaBHeHu# ¢ (N -4 1) - p HeusBeCTHBIMH INIOTHOCTIMH BHUXpe-
BbIX TOUEK Wi JLJIS1 MOJTyYEHHS eIHHCTBEKHOrO pellleHHs 3ajauu
OHa NO/DKHA OHITH JONoJHeHa p ypaBHeHusMH (3.67):

/2

midr=0 @0, k=172, K©O=0 (@ =0,

A=

I
—y
W
N1 uy = 0, (@, = o)
Y Awh=0 (=2,...p; | &
]é'l Mej ( p); El Ajﬂlih =0; (a0,
ji=

(3.75)

[py BHIDOMHEHWH BBHIYMCJEHHH OT [BYMEPHBIX MAacCHBOB 1,

Me: U UYeTHIpeXMepHOro MaccuBa K,y cjenyer nepefiTi K OJLHO-
*®

MEPHOMY MaCCHBY [i; (BGKTODY M), HBYMepHOMy MaccuBy Kj;

(matpune K), omsHomepHOMY MaccuBy ¢; (BeKTOpY 1) mo Qop-
MyJaM:

wo=p*t), (=12,...(N+1)p; Ky=

=1, Np
:AK [ ¢ h) y —_—— );
) <f:1,<N+1>p
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B = b (i {1 = 5@+ be) + 5 (b — ap) sin

j—1
( "[N-+l'+]]),
’ (N+ Dp
S = —2- (br +a) + 5 (b,—a,) sinyi,

(z:[L:l+4],i=1,N@;
7

Xj= — —f—h(j—l), S[=—7—7+ht'. (3.76)
1 ! r—1
1172 N-}-I’N-{—l —henoe
A 1
1, m; N—_FT—He uesoe,

[x] — nenasi yacte yHcsa x.

Torpa (3.74) moxuo 3amucath kak Ku =1, rae K — mat-
pruua pasmepom (N + 1) p X Np ¢ anementamn K;; p— Bek-
TOp-cTonfen pasveproctn (N 4 1) p ¢ snemenTtamu pj; P —
BeKTOp-cToN0ell pasmepom Np ¢ sJemMeHTaMu ;.

Cueremy ypasuenuii (3.76) cienyeT AOMNONHHTb YC/JIOBHAMH
(3.79), KoTopas nocie 3TOr0 MOMeT ObiThb 3anucaHa B BHE:

Bu =90, 3.77)
rie
I, I=k=1, a0
I, k=122 . _ 1.
Bu= Ahdu, u={; 32 7 F 10 j# 1l @=0k=1;

I, i=j=1, (g,=0).
Matprua B umeer pasmeprocts (N + 1)p X p # B COBOKyI-
Hoctn ¢ marpuuedl K o6pasyloT saMKHYTYiO CHCTEMY YpaBHEHHE:
Au=1» (3.78)

A=K B, b= P || 8. [© — HyAb-BeKTOD].

Marpuna A umeer pasmeprocts (N +D)p X (N4 1)p, b—
pasmeprocTs (N - 1) p. Cucrema JuHefHBIX anreGpanyecKux
ypaBHeHUH (3.78) moxer OwmTh pemena Ha 3BM, Hanpumep,
metonom Taycca.

YncneHHBIH aATOPHTM PellieHHs CHHTYJASIPHOTO HHTErPo-aud-
JlepEHEHANBHOIO YPABHEHHS KOCOCHMMETPHYHOrO 00TEKaHKA:

p bk
X (e O K (s, ) — i, 0 K (s, ] dt = )
k=l a

k&
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a<s<b, (1=1,p), (3.79)
IpH YCNOBUSAX

W (@) =0, p(b) =0 (k=2, p)

by =0, ma={2 870 @

ONpEeNeNIAOUIEr0  NOTEHHHAAb CKOPOCTeH KOCOCHMMETPHYHOIO
O0TeKaHus, COCTOMT B CJEAYIOLIEM.

Bopenenne ocobennocrtei. Kak ciexyer us reopuu
pelleHus xpaeBbiX 3ajau [12], K KOTOpBIM MPHBOAATCA CUHIY~
JIAPHBIE UHTerpajibHble YpaBHeHUs ¢ sapom Kolud, pelieHus w, (f)
B KJlacCe OTpaHHYEHHLIX Ha KOHUaX [IPOMEKYTKOB [a,, b,] dyuk«
1M UMEIOT BHI; ‘

R a——— *
W) =V {E—a) G— O @), 3.81)

4To yrxopjetBopser ycaoBuaMm (3.80). Opmako mpu q;=0
W)= Vb —tpi = VIl — =2 (@) =
= Vb —Hm @,
12K 9T0 MpH {0 py () — O (=12).
Hna panvHefiliero ormeruM, 4TO mpu ¢~ 0:
K (s, )y =0(t), Ki(s, &)y = O (13,
tak yro py (0) K°(s, 0)= 0, p" (0) K (s, 0) = 0.

3amena nepemenubx. 3amena (3.70), (3.71)

t,(x) = bk+ak+bk;aksinx, —%<x<%, k=1, p);
1 (%) = bl+al—l— X siny, %<y<%, (=T, p)

NPUBOJUT K HHTErpPajJbHOMY YpPaBHEHHIO

ol 8

i ((?‘k_;ﬁ)z cos? x , (e (X)) K° (5: (), B, (x)) —

k=1 —mj2
7 (e cos ) K (51 (9), L)) dx =% (s: (). (3.82)

Pas6uenue HHTEpPBaJ OB CHENaHO aHAIOTHYHO (3.73).

MeTon nucKpeTHHX ocobeHHocTell. Murerpans
B (3.82) 3aMeHAIOTCA HHTErPAJbHBIMH CyMMaMH COIVIACHO Me-

bk——-ak
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TONY Tparienui, NPOH3BOAHAS — KOHEUHOH pasHOCTBIO H Tpe-
6yeTcss yIOBNETBOpPeHHE YPAaBHEHHIO B TOUYKAX KOJIJIOKAIUHH S

s A
v bk_ak) coszx. *.Ko. .h_A.bk—‘akX
§$ (e ot i a1 2
k=l j=I

1 bp—
X (Mh(41) COS Xj 11 — Wij €08 X)) Kines + % 5 "2— X

X hP«k(N—{—l)K!ik(N—*—l) = Yy,
rae

3Jech YUTEHO, YTO

(% {cos xp* (x))[x_,t = d” (x) cos x — p* (x) sin x
_2~ X=

ofa

*
= — We(N+1)-
[lpousBoas nepenHAeKCAlMI0 HEU3BECTHHIX!

N
* 1 ® 1
,2[ Ajur iy €os X1 Kinj = 22 Aj—1pr; cos x;Kin(j—1)
= J==

H ylll/ITbIBaH, 4YTO COS Xy = 0, OKOHY4TE/AbHO IIOJYUYECHO!:

—_ ° 1
V 2 Dr= 8k cos x; (b" ok hcos xiKiej — Aj—iK i1 +
=]

j=2
+ Kl ) pai + Eh P-k(N—l—l)Kltk(N-{-l) = Y45

(= 1, ,N), (kb 1=1,p). (3.83)
TlonyyeHHble ypaBHeHHs eCTb chHcTeMa N X p JiMHeHHBIX ypas-
genuii oTHocutenbHO (N — 1) X p+ p= N X p HeH3BeCTHBHIX
pri(j#=K—=1)N+1). Kak u B npeipiiymeM ajiropuTve,
¥X yJA06HO NpeJCTaBUTb B BHUJIE Kp=1

¢ oBosuauenusmu (3.76):
. j—1
py = w* (), (]= 23, ...(N+ 1D p, yFT—He uenoe);

t--—(bk—f-ak)-{—2(b-—ak)smx,, =12, ... V+Lp

e 2]



S; = % (b, -+ a,) + % (b,—a,) sin Xt

(=12 np =[] = o

[ bp—a (by — ap °
3 3 h cos x;K° (s, t)) —

— Aji K (54, tpmy)) + K2 (8,40
BEEK (s, by )by f=R(N 1), i =1 Np,

% cosx;

Kij=

t

i =1
1/2) N+1° N+]—H€JIOe,
L1 . J=b be nenoe
N4+1' N4+1 '

A= (3.84)

TlpeacTaB/icHHYIO B TaKOM BHAE CHCTEMY JIMHEHHBIX YpaBHEHHH
MOXKHO pellnTb MeTogoM [aycca nGo nTepauoHHBIM METOLOM.

Omjazka mOporpaMM MPeJIOKEHHBIX aJTOPHTMOB  MOMKET
ObITh [POM3BEJIEHA NPH pelleHHH 3ajad Mo MPOJOJLHOMY M Mo-
nepeyHoMy OOTEKAHHIO CHEPHUECKOl TOBEPXHOCTH 0e3 KOHCTPYK-
THBHBIX OTBEPCTHH, /sl KOTOPBIX HOJYYEHBl aHAMUTHYECKHE
shipakenus (3.50), (3.51), (3.59) nnorHOCTeH BHXpeBHIX pac-
npezenenuii. Peanusanysi ajroputMa B 3TOM CAYyYae CJIYXKHT
TAKXKE TPOBEPKOH CXOAMMOCTH BBIUKCJ/HTEJBHBIX TPONHENYD
U OLEHKOH HX MOrpellHOCTH No uucay N Touek pasbueHust.

Perenne TectoBbIX 3amauy oOTeKaHWA IIOCKOH MJIACTHHKH
# chepruecKOd MOBEPXHOCTH MO3BOJISIET PEKOMEHJOBATb YHC/O

pasbuennii N = 20 npa AOCTHKEHHH JIOKaJbHOH NOTPEIIHOCTH
Ha kpawo chepuuyeckofi noeepxuoct menee 3 % . Huas miaockoi
[IACTHHKH [OJYY4eH Pe3yJAbTAT ¢ TOUHOCThIO ~ 1078 (N = 10).

Ilpr Banuuun B cdepHuecKof MOBEPXHOCTH KOHCTPYKTUBHBIX
OTBEPCTHH — IOMIOCHOTO M KOJIbIEBBIX — PelileHHe HHTerpo-jud-
¢epeHunanpHoro  ypaBHeHus (3.79) 1uesiecoo0pasHO  CBeCTH

K DelIeHHIO0 WHTETrPaJbHOTO ypaBHeHHs BHAA (3.66) ¢ ycaoBusmMu
(3.80) BBHay coorsercTBHa (3.59). Torna u3 rpaHuYHBIX ycJI0-

Buit (3.57) caepyer:
by,

Y §w@sintK s, dt=—C; +cosx (9, (=1, p).

k=1 ap

(3.85)
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IpencraBnenue p,(f) B Bume (3.81), sameHa nepeMeHHBIX
H JUCKPETH3allusl NPUBOAAT K CHCTEME JHHEHHBIX YDaBHeHHH:

)

N
k=1 j=

2
(z’e_z—ak) cosyup; sin t;K (siz, ) h= — C; +

7

—_

2

+COSX(5H) (izl,N’ l=m

otHocuTesbHo p (N — 1) HEH3BECTHBIX Wi; (1{/;+11 le —

He LeJsioe) U p HeusBecTHRIX (;, pellleHHe KOTOPOH HaXoMUTCs
C NOMOUIBIO CTaHAAapPTHOH NpolUeayps! cBeneHueMm K Buay (3.78)
NEePEHOPMHPOBKOH HEU3BECTHBIX.

3.5. Anroputm BbIYMCNEHMS a3POAMHAMMHECKMX
Ko PpuumMeHHOB

Beiuucaenue aspoiHHaMUIECKUX KO3QQUIHEHTOB YV 4, Z4,
M o ypaeuenuli puHamuxky (2.63), (2.65) u H o, G ¢ ypaBHeHHu#H
(2.36) cBomuTCA K CJEAYIOWIUM IIPOLEAypaM:

—- ONpeseJieRne TpeleNoB WHTErpUPOBAaHUA ak, DY — T. W.
«06TeKaeMoro KOHTypa» — 110 32JaHHBIM ar, b — «3(eKTHBHO"
My ®oHTYpY» (k= 1, p);

— BBIYHCJIEHUE BHIPAXKEHUH I'Ik. (=0, 1,2) no (2. 55
n {Rg} ns (2.11);

— HHTErPHPOBaHHE BBIYUCIEHHBIX IOAHHTE! pa/ibHBIX BbIPa-
XKeHuit 1o ¢opmysam (2.60), (2.33) u (2.37).

OnpejesieHne npelesioB HHTErPUPOBaHUs as, bs. Coraacto
chopmyaupoBanuoit B § 1.1 «cxeme ob1exanus», ocecHMMeETpHU-
Hasi kpaeBas 3ajaya (2.6) moctaBneHa Ha pP-«d3QPEKTHUBHBLIX»
KOHTYpaX L (ar < s < br), HECKOJIBKO YBe/JHYEHHBIX B CpaBHe-

- X *.
HUH ¢ OOTeKaeMBIMH XOHTYpaMH Li(ar < §< b,). ¥ 1obHee
CUUTATh 33JaHHBIMH BeJHUHHH {(@,, br) (k= 1, p) u ucKathb

P
KOHTYp L¥= U L, u3 ycjaoBusa oOpalljeHHs] PasHOCTH HaBJe-
k=1

o * &
Huft P B HyJb B TOYKax (az, br), KOTOpOE NPUBEAEHO K YC/IO-
Buio (2.15):

Ry = (wry + sing)x = 1 +Q (3.86)
Ha KaxJOM H3 p OHTYpOUB.
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OuyeBHAHO, 3TO YCJAOBHE SKBUBAJICHTHO AaNMpOKCHMAaNUH
HCTHHHOH DA3HOCTH [AaBJEHUH Ha KyNoJe CJIefyIouium:

{P ar < s < b;
Ap =
0, sg[ak, bl sclag, brl,

rie P — nepenan naBieHuil, BHIUHCAsIEMBIH Mo mpapinam § 1.1
IpH YCJIOBHSIX OTOMAECTBICHHS BeJIHUHH (Qr, b,) C peanbHBIM
koHTypoMm. C apyro#t croponml, ycioBue (3.86) uHeoGxoaumo
I/ CYLeCTBOBaHUsl, T. €. MPHAAHHS CMBIC/IA, PacXOAALIHXCA
unterpanos (2.33), (2.37) Ha >(peKTHBHOM KOHTYpe (ax, D).

& &
Urar, onpemenenwe BeNuuuH 4, br clefyeT HauuHATh
C BHIYHCJCHHSI CKOPOCTH Wy Ho ¢opmyne (3.24):

p Ok
Py = wr (S):*"—; wy (s) + 25 py @) K, t) dt
k=l ap
(K@ =K (s, ) - ©(3)) (3.87)

wiay mocse 3aMeHnl nepemenHniX (3.70), (3.71) u npexcrasme-
Hus (3.68):

cosyz 5 we (x) K® (s;, (),

k=1 —7/2

te (%)) dx,
b— o 1o,
tre wg () = (25 % cosy) wl @)

W) =—5 Lb ) + 2

Tocae aucKpeTHsanuu coriacHo (3.73) mocsefHee BBIPAKCHHE
(3.87) mpuHHMaeT BHJ:
» N1

cosy,E 2 Ajui Kb

k=1 j=l1
(3.88)

3Jech Mp; €CTh pellleHHs CHCTeMBbl ypaBHeHWi (3.78) mpu ;=
= COos ¥ (S11).
TlocTpouB mucCKpeTHbie 3HauyeHUs (QYHKIUH

* 1 % * bl
wii=— 7 (W + pren ) +

. 2 2
— . bp—a
2z = {\w’f; L 2a, sin ¥y, (S12) cosy,-) — (—’ o cosyi) - 1,42
(1=1,p)
Y onpenenus 2p WHTEPBAIOB ee TiepeneHsl 3HaKa, NMHElHO

HHTEPTONALNCH OHPeAesloTCs TOUKH y, sy g < yi ), B KO-
TOpbiX 2;; = 0.
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Ecnan Ha HekoTOpoM [-oM WHTepBaje BCe sHayeHus z; < 0

¢(=1,2,...,N), T0 B 3TOM CJayuae BeJHUHHY y; CJeiyeT
OnpefleNIATh BbIpaxKeHUeM:

T

g = —3 a=0 jh== 2 N+1h
- o 2k L= T T2y 2 4
et T =y A0
(3.89)
rie

Pf’;lg . 1 %2 .
2= s AWy =7 W41y
h—a n\E (b — 2
21, = (w’}‘l + A5 sln g, (si) 2—) —( 1 =L h) - 1,42;

2 2
N = (WTN +bl ; 4 siny (siw) %) - (gl-:‘;ﬂ h) - 1,42,

Ecau ke HA [-OM UHTEpBajle BEJHUMHBI 2;; MEHSIOT 3HAK
OIHH pa3, TO ee BTOPOH HyJb —BeJIHYHHA y;" (yr) — onpene-
J€TCST U3 COOTBETCTBYIOWIMX BblpaxkeHufl (3.89). Onu noay-

yeHBl W3 TOro ¢aKTa, 4YTO B YKa3aHHBIX CJAy4asX HyJan
GYHKUMH 2;; PACIONIOKEeHbl MeXKJIy KOHIAMH DPOMEXYTKa

[a;, bil, {a; 5=0) ¥ nepBoil (MocJaeiHEN) TOYKAMK KOJJOKALHK
Ha 3TOM DOpOMEXYTKe. YUHTHIBad, YTO w* Ha KOHUHAX npo-

1
MeXKYTKa {— % , I—;—l paBHO ©W*(q;)=— 3 u}"l  wt{b) =

1 .
= __2.@"(1\,“) H NpUMEHst JIMHeAHYI0 MHTEProJsAuuio (yHK-

IMH 2;; HA YY4acTKe JVIHHBI A/2, MOXKHO MNOJYYUTb BBIPAXNKEe-
Hus (3.89).

Tlocne HaXOXAEHUT BETHUAH yi° HEOGXOAMMO OMNpEIENUTD
* *
npejeast b;, a; U3 ¢opmy.:
% a4 by b —a
U=Tm— T

x _ aq-+b  bh—qg
bh="m—+"5

siny;

. (3.90)
sinyy .
Briuncnenne mepenasa pasienuii. COTJIACHO BbIPAKeHHAM

(2.11) ana Rg, HEOOXOAUMO BBIYMCAUTD CKOPOCTH Wepr Wk,

MO KOTODBIM 3aTeM HHTerpHpOBaHHEM ONpelelHTb Ry = P,
R; = @; u ux npoussognsle @y, ;, Py, ; 10 06OOLIEHHBIM KOOP-
IvHatam @; ().
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Cxopocth @) = wy; nama Bwpamenusvu (3.87), (3.88).
Ckopocts @/ = wr; NOACYMTBHIBAETCS aHAJIOTHYHO MO wi ().
Boipaxenns {R;}=R:(s)—R:(b]) (=0,1,...,n ecrp
peienusi angdepeHIHANbHEIX YPaBHEHHH

d{R — d{R; .
({js"} = wyy (9), dsl}= wu(s) (=1,2,...n (391
¢ HauaJIbHBIMH YCJIOBHAMU: mpu s= b, (R} =0 (I= 1, p;
i=20,1,...,n), KOTOpble MOXHO [OJYYHTb UYHCJEHHBIM
HHTErPUPOBAHNEM.
9 {Ry}

[Ipoussoausie (@, ;} = , @y} = a{'l?"}; (@} =

Gai
i

Oai

@y, = KLTI.({(D" V(@ 4 Aa)) — { Dy} (wj).

OonpeaeaaoTCsl KOHEUHBIMH DAasHOCTAMH:

ITocne onpefieieHnsi pasHOCTH TNOTEHUHANOB H HX HNPOH3-
BoAHHIX Mo (opMmysam (2.11) moryr ObiTh onpelesieHHl BejH-
anebl {Rg}-

Haxoxnenne 15 cpsizano c KOCOCHMMETPHYHEIM 00TeKa-
H#eM, Korja onpegensiercsi U (f) us (3.79). Ilocne Ttoro kak
o %
HaiijeHsl 3HaueHns (ug;)x U3 (3.87), corsacuo (3.25), Gyzet:

b (9) = — o= (r (9 e (5).

Ecau BBecTH (YHKIMIO

0o (6) = ()
Vis—aybi—s)
TO
VL cos x rt, o) —) T cos x,,r (2
(M’/ki)b:-—(l 141y )7 [ (1) 2(h/(;+1) (fy;) T co x”r(“)(bl—az)

(3.92)
Tenepp o dopmynam (3.27) HyXKEO HaliTH Wy, = D, Wie=
= Do, wy, = 1710, wpe = r! Qg
p b

wem 5 (e @) + 3 | e (O KO (5,8 — pe () KO s, 1
k=lap
p Y

@)= 3 () + Y | e OKO (5,9 — i KO s, B dt,

k=lap
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rue
K® (s, )= (L —cosy () M)z (s); KB (s, {) = r () M= (s}
K® (s, ) = vhr— cosxvis; KO® (s, §) = r (f) vps.

IToBTOpsis BHIYMCAWTENbHBIE npoileAypel § 3.4 1o BBeJeHHIO
3aMeHbl [IepEeMEHHBIX W JHCKPEeTH3allHh ¥ 0603Havas

h—a
(@)= 25% cos y: (@i,

OKOHYaTE€JbHO HMEEM:

* *
Bratn + P bi— b
(wi)p = <+; L. 5 Cosyz—}—zzk kcosx;x
k=l j=2

by — 6 *
X ( 2 cos x; Kiihj— Aji K{Ry—1 + K},-,Zl.) bej 4

by —ap * {(6)
+ E 7 hpevany Kite (v41y 3
k=1

% . by —ap, % *
@)= —— (WG T (Gar) €08 Xyaqny — pair (8) cos xp) +

b b
+a—a . cosy,(Lz k—2k cosx; (k %Eh cos x K iihi—

k=1 j=2

b
— A, Klzk(j—l)+ Kl/k]) wei+ 2 L huk(zv-g-l) Kuk(N+1))
(3.93)

Boigsensisi corsiacHo (2.56) BeJUYHHEL OTHOCHTEJIBHBIX CKO-
pOCTeH v., HOJCYMTEIBaeM 3aTeM mo (2.55) BblpaxeHus Anas

H. u {IT%, }~Hk (s) — I1% (b)) (B =0,2). 3uayenus {Hl},
{T1},} paBubr smauenusM {R,} u {R).

B cayuae o6TekaHus cheprdecKoi HOBEPXHOCTH € KOHCTPYK-
TUBHBIMH OTBEPCTUAMH TNpPeJIOKEHHHH B ofmeM ciayuae

anroput™ Berunciennst [Ts (k=0, 1, 2) HeCKOJIBbKO yrIpouiaeTcs ,
ecai yuects cooTHomenus (3.53) u (3.85). Toraa

g—g=<b’j=Rcsin6wE=

8

..Rz( e 6) 51n6+sne(Jsint¢0(t)dt)), (3.94)
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rae P, () = —Cptcosy(f) mpu ay<t<b. Ho B cTyuae
ocepoit cummerpun (cm. (3.87)):

p bz
1

= %%- = -%Hr (6) sin8 — 2 5 ur (f) sintK@ (s, f) dt,

k==l ap

o/~
ds

(37ecb yuTeHO, 4YTO Wy = = H;sin B, uro crepyer us (3.59)),
otkyja (RcB = s):
p by

m Py ‘Sr }11_— (t) Sln tK<2) (S t) dt (3 95)

k=lag

W = 35 Ht (s) —

UncneHHbl# pacyeT 3HaUYCHHH Wy HPOU3BOIHTCS NOC/IE BHIUHCAE-
HuS [ (S) U3 (3.85):

4 ¥ (y) cos y —

ws (5 () = 25

)
4

b=

bk—ak 2 2 * . (2)
T sinn (v) Xz ) ( 2"") cos® xpx (¥) sinfe (x) K@ (s, (),

-

w,lgtldw,:l

Iy (x)) dt;

b —ay (G (179
(wli)bz 1 : 1 I(L—H))T2+ 1/t oS i —

P N

YN (b —
ZL( r— ap)? cos? X; (Pk])’c sin tk]Kltklh

k=1 j=2

" sin Xll

Tenepb MOXKHO OIPeICUTD

- 1 doy
S'—"RT; 4o 3

¥ TaKk xak u3 (8.94) cienyer:

;31‘ 5@ L)——-*ub(ﬂ)—-@-%(e)—-cose( b—_“t),
TO
’
wf = — Lpe@+ctgx ® Y | w@sintk® (s, .t +
k=1ap
—}—%—%cosx(s), (a, <s<b). (3.96)
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Beurpaxkenus (3.94), (3.95), (3.96) cnpapensinBel /s BRIYHCJIE
HHSI CKOpOCTeHl K NOTeHIHasa IONePeYHoro ABUMKeHHUs cdepu-
yecKol OOOJIOUKH C OTBepCTUAMH. Jls ee BpalleHHsi CKOPOCTH
n norennyan Pg paBHbl Hymo. [locse ompelenenus 3sTHX

k

BeJIMUHH oupelensiorcs [l .
[Ipu orcyTcTBHH B cepHUECKOB 060JOUKEe OTBepCTHI BCe
HEOOXOIMMble BBIPAKEHUS LA OnpelesieHHsi BeMHYHH {Re},

[1% mosnydens B § 3.3 B aHANUTHYECKOH (opMe.

Onpegenenue aspoiuHamMHuecKHX Koadduunentos Yeg, Z@,
Mo, He. Q@. Bouncienne sHavenuil BeJMUMH He,r, (@

u Ye, Z@, M@ npousBoautca coriacHo Qopmynam (2.33),
(2.37) u (2.60) nHTErpHpPOBaHUEM BEeJUYUH {Rg} H (%), 114

C COMHOXHTEJISIMH, 3aBHCAIIUMH OT anlpoKCHMaluy (HOpMEE
KyToJia ¥ KOHCTPYKTHBHBIX apaMeTpPOB NapallloTHOH CHCTEMBI.
TlpumeHns [Ulsi YHCAEHHOTO HHTErPHPOBaHHS (GOpMyJy Tparne-

& *
nufl ¥ yuMThiBasi, YTO Ha KOHIAX HHTEPBAIOB Qr, b BeJH-
k
yunbl {Re}, {Ile} PaBHBI HYJIIO, HAXOMUM:

r
Hopr= Z 2 {R@}1irc (s11) (dr (S1:) — ex (s1) COS Y, (Su)) X

=1 i

X [ﬁ—;—a—‘ cosyh, (=1, ny
p
= 2 Y {R@}::7c(815) cosy, (sw & cosyih
=1 i
YO
Z@ = 2 }_, {HO + 3 H.} re(s) cos y, (s,,) % cos yh.

I=1 i

(3.97)

3116Cb CYMMHUPOBAHUE IO I ujaer JUWb IO TOUYKAM KOJJIOKa-
- - -+
0upH, 44 KOTOPHX Y, <Yy <Yr.

3nauenus kospdunuentos Y, Mg 3aBHCAT OT camolt
1 o 1
seqnunabl Ilg, uro tpefyer onmpeieneHus sHauenud Ilg

B TOYKax Yy , y'}'. Hau6osee npocroft cnocol6 HX Bblyucse-

HUA — JIMHeHHas  MHTeproJsus: H. (yF) = H. (y1) +
- 1 + 1 = + + +

+ 17t (Mg (yi2) — g (y1) (Wi — yii), Tae Yiy, Yiz — nBe co-

CeJHHe TOYKH KOMIOKalMH, OKpyXKalllHe TOUYKH Yy , y,+ . Ecan
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e TOUKM yi (MM OJHA M3 HUX) HAXOIATCS PAIOM C KOH
uavu uHtepmasa (@, b, TO

) = 2 (5 — o7 (1 (o) — T8 (00) -+ TL b,
M) = 2 (g7 +5) T @) — T3 @) + 1 (@),
Ty (57) = (bx_2qg COS!/T) (:l; Wie Gongr) mis () +

2 \ . !
+3 (% — y}"/ s (Un) V0s (Un) — T Wis (Kag) Wi (onvn)s

1, — h—aq -2/1 & %
e W) = cosyi 7 Mie (e Bus (%) +
2 4
2 i b4 * * | S *
+ 257+ 3 ) (o5 @oots @) — Fus (o ul (1) 399
(aHanorusno Aas I'I;, H;). 31ech HCNOAB30BAHO, YTO MOTEH-
unansl @ ,, Qg, onpenessoniye Hé, H;, Ha KOHLAX HHTEp-
BaJla KOHEUHbI, 8 CKOPOCTH Uy s, Uy s, Ugs, ONPEAEJSIOIINE BeJIH-

, -1
1 b—a
unnpr [T}, I, HMeOT OCOGEHHOCTb THMA (‘—2—1 cos y) X

1 *
X(—'gp).

o 1 + —
Ilocne BoIUMC/IEHHA 3HAUYEHHH H. B TOYKAX Y;, Y; HHTE-

rpazbl OT HHX C cooTBercTBylowel Yo, Mg BecoBOA (yHK-

uuell BRIIUCIAOTCS N0 Gopmy.ae Tpanenuil anansoruuysgo (3.97),
HO ¢ no0aBJjeHHMEM TOJyCYMMBI 3HAUEHHUH MOJAMHTETPaTbHBIX

GYHKUMA Ha KOHIAX HHTETPHPOBAHHA Y, (@, yT (3.

Ulpencrapnenunii B §§ 3.4, 3.5 wuHcjaeHHBIA aJTOpPUTM
onpejieneHusl IMHAMHYECKHX K03(h(hHIHEHTOB Obli Peanu30BaH
B JMaloroBOH BBIYHCIAMTENBHOH cucreme. B crenyioomux ria-
BaxX NpeACTaBJAEH DAL pe3y/bTaTOB YHCJICHHBIX PacyeToB Hpefs
JIOJKEHHBIM aJTOPHTMOM.

TNABA 4

PEWEHME HEKOTOPBIX 3ALAY

O ABMIKEHMM NMAPALLIOTHOW CHUCTEMBI
BRONL OCU CHMMETPHMM

4.1. CraynoHapHoe ABMIKEHME.
3aBMCHMMOCTL CONPOTHBIICHNA OT ANMHBLI CTpOrN

Bumsnue aauEBL cTpon Ha conportuBienue [1C uceneno-
pamt X. A. Paxmarynud, O. B. PeiceB, 5. M. Koposes
1 Ap. aBTophl |2]). M3BeCTHBI TaK2Ke 3KCIEpPUMEHTa/bHblE HC-
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cneloBaHNs 9TOH saBHcHMOCTH [34]. B Teopetnueckux patorax
NPHHUMAJOCh NMPeAnoJIoXKeHHe O NOCTOAHCTBE fepelaja AaB/e-
Hull P. Huke mpuBeleHO pelieHue 3a78u¥l O CONPOTHBJEHHH
HaNOJIHEHHOTO KYHOJIa, NOJIyYEHHGE METOIOM, NPEJIONKeHHLIM
B § 2.1. Tlpeanoxenue o nocrosHcTBe P He HCHoJB3yercs.
Pacnpenenenne P paccuuThiBaeTCst MO THAPOIHHAMHYECKOH
cxeme (ra. 1).

