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TEOPUA KPYTUITIbHOIO BUCKO3UMETPA, 3AMONHEHHOIO

ABYMA HECMELLUBAKOLWLWWMUCA NPOBOAALIMMU XXUOKOCTAMMU
U NOMELUEHHOIO B MATrHUTHOE MOJNE

B.I1. Beckayko, A.M. Comose

B ¢BA3HK ¢ OKCMIEPUMEHTAMH 10 H3YYEHHIO SIBJIEHHII PAcC/IOCHUST B MeTAJINY €CKUX
pacinaBax HafJeHO peuleHHe 3aJaY4N 0 KPYTHILHOM BHCKO3MMETpe, 3210/ IHEHHOM
ABYMSI HECMELIMBAIOLIMMUCS TIPOBOASIEMMHE KHIKOCTAMH H IOMEIIEHHOM B OJHO-
POAHOE CTaTHYECKOe MATHHTHOE [10JIe 0CEBOT0 HANPABJICHHS.

Bsenenue

MHorue xunkne MeTaUIHUECKHE CIUIABBI CYUIECTBYIOT B BH/JE HCTUHHOIO PacTBOPa TOJILKO MPH
BbICOKMX TEMIIEPATYPaX U UCTBITHIBAIOT PACCAOCHHE HA J1BE HECMEIIUBAIOLIUECS XKUAKOCTH NPU 0XJla-
HKICHHH. B oKcnepHMeHTax ¢ KPYTHIBHBIM BHCKO3HMETPOM ynaeTcs HabmomaTe XOJ MpOLECCOB pac-
CITOCHHMA M0 HabMOACHHAM 32 TEMIICPATYPHOH U BPEMEHHOH 3aBUCHUMOCTRIO MapaMeTpoB KoJdeCaHud —
neproja v iekpeMenra 3aTyxaHus. [locnennuit oObuno Hanboree YyBCTBUTENEH K COCTOSHUIO MHIKO-
ctu. Kputuveckas temneparypa, HUXe KOTOpPOH pacTBOp pacnazaercs Ha Ase (asbl, QUKCHpyeTcs Kak
TEMIIEPATYPa, MPU KOTOPOI HapylaeTcs MOHOTOHHOE TMOBECHUE apaMeTpor KojeOaHuii o Mepe ox-
NaxAeHus romoreHHoro pacrsopa. Cam npouecc pasaeieHus (a3, Kak MOKa3blBalOT 3KCMEPHMEHTHI,
MO>KET OBITb BEChMa JUIMTENbHBIM U 4acTo TpeOyeT BpeMeHH, HAMHOTO HPeBBIIAIOLIEro BpeMs OJHOTO
LIMKJIa KPYTUIBHBIX KoneOaHui (ropsaka 10 MuHyT). B X04e mpouecca pacciioeHus JeKpeMeHT 3aTyxa-
HUA KOJIeOaHMH M3MEHAETCS BO BPEMEHH HeperylspHeIM ofpa3oM 40 TeX Iop, IMOKa He 3aBepLIUTCH
pasnenenue ¢as. HauuHadg ¢ 5TOro MOMEHTa, BUCKO3UMETD OKA3bIBACTCSA 3allOHEHHBIM JBYMs JKUIKO-
CTAMH, OTJIHYAKOLIMMHCS 110 CBOMM (PHM3HKO-XHMMYECKHM CBOMCTBAM — BS3KOCTH, MJIOTHOCTH M 3JIEK-
TpOnpoBoAHOCTH. B 3Tol cuTyaunm camoe Sonpuiee, YTO MOXKHO IOIBITATECS CAENATH /IS HHTEpIpe-
TalMH ONBITHBIX JaHHBIX B PAMKaX CYIIECTBYIOLIMX TEOPHUH, — OHEHUTS «3Q(EKTUBHYIO» BA3KOCTh U,
BO3MOXKHO, «3((hEKTHBHYIO» IIOTHOCTH HEOAHOPOJAHOIO PaciiaBa, ecjii NMOoJb30BaThCH KIIACCHUYECKON
Teopueit [1], unu (¢ nomoupio Teopuu [2,3]) — BA3KOCTH KaX/10M U3 (a3, eciii W3BECTHBI X IJIOTHOCTH
1 06bembl. OGbeMbl Npo3payHbiX a3 MOKHO OTPEeNEUTh MO NOJMoKeHHIo MexdasHol rpaHuusl. B
Clly4ae BBLICOKOTEMIIEpaTyPHBIX PACIUIAaBOB CHAENAThL 3TO HEMOCPEACTBEHHO BEChbMa 3aTPYMHHUTENLHO.
Taxkum o6pazoM, B HacTOALllee BPEMA OTCYTCTBYET METOJMKA OLEHKH CBOHCTB COCYIIECTBYIOLIHX (a3 B
paMKax MeTola KPYTHIbHbIX KojeOaHui. BeixonoM m3 nonosxkeHus Obura ObI BOZMOXKHOCTH HabrOe-
HUS U8 JAHHOTO COCTOAHMSA pacillaBa He eqMHCTBEHHOTrO Habopa napameTpos kosnebanni (JexpemMenta
¥ [eproza), a HEKOTOPOM WX CEpHM, BO3HUKAIOWIEH, HanpuMep, BCIEACTBHE H3MEHEHHs OIHOIO WK
HECKOJIBKMX IapaMeTpoB YCTaHOBKM. Takas mpouenypa, OJHaKo, BPSJ M OCYLIECTBMMA NIPAKTUYECKH.
JpyruM BapHaHTOM MOXKET OBITh «ITPOTKKa» MO HEKOTOPOMY BHelIHeMy nonto. B paborax [4-6] Hamu
Ob110 NOKA3aHO, YTO TAKOBBLIM MOXeT ObIThb BHELIHee MarHUTHOE Ioje, crocoOHOe B ClTyyae KHUIAKHX
METAN0B CYLIECTBEHHO H3MEHHTb Hal/ofaeMble napaMeTphl KOJAcOaHUH yxe NpH CPaBHHTEILHO He-
OompluKX (JIerko OCTHraeMBbIX) 3HAYEHUAX €ro HHAYKLMH. [ToaToMy npeacTaBigeT HHTEpeC 0000LIHTE
pe3ysbTaTel, nojyyeHHble B [4-6], Ha ciyda¥i, KOria BUCKO3MMETP 3allONTHEH ABYMA HECMENIUBAIOLIN-
MHCSA MPOBOIALLMMH HXHIKOCTAMH, BOSHUKAIOLMMHU, HAIPUMEP, BCICACTBHE PACC/IOEHMA PaciliaBa.