[Tpr craumnonaphom jpxkenuu [IC V = const, o, = const.
CooTBeTCTBEHHO 3TOMY YypaBHenust npuxenus [1C (2.32) u
(2.36) CylecTBEHHO YNPOIIAIOTCS:

Hope=0, (k= m); 4.1
_%_VzGOO + 1 = O) (4'2)

rie no (2.33) u (2.37):

1
Hooe = | (@ + sinx)?}rc (d,— e, cosy)ds,  (4.3)
0

1
Goo = | U(®fi + siny)?} rc cosy ds. (4.4)
[1]

B morernuan @; BXOAWT napaMeTp YyIAnuHEHHS S, onpele-
JseMblit coryiacuo (2.15):

(P +siny)e=1-+Q (Q=0,42). (4.5)

CoBmecTHOe pelnenue ypasHenu#i (4.1) u (4.5) onpenensier
n -+ 1 HeU3BeCTHYIO BEJMUMHY: n NapameTpoB (GOpMEL &, H
yaaunenue S. [locse 3TOro Moxker GHTH onpefeeHa 1o (4.2)
Ge3pasmepHasi CKODOCTb CTAUHOHAPHOI'O IBHXKEHHS.

OnpenennM  KoapduuuedT conpoTusaenus C  oOCbIYHBIM
ofpasoM, Kak OTHOIIEHHe CHJBl, PaBHOH 27T B HCHOJBb3YyeMbIX
6e3pasMepHBIX eIMHHIAX, K CKOpPOCTHOMY Hanopy V22 u
packpoliHo# mJomaad napaunora, paBHoHl m:CVIim/2 = 2m,
OTKy Ja:

C =4V2 4.6)
Pacnpenenenue nepenana Aasnenudi onpeaensetes oo (2.10);
P = LV {— (@ + sinXp). “.7)

Uucnennoe peuiesne cucteMbl (4.1) u (4.5) mnosyueno
B OJ[HOapaMeTpHUecKoM npubnmKkeHnd Meroja 'anepkuHa npu
annpOKCHUMANUMH  KynoJsia CcGepHuecKHM CerMeHToM. Takasi
annpoxcumauusi ceogut (4.1), (4.5) K cucreme ABYyX ypaBHeHUH
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¢ IBYMs HEH3BECTHLIMHM OTHOCHTEJILHO Yryia pacKpbiTus Ces
PHYECKOTO KYNOJia & H BCIOMoratesbHoro yraa B (f = Saj}

F(/1 o0

f{(;% 0 +81n6> }sine(l—ecosﬂ)dﬁ-——o;
¢

0

1 0P -
(s -+ sin 0)_=14Q Re=o™) (9
B KoTophiXx BesuuuHH e u @ onpenenenn gopMyaamn (3.61)
u (3.50):

e=asina + cosa - L sina (sina — a cos o) (a? —
— L?%sin? )2,

1 00
Ry ae + sin0 = si 10 (3rn — 2v;))/(4xn). 4.9)
vy = 3arccos x + (3 — x?) (1 — x%)—1/%;
X = cos—g— - cosTh . (4.10)

Tlpy pewenuu cucteMs! (4.8) ynoGHO cYHTaTh HMCKOMBIMH
BeJMYMHBE L, Q OpH 3ajaHHBIX BeJHYHHaX YIVIOB o, f, HJd
yero paspeniuM (4.8) OTHOCHTEJBHO é:

e—j{/ 1C<9<I>,T+ smE)) }sinede/f{( Z(bae +sm8)}

X sin 6 cos 040. 4.11)
Hs (4.3) umeem:

L=asinale—7) (1 +a®+ e — 2ep)—12, (4.12)

rie y = asina -+ cosa.
lanee mpoueaypa peluleHHs Taxkosa: 1) 3agatb o u f
2) ucnoabays Boipakenre (4.10), BEIYUCINTL e coryacHo (4.11)
(1aTerpajsl HaxXOASTCHA yHucJeHHo); 3) mo (4.12) u (4.8) BB
yucsuth L (o, B) ¥ uncao paspexenus Q(x, B); 4) npu duk-
CHPOBaHHOM NpOroHkoft no f Ha#Tu Takoe P(a), mpu KOTOPOM

Q= 0,42. Yroa pasBaja ctpon O omnpenenaseTcs H3 COOTHO-
wenuns (2.27):

8 = arc sin (L sin o/}, (4. 13)

a Kos(puuueHT conpoTuBjeHus u3 (4.6) u (4.4):
&
2
= Sv { (— il 4 sin&}sin@cosGdB. 4.14)
g L \Re /
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Pacnpeje/nenue nepenafa fasjeHufi P onpezesseM Bbipaxe-
upueM (4.7) ¢ yderom (4.10):

. 2
S (S_{fz‘?) Bn—2v)}) 8=os O<s<l. (41
7V _
BhiuHCJ/IEHHST 10 ONHCAHHOMY SAeCh aJrOpPUTMY ObLJIM BBIIOJ-
HeHbl Ha DBM M-222, pe3ysbTatel KOTOPBIX — 3aBHCHMOCTH
napamerpa (oOpMbl oo OT OGPAaTHOH MJWHBL CTpon L — mpen-
craBjeHbl Ha puc. 4.1. 3aBucuMocTh yanuHeHUst S = /o OT o
noxkasana padee Ha puc. 1.4. Ha puc. 4.1 mnokasana rtaxxe
3aBHCHMOCTb YIJIa pasBana ctpont 8 M Kosdduiunenra conpo-
rustenus C ot L, BoluucsenHada no (4.13) u (4.14).

Ha puc. 4.2 noxasano pacrnpeje/ieHHe nepenaja AaB/ieHHHA.
Ha puc. 4.3 nposeeHo comocrasienue saBucumoctd C(L) =
¢y
C (L=0,5)
3o
90

¢ SKCrepUMEHTaJNbHBIMH JaHHBIMH [34].

]

2pppv?

e -N

// 72
60 \
% L Y.
/

0 /

- L 04
080 l

< 0 :
04 Puc. 4.2. Pacmpegenenne nepe-

0 05 L Naja JaBJeHHi:

Puc. 4.1. 3amHcuMoCTb napameTpa é; %:(1)’0;

$OpMEI, yIyIa pasBaia CTPol H KOa(p-
¢nlHeHTa CONPOTHBJACHUT OT JJHHBL f
cTpon :

. 2
47\\
Pac, 4.3. 3aBucHMOCTL OTHOCHTENb- \1

HOTO KO3b(HUHEHTA CONpoTHBJACHHT U° ~

b 5

z
C or pauHB cTpOn:
1) pacuer, 04
2) skcmepumeHT [34] ) 95 L

PacueTHoe 3HaveHue C npu oO6BINHONH B NpaKTHKEe AJuHE
crpon L = 0,5 cootserctayer C = 0,57, DkcrnepuMeHTH AaioT,
B 3aBHCHMOCTH OT YMCJIa CTPONI H HEKOTOPBIX APYrHX (aKTo-
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poB 3Hauenus C= 0,54, ..., 0,63 [34]. Hmeercs xopoiee
corJiacie ¢ KCIepHMEHTOM H 10 XapaKTepy 3aBHCHMOCTH CO-
HpPOTHBJIEHUS OT AJIHHBI cTpon (puc. 4.3).

PacuetHoe pacnpenesenue P (S) NpakTHYECKH HE 3aBHCHT
OT § M o nepenaj [aBJeHHHA TOUTH NOCTOSIHHBIE C pe3kuM
cnafoM y KpoMkH. [locTosiHCTBO P Ha HanoJHEHHOM KyloJe
¢ He OYeHb KOPOTKHMH CTpONaMH HEOJHOKPaTHO OTMedasnoch
SKCIEePUMEHTaTOPaMH M HCHOJb30BAIOCh BO MHOTHX pacyer-
HBIX METOJHKax. 34eChb OHO IIOJYYeHO KaK pe3yJibTaT mpHMe-
HeHHa pacyeTHOH cxeMmbl ra. 1. lmeercss TakKe corsacue
pacueTHBIX M SKCIepUMeHTaJ bHbIX 3HadeHHH YyrJja passaJa
crpon §: npu L = 0,5 pacuerthoe snadenne § == 19°, a naGmo-
JaeMasl BeJlM4MHA yIJa pasBajia cTpon cocrasiser 18° 4+ 2°

4.2. 3aBHCMMOCTb CONPOTMBNEHHS OT NPOHMLLAGMOCTH
TKaHM ¥ cKopocTM ABmkeHus NC

TlocTanoBka 3agayd O BJAMAHHM MPOHHIAEMOCTH HA (GOPMY
H CONPOTHBJEHHE napaunora mposeleHa B § 2.4, UucnexHsle
pesyJibTaThi, [peACTaBJeHHBIE HHXKe, NOJYUYeHB B OJHONapa-
METPHUECKOM HpHOJIMKEHUH IIPDH annpoKCHMAUMH KynoJa cde-
pudeckuMm cermenToM. Ias cdepuueckoro Kymosa, Kak Noka-
3aHO B IJ1. 3, MOTeHNHA ¢, 00YCJ/IOBJeHHBIH NPOHUIAEMOCTHIO,
coBnajaet ¢ AehOopMAUMOHHBIM MOTEHIMAIOM @,. AHajuTHYE-
CKO€ BLIpAXXEHHE MOTEHIMaJla ¢; Ha [OBEPXHOCTH KYIOJa [DH-
BeneHo B § 3.5.

2P 2=0 — 1 2P =0
— \
12 1,2
0,05
08 08 0,04
o1
006
04 04
0 04 98 S 0 04 98 S
a 1]

Puc. 4.4. Pacnpezenenne nepenaja JaBJCHHH Ha [pPOHHMLAeMOM
KynoJse: a) a =70°, 6) o = 100°
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B ' L / &
_ ' }
1,0 4
4 // '&_aw
0,06 |
075 Fo—
4 // \%
- 95
0 30 60 90 o« 7 a 7
Puc. 4.5. 3uauends napamerpa B 10
18 ChepHUECKHX KYIOJOB 002
” T
4,70
% 0 o2
0. 0 1 2
oM ) d
004 Puc. 4.8. 3
002 uc. 4.8, 3aBUCHMOCTL CONPOTHBIG
. HHsT OT CKOPOCTH NIPH DPa3.HuHBIX K:
0 a) a=70° 6) o =90°
a 7
® 00
g° =¢
0050 iN
40 04
0,05 ’ N d
~
0025 ]
%-——2’2& 20 \\X *
0 06 w6 7 T~
Lo 005 ®
Puc. 4.6. 3aBucHMOCTh 3QQek- pyc 4.9a. 3aucuMocTs yraa pas-

THBHOH NPOHHIAEMOCTH % OT CKO-
poctit TIC 1) 0pH pasAHyHBIX &:
a) a=70° 6) a=90°

Basa ctpon & M Kosdbuuuenra co-
npotuieduss € oT  3ddexTaBHON
noponnnaemocts, L= 1,0

T
aﬂ
N \\\ 2 o ¢
| \\\\\50 0 =SS 06
\ 70°
05 \ h 30 N 03
N\ ¢
025 \ﬁo° ’ L ™~ o
0 004 008 o ’ x
Puc. 4.96. 3aBucuMocTb yraa pac-

Puc. 4.7. 3aBHCUMOCTb CONDOTHB-
JeHna OT 3(PPeKTHBHOR NpOHH-
L4eMOCTH >

KPHTHS o H KO3(h(HUHEHTA CONpPO-
tuBJenMs C oT 3(pexTHBHOH HpO-
Hulaemoctd, L =0



Ha puc. 4.4 nokasaro pacnpejeseHne nepenajga HaB/ieHuf
Ha MOBEPXHOCTH NOPOHHLAEMOTo CgepHYecKoro KynoJja npH
Pa3JMYHBIX YIJAX DacKphiTus o U 3(PQPEeKTHBHOH NPOHHIIAeMO-
ctu % (2.54) Brpruucaenue P npoBoausock 1o ¢opmyde (2.99)
¢ ucnoJab3oBaHHeM nortenunnanos O u @; (= d,) (3.51). Be-
JIMYHHAa P TOUTH He MeHseTCs BAOJb NOBEPXHOCTH, YTO OIPaB-
apBaet aposteriori metoj pemeHMs 3afauH O6TEKaHHS IPOHHU-
1[aeMOro KymnoJsia, NpefJsokeHHsilt B § 2.4, Y KpOMKH KymoJaa
NPOMCXOAUT ObICTpHll cnap P po Hyas. Ilpu nocratodso
GOJbILUX % TIEepe] ClIafoM MOXKET MPOH30HTH HEe3HaUUTENbHOe
JoKaabHoe ypesnuueHuwe P (puc. 4.4).

Ha puc. 4.5 npuseneHsl 3HadeHuss napamerpa B, ompene-
Jsommero no (2.100) nepenan passenufi P, B nodioce s
npoHuuaemoro kynosa; Py= Py (1 — B»)?, rane Py= (1 -
+ Q)2 Q= 0,42,

Besnuuna B paccumtana no ¢opmy.e (2.102). Ha puc. 4.6
PUBENEHA 3dBHCHMOCTb 3(QQEKTHBHOH NPOHMUAEMOCTH % OT

6espasmeprolt ckopoctn 1 = V/V u kosddunuerta npouuuae-
MOCTH MaTepuasa k. Besmunna = paccuurtaHa ana (pyHEUHU
npouunaemMoctd X. A. Paxmary.mna (2.88) no dopmyne (2.104)
¢ MCcrnoJib30BaHKHEM rapamerpa B ciepudeckux kynosos (2.102).

Ha puc. 4.7 noxasaHa 3aBHCHMOCTb CONPOTHBJIEHUS KeCT-
KOro chepHueckoro KynoJa ot 3(h{eKTHBHON HPOHUIIAEMOCTH X,
onpeseneHuas corgactHo dopmynaam (2.107), (2.106). ¥Yaxofuo
npecTaBuTh Kos(duuneHT conpotuniesns C B BHAE MPOU3-
BeJIEHHs

C=Cy-C, (4.16)
r1e Cy — KO3 HIHEHT CONPOTHB/ICHHS HEMPOHHIIAGMOT0 KyToIa

TOH ke (POpMHI; C"— oTHOCHTeNBHEL KO3((pHUINEHT, OTpaXKalo-
mu# 3a8BHCUMOCTb CONPOTHBJIEHHS OT NPOHHIAaeMOCTH. Beuu-
yuna C npencTaBjena Ha puc. 4.7.

Ha puc. 4.8 nokazasa 32BHCHMOCTb OTHOCHTEJBHOTO CO-
npoTudaeHusi C OT CKOPOCTH KVIIOJA U NPOHHIAEMOCTH MaTe-
puajia k. DTa 3aBHCHMOCTb I[OJy4€Ha NepecyeToM AaHHBIX
puc. 4.7 ¢ WCIOJB30BAHHEM CBSISH MEXAY % H M, & (puc. 4.6).

Heroroprle pesynbTaTel pelleHHsl ypaBHEHHA PaBHOBeCHs
(2.105) MArKOro NpOHMIAEMOTO KYIOJia MpUBeIeHE! Ha puc. 4.9a
u 4.96. Mcnogb3oBasioch onHOMapaMeTpuueckoe MPHOMMKeHHe
merona Tanepkuua. Tlpu 3ToM ypaBHenue paBHOBecHs (2.105)
CBOAUTCS AJS chepHuIecKOro KymoJa K ypaBHEHHIO:

[0 50 o,
S{(RIC 26 L 4 sin® —x IC 09)}SIH9(1—ec039)dB_O
4.17)
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3nech 0603HaueHHs Te Ke, UYTO M B YPaBHEHHH DPaBHOBECHS
HeNpoHMIlaeMoro cdepHueckoro Kymnoaa (4.8).

YpaBHeHue (4.17) colep:KUT 1Be HEeH3BECTHBIX BEJIUYHMHB &
u P. [Tostomy oHO momosHseTcss ypaBHeHueM (3.64), ompepe-
JSIOIHM NapaMeTp yIJIHHEHAs:

L% Gne
R; 50 SO

KOTOpOE BhIpa:KaeT MNPEAIOJOKEeHHe, 3a/J0XKEHHOE B METOJ
aHaJ/Ii3a BJIHAHMS MPOHHNAEMOCTH, § 4.2: mapamerp yIJHMHeHHA
S = /o He 3aBUCHUT OT NPOHHIAEMOCTH X, BeJHUHHa S 3aBuU-
CUT TOJIBKO OT (ODMBI KyiioJia {T. € OT a).

Cuctema ypaBHenu#l (4.17) u (4.18) pemanach HHCJ/ICHHO.
[poneaypa pelilenus UCIoJp30Basach Ta Ke, 4TO W NpPH pelle-
HUH cHcTeMbl (4.8) AJa HenpoHMLaeMmoro kynoJa. Kak mnoxa-
spiBaeT puc. 4.9, OPOHHNAEMOCTb OKa3blBaeT MaJsoe BJHSHHE
Ha (opMy HaAmNOJHEHHOro KYIOoJa.

Puc. 4.10 naer apyroe npeacrabBieHHe HHPOPMalHH, CO-
fepxatneficst Ha puc.4.8: saBucH-

=1+0Q Q=042 (4.18)

2
0=a

&
09 : MOCTb COMDOTUBJIEHUST OT KO3(-
) \\\ 3 (uieHTa IPOHUIIAEMOCTH £ 11pH
gy (bUKCUPOBAHHON CKOPOCTH 1.
67 \ 2 Puc. 4.10 3aBucuMoCcTb CONPOTUB-
N JIeHHS OT HPOHHIAEMOCTH TKAHM:
05 ) =05 a=290° (L=0,5);
: 2) n=0,5 a=70° (L = 0);

0 0,08 K 3 n=1025 a=9° (L=05)

4.3. 3aBUCHMMOCTb COMPOTHBNEHMS YHECTKOro Kynona
OT NONIOYKEHHSA M Ppa3mepa OTBEpPCTHHM.
Kputnueckue pasmepbl oTBepCTMH

Kak nokaswlBaer onelT 3xcnjyaTauuu IIC, 3HaunTespHOE
BJMSIHHE Ha CONpPOTHBJIEHHE M YCTOHYMBOCTBL MapaulloTa OKa-
3bIBAIOT KOHCTPYKTHBHBIE OTBepCTHsi. [lpuBeneM 3zmech HEKOTO-
pble pe3yJbTaTbl BBIYHCJEHUH KO3(hduIHeHTa CONPOTHBJISHUSA
JKECTKUX KYIIOJNOB ¢ OTBepCTHEM., BJIHsIHHE KOHCTPYKTHBHOH
MPOHULAEMOCTH Ha YCTOHYHBOCTE OGCY’KjaeTcss B TJl. D.

[lpu BuiuHcAeHUSX KO3ddHIUeHTa compoTuBJeHus C pac-
CMaTPHUBAJICH XKEeCTKUH KyNoJ B opme chepHuecKoro cerMeHTa
yrJaa pacKphiTHA o C TIOJIOCHBIM OTBEPCTHEM  YIJIOBOTO
pazvyca (J HJH KOJBLEBOH HIeJbI0 YIJIOBOFO pasMepa & INpH
YIJIOBOM pasMepe IIOJIIOCHOH «IJIANKH» KyloJa Y. [as ompe-
JeseHus noTeHuuasa P NpHMEHSJCH aJTOPHTM 4YHCJIEHHOTO
pellieHHs] HHTErpajbHOTO yPaBHEHHsS TEODHH MNOTEHNIUAJBHOIO
o0TeKaHusl, NpUBEJIEHHBIH B TJlaBe 3 W peaJsu30BaHHBbIA Ha
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3BM EC-1020. Aspoauunamuueckufi koshbuuueHt Z,; Haxo-
auiaca mo dopmyaaM  {2.60) uYHCJIEHHBIM HHTETPHDOBaHHEM.
Kosdduuuent conpotupiennsi C, OTHeCeHHHIi K PacKpOHHOM
MO ¥ CKOPOCTHOMY Hamnopy, CBfI3aH ¢ Zy; NPOCTHIM CO-
otrouenuneM C = —27,,, BolTeKawomuM H3 (2.59).

Kputuueckue pa3Mepbl OTBEPCTHH ONpe/eisijIiCh METOLOM,
NpejJioXKeHHbIM B § 2.3 1O M3MeHEHHI0 3HaKa OCOOGEHHOCTH
BUXpSl U Ha BXOJIHOH KDOMKE KYNOJia NpH ero GeCUHPKYJs-
HUOHHOM oOTekaBud. IIpy BHIYMC/IEHWH KPHUTHYECKHX pa3Me-
poB oTeepcTuil ynoben caepywoomull npuem. Minercs peluenue
3a7au¥ O MOTEeHIHaJLHOM OGTEKaHUH C BHITOJIHEHHEM YCJOBHS
Uanswiruaa-)KykoBckoro Ha BXOAHOH kKpoMmke. Takoe peuie-
HHE CVIIeCTBYET NHpH JOOOM Da3Mepe ¥ IOJIOXKEHHH OTBep-
CTHSl, HO OHO o6JajaeT HeHYJEBOH nupKyJasuuel ckopocry I,
KputuueckuM B NpPUHSITOM HAaMM CMBICJE SABJASETCH Takoe
otBepcTHe, npn Kotopom I' = 0. Kputuyeckue pasamepsl OTBep-
cTHil JIerKo HaxozsTcs npu paGore ¢ IOBM B puanorosom
pEXKHUME [YTeM <«IPOTOHKH» MPOTDPaMMbl B HEKOTOPOM JHana-
30HE pPa3MepPOB OTBEPCTHH W NOC/EAYIOWEro yTOUYHEHHS HHTEp-
BaJia, B KOTOPOM H3MeHseTcst 3Hak [, BN/IOTb A0 JOCTHXKEHHS
KesaeMoll ToyHocTH. Pe3ybTaThl BHIYHUCJACHHH NpeCTaBJEHb
B TabJjulax.

Ta6a. 4.1 nokasplBaeT, 4YTO CONPOTHBJEHHE MOHOTOHHO
najiaeT ¢ yBeJIHYEHHEM MOJIOCHOTO oTeepctus. Taba. 4.3 ge-
MOHCTPHPYET HECKOJIbKO HeOXHAaHHYI0 HeMOHOTOHHYIO 3aBH-
CHMOCTb CONPOTHBJIEHHA OT HOJOMKEHHS KOJbLEBOH LIeJ/H.
Haumensiee CONpoTHBAEHHUE COOTBETCTBYET NOJOXKEHHIO LILJIH,
pacnoJioKeHHOH NpUOJIN3UTENbHO HA PACCTOSHHH 1/3 packpoh
HOTO pajuyca OT IOJIoCa KymoJaa.

Ta6aunua 4.1. Kospduuuent conporuBieHus
cthepHyecKoro Kynosia ¢ noJIOCHBIM OTBePCTHEM

o = 60°

@° 3]9‘15 21 27’33[39

C 0,81 I 0,72’ 0,63 | 0,53 O,42l 0,32, 0,22

o

ot

(=

—

o
e

Eg

<

[

w

[

(=)
R,

W

o

c } O,SBl 0,47! 0,41/ 0,35




c ‘0,23 0201 0,181 0,15 | 0,13

0,12’ 0,10

Ta6auna 4.2. KputHueckdii pasmep MOJOCHOTO OTBepCTHSA D
AA8 cepHyYecKoro Kymnoaa

a° ‘ 96 102‘ 108‘ 114] 120‘ 126 132‘ 138 114

@e | 73|57 |4 |35 26|19 14| 86

4.4. BnusiHMe oTBepPCTHH Ha CONPOTHBREHME
M HANONHAEMOCTb MSTKOTO Kynona

Bonpoc o BJIHSIHME OTBEpPCTHH Ha CONPOTHUBJIEHHE MSTKOTO
Kynosa NOBOJBHO CJa0XKeH. PopMa KymoJsa 3aBHCHT OT pac-
npellesieHHst Nepenaja AaBJeHHH, KOTOpPOe B CBOK OYepeis
34BUCHT OT POPMBI KyNoOJa U DPACHOJOMKEHHS OTBEPCTHH.

[IpakTHuecKH# ONBIT 10Ka3as, YTO NpHMEHEHHE ONUCAHHOH
B8 /. 2 KOHEGUHOMEDHOH anmnpokcHUMalud (OPMBI KVyIoJa He
ONpPaBJAHO IPH CTALHOHAPHOM [BHXKeHHH. SHAUHTENbHO (oJiee
a(dheKTHBHOH SIBISAETCS CACAYIOLLAs UTEPALMOHHASA PO AYpa,
KOTOPYIO JIETKO peaJiH30BaTh B Pexume jauajora ¢ OBM.

[Iporpamma pellleHHsl CTallMOHApHOI 3afauu odopmJisieTcs
8 Buje Tpex Moaynei: 1) momynas «@opmas, onpejnesstominil
dopMy Kyrnosna UPH 3allaHHOM paclpeiesieHHd Tepernajza ias-
JEHWH M 3aJaHHOM I[IOJIOXKEHHH OTBePCTHH; 2) moayas «O0te-
KaHue», ONpeJlesIsIOMUA pacrpeieieHHe nepenaga AaBieHUH
1IpH 3a7aHHOH (OopMe KYINOJA IO NPaBH/IaM PacyeTHOH CXeMbl
rJ1. 1 mocJie pelileHHs! HHTErPAJILHLEIX YPaBHEHHI TEOpUH 06Te-
Kauus; 3) MOAyJb «MOHHTOp», NpousBoAAwWHA o6MeH HHDOp-
Mauueft MexAy MOAyJsaMH 1 M 2, a TakXKe BBIXOZ H3 HTepa-
HHOHHOT'O IPOIIeCCa NMPH BBIMOJHEHHH ONpeJeJeHHOTO YCJIOBHA,
CyTb KOTOPOTO COCTOHT B OaH30cTH HOPM KyroJa, HaheH-
HBIX B JABYX MOCJIEA0OBaTe/]bHBIX HTEPAIlHAX.

Y no6HBIM COCOGOM BKJIIOUEHHST CUCTeMBl MoayJeit «®Dop-
ma», «O6Tekanne», «MoHuTOp» ABJSETCS 3ajaHUE Haua/bHOH
annpoKCHMAaMK paclpeneselus nepernaja B Buge P{s) = const.
Jra annpoKCHMANNA BKJIOYaeT MOAYJb «Dopmar, 3aTeM MOAYIb
«OfTeKaHue» U T. JI.

Moayan «Monutops NpepycMaTPHBAeT BLIXOJ H3 HTepa-
LUMOHHOIO Tpolecca ¥ B CJyuae HEHaNOJHAEMOCTH KyMo.a.
Ycs0BHEM HaNOJIHSIEMOCTH CYUTaJOCh «IPaBHJILHOE» Halpasie-
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Puc. 4.12. 3aBucumocts ¢GOpPMH Ky-
noJa OT pa3Mepa HOJIOCHOTO OTBEp-
crua (I = 2,0):

1. & = 0,025;

Il @ =0,2;
. @ = 0,5

IV. g =0,8

HHe CphiBa Ha KPOMKe (M3-TIofJ
Kylosla B JOHHYIO 006JacTh).
B ciayuae HeHalOJIHEHHs pac-
yet GOpPMBl H COIPOTUBJIEHHS
He TPOU3BOHJNCE.

Tlpyu HaM4HHE KOHCTPYKTHB-
HBIX OTBEPCTHH ypaBHEHHS paB-
HoBecus KymoJsa (2.19) Hyx-

88

Puc. 4.11. ®opma xymona ¢ nos
JIOCHBIM OTBEPCTHEM H KOJIbIEBOH
1eJIBI0;

(J — paguyc HOJIOCHOTO OTBEp-
cTust;

Y — pacKpoiHHH paauyc HOJ0Cs
HOFO INOJIOTHHIG;

& — MHUPHHA KOJbUEBOH MesH;
n — eJUHHYHBIE BEKTOP HODMAJIH
K KyToay;

% — yrosl MeX1y HOpMajbio H
OCbI0 CUMMeTPHH;

8 — yron pasBaza CTpOI;

r, 2 — UMJIMHLPHUECKHE KOODJH-
HATE

I
04 \\
|
¥4 i
|
i
0 82 04w, 06 08 @

Puc. 4.13. 3aBucuMocTb K03d-
¢bHLMeHTa CONPOTUBJEHHS OT

pajuyca IMOJIOCHOIO OTBep-
CTHS:

1. 1 =10

II. 1 =20

75 0= 0,43 — gpuTHdeckuil pas-
Mep TOJIIOCHOTO OTBEPCTHA NPH
=10

{

1,6

12 A

05 P ANNAN
@HGHO/IHPHUP

’ <

¢ 02 04 06 08 9

puc. 4.14. T'panxna sanoJgsse-
MOCTH JJf napauora ¢ HOJIC-
HHEIM OTBEDCTHEM



Ja0TCS B MOCTAHOBKE AOMOJHUTENbHBIX TPAHHUHEIX YCJOBHH Ha
KPOMKe. DTH yCJ/IOBHSI JOCTATOYHO O4eBUAHBL 1} NpH nepexoje
yepe3 KOJIbLEBYIO He3apU(IeHHYIO 1Iesb KacarejbHas K MepH-
AMaHy HeNpepbiBHA; 2) HAa KPOMKe INOJIOCHOI'O OTBEPCTHS HOP-
MaJb K KynoJy napaJgJenbsa ocH cummerpun. [losnas nocra-
HOBKa 3ajauu o ¢opMe Kymosa ¢ MOJIOCHBIM OTBEPCTHEM W
KOJbIEBOH 1eabio uMeeT BHA (cM. puc. 4.11 aas nosche-
HHs 0003HaueHHuH): .
¥YpaBHeHUA PBBHOBECHS:

1
L= PO,
%:cos%(s}, (O <s<¥)
%:-sin’)((s). W+e<s<1)

YcaoBHA Ha NOJKWCHONH KPOMKE:

r(g) =,
2{(g)y=0,
(@) =0.

YeanoBus Ha meJaH
X 48 =X,
r @b+ €) =7 () + ecosX (),
2(p+ &) =2 () — esin X ().
YcnoBHe Ha BXOJHOH KPOMKE:
r{l) + Icos¥X (1) = 0.

31ech () — OTHOCHTEJbHBIH pajuyC MOJIOCHOTO OTBep-
cTusl (B A0JAX PacKpoHHOro pajasyca); P — paauyc BHYTPeH-
HEro, MOJIOCHOTO MOJOTHHILA KYIO0J4; €— OTHOCHTEJIbHBIH
JIHHEeHHLIE pasMep KOJbLeBOH LieNH; [ — AJUHA CTPOM.

ChopmyaupoBanHas Kpaepasf 3ajaua pellanach METOAOM
npuctpeaku. Cunaosofi mapamerp A, BXOASIIMA B ypaBHEHUE,
onpejesseTcss METOAOM MOCJeLAOBATEebHBIX NPUOJIHNKEeHUH 10
BBLITOJIHEHHS] € 3aNaHHOM TOYHOCTBIO YCJOBHSI HA BXOAHOM
KPOMKe.

HexoTopeie pe3ysibTaThl HaXOK/JIEHHS PaBHOBECHOH B NO-
ToKe (opMBl KyNoJa HpuBeAeHBH Ha pHCyHKax. Puc. 4.12
noxaselpaeT (OpPMY KynoJa ¢ IOJIOCHBIMH OTBEPCTHAMM pas-
gugHOro papuyca. Puc. 4.13 moKaspiBaeT 3aBHCHMOCTb KO3(-
(uLHeHTa COMPOTHBJIEHHSl MATKOIO KyioJia OT pasMepa IoJIoC-
goro oteepctHa. Puc. 4.14 u 4.15 [OKasblBalOT TpaHuLy
HanoJ/HeMOCTH B IIJIOCKOCTH I[apaMeTPOB «LJMHA CTponm —
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Puc. 4.15a. [pannna nanodnse-
MOCTH fJis MapaunoTa ¢ KOJble-
BOH 1MeJIbI0 H MNOJIOCHBIM OTBEp-

22 §

S,
LA L™,
I AR

0z 04 06 08 ¢

Puc. 4.156. pannna uanoanse-
MOCTH AJR napamioTa ¢ KoJibles
BOH [MEJIbIO ¥ NOJICHBIM OTBep-

Ny

<TtieM @ =0,10: ctHem g = (,30:

1) e = 0,05, 1) & = 0,05;
2) g = 0,10, 2) £ =0,10;
3) e = 0,30 3) e=10,30

pajuyC MOJIOCHOTO OTBEPCTHS» M «IJIHHA CTPON — pafHycC Mo-
JIIOCHOTO MOJIOTHHILA» ([JI8 KYTOJa C ITOJIOCHBIM H K OJbLEBLIM
OTBEPCTHEM).

PacueTs MOKa3bBalOT, 9TO C YBEJHYEHHEM [OJIOCHOTO
OTBEPCTHA KYNOJ Kak Obl «pasfyBaeTcsiy, YTO NPUBOAUT K Oonee
MEJIJIEHHOMY, [0 CDABHEHHIO C (KECTKHM KyIOJIOM, CHany
K03(p(HIHEHTa CONPOTUBJIEHHS.

['panuna namosiHsieMocTH Asis Kynoqa Ge3 KOJIBLUEBBIX OT-

BEPCTHH XOpPOWIO aNNPOKCHMHUPYeTCsl NpsaMoH JHHHeH [ =

5
= 040,28 (mpu 0,03 < U < 0,95).

['paHuna HanonHseMOCTH AJ8 KYNOJia ¢ KOJBIEBOH LEJbIO
umeer GoJsice caoxuyio dopmy. Kak cuaenyer us puc. 4.15,
npu poctaTouHo y3koh wesn (e<< 0,1) umeercq Takas 6eso-
nacHast LJMHA CTpon [,, 4to npu [ >, KynoJ HaloJHHTCA
HE33aBHCHMO OT moJokeHus wedu. [Ipy 10CTaTOYHO MIHPOKOH
wesau npu mofoll AAHHE CTPON MOMKET BO3HUKHYTh HEHanoJ-

HEHHE KYIoJia, €CJIM [NOJIOKEHHEe HLICJAH BbIépaHO HeyadHo.
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4.5. BnusHue ynpyroctu THaHM M cTpon
Ha (OPMY M CONPOTMBNEHME KYynona

Brlunc/eHHe pacrpefenieHHst mepenaja naBiedust P ¢ uc-
[I0/1b30BAHHEM DAaCYeTHOH CXeMml I'Jl. | NoKasblBaeT, 4TO HpH
CTALHOHAPHOM JABHXKEHHH BeJHYHHa P IpPakTHYECKH He Me-
HAETCH BJOJIb KYN0Ja, He HMEIOLIero KOHCTPYKTHBHBIX OTBEp-
crufi. Ilosromy HccsefoBaHHe BJHSHHS VIPYTOCTH TKaHH
H CTpON Ha CONIPOTHBJIEHHE KYIIOJA NPOBEJIEHO HHXKE B Hpej-
nosoxeHud P = const. 3DT0 npeanoJoxEHHE NPUMEHSJIOCH
¥ ADYTHMH aBTOPaMH, H3yYaBLIHMH 3aBHCUMOCTb (DOPMBL, CONPO-
THBJIEHHS W NYJbCALHH [apailioTa OT pAacTAXKHUMOCTH Mare-
puaJa.

Paccmatpusaercs ciepyiolias 3ajada: ONpPeLeJHTb PaBHO-
BECHYIO (HOPMY MSTKOH OCeCcHMMeTpPHYHO#l ynpyro# o60J0uKH,
HOIKpelVIeHHOH JIMHEHHBIME YIPYT MU 3JIeMeHTaMH (CTPONaMHu).
IlpunuMaeTcs, YTO JMHHM TJVIABHBIX HanpsiKeHu#l COBNajaioT
¢ MEpHAMOHAJLHLIMH JHHHAMH M OpPTOTOHaJBbHBIMH K HUM
asMMyTaJbHBIMU KpyraMu, H HaTsKeHWe B matepua/le BO3HH-
KaeT TOJIbKO TPH PACTSXKEHUH (IIPH CIKATHU OHO DABHO HYJIO).

YpaBHeHue DaBHOBECHS KYIOJa HMeeT BH:

2 (Trev) -+ o (Tab) + Pren =0, (4.19)

rae T, T, — MepHIHOHAJbHOE H asHMYyTaJbHOe HaTsKeHHe,
COOTBETCTBEHHO (OCTaJsIbHBiEe OOO3HAYEHHs Te XKe, 4TO U B
ri. 2).

Y4uTHIBasi 0CEBYI0 CHMMETDHIO M H3BECTHBIE TeoMeTpuue-
CKHE COOTHOLUEHUS:

d ox. ob

& T ;T T er

rjie €, — OPT PajiHasbHOTO HANpPaBJieHHsd, cnpoekTHpyeM (4.19)
Ha HanpaB/i€HHS T H H:

(—;é(Tr(;)—T;~ cos¥X =0,
Trc% 4Ty sinX—Prc= 0. (4.203

S4eCh YacTHBIE IPOU3BOJIHbIE 3aMEHEHB! OOBIKHOBEHHBIMH, T. K.

Bce nepeMeHHble, Bxojisiine B (4.20), 3aBUCAT TOJBKO OT

MEepHAHOHAAbHOH KoOopAHHATH §. Kak u B § 2.1 cucrema (4.20)

JONOJIHAETCS IBYMS OUYEBHAHBIMH [EOMETPHYECKHMH COOTHO-

[WEHHSIMH, CBSISBIBAIOMIMMH KOOPAMHATH r¢ U Zc € yrjaoMm X
dr dz

c _ . %
7 = cosk = sinX. 4.21)
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dopma MATKOH OGCJOYKH 3aBHCHT OT €€ PacKpofHON reo-
METPHH. 3/echb pacCMaTpuBaeTca KyNoJ «ILIOCKHR KDYr B pac-
KDO€» CO CTpONaMH, DaBHOMEPHO NPHKPEIJEHHBIMH K TKaHH.
[lyets x — panuanbHasi KOODJAHHATA TOUKH KVIIOJA B Pac-
KpoitHOM cocTtosiuuu. [lpumem, 4TO JUHUM PaBHbIX 3HaYeHHH X
qepefiiyT B HArlOJHEHHOM COCTOSTHHM B JIMHHM DaBHBIX 3Haue-
uuil s Bsegem MepuanoHadbHYO (W) H a3uMYTaJbHy©O (f)
nedopmaliuu:
ds Tc
w=>—1 t=--—1. (4.22)
AsumyTasbHOE HATAXMEHHE ONpeje/isieTCs a3suMyTaJsbHOH e
topmanued:
Th= ETfT (t) H (t)v (423)

tre Er—wmonyab ICura TkaHH, H/M;

H(@) = { (1)’ ; § 8-—-— thyHkuua Xepucaiina;

[z (f) — GespasmepHass dyHKIUA, XapaKTePU3yIOmMas TKaHb.
Ins smuefino-ynpyroro matepuana fr(f) == f.

[lpy Banuuuu NOAKpPEenJIAIOIHX JHHEHHBIX 9JEMEHTOB HaTH-
kenue T, BoobLIe FOBOPsI, 3aBUCHT OT a3UMYTaJbHOTO yrJya A.
B ypaBuenusix paBHoBecus (4.20) noapasymeBaeTCsi Cpepnee
10 A 3nauenue T, KoTOpoe NMPHO/HAKEHHO MOXKHO NPEACTABHTH
B BUJE:

TC

T=Tut 5

(4.24)

rae T, — cpelHee HATSIKeHWe TKaHM NpH paHHoM X, T, —
2n
HaTsKeHHEe CTPONBI NPH TOM XKe X, W == — — IOl MeXy

cTponamu (n — 4ucJjao CTpomn).
[lpumem criepyromiyio 3aBHCHMOCTb MEXKIY CHJIAMH H [Ae-
(GopMallUsMK:

Tm = Emfm (ZQJ), TC = Et‘ff (UZJ), (425)
rae E. — monyas IOHra ctponn (pasmepuocth £, — HbIOTOH);

fe {w) — GeapasaMepHasi GyHKIMA, XapaKTepH3yloWlas CTPOny.
Hans nunefiHo-ynpyrux matepuados f, (w) = f; (w) = w.
YunthiBas, uTo ;s— = (1 4+ w)™ %, 3aMHIleM  ypaBHEHMs

paBroBecHs (4.20), (4.21) pna JHHEHHO-yNPYTHX MaTepHaJsoB
B cJaejyloumeM (e3pasMepHOM BHJE:

% = (1 +w(rc +e)yrcosk(x™(rc —x) H (rc — x) — w);
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%= (4 @@ o+ 71 (Pr—

—sinX - x(r¢—x) H (rc — X))s

dfC .
T = (1 + w)cos¥;
d.
C — —(1 +w)sinX, (4.26)
rjge 0003HAYeHO:
n-. EC , P.s,
e = --Q—RS*E’" ; P = E . (4.27)

BespaamepHble napaMeTpel € H P’ XapakTepH3yIOT OTHOCHTEIb-
HYIO KECTKOCTb TKaHu cTpon () ¥ OOIYI0 XKeCTKOCTb KY-
noJa (P'). [lapameTp P’ cBa3an 10 (PU3HUECKOMY CMBICJIY C T. H.
kputepueM Komm (Ca), yacTo mnpuHMEHAEeMBIM B MeXaHHKE
napaunora P’ ~ Ca™'. [lapameTp e 6/M30K NO CMBICJAY K T. H.
HHIEKCY KECTKOCTH — 3MIHPHUECKOMY KDHTEDHIO NOAOGHS MO
«rubKoCcTH» mnapaunoTta. llapamerp e npexacraBaseTcs GoJee
HarJIsiIHBIM fapaMeTpoM MNojao0Hs, ueM HHAEKC KeCTKOCTH.

Cucrema ypaBHeHu# (4.26) ompejesieHa Ha HHTepBaJe
0 < x < 1. I'paunugree ycqoBusi B noJsoce Kynosaa (x = 0):

rc (0) = 2zc (0) = % (0) = 0. (4.28)

[paruysble ycaoBus (2.21) Ha KpOMKe KyIoOJia C yYeTOM
pACTSIKUMOCTH CTPOIbI MMEIOT BHJ:

Lre 4+ (1 +w)cosk=0; (x=1), (4.29)

rpe L ==s,/l; w.— nemopMaiius CBOSOJHOH CTPOINHL.

Urobbl 3aBepUIHTb NOCTAHOBKY 3afaud, HEOOXOIHMO CBf-
3aTtb w, ¥ Aedopmaumio Ha KpoMmke KymoJa w(l). Tlpupas-
HHBas HYJIO CHJAY, AEACTBYIOUIIYIO Ha KDOMKY KyIoJa, NoJy-
qaem:

7T = 2ure (1) Ty + nTT, (4.30)

rae T7, TT — HarTskenne cBOGOIHON CTpOUBI H MPHKPEIIEH-
o 0
HOH CTpONB!, COOTBETCTBEHHO; 7T, — HATsSKEHHE TKaH{ Ha
kpomke. Hcnonbsyem cootnomenns T, = Ew,; Td = E.w(l)
U IDHMEM, 4TO
0
TS 9Emw(l); 0 <g< 1. (4.31)

Uucno ¢ sBaseTcst cBOOONHBIM NapaMeTpoOM B NPHHATOR
3zech NOCTaHOBKe 3adaud. [lpoBoas nocsiepcBatesibHO npes-
110/102KeHHe 00 OCeBOH CHMMETPHH, CJAEA0BAJ0 Obl MOJCKHTh
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g=1. Ho daxTuyeckn Ha KpOMKe TKaHb HEHanpsKeHa (§ =
= (). Boamoxno, caefoBano Obl NPHHATH, 4TO ¢ ~ €, T. K.
HapaMeTp e siBAS€TCS MepO# BKJaJa COGCTBEHHO TKAHH B Jie-
¢opmaiuio kynosa. Hasuupe nNpousBOJIBHOIG napametpa ¢
ABJSETCS «IUTPadoOM» 3a YIPOILEHHYIO IIOCTAHOBKY 3ajauit
(ocecuMmeTpruHasi 060JI0YKa, OMHCHIBaeMasi OObIKHOBEHHBIMH
InddepeHunaMbLHEIME YPaBHEHHIMH, BMECTO peasibHOH «PO3bD»
KyNoJia, ONHCHIBAeMOH ypaBHEHMSIMH B YAaCTHBLIX NPOU3BOJ-
HBIX).

C vyuerom (4.30) u (4.31) xpaeBoe ycJosue (4.29)
HMeeT BHI:

ch—}—(l +w<l -}-?qrc)) cosX = 0. 4.32)

CdopmyaupoBanuas 3ajaua (4.26), (4.28), (4.32), kpome
OCHOBHOI'O pellleHUsl, UMeeT CUeTHOE MHOXeCTBO IOCTOPOH-
HHX, HeQH3HUEeCKUX pEeIUeHHH, KOTOpBle HCKJIOYAOTCs oOde-
BH{HBIMH Tpe6OBaHI/IHMI/I:

>0 O0<X<m. (4.33)

Cuna F, aeﬁcmyromaﬂ Ha TapauoT, MOXeT OHTh NpeacTaB-
JieHa B BHJe

riS»

= 25 S Pre cosX dx = 2nP y r¢ drg = nPrisk, (4.34)

0

rae ry = r¢(x = 1) — ecTh GespasmepHast pajHasbHas KOOp-
JWHAaTd KPOMKH KYIoJa.

Tax xak P = PyV?%2, rpe pV%/2 — ckopocThOll Hamop
H P, — Ge3pasmepHblll KosdpduuuerT pasaenust (Py= 1,42
JJis HEeNMPOHHUAEMOro KyNoJqa), TO Koa(pduUKeHT CONPOTHBJE-
vusi C uMeeT BHIL:

C=F [(as ol | = per, (4.35)

rae C! == r? — orHOCHTENbHBIA KOI)(HUHEHT CONPOTHBJEHHS,
OTpaXKaiolHil 3aBUCHMOCTb CONPOTHBJEHHS Mapaumliora OT
JKECTKOCTHBIX XapaKTePHCTHK e u P'.

[Ipu pemennu (4.26) u BHIUUCJEHHU CONPOTHBJAEHHA (4.3D)
paccMaTpHBaJIMCh THUNHUHBIE 3HAueHHs MapamMeTpoB e H P’
B nmanasone e= 0,05 ... 5,0; P/ = 10"% ... 1,0.

3azaya pemajach MeTOILOM «TIPUCTPENIKH»: 3a1aBaJsloCh YeT-
BepTOe ycJoBHe B nogioce Kynosa w (0) = w,. Bosnukaomas
npu sToM 3ajada Koww pas cucremsl (4.26) pemaJach 4YHuc-
JAenno va OBM EC-1020 ¢ ucnosnib30BaHHEM CTaHAapTHOH npo-
rpaMMbl MHTETPHPOBaHHUs cUCcTeMbl AH(PdepeHIaAbHbIX ypaBHe-
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Puc. 4.18. Pacnpegenenue Mepl/lﬂ,HOHaJIbHOI‘O pacTaKeHus IO Kynoay:

e = 1,0; = 1,0; e = 0,5;
P = 1.0; P' =10 _ _ _ ___ P’ =1,0;
q=0; : g =10 g=10;
L=0,5; L =0; L=205
tH(t) !
04 === ——
—
\\~
03 N
T T . ~N
— ~
P~
02 RSN
o1 ‘ L \\
1\K N
¢ . ol 02 03 G4 05 06 97 08 X

Puc. 4.19. Pacnpepenenne asumytanpHol Aedopmanuu Io Kynouay:

e = 1,0; e=1,0; =(,5;
P =1,0; P =10; P =10
q=0; : =0; T T T =10
L =0,5; L=0; L =0,5;

Huli mMerojoMm PyHre-Kyrra. 3ateM 3HaueHue w, yTOUHAJIOCH
Tak, 4TOOBl YJOBJIETBOPHTBL YCJIOBHIO Ha Kpomke (4.32) 4
HepaeenctBam (4.33). lns mpeaBapuTenbHOR OLEHKH 3Haue-
BUf W, KpaeBas 3ajada (4.26), (4.28), (4.32) Gnlya pereHa Ipu
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HEKOTOpPLIX 3HaYeHHAX napametpos L, g, e, P’ Ha aHasnoroBo#
BoiuncauTeabHON Mmammnae 3OMY-10. Hekoropeie pesyJbTaThl
pelleHus MpeJACTaBJeHH Ha pucynxax (puc. 4.16 — 4.19).

Kak nokasblBalOT BblUKCJEeHHA, npu P’ <1 oOTHOCHTE b~
HbIf KO3(QQUUHEHT conpoTB/eHus C! npakTHYeCKH He 3aBH-
cuT or P’} ¢ yBeanuenueMm P’ 1o~ 0,1 OH HauWHaeT pe3Ko
BO3pacTaTh. IJTO YBeJHYEHHE CONPOTHBJEHHS OOGYCJOBJIEHO
pactaxennem Kynoaa. Ilpy P’ ~1 u e~ 0,5 nosydeHo Bos-
pacranue C' B 2 pasa, uYeMy COOTBETCTBYET pacTsXKEHHe
kynoaa npumepHo Ha 40 %. Ilpn Takux yaaHHEHMSX HCHOJb-
30BaHue 3akoHa ['yKa B JuHefiHOA ¢opMe He OmpaBlaHo, H
npejcTaBJeHHBIE 34eCh pe3yJ/bTathl npH P'~ 1 v e < | umelor
Ka4eCTBEHHBI!l XapakTep.

3aBHCUMOCTb peilleHusl 0T CBOGOAHOIO NnapaMeTpa g Hecy-
mecTBeHHa npu e~ 1 (u3menenue C' Ha 5 % u yr.a passana
crpon 8 wa~ 2° npu usameHenuu q ot 0 no 1). Ilpu e ~ 0,01
HeolnpeeIeHHOCTE napameTpa g AaeT HeonpelejieHHOCTh B Ct
nopsigka 25 9% . CrenoBaTesbHO NpU MaJjblX ¢ HeoOXOXHUM
GoJiee TOUYHBIA aHa/u3 HANPSIKEHHOTO COCTOSHHUSL ¥ KDOMKH.

[TpencraBjentsle  3/eChb pe3yJ/bTaThl MOTYT HacTHYHO
OOBACHHTD U3BECTHOE CHCTEMATHYECKOe DAcXOKJIeHHe B K0a(-
tHUMeHTaX CONPOTHRJIESHUS BOAHBIX U BO3AYIIHLIX IapalliioTOB.
HeficTBuTeIbHO, NAPAlIOT, MCNBITHIBAEMELH B BOJIe, UMEeT 3Haye-
Hue napameTpa P’ Ha Tpu nopsiika 6oJiblie, 4eM TOT »Ke NapalloT
TIPH TOH XKe CKOPOCTH B BO3AyXe. PacTsizkeHue napalniora npu
GoJbLUUX P’ MOXKET NPUBECTH K YBEJHUEHHIO CONPOTHBJEHUS.

ConocraBnenve (4.27) u puc. 4.16 ykasbiBaeT Ha HaJHyHe
«macuitTabHoro» addekrta. HeficTBuTEIbHO, TPH (HUKCHPOBaH-
HOM rmeperiape pAaBjeHwdl P u duxkcupoBaHubix n, E., Ep:
ems;l; P cos,,

CreoBatesibHO, C yBeJHYEHHWEM pa3Mepa Mapaunora Kosd-
¢dunuent conpotHBjienus C! Boapactaer. CylecTBoBaHue
3TOro MaciutabHoro sddexTa NOATBEPKIAETCH IKCHEPHMEH-
TaJbHLIMH JaHHBIMH [29].

Puc. 4.16 noxaswiBaeT, B YaCTHOCTH, BJHUSHHE NJHHBI
¢Tpon Ha BospacTanue C': yeM JUIMHHEE CTPONbI, TEM spue
BbIPAaXkK€HA 3aBHCHMOCTBH COINPOTHBJIEHHS OT 06e3pa3MepHOR
Harpysxu P'.

O6vennHenye HafieHHOA 3aBHCHMOCTH CONPOTHBJEHHS OT
Harpy3k# P’ ¢ mosyueHHOH B § 4.2 3aBHCHMOCTBIO CONpO-
THBJIERHS OT NPOHMLAEMOCTH NO3BOJSIET CAENATh CJeAYION[ Uil
BLIBOJ.

Kosdduuuent paprenus P,, sxopswuil B (4.35), MoHO-
TOHHO YOLIBa€T C POCTOM CKOPOCTH mHapaimiota ot Py = 1,42
LO HEKOTOPOro 3HayeHusl, ONpPeAessAeMOro Ko3(ppHIHeHTOM
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NPOHHIAeMOCTH TKaHK k. OTHOCHTeBHEIR KOS(duiHenT con-
poTuBJ/enuss C' MOHOTOHHO pacTeT ¢ pocToM Ge3pasmepHOft
Harpysku P’, KoTopasi B CBOIO Ouepejb HapacTaeT C yBeJHU-
yeHHeM CKOPOCTH napaunorta. Ciael0oBaTeNbHO MOXKHO OXKUAATS,
YTO THNHYHAA (OPMa 3aBUCHMOCTH KO3(hGHLIHEHTA CONPOTUB-
Jeuss C OT CKOPOCTH CBOIHTCS K €r0 YMEHBIUEHHO NpPU
MaJIBIX CKOPOCTSIX A0 HEKOTOPOTrO MHHUMAJLHOTC 3HAueHWs H
nocJaeAyIOUeMy BO3pacTaHHO. CHIXKEHHE CONPOTHUBJEHUS
00yCJ/IOBJIEHO NPOHHIIAEMOCTbIO, NOCHAe VIO pocT 06yC/a0B-
JIeH PacTsKHMOCTBbIO MaTepHa/ja. DTH SIBJIEHHS MOTYT YCJOX-
HSTBCS 3aBHCHMOCTBIO NPOHHMIIAEMOCTH OT HATPY3KH.

4.6. NMynbcauMOHHAs YCTOMUMBOCTD NApPaLWIOTHON CHCTEMBI

MHoOTOYHC/IGHHBIE SKCIEpUMEHTHl ¥ HabmoneHus yKasbl-
BAlOT Ha CYIUECTBOBAHHE NYJBCAUMOHHON HEYCTOHYMBOCTH
napaittora [28; 34; 58; 61; 62].

[lyspcanuu  KymosoB wucegenoBaad b. M. Kopodes,
X. A. Paxmatysusa, O. B. Poices u ap. asropsl [25; 38; 66;
67]. B unekortopeix paboTax H3Y4aJMCh NyJbCalU{ MNPH MO-
cTosaHHOM nepenaje xasjeHufl [25]. Tako#i moaxon nossoaser
BLIUMCJUTE 9aCTOTHl [YJbCAlMA, HO HE [aeT BO3MOXKHOCTb
WCCJeI0BaTh YCTOMYMBOCTB. [pyrue aBTopel paccMaTpHBaJfd
3a/1auy B «CBSI3aHHOH» aspoOyNpyrofi MOCTaHOBKE C TMpHMEeHe-
HHEM Da3/MYHBIX THIPOAMHAMMYECKHX CXeM: AJs CBEPX3BYKO-
BbiX DAPAINIOTOB HCHOJIb30BaJ/aCh «IOPIIHEBas TEOpHs», M4
N03BYKOBHIX — cxema B. PoGeprca |66], 6anskas K KaBHTa-
LIMOHHBIM cxemaM. Bonpoc o BAUAHUY Ha YCTOHYHWBOCTL OCHOB-
upix napametpoB [IC (nsvua cTpon, yucso HepoToHa u T. 1.)
H3yYeH HEJOCTATOUHO MOJHO. 3JeCb PacCMaTpHUBAETCH JIMHeH-
Has 3agada o IyJbcalpoHHOH ycrofiuusoctH [IC B nocra-
HOBKe, mpepyoxeHHo#i B ra. 2. Mcnosbayorcs THEPOAMHA-
MHuecKash cxeMa, BBeleHHas B IJ. 1, M METOX pacHienJeHus
CBSI3aHHBIX 3ajau THAPOJUHAMHKHM H AHHAMHKH MATKHX 0060-
Jouek (ri. 2).

JlnHeapusauus yparHEHHH OCECHMMETPHUHOTO ABHIKEHHS
[IC (2.32) u (2.36) B OKPEeCTHOCTH CTAaHHOHAPHOTO DpeXRuMa
IBHIKEHUsl, YOBAeTBOpsiollero ypaBHeHusm (4.1) u (4.2),
[IPHBOJUT K CJEAYIOIYM COOTHOIIEHHAM:

VHok + WHip+ iV Hope + ﬂ;—l- VZhie) = 0; (4.36)
2

=1
(=1, n).
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0 (N + Go) -+ vV,Ggo +

n

" I . i
+ N 006 — V) + 0V G+ 15 Vi) = 0. (4:3)
i=1

31ecb v M 1), — OTKJIOHEHHs] CKOPOCTH UeHTpa kymoaa V
M napameTpoB (OPMBI &; OT PaBHOBECHBIX sHaueHudl V, n o,
ynosaersopsiomux (4.1) u 4.2 v=V -V, n,=0a;— a.

Bxonsuume B (4.36) n (4.37) aspopuHamuyeckue Xoaddwu-
uventol H o, » u Geo, onpesiesieHHble hopMysamu (2.33) n (2.37),
BBIYUCJSIOTC TIPH O = @, KakK ¥ napameTp f, 3aBUCHIIUHA
oT pauubl ctpon (2.37). Bpenenni o6o3nauenus:

_ Moo x 90
- aOL,' ? t—aa,"

[Mpoussoaubie B (4.38) BHIUUCASIOTCH NPH O = Q;,. Ypas-
Henusn (4.36) u (4.37) ofpasywor cucreMy n + 1 suHeBHBIX
juddepeHIMaNbEbIX YPaBHEHUH OTHOCHTENbHO HEH3BECTHBIX
v{l) u n; (f) c nocTosHubME Koaduunentamu. Kax wussect-
HO, MO PEMICHHIO 3TOR CHUCTEMBl MOXKHO CYJAHTb 00 ycTOoiuu-
Boctu IlC. Pemenue (4.36), (4.37) umeeT BHI

v= Ae;, 1; = B, (4.39)

rne A W B;— nocTosiHHBIE («KO3(POUUHEHTH (GOPM NyJbCa-
uufi»), 0 — coOCTBeHHBIC YucJa cucTeMs! (4.36), (4.37). Muu-
Mas 4acTb @ = [mo faBJAAETCA HaCTOTOH NyJbCalyH; BellecT-
seHHas yacTb I = Reo ompegmenser ycrofunBocts: npu I'<
< 0 KyuoJ YCTOHYMB OTHOCHTEJNbHO pacKaukH MnyJbcalui;
npu I’ > 0 — neycrofiuus.

BaskHOH XapakTepucTuko# fBJAeTCH T. H. «JOGDOTHOCTBHY
KoJsieGagull @, paBHas OTHOLUEHHIO YaCTOTHl ® K AEKDEMEHTY
satyxagust: Q = w/(—T). Ilpu Q> 1 «xynmoa, d¢opmalbHO
yerofiuuselfl (I < 0), MOXKeT 0Ka3aThCsl NPaKTHIECKH HEYCTOH-
YHBBIM, T. K. UHCJO DyJbCauuft R0 CYIIECTBEHHOro 3aTyxa-
HuA nopsaka pobporHocte .  CrenoBatesnpHO . cayyalHbie
BO3MYIIEHHA, BCerja HMeElolpecs B NMOTOKe, OyAyT pacKauu-
BaTb MeJJ/IEHHO 3aTyXalollyio NyJbCalHIo NapaluioTa.

[Toncranoska (4.39) B (4.36) u (4.37) npuBoIMT K JuHed-
HOH OAHOpPOJHOH cucreMe ajrefpanyeckKuX ypaBHEHHH OTHO-
cuTesqbHO BeqMuMH A W Bp:

hik

(4.38)

AcHy, » + 2 B; (02Hz'k +oVeHo, x + % Vghtk) =0,

i=l

k=1, n) (4.40)
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Ao (N + Gy) + VeGoo) + § Bi(0® (G; — [:N) +

+ V.G + + Vi, ) =0 (4.41)

Yca0BreM CYIIECTBOBAHUS HETPUBHANBHOTO PellleHUs ypas-
sHenuit (4.40) — (4.41) saBasieTcs paBeHCTBO HYJIO ONpened-
Te/isi CHCTEeMbI, KOTOpbIfi GyIeT HOJMHOMOM cTeneHd 2n 4 |1
oTHocHTesNbHO ©. Takum ofpa3om cucTema AuddepeHnyasb-
Hblx ypaBHenu#i (4.36), (4.37) imeer 2n -4+ 1 coOGCTBeHHBIX
yuces o, XO0TA Obl ONHO M3 KOTOPHIX SIBJAETCS BeUECTBEH-
HbIM. 3HaYeHHs G 3aBHCAT OT mapamerpos [IC, BXoxsuwX B
ypasuenusi (4.36), (4.37). obparnoro uucsaa Heiotona N u
obpatsoft nmuHpl cTpon L. (Benuauna L onpepensieT pasHO-
BeCHble 3HaAueHus o 4 V. n, CAefoBaTeNbHO, adpOlnHamu-
geckue KoodduuyenTsl H o » 4 Ge, BXoAsmue B (4.36), (4.37)).
3aBHCUMOCTb G OT N OMpefensieTcs CHAEAVIOUUM YTBepKIe-
Huem: Gespa3MepHbie COOCTBEHHbIE YaCTOTH MyJ/bCALMK © He
sapucar or N npu N>0y N—>oco.

HeficTBUTeILHO, NpH N—0 (nergu#t rpys) kospduunen-

Tl CHCTEMBl ypaBHeHHH (4.41) nepectaloT 3aBHceTh OT N: ecau

G,#0 u G0, (4.42)

T0 KO3pduuneHThl (4.41) uMeoT onpegeJsieHHble, OTJHYHbIE OT
HyJs, upelenbEble 3HaueHusl. COOTBETCTBEHHO KOPHM Xapak-
TEPHCTHIECKOTO yDaBHeHHs CHCTEMb (4.41) nepecrator 3aBu-

cets or N opu N—0. dopmalibHO 5TO MOMKHO BBEIPAsUTH
cJAeayomuM o6pasoM: 1pH N—0

6 =0 (N = 0) - O (N).

Asponnnammyeckve kosdhdunuerTsl Gy 1 G; HMEIOT CMBIC]
[PHCOEIMHEHHEIX MAacC, COOTBETCTBYIOUWIUX MNOCTYNATeNTbHOMY
jgukenuio (Gy) U JeopMamusiM KyrnoJda no -off o606leHHOH
KoopauHaTe (G;). YcaoBue (4.42) npeacTaB/IsfeTCA €CTECTBEH-
HBIM M JIO/KHO BBHIMOJHSITHCA MpH JI06OM DasyMHOM BRIGOpe
dynkoui (2.4), annpoKCUMHPYIOMX [OBEPXHOCTb KYIOJa.

[Mpu N — oo (maccuBHBIE rpy3) cucrema (4.4) umeer
acUMMTOTHYECKOE pelieHue BHAA:

0'=00+0(N~1); A=A0+O(N—l), B[:B[0+O(N_l),
(4.43)
rie oy, A 1 By or N me saBucsr.
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[TonctaHOBKa aCHMNTOTHYECKWX npefcTaBiennsi (4.43) B
cucremy (4.40), (4.41) npuBOAUT K CAeAYIOUIUM COOTHOILIEHUAM
B HyJIeBOM IOpsiiiKe 1o N:

Ay=0 X [iBu, (4.44)

Y Bpaw =0, (=1, n), (4.45)
=
rie
= oo (Hy, &+ fiHo, #) + 6oVeHor, « + —;'Vih[, k-

Ypapueuue (4.44) no3BossfeT BBIYMCAATL A, TpPH H3BECT-

HeX By KosdduuuerTs: oaHOpozHO# cuerembl (4.45) or N
#e 3aBucAT. Ecuu Matpuua Hy -+ [:H, » HeBwbpoXeHa:

det{ H;, »+ fifo, #15%=0, (4.46)

TO ONpeJeJHTe b MATPHLEl Qi SIBJAAETCS MOJHHOMOM CTere-
HH 2n OTHOCUTENBHO 0, CJlef0BaTe/IbHO, CYLIECTBYET 21 pe-

weHul Buja (4.43), He 3aBucAwux of N npu N — co. [lo-
cnennee (2n -+ 1)-oe AeHCTBUTENBHOE DeLIEHHE XapPaKTEPUCTH-
YeCKOro MoJIMHOMA CHCTeMH (4.41) uMeeT acHMNTOTHYECKOE
npejcTaBaeHue BUAA!

0 =0 N4 O(N%; A= 4,+0N;
B; = BuN™+0(N?), (4.47)

rae 6,, 4, B; He 3aBUCAT OT N.
Iloncranoska (4.47) B (4.41) npuBOAMT K CJEAVIOLHM CO-
OTHOLICHHSAM:

o, = —V.Gyy = —Cl12 (4.48)

El Buhip = AHo, v, (R=1, n). (4.49)
=

Heopnopoauas cucrema (4.49) nossosisieT BBIYHUCJIHTL KO-
sbhdunnenTst B;; npu 3azanHOM (Ipou3BoJbHOM) A,. (20 + 1)-0e
cobcTBeHROe 4HCAO0 (4.48) BEIIECTBEHHO W OTPHIATEJIBHO.

Has cyuecTBoBanus TOJHOH cucTeMbl 2n -+ 1 pewenus
BHAa (4.43), (4.47) HeoOXOAMMO BbIMOJHEHWe YCJaOBHS (4.46).
[lpu HeBpinosneHuu (4.46) yucsao pewenu#i suia (4.43) me-
Hee 2n, u yTBepkieHue, cHoOpMySHPOBAHHOE HaMH, HEBEPHO.
Eme omemM HEOOXOAMMEIM VYCJOBHEM €ro CHpaBeRJHBOCTH
SIBJISIETCS, OUEBUIHO, Pa3PeILUMOCTDb 3alaun (4.49): det|h; x|+
# 0. [lpuBejenHoe yTBepXKIAEHHE [03BOJISET CALNATh CJEAY.0-
LIHME BBIBOJ O Pa3MEpHOH 4acTOTe NYJbCalHl ®p: BEJHUKHA Wy
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IPONOPUMOHAJbHA CKOPOCTH [BMIKEHHA NapaunoTa; Ko3hgdu-
[IMEHT NpPONOPUHOHANBLHOCTH HE 3aBHCHT OT dYHcJaa HbloToHa
mpuy N>» 1 1 N1 (1. e. 1npu ZOCTAaTOYHO MaJOf HJAH 1O-
CTAaTOYHO GOJBLIOA CKODOCTH).

HeficTBUTeIBHO, @, = 0T}, Tae T = (Ns,/g)!/? — enunuua
ppemenH, BeeflenHasi B § 2.1. Tak xak N = 2npsf/m ¥ mg==
= Cns’pub/2, Tle u, — pasMepHast CKOPOCTb CTalHOHApHOro
JIBHXKEHHUS, TO T = 25*u,’,‘1C-1/2. CJaegoBaTeJsbHO,

p = 5 UpS 0 (N) CI12 (4.50)

ITo nokasannoii Teopeme GespasMepHasi 4acToTa
®(N)=const +O(N) upu N—0,
o (N) = const -+ O (N} npu N — oo.

Crenannnii Bbiog, (4.50) 0 NpONOPUUOHAJBHOCTH 4YacTOTh
nyascanun u ckopoctu IIC cornacyercsa ¢ HabaoneHHAMH.

Hekoropble pe3y/abTaThl YUCJAEHHOTO pelieHHS CHCTEMH!
(4.40), (4.41) npenpcrasnennsr ua puc. 4.20 — 4.25. McnoJp-
30BaslaCh OJHOHapaMeTpudecKas annpokcumauua (3.35) kyno-
Jla napannota CQEpPUYECKHM CErMEHTOM. A3pOjHHAMHYECKHe
koadpduunenTl He, Go, he, go, BXxoasmue B (4.41), Borunc-
asth 1o (2.33), (2.37) u (4.39) uuC/IeHHBIM HHTETrPHPOBaHHeM
COOTBETCTBYIOIIUX BbipaxkeHu#l (2.11), 3saBucslMX OT NOTeH-
unanos @ u @, (3.50), (3.51). I chepuueckoro Kymosa
(n = 1) cucrema ypaBHeHu#l (4.41) COCTOMT H3 JBYX ypaBHe-
uufl. KopHY XapakTepHUCTHYeCKOTrO MOJHHOMA TPeThel cTeneHu
HAXOLMJIMCh WYHCJEHHO INPH pa3/IM9HBIX 3HAYEHHSX HUHCJa
Heroorona #u paunel ctpon L. BoiyucJeHHsi BHINOJHEHH Ha
SBM M=222.

Kak 1OKA3BIRAIOT BBHIYHCJEHUS, XapaKTEPUCTHYECKHH MO-
JIMHOM HMEeT OJMH BELIECTBEHHbIH KODEeHb, OTPUIATEJbHHIN
npu mobuix N u L. 3TOT KOpeHb He NPUBOAUT K HEYCTOH-
gusoctu [IC. Isa apyrue KOpHS — KOMILIEKCHO CONPSIKeH-
uple, Imo=%0 npu mobhix N u L. BelwecTBeHHaa uacTb
I' = Reo MoxeT u3MeHATh 3HaK. I'paHuubl ycToHyuBOCTH B
nockocty napaMeTpos N, L onpejeadwTca ycaosiem ['=0.
Dra rpanuua nokasasa Ha puc. 4.20. HeyctofuuBbIME SBJISIOT-
cst TIC ¢ ouent gqerknm rpysom (N > 30) B ompefe/ieHHOM
JuanasoHe AJHH CTPOM.

Puc. 4.21 noxasbiBaeT 3aBUCHMOCTb GespasMepHofl gacTo-
TH myJascauud ® or N u L. PesyapraThl BulYHC/EHHE coTJa-
CYIOTCS ¢ yTBepxkleHweM, cQOPMYJHPOBAHHEIM BRHIIIE: YaCTO-
12 o npakTudecky He 3asucut or N mpu N < 0,3 u N>30.
Csaafo BAHSET Ha YacTOTy, KaK BUAHO u3 puc. 4.21, u A.auHA
CTPOIL



Puc 4.21. bespasmepnas uac-
TOTA [HVJIbCauuy
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Puc. 4.20, T'pauuua myasca-
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Puc. 4.24. 3asucumocTtb nyan-
8 / cauuorHoro uncia Crpyxans
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Puc. 4.25. JIo6pOTHOCTD N yJIb-
CaluH TOPMOSHOFO NaparioTa
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Puc. 4.22. 3aBucumocts Kosg-

(HuUKeHTA 3aTyXaHUs OT YHCJA
Hswotona (L = 0,5) g



Puc. 4.22 noxaspiBaeT 3aBHCHMOCTb KO3(QUIMEHTa 3aTy-
xatin ot N npu L= 0,5. Kospduuuenr saryxasus wmam,
Jo6poTHOCTh Konebanuit @ ~ 10 ... 100 B mupoxkom Auana-
soHe guces Hpworona. [losromMy nyJabcaillMy KYHOJIOB MOTYT
Ha0J/I0aTbhCsl, MO-BUAMMOMY, HPAKTHYECKH NMpH MOOBIX 4HCaax
HeloToHa w /o6bIX AJHHAX CTPOI, a HE TOJBKO B 0OJacTH
NyJbCalHOHHOA HEeyCTOHYMBOCTH.

Puc. 4.23 v puc. 4.24 maror apyroe npejcTasjeHue HHPoOp-
MalHy, cojepkalieics Ha puc. 4.22: 3a8BHCHMOCTb DPasMEpHOIo
nepuosa nyascauud T or uucaa HetoToHa (puc. 4.23) u 3a-
BiicumocTh yucaa CrTpyxadst OT AJUHBEL CTPON AT TOPMO3HOTO
napamtora (N = 0) (puc. 4.24). T. k. T = 2n07't, 10

T (g/se)/? = 2w IN'/2, (4.51)
3aeucumocts (4.51), nokasanHas Ha puc. 4.23 B Auanasone
N =3 ...10, xopowo anmpoxcumupyercs JuHEAHOH:

T (g/s.)/?= 0,52 + 021N, (IgN=0,5...1,0). (4.52)
Yucao Crpyxans BBeleHo mno [34):

Sh = uT T Ve 25

o= o= —n (4.53)

Yacrora o # kosdbunuedT conporusierus C 3aBucaT OT
IJHHbL CTPOM. 3Ta 3aBHCHMOCTb ¢Jab0 BHIDAXKEHA U MOXKHO
noaoutb Sh= 0,75 ... 0,80 npu Job6oM 3HaueHHH L.

Puc. 4.25 noxasmiBaeT ROGPOTHOCTH MYyJbCALHHA TOPMO3-
HOro mapainota B 3asucumoctd oT L. Martepsan 0,10 << L

< 0.38 — ofacTb NOEBILIEHHOH yCTOAUHBOCTH: Q< 10 (L=

== 0,2 — MHHUMYM Q) npy L>=0, 380 > 10 — Hamume 1y /b
cauuii B 3TOf 06JaCTH AJHH CTPom GOJlee BEpOsiTHO. Boa-
MOKHO TaKJKe VJIyYIIeHHEe NYJbCALHOHHOH YCTONYHBOCTH NpH
OYeHb KOPOTKHX cTponax (L > 1).

PesyabTaTH, npencrtas/eHHble 31eCh, Kaue€CTBEHHO COTJa-
CVIOTCA C H3BECTHBIMH 3KCMEDUMEHTAJbHBIMH  JAaHHBIMHU.
lmeeTcs onperesieHHOe corjacde ¢ HaOJ/HOLAEMBIM JIMHEHHbIM
xapakTepoM 3aBucumoctd T or N B HeGosblIOM [Hana3oHe
usMeHeHust N.

Coraacyercs ¢ HaOMOAEHUSAMH CHEJAHHBIA BBILIE BBIBOJ
0 HeaaBucHMocTH uucaa CTpyxads OT JUMHBL CTpPoIl: Sh =
=~ 1,2 npu motom L {34]. Orsinune OT pacyeTHOrO 3HaueHus
Sh=0,8, BepoaTHO, 06ycJ/IOBNEHO HEJHHEHHBIMH 3¢deKTamu:
B 3KCHepuMenTax [34] aMILIHTyla nynocaunn HarpyskKu jloc-
Turata 45 %.

Coryacyetc C 3KCNEPUMEHTOM CHASJAHHBIE BLILIE BbIBOJ
O BJMAHHE JUIBHBL CTPOHN HA XapakTep MNyJbCalliu: no |34}
npu L > 0,38 maburofaoTca CHJbHBIE [yJbCalHd Kynouaa,
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npu ymenpiiennn L no 0,33 — 3ameTHOe ocjabieHHe ny.Jib-
cauwmit. Vimeetcs corsacue ¢ HaG/OAEHUSMH IO 3aBUCHMOCTH
nepHoja MyJbCallid OT CKOPOCTH CHUMKEHHS.

HsBectHoe u3 HabJoleHU JuHEeHHOe H3MEHEeHHe IEepHoaa
nyJascauuy ¢ Beicotolt chiukenus I1C A Takke, no-suanmomy,
OTpaKaeT 3aBHCHMOCTb nepHoia oT umcsaa Heiorona. [efict-
BUTEJbHO, T. K. N v p, pooe A rae H = const — skBu-
BaJIEHTHAsi BBICOTA HM30TepMHUecKol armocdepsl, TO

.

u npu JuHeliHofi 3aBucuMocTH T ot N (cMm. (4.52)) mepuon
JiMHeAHO YMEHBIIAETCs ¢ BHICOTOH (MPM HeGOJbIIMX BBICOTAX
h< H, rne H~8...10 xum).

A.7. HeycroHuiBOoCTb 6€30TPLIBHOrO OBTEKaHMA
packpbisatojerocsi kynona. Kputuueckas oopma kynona

Paccmarpusaerca 3anaya o 6e30TPLIBHOM MOTEHIIHATLHOM
ofTeKaHHU PaCKPBIBAIOLLETOCA KYNOQJa ¢ BHITOJHCHHEM YCJO-
Bust Hanawirina-)KykoBckoro ra kpoMke. [loctanoBka 3ana-
yy npoeeeHa B § 2.3. BpluMC/IGHHA BBINOJIHEHLI NPH OJHO-
napaMeTpuuecKol anfpoKCUMAalHUH PacKpPBIBAOLIErOCS KYHoJaa
c(hepHyeCKUM CErMEHTOM [epPeMeHHOTO YIJa pacKpelTusd a (f)
¢ TNOCTOSIHHOH JA/MHOH ofpasymwooliei, paBHOHR s, = 1.

[ToacranoBka note”uuatos @, u O, (3.50), (3.51) cde-
pHueckoro kymosa B ycjosre Yanseiruna-)Kykosckoro (2.80)
JaeT CJeAYIOULYI0 CBSI3b MEXKIY CKOPOCThIO LEHTpa Kynosaa V
¥ CKOPOCTBbIO PacKpBITUS o

Va?sin?a = a tg% (a0 -+ sin o). (4.54)

Yuer cootHOweHHs (3.65) MeXIYy CKODOCTbIO LEHTpa H CKO-
poCTBIO Ipy3a Mo3BoJasieT 3anmucath (4.54) B Buze (2.82)

u-+aC =0, (4.55)

rje u— MOLyJb CKOPOCTH Ipy3a;

Clzoc'z(sinzoa- tg—;f(oc%—sinoc) —{—e) ,
e=oasina + cosa + Lsina (sinoe — acosa) X
X (a? — L?sin? o)~72,
L =s,/l, {4.56)

rge ! — namHa crpon. Kpurtuueckas dopma KynoJa no (2.84)
€CTh pellieHHe yPaBHEHHS

C,=0. (4.57)
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Kopenb ypaBHeHusi (4.57) onpenenseT 3aBUCHMOCTb KPHTHYeC-
KOT'0 yIJia packpeiTHa o ot napamerpa L. [lo «, u L ompe-
LeJIieTCsl KPHTHYECKHH yroJ pasBaga cTpon O, CBs3aHHBIA
¢ o, U L reomerpuueckum cooTHomeHHeM (4.13):

= arcsin (L sin a/a). (4.58)

Pe3yabTaTh YHCJIEHHOI'O PelleHHsl ypaBHeHHd (4.57) npepncras-
JeHsl B Tabauue 4.5.

[Ipn pacKphITHH TOPMO3HOrO napaunoTa u = const (He
OrpaHHuMBasi OOMIHOCTH, MOXKHO TMOJIOXKHUTh # = 1). B sTOM
cayuae ycJosue Yansbruea-)KyKOBCKOTO MOJHOCTBIO OMHCHI-
Baer mnpouiecc packpeitua. J[lelicTBHTesbHO, ycJoBHe (4.55)
JAeT 119 OlpelesIeHUs] 3aBUCUMOCTH o = a (f) nuddeperunanb-
HOe ypasBHeHHe IIePBOTO MOpSAKa ¢ PasZeJIsiOLUMHCS mHepe-
MEHHBIMH:

a=F(a, L), (4.59)

rae F(a, L) = —1/C,. 3nauenus cKOPOCTH pacKpuiTus F (o, L)
IIpY HEKOTOPEIX o W L npusesens B Tabmuue 4.6.

Bun (4.56) w nanHble Ta6aunel 4.6 NOKaswIBalOT, YTO GYHK-
uus F (o, L) moJoxutesbHa npu Magelx o(e— -+0), oTpu-
naresbHa Opu Gosblunx o (e— — 0) 1 umeeT OCOGEHHOCTD
BUJa

Fa, L)y = A/(c,—a), A= const (4.60)
B OKPECTHOCTH KPHTHUECKOr0 YIJa pacKphITHS.

Ta6auna 4.5. Kputnueckue napamerpbl pacKpbl-
Balolerocs Kynoja

L 0,0 0,2 0,4 0,6 0,8 1,0
o, | 52 | 59 | 66 | 73 | 8 | 86
s | o 9| 18| 2| 3| 4

Ta6auna 4.6. CkopocTh packpuitis cdepuueckoro Kynona F (a, L)

L L
\ 1,00 0,50 0,25 \ 1,00 0,50 0,25
a’ [e2
10 1,36 5,16 5,70 100 —3,28 |—2,12 | —1.87
20 1,42 4,82 5,82 110 —1,63 |—1,3¢ | —1,24
30 1,52 4,89 6,50 120 —0,94 {—0,86 | —0,82
40 1,69 5,44 8,24 130 —0,56 | —0,54 | 0,52
50 1,98 6,97 13,78 140 —0,31 |—0,3! | —0,30
60 2,50 12,231 169,7 150 —0,15 | —0,15 | —0,15
70 3,69 oo —12,27 160 —0,056 | —0,05 {—0,05
80 858 —842 | —5,15 170 —0,007 | —0,007 | —0,007
90 —14,14| —3,71 | —2,94

Y
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Ta6anna 4.7. Hekorophie uMcioBbie jaHHbIE 0 0€30TPHIBHOM PACKDHITHR
cgepuueckoro Kynoaa L = 0,5; o, = 69,2°; §, = 22,6°

A P = o
2 - §2 g S £s
S~ s o . K= Lo 59 T E
e | & | B8 | %S¢ | 538 | E5F |5%::
5E & 5 CSE S8E | =88 |£ixe
1726 | —22,17 1.2 0,00004 0,0 0,72 0,54
1700 | —13.16 1,7 0,00009 0,0 0,72 0,54
176,5 —8,85 2,1 0,0002 0,0 0,72 0,56
165,0 —6,42 2,6 0,0003 0.0 0,71 0,56
162,56 —4,90 3.0 0,0005 0,0 0,71 0,56
160,0 —3,88 3,5 0,0008 0,0 0,71 0,58
157,5 —3.16 4,0 0,001 —0,01 0,71 0,59
155,0 —2,62 4,5 0,002 —0,02 0,70 0,60
1525 —2,21 5,0 0,002 —0,02 0,70 0,60
150,0 —1,88 55 0,003 —0,02 0,70 0,61
1475 —1,62 6,0 0,004 —0,03 0,70 0,62
145,0 —1,40 6,5 0,005 —0,03 0,70 0,62
142,5 —1,22 7,0 0,006 —0,03 0,70 0,63
140,0 —1,06 7,6 0,008 —0,03 0,70 0.65
1375 | —093 | 81 | 001 —0,03 | 071 0,65
135,0 —0,82 8,6 0,01 ~—0,02 0,72 0,65
132,5 —0,72 9,2 0,02 0,0 0,74 0,66
130,0 —0,64 9,7 0,02 0,02 0,76 0,66
127,5 —0,56 10,3 0,03 0,06 0,78 0,65 ~
125,0 —0,49 10,8 0,04 0,12 0,82 0,65
122,5 —0,43 11,4 0,05 0,19 0,87 0,65
120,0 —0,38 11,9 0,06 0,30 0,94 0,63
17,5 —0.33 12,5 0,08 0,45 1,2 0,81
115,0 —0,28 13,0 0,11 0,65 1,15 0,59
112,56 —0,25 13,6 0.15 0,93 1,33 0,55
110,0 | —0,21 14,2 0,20 1,31 1,60 0,51
107,5 —0,18 14,7 0,28 1,84 1,99 0,43
105,0 —0,15 15,3 0,39 2,59 2,62 0,30
102,5 —0,13 15,8 0,54 3,65 3,65 0
1000 | —0,107] 164 | 0,78 521 521 0
97,5 —0,88 16,9 1,14 7.52 7,52 0
95,0 —0,071 17,5 1,71 11,05 11,05 0
92,5 —0,56 18,0 2,64 16,65 16,65 0
90,0 —0,043| 18,6 4,22 25,86 | 25,86 0
87,5 —0,033} 19,1 7,08 41,88 41,88 0
65,0 —0,23 19,6 12,60 72,0 72,0 0
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CnenoBaTesbHO, €CJIM B HayaJbHBIH MOMEHT & = q(a, <
< oy< @), T0 no (4.59) ¢ TeueHHeM BpEMEHH MPOHCXOIUT
YyMeHbIIEHHE yrJa o ¥ no (4.58) yBsesinuenue yrisa paspajia
cTpon 8 — T. €. IIpPOLECC DACKPLITHS.

XapakTtep ocofenHoctd (4.60) u ofmee noseieHue QyHK-
uin F (o, L) mokasblBaioT, 4TO 3a KOHEUHBIH NPOMENKYTOK
BpEMEHH YTOJI-PAaCKphiTHA @ AOCTHraeT KPUTHUYECKOIrO 3Haue-
HUA o, CKOpPOCTb PpacKpBEITHS NPH 3TOM [PHHUMAET GeCcKo-
Heuynoe 3Hauenue. [lpomo/kenue peilreHua ypaBHeHus (4.59)
N0 BpeMEHM 32 CHHI'YJAPHOCTBIO HEBO3MOXHO. JTO 03HAUaeT,
4TO 0e30TpbLIBHOE pacCKpeITHE KynoJa ofJajaeT OIpeleJeH-
HOH HEYCTOHYMBOCTBIO: C TNpHOMMKEHHeM K KPHTHUECKOH
dopme 0Of3aTesNIBHO NPOU30HAET OTPLIB NOTOKA.

ConocrapiieHne HaHHbIX Tabsa. 4.5 ¢ AaHHBIMH, NpUBEJeH-
HEIMH B § | HacTosimied rJaBbl, IOKashiBaeT, YTO KPUTUYECKHH
yros paseaja cTpon O, NpPEBbILAET PABHOBECHYIO BEJHUHHY
yrJaa passaga 8, npu ycraHoguBuiemcst apixxeHud. Cuienosa-
TeJbHO, B Npolecce 6Ge30TPHIBHOIO PACKPBITHS KYNOJ «OpO-
CKaKHBaeT» DaBHOBECHYIO CTallMOHapHylo ¢opMy H NpOJOJ-
JKaeT HalloHeHHe A0 KPHUTHUYECKOH (OpMBI, B OKPECTHOCTH
KOTOpo# of6TekaHue TepsieT YCTOHUYHBOCTD.

st maJoCcTpauky XapakTepa DacKpPHITHS HEKOTOPhe UHC-
JIeHHbIe JaHHble O HaNOJHEHHH KYIoJa NpHBeleHb! B TabJa. 4.7
u Ha puc. 4.26. Pacuern BuinoJsHennl Ha IBM EC = 1022.

P P P

B2\ == S\
/ N = N

0 g5 N 4 05 S 0 05 N

il

Puc. 4.26. Pacnpeznenenue repenajga AaBJjeluil npu Ge30TPHIBHOM pace
KDBITHH:

1) o = 172,56 % 2) o= 150°; 3) = 125°9;

8 ==1,242°; § = 5,480 °; § = 10,821 °;

t=—22,1718; t = —1,8916; t == —0,49080;
4) oo = 1159 5) a= 110°% 6) o = 105°;

§ = 13,048 % § = 14,166 °; § == 15,280 °;

t = —0,28518; t = —0,21203; t = —0,15352;
7) o= 102,5°% 8) o = 100°; 9) o0 =97,5°;

8 = 15,835°; § = 16,387 °; § =16,936°;

t = —0,12895; t = —0,10715; ¢t = —0,08789;
10) o = 95°;

§==17482°

t = —0,07098
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3asiacumocTtd o = ¢ (f) HalleHa YHCJAEHHBIM WHTEI PUPOBAHHEM.
Paszenenne nepemenHuix B (4.59) paer:

fm %> (<8 (4.61)
o

[MocrosHHas wuuTerpuponauuss B (4.61) Bpi6paHa Tak, 4TOGHI
3HAYEHUIO o = ¢, COOTBEeTCTBOBa7 MoMmeHnt f= 0. I[lpo-
[1eCC PaCKPLITHs TPH TAKOM BLIOOPE MOCTOSIHHON MPOHCXOIWT
npu t< 0. Bpema B tabm. 4.7 — Gespasmepuoe. Eaunuua
BpeMeHH paBHa S,/u. YTOJ pasBaja CTPON BBHIUHCJAEH [0
(4.58). Pacnpesnesnenue nepenafa AaBjeHHH P HaX0AWJOCH 1O
dopmyse (2.81), KoTOpas AaeT AJs PacKpbIBAIOULErOCS KyMlO-
Ja, ¢ ydetom (4.54):

PO, a L)y=— i—?((eFoc"‘”’)' + a7 Ssin yvy (y, aydy —
0

— 8 (Fasy j”l %) gy 4 ot (3sin6 (1 — eoF) —

siny

— 2na?F tg —2—> X (v sin8 (1 — ea™®F) — 472 sin"0Fv,).
(4.62)

3aech 9 = as — NOJAPHEIA yroa B chepuyeckol cCHCTeMe KO-
OpAMHAT ¢ HauaJoM B HeHTpe KynoJa. [laBieHue — Ge3pas-
MepHoe (elMHMIA JAaBJIEHHS — CKOPOCTHOH Hamop pu?/2).
OyukuMM vy U v, onpepesneHsl ¢opmysamu (3.50), (3.51)
npu S= 1. Ulrpux B (4.62) o3Hauael UPOU3BOAHYIO N0 Q.
KostdduunedT CONPOTHB/ICHUS HaHNeH UHCJ/ACHHBIM HHTETDH-
poBanuem (4.62). CompoTHBIeHHE OTHECEHO K CKOPOCTHOMY
HATOPY M DaCKPOMHOH mJOIWAmy s,

Ha puc. 4.26 npuseneno pacnpenesenue P B HEKOTOphe
MOMEHTH BpeMeHH. Puc. 4.26 u tabs. 4.7 noxasbiBaioT obliue
3aKOHOMEPHOCTH DACKpBITHS: MeIJIeHHOe HadaJo npouecca H

GypHOe okoHuyanHe. [lpu uameHenwu ! or —oo 10 t==—0,5
B pacrpellesieHuH P He NDOMCXOAUT CYIIECTBEHHBIX H3MeHe-
uuft. B mosoceoff wactu umeeTrcss MuHMMyM Depenaga (P, =<
= (). MakcumasbHoe 3HaueHnue nepenazga (P, =<0,7) caado

3aBHCHT OT BpeMeHH. [louTH He u3MeHAETCS H NOJOXKEHHE
MakcuMyMa P, Ha KymoJe (IOJIOCHOE pacCTOSHHE MaKCHMY-
Ma  Sp =~ 0,6s,). Bemuuuunt Py, P, U Sn OpUBELEHLI B
Tabn. 4.7.

109



IMpn —0,5C << 0 pacnpenenenne P CTPeMHUTENBHO Me-

usietcs. P, 'u P, HapacTaloT, pacHpeleseHHe fepenaja CTa-
HoBuTCs OoJee paBHoMepHbIM. llpu f= —0,14 B pacnpene-
JeHUH P pcue3aeT MHHUMYM; MakCHMyM JaBJEHHS lepeme-
maetcst B nomoc. Ilpu £ > —0,10 6picTpo Hapactaer BeJu-
yuHa P,; cymxuBaercd o0/aCTh HOUTH MOCTOSIHHOTO JaBJe-
HUS BOJIH3H IIOJIOCA.

KosdthuunenTt conpoturjenus C B Hayaje npouecca pac-
kpeiTust Masa: npu { < —1,0 C< 0,01. B unrtepsase —0,5<
L t<< —0,06 C BospacTaeT Ha MOPSIAOK H JaJjiee HEOTpaHu-
yeHHo pactet npu f—» 0.

3aBHCHMOCTb yIJa pasBaja cTpon O OT BpeMeHH JEMOH-
CTPUPYET TY e OCHOBHYIO 4epTy O€30TPBLIBHOTO HANOJHEHHS:
MeJJIEHHOE, CNIOKOWHOEe Hayasjo NpH MaJjbix § M OhicTpoe Ha-
nosngenve npu 8-> O (f—> 0). Tak, naa ysenuuenns 9 Ha
noarpafyca HeoGxoaumo ~9 eIMHMI BpeMEHH MNpH H3MeHe-
uuu 8 or 1,2° no 1,7°; 0,18 emvmuum BpeMeHH NpH H3MeEHe-
rug 8 ot 6,5° go 7,0° u 0,01 eauuun BpeMeHH NpH H3IMEHe-
wun 8 or 19,1° no 19,6°.

Hasnune cunryasproctd npd O = 0, U HEBO3MOXKHOCTb
IpOJNOJIKAThL 110 BpeMeHH pelueHue ypasHenus (4.59) npu ¢ >
> 0 CBUJETEJBCTBYET O HEYCTOMYMBOCTH OGE30TPBIBHOIO pac-
KPbITHST U HeudOe:KHOM (ODMHPOBAHHH OTPLIBHOT'O TeYeHUd
npu §— ;.

TTIABA 5

PELLIEHME HEKOTOPBHIX 3ARAY
O MAOCKOM [ABMKEHMM NAPALUFOTHOW CHCTEMDI

5.1. 3aBMCMMOCTL CONPOTHMBNEHMA OT Yrina araku.
Kpuruveckun yron arawmu

Brruncnmum AK KynoJsa, ABHKYHIEToCst € TNOCTOSIHHBIM
yraom artakd. [locTaHOBKa 3ajaudt O IJIOCKOM JABHIKEHHH
nposejeHa B § 2.2. Cusa ¥ MOMEHT, JeHCTBYIOIHE Ha KYIIOJ,
onpepeastoress ¢opmysaamu (2.59). [lpm cranmoHapHoM ABH-
XKeHHUH OBOOLICHHBIE CKOPOCTH ¢y, ¢4, {3 MMEIOT CJeLYIOHHH
B

(@1, 92, gs) = —U(cosy, siny, 0), (6.1)
rae U — BesnyuHa CKOPOCTH [apaiora.

[loacranoBka (5.1) B (2.59) naet:

Fy=—alU?sin2y- Y,y Fy.=0
Fr= —aU?*(Zy; —siny(Z,; — Zy,));
My= —nl?%siny - M;,; My= M,=0,
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FIIe ¥€33BHUCSALIUE OT Y xoacp(pnunembx B cooTBeTCTBHE C (2.60),
(2.55), (2.56) umeroT caenyoWUA BUL

Srcsz (@) + sinX) (P, — cos¥)ds;

0
1
My, = —%S‘rc(isinxf-Rcsin(ﬂc—X)) X
0
X (D) -+ siny) (DL — cosX) ds;
1

Z,, = S rccosX (D + sinX)?ds;
0

1

Zy = grccosX{(¢l—cosX)2+((Dlrc—I)Q}ds. (5.3)
0
ConocTapete (5.3) ¢ (4.2), (4.4), (4.6) nokaselBaeT, 4yTO
Z,; MOXkeT ObITb BBIpaKeHO yepe3 Koa((uUUEHT J06OBOTro
conpotusaeHust napaunora C mpu y = 0:

Z, = —Cj2. (5.4)

Uz dopmyn (5.2) BoiTekaeT cJeAyoOWuH BEIBOA: MOMEHT
THAPOAMHAMUYECKUX cun M, W monepeunas cuna F, onuua-
KOBO 3aBUCSIT OT yTJa aTakh Y, CJejoBaTe/]sHO, HX OTHO-
{ieHWe OT Y He 3aBUCHT. OTOT BHIBOA MOLTBEPKAAETCS HKCIIe:

PUMEHTOM.
BeeneM «ueHTp AaBaeHHH» X COOTHOLIEHHEM:
- My
i=1F (5.5)

[TosokeHue neHTpa AaBjeHusd, uTo cuaexyer u3 (5.2), ne 3a-
BHCHT OT Y. Beauunna X onpepensercs reoMeTpueH KymoJa.
B gactrOCTH, A4 cdepuueckoro Kynona us (5.5), (5.3) u(5.2)
caenyer, 4ro ¥ = —Lf.

Tak xak gaiasti cdepudeckoro kynosaa f= (La)™(a®—

. 2 -

—L2sin?o)!”* —alcosa,

by - s 1/2 |
To ¥ = al(cosa— (a? — L?sin®a) '/%). (5.6)
Hcnosb3oBanue 3aBHcuMOCTH o OT L {puc. 4.1), mosayyeHHOH
npy pellleHHH ypaBHEHHs PaBHOBecHsl KynoJa, jaeT no (5.6)
NOJIOXKEHNE [eHTpa JaBJEeHHH IpU pas3/iMuHBIX AJIMHAX CTPON
(taba. 5.1).

B cootBeTcTBUM ¢ OOBIYHOH NpakTuKol BBeleM Ko03(du-
LMEHTHl COTNPOTHBJIEHHs, OTHocsA cuay (5.2) K CKOPOCTHOMY
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Ta6auua 5.1. 3aBUCHMOCTb NOJOXEHHS
HEHTPa JABJEHHS X 01 MJHUHBI CTPON

L 0 0,125 0,25 0,5 1,0

«® | 70,2 1775 1815 | 89,0 |101,5
x 0721 0,830,888 | 093] 0,94

manopy (=U?/,) u packpoliHo# miomwaiu (= m)
C,= 2F J(=U?); C, = 2F,/(nU?);

C,= —2sin?yY,; C,=C + %CZ sin?y, (5.7)

rae xos(pdUIHEHT HapaCTaHUS NPOLOJbHOA cuabl Cl no (5.2)
u (5.3) umeeT BHA

Cl=4(Z;; — Z,,). (5.8)
Us (5.7) crenyer, 4TO
cl = &C
2T dy? =0

Beenem koadduumeHT npou3BOAHON momepeunoli cusn C
CJeLYIOIHM cooTHOlueHueM [7]:

ac,

dy

A
g =

1=0"
Hs (5.7) BeiTekaer, 4TO
Cy= —4Y,. (5.9)

ITpu ermcaenun AK C. Ci, €}, wucnosssoBasnack oJHONapa-
MeTpHYeCKas anmpOKCHMalHs KVIOJa W, COOTBETCTBEHHO, MO-
tennuatsl P v D, cdepuyeckoro cermenta (Gopmy.st (3.50)
u (3.59)), a TakKe 3aBHCUMOCTb apaMeTpa o OT AJIHHHI CTPOI
(puc. 4.1). Murerpaasi, Bxoxsimue B (5.3), HAXOAMJIUCH Y¥C-
JeHHo. PacueTsl BhnosHeHB Ha OBM  M-222. PesyuabraThl
npejcTasjeHsl B Tabu. 5.2.

Ha puc. 5.1 npexctaBneHa 3aBHCHMOCTb KO3(Q(HUMEHTOB
conportusienus C,, C, OT yrJaa artaku 7y, PacCUHTaHHAs MO
¢dopmynam (5.7). Tam ke npuBefeHbl HEKOTOpble SKCIEpUMEH-
TaJbHbIE [aHHBIE.

Puc. 5.2 npeicrtaBasieT Te e 3aBUCMMOCTH B CKOPOCTHBHIX
ocAx: Kosppuument JgoGoeoro conpotussaenus C, ¥ kosdhdu-
uvenT noabeMuo# cuael C,, cBasanueie ¢ C, u C, CcOOTHOLue-
nuamu [8]: C, = C, cosy—C,siny; C,=C, siny + C,cosy.
PacueTHHIE W JKCIepHMeHTafbHBle 3Hauenus C,, C, ynoener-
BODHTEJIBHO coTJacyiotes 10 y ~ 20 — 25°. PacueTHble K03¢-
dunperte C,, C, BO3pacTAIOT C YrJOM aTak# y HECKOJDBKO
OLiCTpee 3KCHepUMEHTaNbHEIX.



| 77? / )
YR 7 00 7 A A
‘__.-4__—--—-: //4 ////
06 ——""’"//'/ 002 ,//

——/ /
G4

0 0 20 ¢ 0 10 oy
Puc. 5.1a. 3aBuCHMOCTb OCEBOTO  Pyc. 5.16. 3aBHCHMOCTb IONeped-
CONPOTUBJIEHHS OT  yIMa  a8TaKH:  pol cusibl Y% OT yIva aTaku:
HL=10;, 2) L=20,5; ) L=1,0; 2) L=0,5
3) L=0,125; 3) L=0,125
4) Tunuunas sKCHepuMeHTanbHas 33- 4y SgcnepumeHT [57];
BHCHMOCTD [34]; 1 — pappble THIIHYHOH 3aBHCHUMO-
5) DxcnepuvenT, KeciKuH ctu [34]
kynoa [57];

6) SxcnepumeHT, NOJMUITHIEHOBLIH
Kynoa [57]

DopMyasl (5.7) HENPHTOXHBI IPH yIJax aTaky, MpeBbILIalo-
MUX KPUTHYECKHR yros y,.. MeTon onpejaeneHus y, npeuJo-
xed B § 2.3. lloacranoBka B ¢opmysy (2.71) moTeHLKANOB
@Dy u @, (3.59) naeT KpuTHUECKHI YroJ arakd y, cdepHue-
CKOI'0 KYMOJa YyrJa DacKpHITHUsS o

tgy, = (@ + sina)/(a (1 —2cosa) + sina (2 — cosa)). (5.10)

Tatauua 5.2. 3aBUCHMOCTb A3POJAHHAMHUYECKHX
K03 1¢ MUHEHTOB OT AJHHBI CTpON

L 0 0,125 0,25 0,50 0,75 1,0

C 0,80 | 0,72 | 0,68 | 0,57 | 0,50 | 0,44
ci |18 2,0 2.4 3.1 3.6 4,5
CTy 0,19 10,18 {017 | 0:15 0,14 | 0,12

[Tpu Beraucsaenun (5.10) no (2.71) nosoxkeHo f = o (1. e.
S =1,. dna nepexoaa ot napamerpa GOPMBL & K AJIHHE CTPOM
WCnoJ/b30BaHCh JaHHBe puc, 4.1. DT0 nano 3aBHCHMOCTB
KPHTHUECKOTO yraa ataku y, oT L (puc. 5.3).

Ha puc. 5.3 npencraBnieHsl Tak:ke HEKOTOPHIE 3KCIEPH-
MEHTaJbHble JaHHble: [) yros Ga/jiaHCUPOBKY Ve MapanlioTa
Bo3ayxonponuiaemoctbio 700 s, M® cek.; 2) yrost CKJajibiBa-
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=Gy Puc. 5 2. 3aBHCHVOCTL CONPOTUBJIEHUR

9 Of yraa aTtakd B CKOPOCTHBIX 0CaX
{ L =05, ___ _ sxkcriepument [34}
r4
___/ — T T~ 1; i
N |
04 ~
’ //Cy 40 = \\\ 2 =~ '
e RS
= 7
//
=7 20
- >0 - 0 025 05 aq75 L
0 ¢ Pue. 5.3. 3aBHCHMOCTb KPHTHYECKOTO
yrJa atak OT AJHHBI CTPOM. ~— — — SKC-
TePHUMEHT

HHA TOro e napaunorta [34]. KauecTBeHHOE COOTBETCTBHE
PACYETHBIX U 3KCHEPUMEHTAJbHBIX AAHHBIX (Y, = Ys! HE BbI3bI-
BaeT coMHeHu#. [/i% HenmpoHHUaeMbIX NapallioTOB [AaHHbBIX
0 X0je 3aBHCHMOCTH Y¢ OoT L Her. MspecTHO, 4TO npu ofblu-
HbIX B MpakTHKe AJHHax cTpon (L == 0,5) y, =2 35°...40° |34}];
42° ... 45° |57]. Pacuer no (5.10) mas a = 90° (310 coorseT-
cteyer L = 0,5) naet y, = 36°. M0oXHO 3aKJIOUUTH, YTO pac-
yeT KPUTHYECKOIo yrJsa aTaku no meTody § 2.3 naeT 3Haue-
HUe y,, BecbMa OJH3KOE K 3HaueHHIO 0asaHCHPOBOUHOTO yIJa
aTaky peaJsibHBbIX MapallioToB.

5.2, BnusiHue KOHCTPYKTMBHBIX OTBEPCTMA
Ha a>poaMHaMMueckue NPOM3BOAHbIC
M KPMTMUECKMM Yron artaxku

OmbiT skcnayatauuu 11C nokasslBaeT, 4TO KOHCTPYKTHB-
HBIE OTBEPCTHsl CYLIECTBEHHO BJIMSIOT HA 3aBHCHUMOCTb aspo-
AHHAMHYECKUX K03uuueHToB oT yraa araku. [las uayue-
Husl 9TOFO BJHSHUS, Kak 4 B § 4.3, HaMH pacCMaTpHBAJICH
KeCTKHE KymoJs B dopme cepHyeckoro cerseHra yrJa pac-
KPHITHS & C [OJIIOCHBIM OTBEPCTHEM YTJIOBOI'O pajinyca (7 uiu
KOJIbIEBO# LIeJbi0 YIJIOBOrO pasMepa & Npu yIJIOBOM Dasmepe
nosiocHolt wact V. ais onpepeseHus noTeHnyasos &) u @
[IPUMEHSIICS AJTOPUTM YHCJIEHHOTO peIleHMsT HHTeTrpaJsbHAIX
vDaBHEHH{l TeOPHH MNOTEHIHAJbHOrO OOTE€KaHHsl, ONHCAHHBIA
B IJi. 3 v peanusopanubil Ha OBM EC-1020. Aspoausamuue-
ckue Kosdduumentst Yy,, Zyy, Z,, HAXOAWJIUCH OO hopMy.1aM
(5.3) umcseHHBIM HHTeTpHupoBaHueM. llepexon k Besnuunam C,
Cy, Clor Y, Zy,, Z,, ocymectBisiics no gopmynam (5.4),
(5.8), (5.9). 3asucumocts Koshduuuentos C,, C, or yria
aTakd MoxeT OblTh HalifeHa no BerucaeHseM Cy u Clc mo-
voubio (5.7) u (5.9). Kputuueckue pasMepsl OTBEPCTHI ¥ Kpu-
THYECKHH yroJ aTakd Yy, AJd KyNoJoB ¢ OTBEPCTHAMH onpe-
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Jesainch MeTonoM, usjoxeHHeiM B § 2.3. Hekotopee pe-
3y bTaThl BBIYHCJEHHH NpejCcTaB/eHbl B TabJuIaX, B KOTOPHIX
npuBeneHb Kosgduunentl C), u Ci. 3aBUCHMOCTb KO3hdu-
OHeHTa conpoTHBJAeHHA C OT BEJMUYUHBL U NOJOXKEHHS OTBEpC-
THH Oblyia NpHBelieHa paHee, B Tabjuuax K § 4.3.

Tabauna 5.3. AapoaMHaMuueCKHe NPOH3BOJHbIE CEEPHYECKOTO Kylnoda
€ NOJIOCHBIM OTBepCTHEM (o — YroJl PackpuiTHSl, () — YrioBoH pasmep
TIOJIIOCHOTO OTBEPCTHSA)
o = 60°
o° 3 L 15 21 27 33 39
C; —0,12 | —0,06 —0,004 | 0,37 0,065 | 0,074 0,077
C; 0,60 1,8 4,1 4,2 3,7 3.0 2,9
o = 90°
o° 5 10 15 20 25 30 35
CTy —0,14 | —0,10 { —0,046 | 0,006 | 0,050 | 0,085 0,12
C; —2,5 - 33 3,9 4,9 5,9 7,0 82
o = 120°¢
|
o° 3 [ 9 12 15 18 21 24
C}/ —0,078 | —0,042 | 0,019 0,040 | 0,069 | 0,075 0,089
Cl 35 4,6 6,5 10,8 11,1 10,6 10,0
‘ -

Hauupie tabaun 5.3 —5.6 u Tabann § 4.3 nokaswiBaror,
470!

1. C ysesnuenneMm pasMepa NOJIOCHOIO OTBEPCTHSI KOI(-
¢uunent C MOHOTOHHO MajaeT, a KOI(QQHUHEHT IOEepPEYHOH
cumbt C, wapacraer. CyiecTByeT pasMep MOJIIOCHOTO OTBEpC-
THA (), Takofl, 4To NmpH & > &, C) > 0. Cymecrsyer Kpu-
THYECKHH pasMep MOJIOCHOTO OTBEpPCTHS (J, Takofl, 4TO npu
& > (J, CpHIB NOTOKA Ha BXOJAHOH KPOMKE MNPOHUCXOIUT NOA
KYnoJ.

2. Tlpu ¢ukcHpoBaHHOM pa3Mepe KOJbLEBOH Mieau aspo-
IHHaMuueckne Kosadbduunentsl C u C), saBucsaT or pasmepa
NOJIIOCHOH 4aCTH HEeMOHOTOHHO: NPH NPOABHMKEHHH ILEJH OT
noJioca K KpoMmke conporusiaeHue € cHayana yGhiBaeT 10
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Tabauna 5.4. AapogHHAMHYECKHE NPOU3BOLHBIE
noaycpepuueckoro kymosa (2 = 90°) ¢ KoJabueBoi uennbio
(¢ — yraosoil paamep weau; ¢ — yraosoii pasmep
NOJITOCHOH 4acTH)

B 5 | 10 | 15
v CTy . 102 cl c; 102 cl | €V v10e | (1

5 1,6 | 25 1,0 3,3 551 42
10 2.2 1| 31 4,9 41 871 50
15 3,3 | 37 7,7 1 48 109 | 6.1
20 5,6 | 4,5 9,4 5,8 12,0 7.1
25 6,4 5,1 10,3 6,6 12,3 | 8.8
30 7.2 156 10,4 &1 11,0 110,2
35 7,1 6,8 8,6 9,2 96 {119
40 4,8 7.4 6,3 10,3 6,7 | 13,5
45 34 179 52 | 11,2 541175
50 1,5 8,2 3.0 13,8 2,9 1189
55 —0,5 9,7 0,6 14,1 0,3 1195
60 —25 19,2 —1,7 13,6 —6,6 | 189
€5 —10,1 8.7 —9,1 12,6 —9,3 1175
70 —145 7.8 —11,1 10,8 —11,3 1153

Tabauua 5.5. AspoauHamHuYeCKHe NPOU3BOAHBIE
noaycdepryeckoro kynosaa (« = 90°) ¢ y3koil xoibuesoii
weabio (s = 3° ¢ — yraosc# pasmep noJrocHoil 4acTu)

35 45 55

5 l 13

cro.102 | —0,5] 20 4,3 5,0 .7 | —L7 | —55
Cl. 102 22| 33 4,4 57 6,6 7,9 7.2

Ta6auuna 5.5. Kpuruueckuii yroa arvaku noaycdepuyeckoro
kynoaa (« = 90°) ¢ ko/bueBoO# iedbio

g=>5°

i0 30| 35 55160 (65 |70

5

15120125 40,45,50

PR R AR F A

HEKOTOPOI'0 MHHHMAJIbHOI'O 3HAY€HHA Cm, 3aTeM BO3pacTaeT,

kosdurenT nonepeyroll cuisl C} cHauasa BO3pacTaer 1o
HEKOTOPOTO MaKcuMmyMa, 3aTeM yOoiBaeT. MunnMyM C u Max-

CHMYM C:,{/ JOCTHUratoTCsA HOpPpH OJHOM H TOM XK€ IOJ0XKCHUH
HieJaH.
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Ecnu wmeab pacnogoxena BOJIH3H noJioca WJn BOIH3R

kpomki, To Cj < 0; npH BBefeHHH KOJbUEBOH IUEAH B CPel-
Heit sone C}, > 0.

Ilpu ¢uxcupoBaHHOM pasMmepe KOJBLEBOH IleJ/d CyLlecT-
BYIOT KDUTHYECKHE pasMep MOJIOCHOH uyacTH P, Tako#, 4TO
npu P >, (weqab BGAM3M BXOAHOH KDOMKH) CpHIB NOTOKa
IPOHCXOAUT MOJ KYTOJ.

3. Beenenne KOHCTPYKTHBHBIX OTBEPCTHH MO3EOJSET PE3KO
CHU3HTb KDHTHYECKH# (0a/JaHCHPOBOUHBIA) YyroJ aTaku: ¢ vy, =
= 36° ans nogaycdepHdecKoro kKymoJa ©Oe3 OTBepCTHH 10
v, < 10° (B 3aBHCHMOCTH OT pasMmepa OTBepcTHii).

[Ipn OpoABHIKEHMH KOJbLEBOI! iedn GHKCHPORAHHOIO pas-
Mepa OT M0JHoCa K KpoMmKe 7y, YOBbIBaeT 710 HEKOTOPOro MH-
HUMAaJbHOI' O 3HAueHHd, a 3aTeM BO3pacTaer.

O6cyxxaeHne YHCJeHHBIX AaHHHX Tabj. 5.3—5.6 ¢ Toukm
3peHus Ko/1e6aTesTbHOH VCTONUMBOCTH KYII0Jia IPOBEIEHO B CJle-
Aylomux naparpacgax.

5.3. KonebarenbHasa ycroiumBocte C

Kak oTMedeHo B I'l. 2, B BBINOJHEHHBIX paHEEe HCCJELO-
BaHUAX MaATHWKOBBIX Kosebaunit [1C asponunamMuueckue Kosd-

(ULMERTH CYUTAJIHCh H3BECTHBIMH H3 ONBITa. 3/eCh paccMmart-
puBaeTCS JMHefiHas 3azjaua O KoJsiebaTenbHOH YCTOHYHBOCTH
[1IC B nocTanoBKe, NpeioxeHHO# B ri. 2. Mcnoassyercs ruf-
pomvHaMuueckas cxema rJ. | M MeTox Hcc/iedOBaHUA TJOC-
KOro jaBuikenus napawiora (§ 2.2).

Jluneapusanus ypaBHeHHH nJsockoro Asmkenus [1C (2.63)
U (2.65) B OKDECTHOCTH CTallMOHAPHOTO peXKHMa JBHXKEHHS
C HYJEBBIM YIJOM aTaKH MPHBOJAUT K CJEIYIOIUM COOTHO-
IEHHSIM:

WN +2,) +Ca = o (5.11)
V(N + V) —oV.Vy, + 9 (Vs + [N) 43V (N — Vi) +y=0;
UM, — 0V My, + Y (ND + M) ++ ¥y (—Y M) = 0. (512)

3zech 4, v, y-— MaJjble OTKJOHEHHS OT CTAllHOHAPHBIX
3HaueHuHl (MpH CTAUUOHAPHOM [IBHXKEHUH BIOJb OCH CHMMET-

pun 2) u = —V,, u=uv =1y = 0; V,— Ge3paamepHasi CKOPOCTh
YCTaHOBHBLIEr0Cs BHkKeHUst: V= 20712 u3 (4.6); C — K03 (-
¢uuuent conporubgaenus (C = —27,;); N — ofpaTHoe 4HCJ/IO

Huiotona (N = m/2npsl); D — GespasMepHas HHepUHOHHAs
2
XapaKTepuCTHKa BpallaTeJbHOrO JIBUXKeHHd: D = d?%/sy; d —
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pajuyc wHepuun rpysa. AspoauHamuueckue KO3(hGhUIHEHTH
Ze, Yo, Mg onpenenenst dopmynamu (2.60).

YpasHenue (5.11) onuchiBaeT BO3MYILEHHE NOCTYNATE[b-
HOTO JABHXKEHUA BAOJb oOcCu cuMmeTpuu. CBsidanHasi cucTema
ypaBHeHu# (5.12) omHUCHIBaeT MONEPEYHOE ABHIKEHHE MO KOOD-
AVHAaTe y W BpallleHHe BOKPYT ocH x. HesaBucumocTs (B JH-
HeAHOM npuOANKEHHH) MpojoJbHoro aeixkerus [1C oT mno-
NepeyHoro M BpallaTeJbHOTO OTMEuasach paHee [2].

O6mufi Bua ypaBHenu#t (5.11) u (5.12) noxasmiBaer, uTto
aspojuiHaMudeckue KosddunueHTsl Z;, Y,, M; nmeioT cmoica
1IPOAOJBbHONR M NONePeYHol IPHCOeNMHEHHOA MacChl H IpHCOe-
JIHHEHHOIO0 MOMEHTa WHepUHH COOTBeTCTBeHHO. KosdduuueHt
Y., paHee €bln BpIpazed depe3 Ko3QPUUHEHT NPOH3BOLHON
nonepeurod cuist Cj (5.9), a My, cBsizan ¢ ko3pdHIHEHTOM
TIPOM3BOZHOH cTaTuyeckoro MomeHTa M, (5.2). Ocranpybie
AK B (5.11), (6.12) (Y3, Y5, M,, M,3) o6vC/OBIEHH B3aH-
MOCBSI3bI0 NOCTYNATEJbHOI'O M BpaiaTesbHOro apuxenud [1C,

Jas cdepuueckoro KymnoJa UHCJAO He3aBHCHMBIX AK
ymenbiiaerca. Kak sBugno us (2.60) u (2.55), ecom 6, =%

u g =0 (chepuueckufi KymoJ), To
Me = —[Yq; Ys=0, (5.13)

THe [— paccTodHHe MEXAY TIPy30M H LEHTPOM KyMoJa.

Cuctema (5.12) HenpurogHa AJS aHaH3a YCTOHYHBOCTH
TIapannoTa, WAPHUPHO 3aKpenJIieHHOro B Haferarouiem IoTOKe
{«rOpMO3HOTr0 napannoTar), Tak Kak B 3TOM CJydae U 4 y He
SIBJISEOTCS HE3aBHCHMBIMH MepeMeHHBIMH. Y paBHEHHS JBHKe-
HHs1 6€3MaccOBOTO KymnoJsa CBOASITCA NPU 3TOM, OYEBHIHO,
K OJHOMY YCJIOBHIO: '

M, = 0. (5.14)

[Moncranoska (2.59) B (5.14) u nuneapusanus B OKpecT-
HOCTH HYJEBOTO yIJa aTakd NPHBOIUT K YDPAaBHEHHIO:

'Y(/VI3——]CM2)—\->VZ(M2—}°M12—}— M13)+
+4- ViMy,y =0, (5.15)
rae V, = 2C-172,

Epuuuna Bpemenu T, BBelenHas B § 2.1 npu mpousBoJib-
#om N, coXpaHfIeT CMBICJ W AJs TOPMO3HOro napaunora. Kak
ormeueHo B § 4.6, T MoxeT ObITH 3aNHCAHO B BHMAE T =
= 25,/(u,C'?), Tie u, B NaHHOM CJyyae eCTb pasMepHas CKo-
pocth Haberawuero noToxa.
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Oas cdepuueckoro xymosa, ¢ yuerom ypasHenus (5.13),
ypasuenue (5.15) npunumaet BuI

ym, +2py +c.y=0, (5.16)
rae m, = Yz——nonepeqﬁaﬂ NPHCOCIMHERHas Macca; P =
(m + Y+ fC‘) /fC? — KoapdunueHT aspoauHamuye-

crkoro nemngupoBanus; ¢; = C/(fC) — roadduuuent asponu-
HamuuecKo# BosBpawaomeit cuis; Cj = — 4Y,, — koaddu-
HUEHT TMPOM3BOAHON nonepeuHoll cuabl; €= —2Z,; — K03d-
HIMEHT CONPOTUBJICHHS.

YeaoBusa yCTORYHBOCTH TOPMOSHOTO CPEPHUECKOr0 KynoJa
no xputepuo Paycca-I'ypeuna [24], cBOAATCH K COBnafeHHIO
3HaKOB Ko3(duiHeHToB ypaBHeHus (5.16)

m, >0,0 >0,¢ >0 (6.17y
Uy
mL<0, p, <O, cl<0.

AHaJIOTHYHOE YTBEpXKIEHHE CIPABENJIUBO AJS TOPMO3HOIO
[apainoTa npoH3BoJabHOH (OPMBI, MaJible MAITHHKOBBIE KOJIE-
faHust KOTOPOI'O OMHUCHIBAIOTCA ypaBHeHHeM (5.15):

My — fMy; >0, fMyy — M, — M;3>0; My, >0 (5.18)
HJH
Mg — fM, < 0; fMy, — M, — M3 < 0; My, <O.

B obuem cayyae AJf OCHOBHOTO Napaliiora (N#:O) CH-

crema ypasHeHu# (5.12) uMmeer pelleHHs BHJA
U= A4e, y= Bel. (5.19)

Toncranoska (5.19) B (5.12) npuBoauT K cJjenymoomemy yc-
JIOBHIO CYIIECTBOBAHHS HeTPHUBHA/MbHBIX pemenuft (5.12):
oLy, + 0L, +0oL,+ Ly= 0, (5.20%
Te
Ly= N*D + N (M; — fM, + DY) + Y ,M; — Y5 My;
L= —V (NM;— [My; + My + DY ,) +
+ Yo My—VMy, + Y My — YV 5M,);
Ly= NV%Mlz + Ve (Y, Mg — Y sMp,) — M
L=V .M. (5.21)
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Jlas coepuyeckoro KynoJja, ¢ yaerom (5.13), Bux Kosd-
PuneHTor (5.2]1) HECKOJBKO yNpOIIAETCs:

Ly =ND +NY, (f*+ D);

Li=NVe(F(Yy— Y 1o+ Vig) = DY y,);

Ly=[(Y,— NV.Yy), :

Ly = —[V,Yy, (5.22)
Hcnonbsosanue BeefeHHbx B (5.16) kosdduuuentos P, uc,
nospoJsier npusecTH (5.22) x BuAY:

L,y= N2D ++ Nm  (f* + D),
Ly=Nf (2B, + 4 De O, L= fm, + Fe,),

1
Ly= g frc C2 (5.23)

s yeroltunsocty T1C oTHOCHTEIBHO PACKAYKH MASTHHKOBBIX
rKosebaHufl HeoOxoauma no (5.13) oTpHuATETBHOCTL BelIECT-
BeHHBIX uacTeft KopHell ypashenus (5.20). CorgacHo XpuTe-
puio Paycca-I'ypeuna, nsas a1oro Heo6XoIHMO M JAOCTATOUHO
BBINOJIHEHYE OJHOM M3 JBYX CJeAVIOHIMX CHCTEM HEDABEHCTB:

Ly>0, L, >0, Ly>0; LL,—LL;>0  (5.24)
UJan

L,<0, L <0, Ly<0; LL,—L,Ly>0.

B uwacrroctu, nas ycrofiauBoctu [IC co cdepuueckum kyro-
JoM 1o (5.24) n (5.23) Heo6XooUMO H LOCTATOYHO BHINOJIHE-
HHE CJIEJYIOLUX CHCTEM HepaBeHCTB:

ND=m, (f*+D)>0;

F(27p, +4 De,ci) >0

¢, >0, lef(élﬁL — chCUQ) >
>c, (D (C'P—fc ) —4f*B ). (5.25)
Uan

ND+m (/*+ D)< 0;

(27, + 4 De,C12) <0

¢, <0
Nm [f(4B, — fc C'?) >c, (D(CV* —fc ) —4f*B ).
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Cpsi3b MeXJy yCTORUHBOCTBHIO TOPMO3IHOIO chepHueckoro Ky-
nona, onucaHHoro ypasHeHueM (5.16), ¥ yCTOHUYMBOCTBIO ©C-
HOBHOFO MapaliioTa ¢ TeM ke CchepHYecKHM KynoJsom (ypas-
nenus (5.12)) onpepensieT caepyouas ,

Teopewma. [lycTe BHIMOJHEHB YCJOBHA YCTOHRYMBOCTH
TopMo3Horo napamora (5.17) u nyers f > 0. Torma ocHoB-
HOH MapamoT ¢ TeM XK€ KYNOJOM yCTOHYHB NPH BLUIOJHEHHH
yCJIOBHA:

NA, > DA, — A4, (5.26%
rae
Ay=4p) —fe, C'% Ay =ec (CF—fc )m )
Ay = 4fclﬁL/mi, (45 > 0).

HefictBurenbHo, ecqau BhINOJHEHB! ycaoBua (5.17) u f >0,
TO nepsble TPpu HepaBeHcTBa (5.25) YAOBJAETBOPSIOTCA ODPW
MOGHIX UHEPIHOHHBIX XapakTepucTHRax rpysa N u D. He-
paBeHCTBO (5.26) BeITeKaeT U3 MocJ/eHero HepaBeHCTRa (5.25).

YcnoBue (5.26) onpenessier B NJOCKOCTH napaMeTpoB NV,
D rpanuny ycrofiuuBoctd. Hanuuue 3Tofi rpaunibl noxasbl-
BaeT, YTO Napall OTHAs CUCTEMa € YCTOHYUEBIM KYMOJOM MO-
&KeT ObITb YCTOHYHBOHM MJIM HEYCTOWIHBOH B 3aBHCHMOCTH OT
MHEPHHOHHBIX XapakTePUCTHK ClacaeMoro oGbexTa.

Pesyabtatel ucc/eqoBaHust KoJe0aTeJIbHOR YCTOHYHBOCTH
KYMOJIOB 0e3 KOHCTPYKTHBHBIX OTBEPCTHH  [pe/CTaBJ/CHbI
B taba. 5.6. Pacemarpusanach ofHonapaMeTpuyeckas anlipox-
cuMauus kyroJa chepuueckuMi cermentamu (3.35). Aspoau-
HamMuuecKHe KO3(pQUUHEHTH Yo, Zo, Mg BHUMCIAIUCL MO
dopmynam (2.60) uHC/IEHHEIM HHTErPHPOBAHHEM BbIPaXKeHUl
(2.55), saBucamux oT noreHuuajtor (3.50) u (3.59). 3asucu-
MOCTh yIJla PacKpbITHS @ OT AJHHBI CTpon Oblja onpeleseHa
B §4.1. Bouncsenus swinosHens na 3BM M — 222.

Tabaunna 5.7. OcHoBHbIE a3poJHHAMUYECKHE KO h(iHL HEHTDI,
onpegensoL e KojlefaTesbHYI0 YCTOHYHBOCTD napauioTa

L 0,125 0,25 0,50 0,75 1,0

m, 0.057 0,057 0,057 0,057 0,057
B, 0,042 0,033 0,012 0,011 0.0003
¢, —0.03% | —0,071 | —0.14 | —0,20 | —0,29
T, 0.36 0,68 1,3 1,7 2,2

Jlannple Tadauubl NOKAa3BIBAIOT, YTO HENPOHHLAEMbl Na-
pa:uior {e3 KOHCTPYKTHBHBIX OTBEPCTHH HeyCTONHB npy J1060ff
aaune crtpon. JefictButespHO, npu BceX L Ko3dgHUHEHT
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TIONePeYHON NPUCOE AMHEHHON MaCChl M1, H KOS(QQHIMEHT aspo-

JMHAMHYECKOTO AeMIN(UDORZHMS NOJOMUTENbHE, a Ko3(hdu-
UMEHT BO3Bpalaioliedl Cuibt ¢, oTpruaresied. CaenoBaresbHo,
ycJaoBust yeTtofuuBocTy (5.1) He yaoBaeTBopsiioTcs. [lBHKe-
HHE C HYJ/EBbIM YTJIOM aTaKW HEBO3MOXKHO. 3TO COTJacyeTcs
€ SKCHEepUMEHTAMbHbIME JAaHBuiMU [34]. O6Ga KoOpHA XapakTe-
PHCTHUECKOI O ypaBHeHHs, cooTeeTcTBytomero (5.16), semect-
BEeHHbI. JTO O3HAU4ET, YTO HEYyCTOHUMBOCTbL HMEET Hekosela-
TeJbHbIH, [HBepreHTHBII Xapakrtep: 3a BpeMs ~ T,= l/o,
{T1e 0, — NOJIOKUTEJNBHBIA KOPeHb XapaKTePUCTHHECKOr O ypas-
HeHHA) NapaulloT «ONPOKUALIBAETCS» C HYJEBOTO VYIJa aTaku
MO 3HaueHWH 7y ~ 7y, DBpems onpokuabiBaHUs T, HPHBELEHO
B Tada. 5.6. Conocrasnenue JaHHBIX ¢ ycJaoBusmn (5.25) ro-
Ka3blBaeT, YTO HeNpOHHIlaeMblll KYHoJ, HEYCTORUMBHIH B pe-
XKHMe TOPMO3HOT'O NapaiuioTa, HeYCTOHYHB M B peXume oc-
HOBHOIO mnapaniota npu awobuix N u D, _
Kax cnenyer M3 onpenenenus xoshpduuHeHTa BO3BPaLlaio-
e CHJIBL ¢, NPHUYHHA HEYCTOHYHBOCTH — B OTPHLATE/IbHOM

3HaKe aspojavHaMuueckol npoussouoil Cj.

5.4. BnusiHMe KOHCTPYKTMBHBIX OTBEPCTMH
Ha xonebarensHylo ycroHunsocTts MC

Kax mnokasbiBaiOT jaHHBlE, npejcTaBieHHble B Taba. 5.3 —
5.6, BBeleHHe KOHCTPYKTHBHBIX OTBEDCTHH MOXKET H3MEHHTBH

3Hak C), H, CJeLOBAaTEJNbHO, NPUBECTH K CTAGH/IMBALMH HYJle-
BOFO yIJIa aTaku. 3lech MPelCTABNEHbl HEKOTOpble pe3y.Jib-
TaThl UCCJEOBaHNS MAasTHHKOBOf yCTOHYNBOCTH ChepHIecKuX
K/MOJIOB C TIOJIOCHBIM OTBEPCTHEM UM (M) KOJBLIEBOH LIEJLI.

Brlunc/ieHHs TOKas3blBAIOT, YTO [PH BCEX [IOJIOMKEHUSAX
uiesiell MolepeuHast MPUCOEAMHEHHAs MACCa MOJOXKHUTEJNbHA,
Cile10BaTeNIBHO, YCJIOBHSI KoseGaTesbHOH yCTOHIUBOCTH TOP-
MosHoro napaunora (5.17) cBoaaTrcs K JIBYM HEPaBeHCTBaM:

B, >0, ¢, >0. (5.27)

Ilpn f >0 ycnosus ycrofigupocty (5.27) ¢ yueTom onpe-
Aenenus Ko3GOUUMEHTOB | H ¢, NPENCTaBUMbI B BHJE:

Cl > 0; f > foin = max (0, —4(m, -+ Y,,)/C}). (5.28)

Bemosinenne neporo HepasehcTBa C), > 0 ofecneunsaer cTa-
THYECKYIO CTabUJM3alHI0 KylnoJa. Beimosxenne BTOporo He-
PaBEHCTBA [03BOJAET NPEIOTBPATUTEH JUHAMHUECKYIO HEYCTOH-
9UBOCTb CTaTHYECKH CTaOMJIH3HPOBaHHOIO napainora. Obec-
fIEYUTh MOJIOKUTENBHOCTD CL MOXKHO COOTBETCTBYIOI{HM pac-
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NoJIOXKeHHeM meJH. Benudnna [ 3aBHCHT OT AJHHBI cTpon /.
Juist BBINOJIEHHsT BTOpPOro HepapencTBa (5.28) meobxonumo,
yToObl [JIMHA CTPON MpeBhHINAJa HEKOTOpOe MMHHMaJbHOE
3Hauenue !min:

Lin = ((%fmin + coOs o) -+ sin? oc)l/g/oc, (5.29)

TIe o — YIOJ PacKpeITHA CQepHIecKoro KynoJa.

Huxe B Tabsauuax npexacrasiesst AK Cl; m,, Y3 ky-
MOJIOB ¢ [OJIIOCHBIM OTBEPCTHEM H (MJiM) KOJbIEBOH MHieJIbio.
Tam ke npuBe[ieHBl 3HAUEHHSA [min U Imin (B €AMHHIAX pac-
KpOBHOTO pajuyca Si). Beanuuna fuin BhIUHCAsANACH 1O (2.60),
(5.28) no1a cTaTHYECKH YCTOHUUBBIX KYNOJOB, /min BBIYHCISJIOCH

Ta6auua 5.8. AspoguHaMuueckHe Ko3aF(MIMEHTHI, onperesioilue
Kone6arTesbyyio yCToiuHBOCTh CEEepHHECKOTo KYNoJia C fOJMIOCHBIM
oTBEpCTHEM (% — yroan PacKpuiTHA KynoJa, (/) — YrJoBOil pasmep
NOJIOCHOrG OTBEPCTHS)

o = 60°
o° CL m, Y13 { min imin
3 —0,118 0,027 —0,092 — —
9 —0,060 0.026 —0.076 — —
15 —0,004 0,025 —0,061 — —
21 0,037 0,022 —0,048 2,81 3,39
27 0,065 0,019 —0,036 1,05 1.74
33 0,074 0,014 —0,028 0,76 1.49
39 0,077 10,0097 —0,019 0,48 1,26
45 0,068 0,0055 —0,012 0,38 1,19
51 0,047 0,0021 —0,006 0,33 1,16
57 0,017 0,0002 —0,0002 0,33 1,16
o = 90°
2° CL m; Yy fmin {min
5 —0,140 0,072 —0,130 — —
10 —0,103 0,073 —0,126 — —
15 —0,046 0,070 —0,110 —_ —
20 0,0064 0,667 —0,093 16,2 16.3
25 0,050 0,064 —0,078 1,12 1,29
30 0,087 0,059 —0,065 0,28 0,70
35 0,111 0,054 —0,053 0 0,84




o= 190°

o C}l ' m, l Yy, i Femin ‘ [
3 —0,028 0,100 —0,123 — —
9 —0,042 0,099 ~0,112 — —

12 0,019 0,008 —0,101 0,63 0,57
156 0,040 0,098 —0,091 0 0,48
18 0,059 0,097 —(0,082 0 0,48
21 0,075 0.096 —0,074 0 (.48

24 0.089 0,094 —0,067 0 0,48

o (5.29) AK ewiuucasance no ¢opmyiam (2.60) gucaeHHBIM
unTerpupopanuen (2.55). [lorequuanst @y n @,, BXoxsuue
B (2.55) u (2.56), HafineHbl YHC/JACHHO, IPH [ELUEHHH MHTer-
panbHblx vpaBHenuii (3.20), (3.31) wmeTonOoM JHCKpeTHBIX
suxpefi. Boluncsenus eptnoJHensl Ha 2BM EC—1022.

Hanupte TaGiun 5.8—5.10 BMecte ¢ jaHHBIMH TabJaun
5.3—5.6 1oKasLIBaloT, 4TO

Ta6anua 5.9. Aspoannamuueckue ko3pdHUHEeHTH, onpeaeasiouiHe
%0N1e6aTeNbHYI0 YCTOHUMBOCTD CHlePHYECKOrO KyloJa ¢ KOJIbLeBoi
weablo ( — YroJl pPacKpeiTHS KynoJia; & -— yrJjoBoH pasmep wen;
Y — yraosoil pasmep NOMIOCHOM 4acTH Kymona)

o =90°% & = §°

L , C:'/ l mi ! Yy { Imin l {min
10 0,022 0,042 —0.,064 4,0 4,05
20 0,056 0,038 —0,050 0,86 1,07
30 0,072 0.032 —{0,040 0,44 0,77
40 0,048 0,026 —0,040 1,17 1,33
50 0,015 0,026 —0,040 5,33 5,37
60 —0,025 0,017 —0,042 —_ _
70 —0,145 0,018 —0,065 — —

a:QOO, £ == 10°

¥ CZ my Yo Fmin !min
10 0,049 0,040 —0,054 1,14 1,30
20 0.09%4 0,035 —0,041 0.26 0,69
30 0,104 0,028 —0,032 0,12 0,65
40 0,063 0.022 —0,032 0,63 0,20
50 0,030 0,016 —0,030 1,87 1,98
60 —0,017 0,013 —0,035 — —
70 —0.111 0,616 —0,05¢ — —
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Lo CZ' mi Y I'min iy in
10 0,087 0,038 —0,045 0,32 071
20 0.120 0032 —0.033 0.03 0.64
30 0.110 0,025 —0.027 0,07 0,64
40 0,067 0.017 —0.025 0,48 0.80
50 0,029 0.012 —0,026 1,93 203
60 —0.066 0.010 —0.043 - =

70 0.113 0.014 —0.055 - -

0 =90%  e= C0°
o C; my, ’ Yy I 'min ‘ 'min
I

10 0,115 0,035 —0,037 | 007 0,64
20 0.135 0.028 —0.026 0 0.64
30 0.115 0,020 —0.021 0,03 0.64
40 0.073 0,013 —0.020 0,38 0.74
50 0.020 0,0090 —0.,022 2,60 968
60 —0.081 0,0085 —0,040 — —

1. CymecTsyer MHHHMaJbHBIH pasMep HOJIOCHOTO OTBEP-

CTHA Jnin, HEOOXONHMBIA JJIS CcTaTHyecKofi cTabujmsamuu
KynoJsa, He 06Jalalollero APYrHMH KOHCTPYKTHBHBIMU OTBep-
cruamu (taba. 5.11).

2. C ypesquueHHeM [OJIOCHOTO OTBEPCTHSI YCTOMUHBOCTb
yJay4inaercs (Bo3pacTaeT KO3(hGHIMEHT Bo3Bpamiawnlell CHJbI
C}, yMmeHbllaeTCss MHHMMaJbHas IJHHa CTpol, HeoOXoauvan
s ramennst koseGannft). Ho oxHoBpemenno mnagaet kosg-
duruent conporusaenus C

Tabauua 5.10. Aspoagunamuueckne KodDGHUHEHTH, onpepeasiolne
KoNe6aTeNbHY0 YCTOHYHBOCTL CePHUYECKOro Kynoja ¢  IOJIGCHBIM
OTBEPCTHEM H KOJbHEBOH wieapl0 (0L — YroJ PpacKpbiTHR KynoJa;
(7} — yraoeoii pa3Mep NOJIOCHOTC OTBEPCTHHA; & — YIJIOBOH Da3Mep KoJb-
ueBofl weaH; P — YIJI0BOH pasMep BHYTPEHHero (NOJIIOCHOTO) MONOTHMILA
KynoJa

a=90°% & =9° P=230°

&€ 9 ¢, my Yis Fmin | 'min
5 0,275 0.120 0,040 —0,035 0 0,64
10 0,230 0,135 0,036 —0,028 0 0,64
15 0,195 0,140 0,032 —0,022 0 0,64
20 0,165 0,135 0,027 —0,018 0 0,64
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° e© C CL m, Y Fin | {min
18 3,6 0,350 0.082 0,044 —0.050 | 0,25 | 0,70
7.2 0,308 0,107 0,043 —0,043 0 0,64

10,8 0,274 0,124 0,043 —0,037 0 0,64

14,4 0,245 0,135 0,040 —0,033 4] 0,64

18,0 0,216 0,143 0,038 —0,029 0 0,64

36 3,6 0,311 0,091 0,032 —0,039 0 0,64
7,2 0,276 0,106 0,035 —0,032 0 0,64

10,8 0,250 0,112 0,032 —0,027 0 0,64

14,4 0,228 0,112 0.029 —0,022 0 0,64

18,0 0,208 0,109 0,026 —0,019 0 0,64

Tadauua 5.11.  OrtHocuTenbHslit
pasMep MHHHMAJbHOTO IOJICHOIO
OTBEPCTUS, HEOGXOAUMOTO XAR CTa~-
6uaAN3aunHt Kymnona

o 60 80 120

D min/o 0.26 | 0,20 | 0,09

TaGauua 5.12. XapakTepucTHKH KoaeGauWil TopmosHoro napamora
C NO/HOCHBIM OTBEPCTHEM

o = 90°
° B, ey { ® l r l Q l Sh
25 0,0095 0,081 1,18 0,148 8,00 9,83
30 0,038 0,191 1,68 0,644 2,61 7,63
35 0,063 0,292 2,01 1,167 1,72 6,94

Ta6anua 5.13. Xapak TepucTHKY KoNleGanuii TOPMO3HOro NapaiiioTa ¢ Kolb-
UueBoi 1edblo

o= 90° &=5°

¢° By , e, ' ® l r Q Sh
i

20 0,0140 0,098 1,56 0,358 4,24 7,31

30 0.027¢6 0,152 2,00 0,862 2,32 6,28

40 0,0085 0,054 1,87 0,342 5,47 6.46
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00 ' B, ] c1 ‘ o r Q Sh

10 0,0080 0,086 1,45 0,22 6,59 7,88
20 0,0415 0,206 2,12 1,18 1,180 6,06
30 0,0531 0,261 2,38 1,83 1,30 5,75
40 0,021t 0,138 2,31 0,97 2,38 5,56

we 3, . ® r 9 Sh

10 0,036 0,183 1,98 0,95 2.08 6,35
20 0,067 0,332 2,45 2,09 1,17 5,83
30 0.060 0,304 2,53 2,40 1,05 5,64
40 0,027 0,160 2,62 1,59 1,65 5.09

o =90° e=20%

o By ¢y ® r Q Sh

10 0,062 0,305 2,36 1,77 1,33 5,91
20 0,087 0,444 2,49 3,11 0,80 6,31
30 0,070 0,378 2,58 3,50 0,74 6,09
40 0,032 0,162 2,95 2,46 1,20 4,73

Tabauua 5.14. XapakrepucTHKN KojieGaHuil TOPMO3HOTO MapallioTa ¢ KOJbe-
HEBOH EeNbI0 U TNOMIOCHBIM OTBEPCTHEM

a=90°% O =9°% ¢ =230°

e B, or ® r Q sh
5 0,063 0,230 1,81 1,68 1,14 6,68
10 0,079 0,309 1,94 2,19 0,89 6,74
15 0,092 0,378 1,88 2,88 0,65 7,58
20 0.094 0,431 1,96 3,48 0,56 7.82

3. Ilpu nepemeuleHny e (QHKCUPOBAHHOIO JHHEHHOTO
pasvepa OT 1OJIOCa K KPOMKE YCTONYHBOCTH M CONpPOTHBJE-
HHE MEHSIOTCA HeMOHOTOHHO. CyINECTByeT ONTHMaJbHOE
N0 YCTOMYHMBOCTH NOJIOXKEHHe e ¥, (C; nvMeer MakCcHMAajb-
HOe 3HauyeHME, [ni, HMEeT MHHUMYM). JTO MOJOXKEHHE UIEJH
ABJIICTCA HAUXYIIIMM N0 CONPOTHBJIEHHIO: IIPH P = 1, BeJIHU-
ypHa C pMeeT MHHHMMa/bHOE 3HaueHHe, YMeHbIIEHHe COMpo-
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THBJICHUSA siBJIsieTCs CBOeOBGpasHOf «mnuaTofly 32 yCTOAUMBOCTS.
Ornocutenbheift pasmep 1, coctasiser 20—30 % packpoliHoro
pazuyca.

Bsenenne KoJbUEBBIX Ieael  BOJIM3M KPOMKM KymoJa
He NPUBOAMT K CTabuaM3aliMM napawiora. [IpH AOCTATOYHO
V3KOH 1esH  Takasi Ke o0Jacte umeeTcs BOJH3M IO-
Jioca.

4. BBesjeHue MO/IOCHOIO OTBEPCTHS MPH UMEIOMEHCA KOJb-
uepo#t e OJarompuaTHO CKasbiBaeTCs Ha YCTOHYMBOCTH
(nosbiatores Cj,  yMEHBLWAETCH  [ymn) B Malo BJHAeT Ha
CONMpPOTHUBAECHHE.

[To nannpiv tabn. 5.8 — 5.10 paccuuranst: 1) Kospduunest
a3pONMHaMHMUeCKOro  Aemnouposanus B.; 2) kosdduuueHt
Bo3Bpaatollesl cubl ¢,; 3) OespasMepHass dacToTa KoJjeba-
HUA © = m;—l (com, — %)% 4) KO3(M@UIIHEHT 3aTyXaHUsi KO-
aebanuil I' = mflﬁi; 5) nobporHocTb KoneGauuil Q = ol ™3
6) aucso Crpyxans Sh=uT (2s,)! = 2nw™1C-1/2, rge uw
T — (pasamepras) ckopocTh Haberawoluero MOTOKa W (pasmep-
Hblft) nepuox  KoseGauuii. [lpu  BBIYHC/ICHMAX NPUHUMAIOCH
{ = 25, (o0plaHasi B NpakTUKE AJHHa CTpOI).

Hanupte Tabauu 5.12 —5.14 nokaswiBaoT, 4TO:

1. Koaefatenproe uncio CTpyxais 3HAUWTENBHO MPERbI-
ImaeT MmyJabcanuoHHOe 4ucao Crpyxansa. Jo6GpoTHOCTD MasTHY-
KOBBIX KOJ/1e0aHuH 3HAYNTENbHO HHXKE LOOPOTHOCTH MyJ/bCauui
(1. e. kosiebaHUsi TOPMO3HOTO MNapanlloTa 3aTyxaroT OblcTpee,
YyeM INYJbCALNK),

2. Tlpn onTuManpbHOM N0 YCTOHYWBOCTH NONOMKEHHH LIEIH
J0OpOTHOCTL KOJeGaHME MHHHMaJabHa (koJsefaHus OblcTpee
3aTyXawoT).

3. Bpejenune noJocHOTO OTBEPCTHS NpH HMEIOLLEHCH KOJb-
1eBoll WieaH OJaronpusATHO CKasblBaeTCH HA YCTOHYHBOCTH

(moumxkaercss A0OPOTHOCTL (@ ¥ 4AcToOTa ®).

4. YpeanueHue pasMepa IeJH IHpH (PUKCUPOBAHHOM ee
NoJIoKeHny  GJaronpusiTHO CKas3biBaeTCHd Ha  YCTOHYMBOCTH
(noumxaercs AOGPOTHOCTb, YBEJHUMBAETCA NEPHOL).

5.5. CoBmecTHoe BNMAHME MHEPUMOHHLIX MNapamerpos
M KOHCTPYKTHMBHBIX OTBEPCTMH
Ha KonedarenbHYIO YCTOMUMBOCTD

[Tpencrasiennsie B Tabs. 5.7 —5.13 panHble OCHOBaHBEL
Ha YCJOBUAX YCTOAYMBOCTH KyNoJa B DEXHMe TOPMO3HOIO
napauwtora (5.17). Ecam Kynos ylIoBIeTBOpsieT 3THUM  YCJO-
BHAM, TO €ro yCTOHYHBQCTb B PeXHME OCHOBHOIO HapallioTa
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onpejenseTcs HepaBeHCTBOM (5.26), kKOTOpOe 3ajaeT B 1.0
CKOCTH HMHEPUHOHHBIX NapameTpoB N,D ueTwlpe Tunma ycToid-
YyHBOCTH (puc. 5.4).

p Tun 1 Tun 2
Heycmodyubocmes N
Hem
Keyemodyubocmi ,

N 7

Tun 3 Tun 4

N’/////////N

U HeycmoayuBocms

b Y, \
/ / Heyemoayubocme
AN T

\

D‘ !

N\
Puc. 5.4. Tunbl ycToHYHBOCTH IJIOCKOCTH
MHEDLUHOHHEIX [1apaMeTpoB Ipysa

He#icTBUTEILHO, NPH BHINOJHEHHH ycJoBHH (5.17) BesnanHa
A,, Bxoasmas B (5.26), nonoxureabHa. Ciefosare/ibHO, Xa-
pakTep pasbuenns napamerpoB N, D Ha yCTOHYMBEIE H HeYyCTOH-
uyyBple 06JaCTH 3aBHCHT OT 3HAKOB [BYX BeJuuuH A; u A,
(scero 4 KOMOHHANUH).

Tun 1. A4, >0, 4,>0. U3 (5.26) crenyer, uto He-
yctoiiyussiMu MOTYT GbITh T1C ¢ TsKeBIM KpynHOraGapHTHBIM
rpysoM (Maable N, GoJsbiine D). CylecTByeT KpHTHYECKOE
3HaueHue BpaillaTeJbHOTO HHEepPUHOHHOTO uHcaa D, = Az/A,
takoe, uro npu D < D, IIC ycrofuuBa npu Jmo6oft Macce
rpysa.

Tun 2. A4, >0, A, < 0. I'panuna ycrofiuusocty NA, =
= DA, — A; ecTh npsiMasi, NPOXONsiNasi C OTPHUATEJbHBIM
HAKJOHOM B He)U3HUeCKON 4YacTH IJIOCKOCTH TapaMeTpoB
(orpunartesnpusie N, D). I[1IC ycrofiuuBa npH JHOGHIX MOJIOXKH-
TesbHEX N, D.

Tun 3. A, <0, A; >0. I'pannna ycTOAYMBOCTH B mep-
BOM KBajpaHTe ImJ0cKoctH N, D orcekaeT TpeyroabHYIo
obnacte ycrofuusoctd. Heycrofiuusnl [1C ¢ sierkum (60.1b-

5 4-709 129



wae N) umm kpynHorabaputueiM (Goabmne D) rpysom. Cyiie-
CTBYIOT KpUTHYECKHE 3HaueHusi uucsaa HeotoHa N, = — Ay4/4,
¥ BpalllaTe/IbHOIO HHEPUHOHHOTro mnapamerpa D, = Az/A; Ta-
kre, yto npu N > N, IIC meycrofivua npu mobeix D, a mpu
D > D, TIC meycrofiuusa npu moGbix N.

Tun 4. A, <0, A,< 0. Heycrofiuuser IIC ¢ serkum
rpysoMm (Goapmme N). CymecTByer KpuTHUECKOe yHcJ10 Hetoro-
Ha N,= — Ay/A, Ttakoe, uto mpu N < N, IIC ycrofiunsa

HesaBucuMo ot D.

Tabauna 5.15, XapakTepHCTHRH YCTOHUMBOCTH OCHOBHOTO fapamiora
C NOJIOCHLIM OTBEPCTHEM

a = 90°
Tun
o° A, A, Aj yeTO Huu- "y Dc
BOCTRH
25 —0,0565 0,275 0,103 3 1,871 0,38
30 —0,026 0,216 0,935 3 36,0 | 4,33
35 -+-0,0023 —0,298 2,59 2 — —
Ta6anna 5.16. XapakTepHCTHKR YCTOHUMBOCTH OCHOBHOFO KyloJla napa-
WI0Ta € KoableBoil uienplo
a==90° &=>5°
T
[ A, A, A, ycTOP!‘;:iH~ Nc Dc
BOCTH
20 —0,046 0,49 0,27 3 6,0 | 0,56
30 —0,034 0,53 1,00 3 29,0 | 1,88
40 —0,057 0,65 0,24 3 4,3 10,38
a = 90°% & = 10°
T
§° A, A, Ag ye'roﬂi?qw Ny Dc
BOCTH
10 —0,054 0,44 0,14 3 2,7 1033
20 —0,026 0,30 1,86 3 72 6.10
30 —0,016 —0,17 3,63 4 231 —
40 —0,043 0,75 1,02 3 24 1,36
o = 90°; ¢ = 20°
I
§° Ay A, As yc‘roﬂﬁl;lm- Ng Dg
BOCTH
10 —0,013 —0,59 4,1 4 321 —
20 0,011 —3,70 10,5 2 — —
30 —0,007 —3,16 10,0 4 1380 | —
40 0,036 0,66 3,6 3 99 | 54
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Ta6anna 5.17. XapaktepucTukH YCTOAYMBOCTH OCHOBROTO NApauNOTa ¢ MO=
JIIOCHbIM OTBEPCTHEM H KOJIbueBOﬁ i eJbio
o =90° @& =9°; P =30°

T
e A, A, A yC'r:;qn- Nc D.:
BOCTH
5 0,025 0,25 2,75 1 — 11,0
10 0,034 —0,48 5,15 2 — —
15 0,052 —1,73 8,26 2 — —
20 0,040 —3.44 11.4 2 — —_

B rta6a. 5.15—5.17 npencraBieHbl pe3yJsbTaThl HCCJIEN0-
Bauusi ycrofuusocTd [IC co cdepuueckum KymnoJaoM B peuME
OCHOBHOTO napaimota. Bbluncsenbl napameTpel Ay, A,, As,
BXojslye B ycJoBHS ycrofuuBoctH (5.26). OnpejesieHn THI
yeroflunBocty. OnpeneneHbl KDHTHIECKHE 3HAYeHHs WHEpHHU-
OHHBIX XapakTepuctuk rpy3a N, u D. Ilpu seiuucnenusx
npuHEMaJaoce [ = 2s,.

[peacraBientble LaHHBIE ITO3BOJIAIOT CHEJATh CJEAVIOLIHE
BHIBOJBL:

I. ¥Ycnosusi ycrofiunpoctu I1C He Hajaramor cylnectTseH-

HBIX OTpaHuWyeHHil Ha rabaputsl I'pysa (T. €. Ha napamerp D)
s Goapinubersa [1C pa3mepel Tpy3a HAMHOI'O MeHblle pas-
MEpPOB MapauioTa, U BepaBeHCTBO D < D, 3aBeioMO BHINIOJIHE-
Ho. Hckiouenue Moryr cocrapasite Hekotopote [IC creun-
aJbHOTO Ha3HadeHHA (MaJjas IJoWajb Napamiora, YAJHHEH-
Helfl rpys). Haa takux [1C npu majoMm pasmepe NOJIOCHOTO
OTBEPCTHS HJIH HEONTHMAJbHOM [OJOMKEHHH Y3KOH Ilesin 3Ha-
yehue D, HeBeJHKO.

2. Tosoxkenue U pa3Mep KOHCTPYKTHBHBIX OTBEPCTHH 3a-
METHO BJMSIOT HAa THN YCTOHYMBOCTH H KPHTHYECKHE [apa-
MmeTpel rpysa N, u D,.

3. C yBesuueHHeM pasMepa NOJIOCHOI'O OTBEPCTHS YCTOH-
9HBOCTD yJyYIIaeTcsl (YBEJIHYHBAIOTCS KPUTHUECKHE NapaMeTphl
N: un D).

4. CyllecTByeT ONTHMAJ/JbHOE [0 YCTOAUHMBOCTH HOJOMKE-
HYe KoJbleBof wend (N ¥ D, UMenT MakcuMasbHbe 3Ha-
yerns). [lpu cmelneHuy mesax OT ONTHMAJIBHOIO [OJOXKEHHs
B CTOPOHY [OJIOCA WM CTODOHY KPOMKH XapaKTEPHCTHKH
yeToliuMBocTH yXyAmamorces. OnTuMmalbHOe 3HaYCHHE ¢ CO-
CTaBasieT AJA KecTKoro kKymoJsa 20—30 % packpoiiroro
pazuyca.

5. BBefieHne noJiocHOro oTBepctus ¢ & ~ 0,1 cymecTser-
HO yJy4lllaeT XapaKTePHCTHKH YCTOHYHMBOCTH KyloJia ¢ KOJb-
UEBOH ILIEeJbIO.
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Tosenenne [1C ¢ nerkum rpysoM HeGOJBUIMX pasMepoB
onpejesifieTcs CJAeAYyOIHM yTBepxAeHueM: npy N < 1 u DK
< 1 TIC konebaerca Kak MaTeMaTWYeCKH# MAasITHHK JJIMHBI
fs. HesaBHCHMO OT WHEPIHOHHBIX XapaKTepHCTHK Tpysa U
a3pOJIIHAMHYECKHX KO3(pHLUHEHTOB KynoJa.

HeficrButesbHo, npu Magaelx N (jerkudl rpy3) u D<K
SCHMIITOTHYECKHE Das3JIOXKeHHs: KODHeH XapakTepHCTHUECKOTO
ypaBHenus (5.20) ¢ kosdpdunuentamu (5.23) ana chepuyecko-
ro KynoJa UMeeT CJeNyIOIUH BUI

0, = 0y + 0N + O (N?), (5.30)

0, = N1, + 0,y + O (N1, (5.31)
[Noncranoska (5.30) B (5.20) naet:

010 = —Cl/(2m ,C2). (5.32)

JJisi craTHdecKn CTAaNMOHAPHOTO [apaulioTa BeUIeCTBEHHBIH
KopeHb (5.32) 0,9 < 0. DTOT KOpeHb He CBf3aH ¢ HeycToH-
uuBoctbio [1C.

[ToacranoBka acumntotuky (5.31) B ypaBuenue (5.20) gaer:

Oy = i (f(* + D)2 = if~12, (5.33)
Oy = —f(my + Yi)/((7* + D) (m C/?)) =
= —(m, + Yi)/(fm ,C1P). (5.34)

M3 (5.33) BEITeKaeT, uTo pa3MepHblll nepuoA KoJeGaHHR
T wumeer eux: T = 2nt0™, rae o= Imo, = (Nf)~1? — Ges-

pasMepHas yacToTa KoJeCauufl; 7= (s,/gN))!/? — enununa
BpPEMEHH.

Cue10oBaTebHO
T = 2n (fs,/g)' 2. (5.35)

Qopmysa (5.35) u JlokasbiBaeT yTBepkaeHHe, cHOPMYJIH-
poBanHoe Beiie. OTHOCHTe/IbHAsE MOTPENIHOCTb BhIPaIKEHHS
(5.35) — nopsimka N. Ona omipe esisleTcs CAEAYIOUEM YJ/IEHOM
passioxernus (5.31). B wactHoctH, A GoabluMxX KynoJoB
(5.35) naer:

T= 11,7 cek (nsi = 1000 ™3 [ = 2s,),

T=99 cex (ns% = 518 m?% [ = 2s,). (5.36)
Cootnowenye (5.34) nokaswmaer, uto [IC packauuBaeTcs npu
m, + Y3 > 0. PasmepHoe BpeMs packauku KoJseSaHui

Ty= 1/0y = — fm, (Ns,C/g)"? (m . + Y 15)7 (cex). (5.37)
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B uactroetn, A KymoJa nuoimazgpio 1000 M2, cmycka-
fomerocs B 3eMHOB atmocdepe (g = 9,81 wm/cex? = 28.)
dopmyna (5.37) naeT:

T, = —2,56m, (NC)2(m, + Y15)™ (cex) = aV/'N (cexg)ég

(5.38)
HekoTopbie 3HaueHUs fapaMeTpa pPackaukK#d @ nNPUBEJEHBHL B
T1a6a. 5.18.

Ta6auua 5.18. Tlapamerp a packayku Kojesa-
HH{l A8 nosycthepHyecKoro Kymoja ¢ KoJbue-
BON 1ebio

P .3MeDp uledqH
€g
5 10 15 20
Tlonoxenne
menn ¢

20 4,5 7.3 | 36,1 —
30 5,1 11,4 | 14,1 | 2056
40 2,5 2.8 2,6 2,1

Jlanusie TabJUObl NOKa3kIBAIOT, UTO BPEeMA DAacKaukH Cy-
IECTBEHHO 3aBHCHT OT MOJIOMKEHHMs M pasMepa LieJH. Tak
upy Y= 40° u N =5...10 T, cocraBnser 5...10 cex. Ilepu-
oL KoJeGauuit cocraBaser 11,7 cek. (5.36). CrenopaTesibHO,
eaqyualiHoe BO3MYyILEHHE 3a ) nepuojia packadaer KoJeba-
HHA A0 Go.biueil aMmJMTyAbl. Ilpn = 20° n &= 15...20°
BpeMsi packauku cocTaBiser 80—100 cek. u Gonee. MupiMu
CJIOBaMH, 3a BPeMs CHIDKEHHS] KoJieGaHus, BO3MOXKHO, He
yCHeloT pacKayaTbCsi, HECMOTPA Ha HEeyCTOHYMBOCTL KYIOJa.

BoaMoxHOH OLEHKOA aMIJHTYIBl KosieGaHHR AB/sETCS Be-
JUYHHA KPUTHYECKOTO yIJia aTakH v,. [leficTBUTe/IbHO, ecJH
¥ >%,, TO CpbIB IIOTOKA YaCTHYHO DNPOHUCXOAMT MO KynoJa
¥ fOSABJAETCH BO3BpALAIOIAs a3pOJHHAMHUecKas CHJia, CTpe-
msamiasicss BepryTbh [1IC X HyneBomy yray artaxku. [lpeacraBas-
€TCsl MaJjlOBEPOATHBIM, UTO aMIJIUTYHA HEJNVHEHHBIX MagTHUKO-
BBIX KoJscOaHuH 3aMeTHO [peBBICHT Y. Kak mnoxassiBaior
JaHHbIE, TIpeicTaBjeHHble B § 5.2, BesuunHa %,, a 3HAUHT
M aMIJIMTyJa MaATHHKOBBIX KoJe0aHHHA, CYLIECTBEHHO 3aBH-
CHT OT KOHCTPYKTHBHOH NDOHWUAEMOCTH KynoJa: AJIfi Hempo-
HHIIaeMOT'0 KyTnoJa yc = 36 [IPH HAJIHYUH KOJBUEBOH LIENH Y,
yMeHbInaeTcs 40 5..

OcHoBHO# KaquTBeHHmﬁ BBIBOJA, K KOTOPOMY MOJABOIAT
pesyabTaTtl § 5.4 u § 5.5 COCTOMT B CJeyiOLieM:

— CylIeCcTByeT ONTHMAaJbHas [0 yCTOHUHBOCTH 30HA pac-
NOJIOKEHHS: KOHCTPYKTHBHBIX OTBEPCTHH Ha KymoJe; JJis
y JYUIIEHHS YCTONYHMBOCTH MOXKHO DEKOMEHJ0BaTb KOMOHHa-
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LHI0 KOJBIEBOH Iesd B ONTHMaJbHON 30He H HeGOJBLIOTO
HOJIOCHOI'O OTBEPCTHS; MJIATOH 32 NOBHIUIEHHE YCTOHYHBOCTH
SIBJIAETCA MOHHXKEHHE a’POJHHAMHYECKOTO CONPOTHBJICHHS,

3xech peus uzetT 00 ONTHMAJBHOCTH MO Psily HE3aBUCHMBIX
Kputepues. IIpH oNTHMa/JbHOM HOJIOKEHUH INEAM yCTOHYH-
BOCTb [IPeNBAB/IAET HauMeHee XKecTKHe TpeGOBaHUS K IJMHE
€Tpoll, Macce M raapuraM rpysa. MasTHUKOBHIE KoseGanust,
CKOpefl BCero, He pa3BHBAIOTCH, a ecJu KoJjebaHHs BO3pacTa-
0T, TO HX pacKayka NPOHCXOJHUT MEJJIEHHO, TaK YTO aMIlIH-
Tyla HeBeJHKa.

5.6. lixHammMKa TOPMO3HOro napaultora

Kak orMewajoch Bblile, CHCTEM2 YypaBHEHHH MJIOCKOrO
asuxerns [1IC, mosydennas B § 2.2, HeynoGHa 15 aHa/H3a
JMHAMHKH TOPMO3HOTO MapamlioTa, paGoTaloLIero HPH MaJgblX
H3MEHEeHHAX CKOPOCTH cmacaeMoro ofObekTa (N — 0). BoJee
OPUrOJHOA B TaKOH CHTyauWH SBJsSETCH MOJe/b [Apalora,
LUAPHHPHO 3aKPElJIEHHOTO B OJHOPOJHOM HaberaicumeM [MOTO-
Ke. IIpu 31OoM B ypaBHeHusix § 2.2 cjeayeT NOJIOXKHTb

V=20; U= const (U< 0). (5.39)
YpaBHeHHs! JBMKEHHS CBOASTCS K OJHOMY

Y (Ms — fM,) + U cos vy (M, 4 My — fMy,) +
+ UM, sinycosy= 0. (5.40y

YpaBHerue 5.40 BeIpaxKaeT YCJIOBHe UIADHUPHOTO 3aKpenJe-
HHs 6e3MaccoBOTO KYIOJa: DAaBEHCTBO HYJIO X-KOMIOHEHThE
MOMEHTa THAPOAMHAMHYECKHX CHJI OTHOCHTEJNBHO TOYKH Kpemn-
JeHus (f — paccTosiHWe MeXKAY TOYKOM KpeIJIeHHs W LEeHT-
poOM KYIO0Ja).

Bemnuuna nocrosivHof U 3aBucur OT BeifOpa eZMHUILE
BpemeHH. Hanpumep, ecsiu moJsoxuTh 718 TOPMO3HOI'O mapa-

HIoTa
2705
¥ = ]/ iff:s*, (5.41)

rie F,— cuna, neficTBylOijas HA MapaliioT B COCTOSHUH paB-

HoBecust mpu =0 u ¥=0, 1o U = —V,, rne V, = 2/}/C;
C — x03bDUIHEHT CONPOTHRJCHUS B COCTOSHHH PaBHOBECHH
(C=—2Zyy.
Ec/n e MOJIOXHTD
=T, = 2k, (5.42)
Up
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rie u,-— 3ajaHHasi pasMepHasl BeJMYHHA CKOPOCTH Haberaio-
mero noroka, 1o B (5.40) ciaenyer npuuars U = —1.

Eaunnna spemeHHu T, (5.42) yno6Ha npu 06paboTKe 3KC-
NEPHMEHTAIbHBIX JAHHBIX MO0 TOPMO3HBIM napannotaM. Exunwua
Bpemend (5.41) B TeopeTHUECKHX HcCaeROBaHHAX GoJee yrob-
Ha, Yem T, BHIGOp (5.41) coxpaHAeT HENPepHIBHOCTb TaKHX
BaXKHBIX XApaKTEPHCTHK, Kak Gespa3MepHas dyactora # n00-
pOTHOCTH KOJIeOaHHHA IPH Mepexoje OT OCHOBHOIO Mapalliora
K TopMmosHoMmy (mpu N-—» 0).

Insi chepuueckoro KynoJsa ypaBHeHHe (5.40) moxHO 3a-
nucaTh B 0003HauEHHSIK, BBeIeHHEIX B § 5.3:

m.%+2B,ycosy +c¢,sinycosy =0, (5.43)

rae m, — Ko3phULHEHT NONepeuHol NPHUCOSAHHEHHON MaccChl,
B., cL — KO3bOULIHEHTH a3POAHHAMUYECKOTO AeMIPHPOBAHUS
U a3pOJHHAMHYECKOH KEeCTKOCTH.
Tunuunple 3HaueHUst KoO3hPUUHMEHTOB ypaBHeHHs (5.43)

TaKOBBL

m, =0,03...0,04

B, ==0,02...0,10

¢, =~ 0,10...0,40

OrpaHHuyeHHs HA YIJIOBYIO CKOPOCTb. Y paBHEHHE JIBHXKE-
aus (5.40) nan (5.43) mHesiecoo6pasHO HCIOJB30BATb AJiS [ia-
paulioTOB, YCTOMYMBEIX NPH HYJEBOM yrJe atakd. s ne-
yCTOMYHBEIX MapaunoToB ypaBHenue (5.40) 1mo3BoJsiseT TOMBKO
OLIEHUTh BPEMsi ONpPOKH/BIBAHUA, T. €. XapaKTepHOe BpeMs
nepexolia OT HYJEBOrO yIJa arTaky K 0aJaHCHPOBOUHOMY
yray (= y,), B OKPeCTHOCTH KoToporo ypasHenue (5.40) ne-
npumennumo. Takas oleHka mnpuBeseHa B § 5.3 Ha ocHOBe
aHaJu3a JIMHEADU3OBAHHBIX YPABHEHHH NBHIKEHHS.

OsxHako JiHHeHHass YCTOHYHMBOCTh HYJIEBOIO YIJia aTaku
(T. e. TpeGoBaHUE MOJIOMKHUTEJIbHOCTH BEJHYMH m ., B, €1)—
3TO HE eAMHCTBEHHOE YCJ/OBHE MPUMEHHMOCTH YpaBHEHHs
npuxennsi. Eumle OfHO BaXKHOE YCJOBHE COCTOHT B «IPABHJb-
HOM» HanpaBJ/EHHH CPbIBA TOTOKA Ha KPOMKAX: CPBIB JOJIKEH
ObITb HanpaBJieH H3-TIOJ KYIOJa B KOPMOBYIO 3oHy. [lpH «He-
NpaBHIBLHOM» HANpaBJEHHHM OTPbIBA NOTOKAa KapTHHA TeYeHHs
CYLIeCTBEHHO YcnoxHAeTcsl u  ypasHeHue (5.40) He naet
aJeKBATHOTO OMHCaHMUS KoJieGaHWH napaitlroTa.

OrpanuueHde, KOTOPOE HajaraeT 5TO NOCJEJHee YCJAOBHE
Ha KUHEMaTHYeCKHe nepeMeHHble, mpuBeieHo B § 2.3 (¢dop-
MyJaa (2.77)). HepaBenctso (2.77) cnpaBelJiuBO Kak AJs oc-
HOBHOI'O HapallioTa, Tak 4 JJs TopmosHoro. Ho naa Top-
MO3HOTO MapalllloTa €My MOXHO NpHAATh 3HaYHTEJbHO Gosee
HaTVISAHBIH BHJ OIPaHHYEHHS Ha YIJIOBYIO CKOPOCTb L(Q2=1).
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Kak cnenayer Hs (5.39) u (2.66), nas TOPMO3HOTO mapa-

II10Ta

v="U siny— fQ,
u=Ucos¥y.

(5.44)

Toacranoska (5.44) B HepaBencTBo (2.77) HaeT cJaeny-

folee yCJIOBHEe INPUMEHMMOCTH ypasHeHu# (5.40):

[Vecosy| > |Q(fa, — ae) + Vea, siny],

IJe HCIOMb30BaHA eJHHHIA BpeMeHH (5.41).
EcrecTBeHHO OrpaHHYHTb YTOJ Y YCJOBHEM

n
h’}<?

(5.45)

(5.46)

HepapenctBo (5.46) moxkeT ObiTh, pasyMeercs, HapylleHO
AJIST XKECTKHX KYIOJIOB — TaKHX, KaK OOBIYHBIH SOHTHK,—
KOTOpBIE MOXKHO Da3BePHYTb BBINYKJOCTbIO K moToKy. Ho
B NPpHMEHEHHH K [apallioTHOMY KynoJy CNPaBeAJMBOCTL He-
paBencTBa (5.46) BpsA Jn MOXKeT TOJABEPraTbCA COMHEHHIO.

Hepapenctso (5.45) ¢ yuerom (5.46) Bbiaensier Ha ¢aso-
BOH IJIOCKOCTH 2, ¥ TOPMO3HOTO Mnapalliora «cab./1eo6pasHyion
obnacTb npuMeHHMOCTH ypaBHeHus (5.40) (cM. puc. 5.5).
YpaBHeHns BepxHeH (Q,) u HUKHeH (Q;) rpaHHUEI 3TOH 06-
JIaCTH MOXKHO 3amucath, y4yuThiBasi (2.71), B caelymomeM BHIe:

o

-XC‘
Qe

s Je W2 @
2

&

a

@ (faf' a,)>0

Q
L
77
s 4
e

a,(fa,-a,) <0

Puc. 5.5 OO6nacTe DpuMEeHMMOCTH YypaBHeHHS KoJe6aHH# TOPMOSHOro

napamota: a) o, (fa,

Cayuaii 1.

186

ay (fa, —ag) >0,
Qu = Qm sin (Yc - V)’
Q= Egm sin (Yo =+ V)

—ag) >0; 6) a, (fa; —ag) <0



Cayuaii 2.
a, (fa, —Q) <0,
Qu = Qm sin (Y + ‘Yc)’
Q,=Q,siny—1v.) (6.47)
rmoe v
Q, = sinyclfai—agl '

(5.48)

Ias chepuueckoro Kymoaa ag = 0. CJuenosatesbHo, AJs
Hero peasmsyercsi ToJpKo caydai 1. [lpu stom us (5.48)

u (2.71) BbiTekaer, 4TO
Vv
Q, =7——.

feosy,

B uacrmocTtu, uepaBeHcTBO (5.45) omnpexpensieT MaKCHMZ2e
JbHO AONYCTUMYIO YTJIOBYIO CKOPOCTb KYNoOJa NpH BHe3al-
HOM OTKJ/OHEHHH OT [BHXKEHHS ¢ HyJ/eBbIM YIJIOM aTakH
{HanpuMep, peakuHs Ha MOPLIB BETPa HJIH OOPHIB YACTH CTPOIN):

Q)< 2 (5.49)

lfa_z_ —ag]

w JJg chepuyecKoro KymoJa

Ve

Ilpu mapymenun HepaBeHcTBa (5.45) u (5.49) mHa wactu
KPOMKH CPBIB IIOTOKA HAIpaBJeH MOJ KymoJs. AJIOPHTM Bbl-
aucaenns AK, omucamuuii B § 2.2, B Tako# CHTyalHH He
JaeT YAOBJETBODHTEJBHEIX pe3yabTaToB. Hapymenue Hepa-
BeHCTB (5.45) nau (5.49) ags peasbHOrO KymoJia HPHUBEIET
K CMATHIO, «3aHaJaHHIo» 9aCTH MOJIOTHA, PE3KOMY H3MEHEHHIO
a5pOJVHAMHIECKHX XapaKTePHCTHK, MepepaciipefeJieHHIO YCH-
Juf B cTpomax M T. A. BO3MOXHOCTE HapyLIeHHsi HepaBeH-
cTBa (5.45) ykaspiBaeT Ha OrPAaHHYEHHOCTb KOHLENHMH TBEPLO-
TeIbHOTO JBYIKEHHS KYHOJa.

B o6nactn, orpaHuuenuo#t xpusbiMH (5.47), ypaBHEHHSA
nprixkennst (5.40) m (5.43) nmpumeHHMBl NO KpaliHefi Mepe Ka-
4eCTBEHHO.

OcoGble ToukH, 0co0ble pelleHHss H JHBHH Hyqeid. [Jlas
nocTpoeHus (Ga3oBOTO MOPTPeTa TOPMO3HOrO IApAIlioTa Mepe-
numeM ypasrenue (5.40) uau (5.43) B BHJAE CHCTEMB! ABYX
ypaBHEHUH NepBOrO NOpsijKa:

V=

Q = —cos v(24Q + Bsiny), (5.50)
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rne mapaMetpel A u B oOnpenesisiioTCs OTHOLIEHHSAMH KO3(-
(UIHEHTOB HCXOAHOTO ypaBHeHHs. B uacTHOcTH, AJs chepH-
YeCKOro KymnoJa

A=Py/my; B=c jm,. (5.51)

Cuctema (5.50) sKBuBaJIeHTHa OLHOMY YDaBHEHMIO B (ha3o-
BbIX II€DEeMEeHHBIX:

dQ  cosy (24 -+ Bsinvy)
= 5 . (5.52)

3aMeHa nepeMeHHBIX © = siny; Q = uw N03BOJISIET npH-
BecTH (5.52) K ypaBHEHHIO C pasjeJISIOLIUMUCS NEePEeMEeHHBIMH
B IIOCKOCTH 4, w. PelleHne 3TOro ypaBHEHHS MOXKHO 3allH-
caTb B 2JeMeHTapHbIX ¢yHKLIHAX. OJHaKO OHO JOCTATOYHO
TPOMO3/KO M MaJONPUrOJHO [/ KadeCTBEHHOTO HCCJIE0Ba-
Husl. Y oOHee NPOBECTH aHAJK3 He pPELIeHHs, a Camoro Judg-
(bepeHLHABHOTO YypaBHeHHUs (5.52).

CtpyKTypa $a3cBOH MJOCKOCTH ONpejessieTcss XapaKTepom
0cOOBIX TOYeK W 0CoObIX pelneHuéi ypasHenust (5.52). B oco-
ObIX TOYKaX UYHCJAHTeJb M 3HaMeHaTeNb NpPaBOH YacTH OJHO-
BpeMeHHO 00pamaTcsd B HYJb. JTO NPOHCXORHT B TOYKaX
C KOOpJHHATAMH

Q=0 y=m/2, n=0, =1, +2, ... (5.53)

Beupy 2m-nepuoanynoct# $Ha3oBof MJIOCKOCTH MO YrJOBOH
KOODJHHATe Y JOCTaTOYHO MCCJIEJOBAaTh XapakTep OCOOkX
touek (5. 53) B uHTEpBaje OT — T 10 T.

Touxa y=0; Q2= 0. ¥YpaBrenue (5.52), JuHeapu30BaH-
HOe B OKPECTHOCTH OCO0OH TOUKH, NPHHHMAET BHI:

dQ By 24Q
F=—" "o - (5.54)
Hmem ocobble pewenus (5.54) B Buue JuHeHHOH (YHKIMH
Q = ky. (5.55)

IMoncranoka (5.55) B (5.54) onpezessieT CcOOCTBEHHBIE
yucaa (5.54):

k=—A+1 A2—B. (5.56)

Hanomuum, uto paccmMaTpuBaeTcsl mapaulioT, YCTOHUHMBLIN
NpH HYJEBOM yIJie aTakH, 4TO O3HadaeT IOJOXKHUTEJIbHOCTh
napamerpos A u B. B stom caydae us (5.56) BmTekaer, 4to
coctosinue paBHoBecus Y= 0; Q=0 MoxeT ObiTb 0COGOB
TOYKOH OJHOrO M3 ABYX THIOB:

1. Ycrobuusniii ysen (A% > B).

2. Ycrofiuusplt poxyc (A%< B).
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Touka y=n/2, Q=0. TToaoxum V=% -+ e u npose-

nem JuHeapusanuioo (5.52) B OKpPeCTHOCTH 0CO60H TOUKH,
4TO JaeT

@l (5.57)
Oco6oe petuenne (5.57) Buna
Q= ke, (5.58)
onpejeasier cobcTBenHble uncaa (5.57):
k= +VB. (5.59)

CnepoBate/IbHO, paccMaTpupaemast ocofast TOYKA SIBJSETCS
Ce oM.

Touxka y=x, Q=0. Jluneapusanua (5.52) B okpect-
HOCTH 0CO0ON TOUKH JaeT

iQ _ 24Q — Be

== (5.60)

rie B JAHHOM CJIydae € = Y — T.
OcoBoe pemenne (5.60) Bupa (5.58) ompemeasier co6CTBeH-
gbie gncaa (5.60): k= A+ 1V A*+ B.

CaefoBaTeIbHO, paccMaTpHBaeMasi ocobast TOUKa SBJSETCS
HeycTofiuuBbIM y3JsioM (npu A% > B) nim HeyCTOHYHBBIM do-
Kycom (mpn A%< B).

i

Jluneapusanus (5.52) B OKPeCTHOCTH TOYKH y= — =,
Q=0 naer BHOBbL ypaBHenue (5.57). CiegoBaTeqbHO, 3TO
ocofast TOUKa THIIA «CeLJIO».

C sospactaHueM y ocofple TOYKH, OTCTOSIIHE APYT OT

21 o o
Apyra Ha - , YepeiyloTCs B TaKOM MNOpsAKe: yCTOAYHBBIA

y3eq ($oKyc), Ceisio, HEYCTOHUMBHIA y3ea (¢poxyc), cenno
u T. 1.

[ipy A% > B (y3abl W celjia) HETpYIHO HaHTH ocofoe
pemeHue HesquHefiHOoro ypaBHeHHA (5.52). [losoxum

Q = wsiny. (5.61)
[Toncranoska (5.61) B (5.52) nokaselBaeT, 4TO CHHYCOHHA
(5.61) sBasieTcst pelterneM ypaBHeHus (5.52), ecsm mapamerp

% coBnajaeT ¢ coGcTBeHHBIM Yncjom (B.56) JMHeapH30BaH-
soro ypaeaenus (5.54). Cienosarensuo, dopmyaa (5.61) naer
IBa 0CoObIX peileHHd, HAYUWHX Ha ()asoBOH IIJIOCKOCTH
#3 y3/Ja B y3e.
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TlogcranoBka (5.61) B (5.50) mosBosisieT MOMYYHTL 3aBU-
CHMOCTb yIVIa § OT BpeMeHH Ha OCOCHIX pelueHHsX:

ul = Intg % -+ const.

Kpome ocoGoro pemenus (5.61), opu A% > B umeercs
elge ONHO ocofoe pellieHHe: CelapaTpHca, NPOXoAsilias uepes
y3JBl U celJa.

IIpu A2 < B (boKych H celsa) BellleCTBeHHOe ocoloe
pemtenne Buna (5.61) He cyutectByer. CenapaTpuca B 3TOM
cayuae TIDOXOAMT 4Yepe3 cejna, OXBaThiBasi (POKYCHI.

[Tonesnasi urdopMauus o CTPyKType $asoBOro npocTpaH-
CTBA COLEPKHUTCS B JHHUAX HYJeH YHCJIHTENs U 3HaMeHaTeJIs
npaBof uactTH ypaBHeHus (5.52). Jluuusa myJell 3Hamesartess
COBNAJiaeT C KOOPAHHATHON ocbio y. JIMHHA HyJeHd 4HCJIH-

B

TeJd COCTONUT H3 CHHYCOHIBL Q= —ﬂsiny H BEpPTHKaJb-

HBEIX OPSIMBIX v=(2n+l)%; n="0,+1,4+2,...

Q

.
e,

Puc. 5.6. dasoBmil nopTpeT TOPMO3SHOrO napailira (NOJOXeHue pPaBHO-
pecHsi — YCTOMYMBEIH y3eJ) — celapaTpuca; =— — — 0COOLle DEleHHs}
«e-e. THIHYHbIE HHTETPaJbHbE KPHBHIS
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Puc. 5.7. Tunuynas ¢opma peak-

\ t
\ t

UHHA TOPMO3HOIO HapaioTa

ToHuuBEIA y3ea)

Ha
KOHeuHOe BO3MYyIIeHHe yIja aTa-
KH (TOJIOKEHUS DaBHOBECHS — yC-

®azoBbiii  nopTper  ycTOM<
YMBOr0 TOPMO3HOIO MapawioTa.
[onydennas unpopmauust 06
0coGeHHOCTSX y paBHeHHs (5.52)
nospoJsisieT 6e3  BLIUMCJAEHHH,
KaueCcTBEHHO, NOCTPOHTL (a3o-
Bl MOPTPET TOPMO3HOIO fa-
pawtota. [lpu nocrtpoenuu cie-
AdyeT ydecTb XapakTep 0cOObIX
TOYeK H OCOOBIX KpHMBBHIX, a
TaKk¥Xe TaKue H3BECTHbe OO0-
CTOSTE/ILCTBA: Uepe3 KaXKAYio
HeocoByio TOYKY (a3oBOH IJIO-
CKOCTH NPOXOJAUT TOJBKO OJHA
UHTerpaspHas KpuBas; Ha JH-
HUAX HyJefl HHTerpaJbHble KPHs
Bble I'OPH30HTAJbHBI (HYJH YHCs
JIATENS) WJIH BePTHKAJbHBL (HY-
JI1 3HaME€HaTeJisl); NPH Hepexo-
Ie 4depe3 JUHHMH HyJell MeHs-
eTCsl 3HaK HaKJ/IOHa MHTerpaJb-
HBIX KPHBLIX.

Q
——TT T N
L~ //’—_\\r:\\\ .
———— . D S -
— \\\ o
-\\,~ = PR
::\\ e N 77
B SR Lt
,//// N (‘\‘X
4 N N N
N~
——TT
—— ~
ol \\ | —‘//
[ N o ———
— ~—— :\_\____// ’//
\\\\\ —_‘__’/
Puc, 5.8. ®az0Buifl HOPTpeT TOPMOSHOIO
v napamora (IOJIOXeHHe paBHOBECHS —
ycroituuBuift  GoKycC): — cenapa-
Tpuca; — — — — — — — THOHYHBIE HH-
TerpajbHele KpPHBbIE
VANV Puc. 5.9, Tunnuras d¢opMa peakimuu

TOPMO3HOIO Napa:lioTa Ha KOHeYHoe BO3-
MYIIEHUe yIyla aTakd (TMOJOMKeHHe PaB-
HOBecHS — yCTOHUUBLHIA (oKyC)

B Tom caydae, KOra MOJIOXKEHHE DaBHOBECHS SIBJAETCS
y3JioM, $a30BbIi [OPTPET HMEET JHOBOJBHO CJHOXKHBIH BHJ
(puc. 5.6). PaccmarpmBas ero, cJjepyeT yyecTh, 4TO (paKTH-
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geckH (pa30oBOE NPOCTPAHCTBO ypaBHeHHs (5.52) He MAOCKOCTS,
a UMJIHHID, oO0pa3oBaHHBIH, HanpHMep, CKJEHKOH JeBoro
¥ npasoro kpas pucyHka 5.6. C 3Tolf TOuKu 3peHust cenmapar-
puca, COCTaBJeHHasi Ha PHC. 5.6 M3 TpeX KpPHUBHIX, ABJsETCH
OnHOH 3aMKHYTOH Ha (Ha30BOM LHJHHApPE KpHBOH C JByMA
TOUKaMH CaMomnepeceueHus.

3HauuTesNbHAsA 9acTh ()a30BOTO NIPOCTPAHCTEBA HE COREPIKHT
WPaKTHYECKH NPHTOAHOH MHGOPMAaINHH, T. K. 06JIACTb IPHMEHH-
MocTH ypaBHenusa (5.52) orpaHuueHa «caGJ/ieBHHOMI» KPHBOH
(5.47) {puc.5.5). XapakTep 3TOl KpHBOH NOKa3bIBaET, UTO ypaBs-
HeHne (5.52) no3BoJsiseT pacCMOTPETh MaJbie, HO KOHEUHBIE 110
aMOJHMTyJle [BHXKEHUS [apallioTa B OKPECTHOCTH MOJOXKEHHs
paBHOBecHA. Kak cJaenyeT u3 puc. 5.6, 3T ABHXKEHHS HMEIOT Ta-
KOI1 }Ke KaueCTBEHHEBIH XapakTep, 4T0 H.OECKOHEYHO MaJjble KO-
neGaHusi B OKPECTHOCTU YCTORUMBOrO y3ia. Puc. 5.7 npeacras-
JseT TunudHyio GOPMy peakuud TOPMOSHOIO [apallliotTa Ha
KOHEYHOe BO3MYIILEHHE.

B Tom caydae, KOTJa mMOJIOXKEHHE PaBHOBECHS — YCTOH-
4yBHIf  (POKyC, CTPYKTypa (a30BOro MNpOCTPaHCTBA MeHee
ciaoxkHa (puc. 5.8). Tunuynas ¢opma peaklMH NapallioTa Ha
Majoe, HO KOHEYHOEe BO3MyIleHHe, NOKasaHa Ha puc. 5.9
BosBpamienne HapamioTa K NOJOXKEHHIO PaBHOBECHA UMeeT
KosiebaTeIbHBIH XapakTep.

Ecau cnacaemplft oOBeKT npenbsiBasieT BeICOKUE TpeboBsa-
HuS K yeroiuuBocTn opuertanuu [1C, TO cienyer, BeposiTHO,
CYHTaTh, YTO H3 JABYX DacCMOTPEHHEIX CHTYalui («yse»
u «hokycr») Gosee yroGHOH sBisiercs «ysem (A% > B). Ha-
30BeM TaKOH HapallioT «CBepXyCTOHUMBEIM®, T. K. OH BO3Bpa-
1maeTca K INOJOXKEHHIO PAaBHOBeCHA, HEe COBepIuas KoJjebaHuH.
Jas  cBepXyCTORUMBOCTH HeOGXOAMMa GOJIbINAA BeJHUHHA

Ko3(hHIMEHTa a3pOIMHAMMUECKOTO aemndupoBarus (Bl >
>m.ey)

5.7. UccnepoBalne ypaBHEHMH [AMHAMMKM
fINOCKOro ABMIKEHMS NapalliOTHOM CHCTEMbI

YpaBHeHHs ABHKCHHSA B8 BHJIE, pas3pellieHHOM OTHOCHTEJbHO
NPOU3BOJAHBIX. [N aHAINTHYECKUX WJIH YHCJEHHBIX HCCJENO-
BaHui muockoro aprkenus I[1C cucremy ypaBHeHufi AuHAa-
MuKH (2.63) — (2.65) nesnecoolpas3Ho paspeliuTb OTHOCHTEIBEHO
APOM3BOAHBEIX. JTO NpHIaeT e caeaywlu#l BuA:

U= —cosyA,— % u?A — —;— V¥4, — % C2Ag3 — vRA 5
U= —siny B, — uvB, — ufB,s; (5.62)
Q= = sin yCy — uvCyy, — uQC,y;

Y=,
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rmp

Ay= (N+Zu)™h

Ap= Zu; Agy Agy = Loy - Agy Ags = (N + Zy5) Ay

Ass = N[ + Zg5) Ay

B, = A:I(ND + Ms);

By = A (N (Pym — [Myg) + MY 1, — M, Y);

By = A—l (— N2D 4 IV (DY 15— fMla'— Mg) + MY 53—
Mlsys)

Cp= — A M

Cl2 = Ac (NM12 -+ M12Y —M ylz)

Cs=A" (N (Mys + My) ++ MYy — M, Y 15);

AE_NZD—}-N(DY + Mg — M) 4+ Y My — M,Y;,. (5.63)
Ypasrenus (5.62), Kak M HCXOLHBle ypaBHenusa (2.63),

(2.65), omucbiBalotT Mockoe pBixkeHHe IIC npu kecTkoMm

CKpemnJieHWH napamrora c rpysom. Hasa onmucanus cBo6oiHOrO
(11apHUPHOT0) COelMHEHHWs MapalnoTa W Ipysa B paMKax
NPUHATHIX NPHOJIKEHUH JOCTaTOYHO NOJOXKHTb B KO3PDH-
nuentax (5.63) D= 0. [lpn atom B (5.62) Q@ — yraosas cko-
pOCTb KymoJsia. ¥TJoBasi CKOPOCTb Ipy3a OyIeT NOCTOSIHHOM.

CrpyrTypa ypaBHeHufi (5.62) oTpaxaeT 0CEBY.0 CHMMETpHIO
KynoJsa. Hampumep, B ypaBHeHHH MPOIOJBHOIO JABHMKEHHSA
(it = ...) UMeeTcs cJjaraemMoe, NpONOPLUHOHAMLHOE UL, HO HET
lmeﬂa, cojepxamero uf); B YPaBHEHHSX [ONEPEYHOro (U=

..) ¥ BpamareJbHOro (8 = ,..) ABHXEHMS HeT YJICHOB
BHJ2 U2, a TakiKe cJjaraeMbix, COAepXKalllMX KBaApaThl CKO-
poctedt u, v, £ — Bce 3T0 0OOYCJOBJEHO OCEBOH CUMMeTphei
KynoJa.

Has cdepuyeckoro KymoJa BBIIOJHSAOTCA COOTHOIUEHHS
V;=0, Mg=—[Ygq, ¢ ydeToMm KOTOpnX BUA KO3(tu-
uuenToB B n C HecKoJbKO ympolaercst (KosgguuHeHTH A
nag chepudecKoro napamora coxpansior  Buj  (5.63)).
Tlomeuas «ctepuueckue» KoO3(phHIMEHTH JAOMOJHHTEbHBIM
uujexkcom (), sanuueMm (5.63) B Buze:

Bys = A9 ND;

Biawy = Ay N Y15 (D + [2);

By = A N (— ND 4- Y15 (D + /)
CO(S) = A(_S)lfY2;N

Cip9 = — A(—s)leYm;
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-1 o~
Cls(s) = A(s)!v/c (Yz + Y3)§
Ay =N?D + NY, (D + f3. (5.64)
HeBo3MOKHOCTb HEKOTOPHIX NPOCTHIX BHAOB nBHMkeHus [1C.
Ypasuenus (5.62) IOBOJIBHO CJAOXKHBI H PEIUEHHS UX MOXHO
TOJIyYHTb, NO-BHAHMOMY, TOJbBKO UMCJCHHLIMH METOAAMH.

Oxanako (5.62) nospoJifeT HCCJAEAOBATH BONPOC O CYLIECTBO-
BaHUM pellleHufl onpejeseHHOro BUjA.

PaccemotpuM, Hanpumep, BO3MOXHO JIH «CJEHAIIEE» [BH-
JKeHHe, MpH KOTOPOM OChb CHMMETDPHM KYIOJa BCe BpeMs
HalpaBJ/eHa 00 KacaTe/JbHOH K TPAeKTOpUH I[eHTpa HHEPLUH

rpysa.
IlyeTb w — MOAYMb CKOPOCTH ILeHTpa uHepuud. Kowrmo-

HEHTBHl CKOPOCTH IPy3a B HENOJBUXKHOH CHCTEME& KOOpAHHAT
OpU  «caensiileM» ABHKeHud uMelor BHI: U = — wcosy;
V = wsiny, a KOMIOHEHTH CKOPOCTH «I€HTPa KynoJa» B MOX-
BUXKHOH CHCTEME UMEOT BHIL

U= —uw; v=— fQ. (5.65)

[ToncranoBka (5.65) B (5.62) maer CJeLYIOMYIO CHCTEMY
ypaBHEHUH:

: 1 1
w=cosyA, + 5 wPAy + 5 QF Ay, — 2 Ay + As);
7=0Q
Q=siny2 L w0l (1B, — Byy);
H 7 12 18)s (5.66)
Q= —sinyCy — w? (fCyy — Cy3).
OueBKHO, 4TO MOCJELHHE N1BA YPaBHEHHS COBMECTHBE
B TpPHBHAJbHOM CJ/Iyyae BePTHKa/JbHOIO CHumeHHs (2= 0;

v=0). [l1a CyIeCTBOBaHHA HETPUBHAJLHOIO DerieHHs Heol-
X0JHUMO TOXKJECTBEHHOE COBNAJECHHE 3THX YypaBHeHHI:
By = — [C,,
fBlz — By =— f(fc1z + Cia).
Ucnosnwsys coornomenns (5.63), nepsoe H3 ycJaoBHM

cOBMeCTHOCTH (5.67) MOXHO BBHIDA3WThb UYepe3 HHepUUOHHbIE
W aspojiuHamMuyeckue xapaxkrepuctury [1C:

ND + Mg — fM, = 0. (5.68)

Kombunauus M; — fM, umeer dpusnueckuil CMbICJ NPUCOe-
IMHEHHOTO MOMECHTA uHepuun KynoJsa. CjieJoBaTe/bHO, OHa
HeOTpHLaTe/bHA, a 3HayuT, ycJsoBue (5.68) HEBRIMOJHHMO.

(5.67)
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Oco6eHHO HArJIATHO 5TO BUIHO AJs1 CdepuuecKoro KymnoJa.
B stom cayuae Mz=0; M,= —fY,=—fm,. ¥Ycnosue
(5.68) npunumaer BUL:

ND + fPm, = 0. (5.69)
Yeaorusi (5.69) uim (5 68) He MoryT OBITb YAOBJIETBODEHHL.
CaepoBaTesbHO, CcHcTeMa ypaBHeHHd (5.66) HecoBmecTHa.
IIpoctoe «crexsmiee» npHxKeHHe BuZa (D.65) HeBO3MOKHO,
33 HCK/IOYEHHEM YIOMAHYTOTO BhIIE TPHBHAJBLHOTO CJ/yyas

BEPTHKAJBHOI'O CHUXKCHHUA.
paCCMOTpHM, BO3SMOXKHO JH TIOCTYyNaTe/JibHOE JBHIKEHHE

[1IC, 7. e. JABUXKEHHE C MNOCTOSHHBIM YIJIOM TaHraxa y 6es
Bpalenusi napaunora (Q = 0).
[lonaras @ = 0, B (5.62), IpHXOIUM K CJEAYIOLIEH CHCTeMe

ypaBHeHu#:
it = — cosyA, — —;-uzAn — % V¥4,
U= —sinyB, — uvBy,; (5.70)
0 = sinyCy + uvCys,.
[locnennue nBa ypasHeHus (5.70) uMeOT TpHBHAJLHOR

perieHre, COOTBETCTBYIONEE BEPTHKAJBHOMY CHHXKEHHIO: U ==
=0; 9=0. Hccregyem CyliecTBOBaHHE HETPHUBHAJBHEIX

petreHui.
M3 (5.70) BblTekaer, 4TO

Uy = — siny—cg’ = A = const. (5.71)
12
Huddepennupys (5.71) U HCKJIOYass NPOHSBOJHBIE U, U ¢

nomompio  (5.70), HaxoauM CBSI3b MEXAY KOMIIOHEHTaMH
CKOPOCTH # ¥ U TPH NOCTYNATeNBLHOM JABHIKEHHH:

U= ——Z <A0 cosy -+ -2!-02/122) , 56.72)

rae x = Bysiny + ?»(Bm + —:12- An) = const.

[loncranoBka Beipaxenus (5.72) B ypasHenus (5.70) xaer
ZiBa ypaBHEHHA AJS ONPEeAeJIeHHs U:

X 1 1
A, cos = A0+ = 4,0 x
AoCOSY-l-%UzAn( 0 Y+ 5 ‘lag 7 1

2
Ay cos y+ % Ay
X - ;

) Ay cosy 4 -Ql- v3A,g
= — Bysiny -+ v?B,, . (6.73

X

U=
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IBsa ypaBrenus (5.73) ZOMXHHI TOXKAECTBEHHO COBNAJATDH
npu Jso0bIX 3HaYeHWAX mnepeMeHHOH v. [lsis moJaydeHusa ycJo-
BHIt coBMmecTHOCTH (5.73) yI00HO MOCTYNHTL CJeAYIOLINM
06pasoM. YMHOXHM H Pa3feJsiuM MpaBylo 9acTb BTOPOrO ypas-
Henua (5.73) Ha 3HameHaTe b HEepPBOrO ypaBHeHHs A, cosy -

3
+5 v?®A,,. Tem cameiv npaBble yacTH B OOOHX ypaBHEHMSAX
(5.73) 6yayT npuselleHBl K oflileMy 3HaMeHaTes 0. Yucantesm
npaBeix wactefi (5.73) mnocse STOH oOnepalny NPeACTaBJS:OT
NOJIMHOMBI TPeThell CTeleHH OTHOCHTENBHO U2,

YcaoBrne COBMECTHOCTH — COBNaZeHHe K0t dUIHEeHTOB nep-
BOTO H BTOPOI'O YpaBHEHMSI NMPH BceX cTeneHsx v (v, %, ot
v%):

x2A,cosy = — xA,cosysinyB;
1
5 A1 AgAgy cosy = 2B, A0A,, COSY;
L 24, + + ApARcost y = By Abcosty — S xByA,,siny;
T XAy 4 5 Ao Cos"y = D13 A0 COS™ Y — 5 X544, SINYy;
I 2 3 42
] Ay s, = ry AzyByy - (.74

Ilapamerp A,, nponopuuonanen no (5.63) asponunamu-
4eCKOMY KO3(DGUUHEHTY Z,. ITOT KOIDOHIHMEHT OTAMYEH OT
HYyJsl, 00 KpaliHell Mepe, IJI UWCCJEJOBaHHBIX HaMH coepu-
YeCKHX KYIIOJIOB C MOJIOCHBIM OTBEPCTHEM M KOJBLEBOH I1EJbIO.

Ilpu orsvunoM oT Hyasi A,, H3 NOCJIEJHETO YypaBHEHUs
(6.74) cnenyer, uto

Ay = 6B, (5.75)

a U3 npearocJ/jegHero, mnpu Y#% cjefyer, 41o
Ay = 4By, (5.76)

HecosmectrocTs (5.75) u (5.76) o3HauaeT, 4TO YCJIOBHS
HeBHIMOJHHMEL.  Clle/I0BaTeNbHO, JIBHXKEHHE C [OCTOSIHHBIM
yIJIOM TaHTraxa Yy HEBO3MOXKHO (32 HCKJIOUeHHeM YIOMsHY-
TOTO TPHBHAJBHOIO CJYy4as BEPTHKAJIbHOI'O CHHXEHHS).

ABaJOrHYHBIM MYTEM MOXHO JIOKa3aTh, YTO HEBO3MOXKHbI—
He NODyCKAalTCf cucreMoll (5.02) <~ HekoTopele JApyrue Ipo-
CThle THNBI [ABHIKEHHH, HarnpuMep, IABHXKEHHe ¢ I[OCTOSIHHBIM
yIJIOM aTaxH (T. e. MOCTOSHHBIM YIJIOM MeXAY CKOPOCTLIO
Fpy3a H OCbI0 CHMMETDHH KYMNoJa), 332 HCKJ/IOUEHHEM TPHBH-
aJbHOH CHTYALMH BePTHKAJbHOTO CHIYCKa.

dopmaapHoe peureHHe ypasHenuil ApmxeHusi. O003HaUHM

a=cosy; b=siny, (B6.77)
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9T0C [03BOJISIET NPHBECTH YPABHEHHA M[JOCKOIO JBHXKEHHS
K cucreme nfaiTd AuepeHUHaNbHBIX ypaBHeHul ¢ aare6pad-
YECKHMH NPAaBBIMH YaCTAMH:

[ ( 1 1
i= = (ady + FutAy+ §PAy + g Py + UQAzs);

0= — (bBy + uvBy, + uQB3); (5.78)
Q= — (bCy 4 uvCyy + uQCys);
b= aQ;

IlonnHOMHANBbHEIA XapaKTep npaBuX uyacTeft (5.78) mossoJser
NOCTPOHTH (JOPMaJIbHOE PellleHHe ypaBHEHH{ JHHAMHMKH B BHJE
CTENEHHOro psijia N0 BPEMEHH.

TMonoxum:
u= 2 und®, v= 2 vt
n=>0 n=~0
Q= Y Q% a= ¥ a
n=0 n=~0
b= 2 b,t", 5.79)
n=0

rae U,, v, S, a,, b, — 0OCTOAHHBIE, OpHYIEM, a§+ be=1.

[ToactanoBka (5.79) B (5.78) 1m03BOJSIET NOJYUHTL PEKYp-
peHTHBIE (HOPMYJIBI A/t BBIYHCJICHHA KOS(QULHEHTOB pasJio-
skeuns (5.79) mo HayagbHBIM YCJOBHSIM:

1 1 1
tngt = — 5o (Agah g A Y ottnmy + 5 Agy 3 OpOnept
p=0 p=0
n n
1
+ 3 Ay E QpQp—p + Ays UpQ2 -ap);
p=0 =0
n n
~
Unp1 = — 7_11‘7'1‘ ( Bobn + By, L UpUnep + Big 2 up9n=p);
p=0 p=0
n n

I
Quipi=— T ( Cobn+ Ciy Y tpUnep + Cyg 2 upgnsp) ;

p=0 p=0
1
bnp1 = AT 20 ap2n=p}
p==
anyp = — n——;_——l E bpgns.p! n> 0. (580)
=0
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Qopmyant (5.79), (5.80) nawoT ofuiee pelueHHe 3ajaun
JMHAMHKH TJIOCKOTO JABHMKEHHs. ITO pelleHHe umeer ¢op-
MaJibHbIH XapakTep, T. K. CXOAMMOCTb psanoB (5.79) He ycra-
HoBjeHa. Ho, kak wu3BecTHO, Haxe ecau panel (5.79)
pacxoJfiTCs, CyMMa HeCKOJBbKHUX MepBhIX YJEeHOB psiga npa-
BHUJILHO OIMCHIBAET pELIeHHe NPH AOCTATOYHO Malbix f, T. e.
Ha HayaJbHOM 3Tafe JBHXKEHUS.

IlpuBenem neperie Ko3ddunueHTsl pAnoB (5.79), BbuHC-
JieHHbIe N0 PeKYPpeHTHHM cooTHoweHusM (5.80):

1
h=— (Aoao + % Ao + '21' Ayyu0 + ) A5 + AQavOQO);

Uy = — (Byby + BiglUy + Bistte&);
Q= — (Cobg + Craugty + Ciaitgy);
1= Qgddg;
ay = — bl

1
Uy =g (u0a4AgA1y + by (ByA gy + Codys) +
1 /
+ 06829 (Ag + BoAys + CoAss) + 5} ugAlr + ugvl (51 A Ay, -

1
~+ BypyAys Clezs) + 1162 (‘5 A11Ass + Cisss + B1sA23)+
F 10020 (A3 455 + AgaBis + A3sCyy + Ag3Cis + Ay3Byy));
I
U= 3 (5820 (AoBys — Bo) + a0 A0 By, + byt (BoBy,; +

++ CoBas) + 5 0oAsyBay + 5 DAsaBys -+ uboy (Bl +
o 5 AuBiy + 5 BuCra) + Q0 (Bry + Cus + 5 Ay, ) By +
+ @8 (AseBrs + 1 AwsBa) )
Q, = 5 (a0eAsCry + 3R (A4Crs — Co) +
+ botty (BiCis + CoCia) + 5 06450C1 + o % A5sCrs +
+ 50,Cy, (Bm +Cst 5 An> +
+ 6l (Cly + CuaBus + 3 A1nCua) +
+ 020, <A23(312 + 5 ACio) +
+ 02 (A2sCis + 5 AnCua)s
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Qy, = % (b(z)co + 009% + bounvocm + bot12,C13),

1
by = — 5 (aghCo + 062 + ttg0eCrs + Gothe®2Cis)-  (5.81)
C nanpHeHIIMM YyBeJHYEHHEM HOMEpa n TPOMO3LKOCTb

Kos(pduineRToB pana (5.79) Hapacraer. [loayuenue amanu-
THYECKUX BhIpaxkeHu# tHna (5.81) «BpYYHYIO» CT4aHOBHUTCSH
TPYLOEMKHM U MaJonoJiesnblv 3aHATHEM. OLHAKO CTPYKTYypa
kosdpdunmentos (5.81) nosossHo npocta. Hetpyano samerturs,
YTO [0 OTHOIIEHHIO K HAua/JbHBIM JAHHBIM U,, Uy, Q) a,,
b, xosdduuuentsl psfoB (5.79) UPEACTABASIOT MOJHHOMBL
crenedd n -+ 1. 1o Hab.ofeHHe MO3BOJISET NPEBPATUTD
ojHoMepHble pekyppeHTHele dopmysst (5.80), samucsume or
HauaJbHBIX JAHHBIX, B A-MEDHblE peKyPPeHTHble (QOopMYy.Jbt
115 KO3>(QUIHEHTOB COOTBETCTBYIOIIHX MOJHHOMOB. JTH KO-
5(bUUHEHTH] He 3aBUCAT OT HayaJbHBIX YCJOBHH H MOTYT
6bITh MOACYMTAHBL ¢ NoMOlbLI 3BM pas u Hascerxa mus
JAHHOTO MApalIoTa.

HauanbHas cTajusi JABHKEHUS MNapaIIOTHOH CHCTEMbI,
[pumenum cooTHomenusa (5.80) Aaa HccellOBaHHS KOHKpET-
Hofi 3ajayd C Haua bHBIMH ycJaoBuamu. llycTh napaunor
BBeJIeH B JeficTBHe Ha OOJBbHIOH TOPH3OHTAJbHOH CKOPOCTH.
Ocb CHMMETPHH MapallioTa B HauasbHBI MOMEHT HarpaB/eHa
rOpY30HTAJbHO, YIJVIOBas CKOPOCTb paBHa Hyso. C yueToM
(5.77) HauajbHble IaHHBle K cHcTeMe (5.78) HMEIOT BHI:

=0, 0,=1, Q =0, v,=0; uy5~=0
(ug< 0y —uy>V,). (5.82)
PaccMotpuM HauagbHyo ctaguio apuxkenus [IC. 3nech

TEPMUHH «Ha4daJibHas CTalua» HMeeT cneﬂyroumifx CMBICJI: TIOCJIe

HanoJHEHHs KyIoJd, HO OO0 BBIXOJa HAa pPeXHUM CTalHOHap-
HOro BE€PTHKAJbHOI'O CIIYCKa.

Henoassysa (5.81) u (5.82), naxozum:

1
Uy = —-§u?,Au vy = —By; @ =—0C;
by =0; a, =0;
1 3 1
U= 71 qu;; V=5 Uy (BoBys + CyBys);
1
Q,= _;_ Uy (B,Cis + CoCus); by =0; a; = -Q—CO. (5.83)

IMoncranoska (5.83) B pekyppeHTHsle (opmyas (5.80) mo-
8BOJISIET BLIYHCJHUTL CJeAyiomue KodhDPHUHEHTH CTEINeHHBIX
psaxos (5.79):

— o (B bl Ao+ 4B+ ACh+ 245B L)

u3=

149



y
Us = — 5 ((ByByy + CoBua) (Ay; +Byy) + Byg (B,Crpt C,Cu))

2
U
Q= — 3¢ (A1 + Cia) (BoCry + CoCia)+Cip (BoBia+CoBuol)i

by = 0; a5 = 5*(BoCys + CoCis)i

1 3
Uy = 4_g<u8 ) Ay F 1o (Ao (BCry + Cocw) +

+ 411 (ACo + AgyBo + AgsCh + 24,33B,C) -+
+ 3A22BO (BOBI2 + COBIS) + 3A33CO (BOCI2 + COCI3) +
+ 8445 (By (ByCyy + CoCus) +Co (BoBiyy + CoCrs));
,3

v
Uy = 4OT (Bie ((Agy + Byy) (BoBygy + CyB1s) + Bys (BoCyy +
3
+ 60613) + 5 All (AIIBO + BOBl2 + COBl3)) +
+ Bys ((A1y + Cis) (BoCra + CoC1s) + Cya (BeByy + CoBys) +
3
-+ '2“1411 (AnCo + BCya + CoChs)))

3

Q= 5 (Cia (Ass + Buy) (BoBiy + CoByy) -+
3
-+ Bl3 (Boclz =+ COCI3) + 92 Au (AnBo + BoBlz + CoBls)) +
+ C13 ((A1y + Cig) (BoCra + CoCrs) + C1 (BoByy +
+ CoBus) + —2‘ Ay (A13Co + BoCry + CoCiy)));
by= — —é— Cs;
2
U
@y = - ((Agg + C13) (BoCis + CoCis) + C13 (BoBy, +
+ CoBy). (5.84)

CiiefioBaTeNbHO, peIIeHHe pPacCMaTpHBaeMOll 3aJauH MOX-
{0 34NHMCATBH C TOYHOCTBIO JO YJEHOB INOpPsAKa {* B TakoM

BHIE!
1 t’Co>2.
b=1— _2.(_2_ .

lt2 B # 3 .
Q=g 10, 0 1 37Ue03, 1 + 77 UoGs, 25

12 B e # o3
Q=f91,o+gu092,1+:3—!u093,2+4,—u094,3;
=t 2 ugo L ul 2 Uivs s;
U= 01,0+2!u0 2’1+3I 003,2+4! 0Y4, 3,
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2 12
U=ty tuolly, 2 + 5 Uglle. s+
3 1 A 5
+ 57 (olts, o + U, o) + g7 (Wotka, 5 + ugts, ). (5.85)

IlByxuHjeKcHble o6o3HaueHns B (5.85) uMeOT NpoCTOH
CMBICJI: HanpuMmep, v3, 2 — KO3(Q(HUKHEHT NPH CJaraeMoM BHILA
13
3
IBYXUHIEKCHBIX KO(DQRIHEHTOB JIETKO YCTaHaBJMBAOTCs
u3 conocrtassaenus (5.85) u (5.84).

Pemenne (5.85) no3BoJigeT NMOJYYUTL ONpele/ieHHYIO HH-
dopMaunio o HavsalbHBIX cTagusx Aeixenus I1C. Haiizem,
Hanpumep, u3MeHeHHe yrJa TaHraxa y. OO6o3HAUHM

2
4y B Da3JIOXKEHHWH U MO CTENeHsM BpeMeHu f. 3HaueHHA

Ay =5 —y. (5.86)
Torza
= cos y = sin Ay = Ay—%(Ay)?’—]— (5.87)
[osoknm
Ay = 1A, + PA, +BA; A 4 .. (5.88)

[Moxctanoska (5.88) B (5.87) u cpaBHeHHe C pa3Jfoxe-
HHEM BEJNHUYHHBl @ B psif 1O cTemeHsM Bpemenu (5.85) mo-
3BOJIET ONpefieuTh KOshhuuueHTsl Ay, A, Ag, A4, 4TO Ha-
eT, ¢ yueroM (5.86) 32KOH H3MeHEHHsl yrJa TaHTaxa:

t2 t3 4
V= % — (? 3,0 + 37 Uols,1 -+ i—! ug@ss + .. ) (5.89)

C nomompio (5.89) MOXKHO OLEHHTb XapaKTepHOE BpeMs
14
H3MEHEHHS! OPHEHTAUHH T, COOTBETCTByIOUlee Ay~ 31

iy T2 12
7~ 7 @0 =730,

Ve
T E;.

INapamerp C, 3aBHCHT OT a3pOAMHAMHYECKUX M HHEDIHOH-
ueIx xapaktepuctuk [IC. Kak craepyer us (5.64) C, >0 (o
KpaliHe# mepe, 1 chepUyeCKUX XYMOJOB).

PaccMOTpHM H3MEHEHHe yria aTakH I[eHTpa KyloJa o
(0 —yron Mexjy CKOpOCTbIO [IEHTPA H OChI0 CHMMETPHH).
OTOT yro/ CBfA3aH C KOMIOHEHTAMH CKOPOCTH HEHTpa 4 U U
OYEBUIHBIM COOTHOMIEHHEM!

OTKyJa

o = —arctg Uv . (5.20)



Pasnomenue (5.90) B psif 0 OTHOWEHHIO — H  TOCJe-

v
Lylolee passiOREeHHe —- B Psiil 10 CTENeHsM ! [aeT, ¢ yue
TOoM (5.85), 3aBHCHMOCTb . OT BpEMEHH:

& = fo; + 2oty -+ Bog + oy + ..., (5.91)
rie
Y10 . 1 :
Gy =—_— Ky ="Uel2— 5021
L)
8
V1,0 | 1 2 1
Qg = —= — — —_— —_—— .
P75 + uo(2 Ui,902,1 — 5 V3,2 — U9 (ux,z 5 uz,a)),
02 1 ’]
1,0 2
oy = T (—2- Ug;1 —Ul,oul,z) + up (guz,m,z —_
0

1 2 1 \ 3
— g lilde— 3 W ;3) — U0 (t1,2U2,3 — U1,2) —
1 430 U3
1 (u;;;l + Tg) — 34—)) . (5.92)

Tak kak, 1o (5.85) u (5.83) v;,0=—B,, To H3 (5.92)
u (5.63) BEITEKaeT, uTO

__ ND+ M,
- Aty

ay < 0. (5.93)
Hepagpenctso (5.93) cipaBejJnBo, o Kpafine#i mepe, Iaa coe.
puueckoro kynosa, T. K. u < 0,aM;=0, Ac >0, ND >0.
3To HepaBeHCTBO O3HAYAET, UTO Ha CaMofl HavyaJbHOH CTaiuu
[OJIIOC KYIOJa «[IPOBAJIMBAETCH» MOJA TPAEKTOPHIO UEHTPA K-
noJa.

SIBub BUI KO3DOHIHEHTA &, MOXKHO NOJYYHTD, NOACTABAAA
(5.84), (5.85) B (5.92), 4T0 NPHBOAHT K JAOBOJBHO I'POMO3IKOMY
BeIpaxkenuo. OpHako Jas MasnoraGapuTHBIX rpyso (D < 1)
OHO CYUIECTBEHHO YIIPOINAETCH:

Y13
2fNmy

~

o, + 0(D), (5.94)
rle m, = Y,— onepeyHasl NPUCOeJHHEHHAass Macca.

Kak 1okaseiBaloT BBIYHCJEHHS, BHIIOJNHEHHBIE A5 CepH-
YeCKHX KYHOJOB C MPOM3BOJILHBIM  Pa3MepoM  [OJIOCHOTO
OTBEPCTHSA U POH3BOJBHLIM PACIOJIOKEHHEM KOJIbUEBOH e ,
aspoavHaMHuecKuil kosdduuuent Y,; orpumaresen. Caeno-
BartesipHO, 10 (5.94) napaMerp o, NOJOXKUTENEH, N0 KpafiHeH
Mepe s pocratoydo manwx D. B cuay (5.91) sto o3Ha-
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gaer, 4YTO C HapacTaHHeM { Yroj aTak¥ & H3MEHSeT 3HaK
H CTaHOBHTCS NOJIOXKHTE/IBHBIM: OJIOC KYI0Ja «NIOJHUMAETCS
HajJ TpaeKTOpHeH LeHTpa.

OnpenesuM CHAY W MOMEHT, ACHCTBYIOIMIME Ha KYy[IOJ.
O6mue BhIpaXKeHHs! AJS HHX OpUBeleHH B § 2.2:

Fy=—2a @Y, +QY, + uoY,, + uQ¥);
F,=—29n <i¢Z,+ % u*Z+ -;— v Z,,+ —; 92233-{—09223);
M, = — 25 (OM, 4 QM; + uoM,, + uQM).  (5.95)

3annmeM (5.95) B BHAE CTENEHHBIX DALOB:

F,=—2=n 2 Fyntty, Fy= —2=n Z Foatm
n=0

n=0

M, = —2n 20 Mt (5.96)
n==

TlogcraBnsas (5.96) B (5.95), maxoxzum, ¢ yueroMm (5.79) Bu-
pakeHHsl AJsl COOTBETCTBYIOUIMX KO3(QPHIHEHTOB:

Foo=tp(n+ DY, +Qup(n4 1) Y3+ Yy, p;oupvne-p +

n
+ Yy E UpSn—p;

p=0

1 "w 1 X
Fono = thpy (n+ D 21+ 5 21 ),0 Uylin—y + 5 23, ZO Unlnep +
p= p=

I n n
+ 5Zss p§="'o QQn—p +Zps ,,;o URn—p;
Myn = Unt1(n+ 1) Mz + Qn-l—l (n+1) M3 +
+ MmpZO Uplinp 4+ Mys Zoupgn_,,. (5.97)
= =

Ananus BeipaeHHH (5.97) NOKasklBaeT, UTO MNPH MAaJbIX
f 3aBucHMOCTb F, OT BpeMeHH HMeeT BujA YyOblBawlieHd Bl
NyKJOH BHH3 KPHBOH, & SaBHCHUMOCTh F, OT BpeMeHH — Ha-
pacramoliasi BhIIYKJ/ash BBEPX KpUBas.

Dopmyanl (5.97) nO3BOJAIOT, B YaCTHOCTH, ONPEAEJHTH
OPHEHTALMIO BEKTOpPa CHAB F N0 OTHOIIEHHIO K KYHOJY.
[lycts f— yroa MeXAy OCbIO CHUMMETPHH 2z U BekTopoM Fi
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Henonssopanue (5.97) u (5.98) no3posisieT 3anucate yroa f§
B BUJe pAAa No creneHsMm spemeHn. Heckosapko HeoxuaaH-
HEIM SBJSIeTCS TC OGCTOSITENbCTBO, 4TO YroJ B OT/MuUeH OT
HyJs Jaxe B HauYa/ibHLI MOMEHT BpemeHH, npH f= 0:

£ NDY , 4+ Mg¥, — M,V
tehh =7, NaZys (5-99)

Hnst chepuueckoro Kynoaa (5.99) HeCKOIBLKO yIpOLIaeTCs
Dm | (N
tgBo = 4—= le( ki) )
CN(ND4m, (D %)

rle m; = Z; — NpoJoJbHAs NPHCOEJHHEHHAas Macca.
Gopmyaa (5.100) nokaseiBaeT, YTO MpH AOCTATOYHO JeET-

(5.100)

x a
KoM rpyse (N — 0) yron P, MmoxeT ObITb BeCbMa BEJIHK (”g)-

Ham seusBecTHBl sKCnepUMEHTaNbHbIE JAHHBIE [0 3TOMY
Bonpocy, HO pesyaptat (5.100) Kkaxerca HeOXHJaHHBIM
¥ B KAKOM-TO CMBICJIE HeeCTeCTBeHHBIM. BO3MOXKHO OH MOKa-
3bLIBAET, YTO ypaBHeHUs BuAa (5.62) — u Jiobble pOACTBEHHbIE
MM YDaBHEHHA ¢ (DUKCHPOBAHHBIMM 3HAUEHHAMH as3pOAHHAMHU-
YeCKUX KO3(PUIIHEeHTOB — He Jal0T aJEeKBaTHOTO ONHCAHUA
nerxenus [1C npy GosblUInX yCKOPeHHAX (DEXKHUMBI NepelenKH
rpysa, ObICTpOro BBOJ2 B JeHCTBUHEe HANOJHEHHOTO KynoJa
4 T. 1n.). Camo upeacrtaBsnenne o6 a’poJHHAMHYECKUX KO3(-
(HLUKEeHTaX MOA€3HO, [O-BHAHMOMY, TOJBLKO Ha peXHMax,
B/IH3KUX K CTailHoHapHOMY CHuXeHHIO. Mccienopanue pesko
HEeCTallHOHADHBIX ABHKeHHH TpeGyeT npuMeHeHus OoJiee CJI0XK-
HBIX THAPOJMHAMHUECKUX CXeM U 6oJiee CJOMKHBIX MaTeMaTy-
YeCKHX MojeJiell, YyeM NPUHATBIE B 5TOH KHUTeE.
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