MaTtemaTnyeckasi opMyIMpOBKa 3a1a4UU

IlycTe BepTHKANBLHBIA LHIMHAPUYECKHH COCYA (THUre/b) U3 HEMATHUTHOTO JMIJCKTPHKA C BHYT-
peHHHUM paguycoM R W MoMeHTOM HHepUMH K 3arosiHeH AByMsl HECMELIHMBAIOUNIMMUCA MPOBOIAAIUMH
MMAKOCTAMH H, OyAyuH MOJBELIEH HA YNPYroi HUTH, COBEPLUAET 3aTyXaloUlle KPYTUIbHBIE KoeGaHus
BOKPYT COOCTBEHHOH OCH B OZHOPOIHOM CTATHYECKOM MAarHUTHOM MOJIE C HHAYKLHMeH By OCEBOro Ha-
rpasnieHys. Bee Be4uHEL, OTHOCALIMECS K HIbKHEH (6os1ee IIOTHOM) XKUAKOCTH 0003HAYUM HHAEKCOM
«l», a k Bepxneld ~ unaekcom «2». Toraa BennumHsl V,, 0, 0, U h, (i=1,2) 6yayT o3Hayarh COOTBET-
CTBEHHO KMHEMATHUUYECKYIO BA3KOCTD, IJIOTHOCTD, SJIEKTPOTIPOBOAHOCTL U TONLIMHY €104 i-H KHUAKOCTH.
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[TycTb M3BECTHBI TAKXKE NEPUOL T, Y JIorapuPMUUECKHN JEKPEMEHT 3aTyXaHus &, IyCTOro LMIHH/PA.

3ajaya COCTOMT B MpPEACKA3aHHU MEPHOJA 7 W JEKpeMeHTa 3aTyxaHus & Konebanui LUUTMHIpA, 3a-
TNOJIHEHHOTO YKa3aHHBIM CrIoco6oM.

B npucyTCTBMM MarHMTHOIO IO/ ABMXKEHHE MPOBOSIIEH XHAKOCTH B LIMIMHApPE GyNET Onu-
ChIBATHCH YPaBHEHUSIMH MarHHTHON ruapoarHaMiaki. C LEbio UX YIPOIIEHHS BOCHONB3YeMCS YKA3aH-

Ho# B [1] ouenko marnuTHOro umucna Pefinonpaca Re,, = 1,0UL, roe U — xapakrepHas CKOPOCTh T10-
TOKa, L — XapaKTEPHBIA MPOCTPaHCTBEHHEINH MaciuTal TeYeHus, f4, — MarHWTHas NocTosHHAas. [ Me-

-1
TallJIM4ECKMX PacIulaBoR (0~(1...10)~1O6 (OM'M) ) ¥ TUNMHMHBIX YCNOBMH RHCKO3MMETpHUe-

CKHUX DJKCMEPUMEHTOB (R ~ 107 M, 7~5 ¢) okasbiBaercs, 4yro Re,, ~2,5x (10'4...10’5). Manocte Mar-

HUTHOTO 4mMciia Pefinonbsica nossonseT npenedpevb HHIYLIHPOBaHHBIM MArHUTHBIM HOJIEM B CPaBHEHUH
¢ BHeWHMM (cM. Hampumep [2]), U B ciydae, KOrAa MoC/AeHEE OKA3BIBAETCH CTATHYECKHM, 3aITHCATh
CAEAYIOLLYIO CHCTEMY YPaBHEHHMN:

) §Y%+(\A7,V)\", =Ly svav LTSN} 40
24 2 2
AD, =ByrotY, )
KoTopas, 0y/fyuu AONOJIHEeHa MaTepUalnbHBIM ypaBHEHHEM (3akoH Oma)
J,=0,(=Y&, +[V,,Bo)), 3)

npeacTasaseT coboi 3aMKHYTYIO CHCTEMY JUIS OTBICKAHHA MoJel ckopocTell V M 3JIeKTPHUECKUX T0-

A

TeHUManoB D, B KOKAOH M3 skuAKOcTeH. B aTHX dopMynax j, U p, 03HAYAIOT IUIOTHOCTh JIEKTpHYE-

CKOrI'o TOKa U JaBJIeHUE COOTBETCTBCHHO. KpbllHKa CBery YKa3bIBA€T, YTO noMeYdYeHHasa BeIuuYrHa IBJ1d-
eTCH pasMepHoﬁ H 3THUM OTIIHYaeTCqa 0T OJHOUMEHHBIX 6e3paSMepHI>IX BCJIUUMH, BBOIHMBIX HHXKE. I/IC-
knovas 13 (1) ¢ moMouipto (3) MIOTHOCTL TOKA j,, YPaBHEHUA ABHWKEHMSA 3alHIIEM B BUAC
ov,
ot

A 1 ~ O ~ o NS
+(V V)V, ==—Vp, + VAV, =—[VO B, [+ —[[V,Bg ]B, ], 4
pl 14 1
AD, =BgyrotV,. (5)

BribepeM UWIMHAPHYECKYHO CHCTEMY KOOPIAMHAT, HAUa10 KOTOPOH MOMECTHM Ha JHE LIMIMHAPa, & OCh Z
HarpaBuM BOJIb €r0 reoMeTpuieckoi ocu. [pu pewenun 3anavn Gynem UCNONL30BaTh TE xe npudIn-
xenus, yto m B [ 1, 2]:

1) amrnuTyna kosnebaHuid Maia HaCTOJMBKO, YTO €AUHCTBEHHOHN CYIECTBEHHOH KOMIIOHEHTOH CKO-
pocTel kuaKkocTel OyaeT a3uMyTallbHad Vup (f,é,f )

2) TeHeHHE aKCHANBLHO CUMMETPHYHO;
3) paccmarpuBaeTcs YCTAHOBHMBIUMHCS peXkMM 3aTyXalOIHX KoneOaHuil.
HUcnonbsosanue npubmskenuit | 1 2 nozsonser 3anucatk ypasHennd (4) v (§) B cnepyioweM BHAE:

v, v, &V, V 7 \
To 41007 1,2 Jel 00 p O gy |, ®)
ot ror\ or oz ¥ yol or

; 26 vV, oV
lﬂi F—E—}g +6 it =By - +—F Q)

For\ orF 032 7 or

Beezem tenieps Ge3pasmMepHbie BETHUHHEI U TApamMeTphl:

=i/r, z=%[h, r=F/R, y=h/R, e=h[h,

2 ) é i (8)
Re, = Ha =B,R |-T, Vip=Vp /R, @ =—T—, Q=0/Q,
fv: plvl BOR Q-0

rae € — aMnaMTyAa yriioBoi CKOpOCTH LHIHHIpPa, a () — ee HadallbHOoe 3HaueHHe. OBG03HAYMM TaKKe

Vo

ypaBHeHus (6) v (7) npumyT BUA:
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v, 18( 8V 18 V (0D
Re,—F=—r|r—t |+ ————L+ Ha' | — -V, |, 9
ot rar( ar) yr ozt r? a(ar J ©
12(,80), 150, K 2 @)
ror. or oz r  or

YuTeM Teriepn, 4TO B PeXXUME YCTAHOBHMBIIMXCA 3aTyXaOWMX KoneOaHHi oMKHO GBITh:
-ai
Vir,z,t)=v,(r,z)e™,
Q)= Qoe“a' ,
—at
@1(r5zat) = ‘//:(raz)e “ »

rae o =0+ 2xi — He3pasMepHads KOMIIEKCcHas dyacrora kosnebannit. [Toacrasnsas sty Beipaxkerns B (9),
(10), asnst ypaBHeHHU ABHKEHUS NOTyHaeM OKOHYATENLHO!

2
—aRe, v, =l—a—(r?l)+—l-a—v—'——v'—+ﬂaf(§ﬁ—v,j, (11)
r or or y2 822 r2 or
9 12
_____‘( !)[/l) Wl ( l I). (12)

ror or’ oyt 8 r

3anumem TENepL rpaHHYHbIE YCIIOBHA AJTA V,(p H iy

v,(1,z)y =1, v, 0)=r, v, D=v(r, 1), (13, 14, 15)
M Lo, gy L, oy, (16,17, 18)
0z z=l4¢ 24 z=1 82 or r=l
L R 1 - a4l _5, 2 (19,20,21)
Oz z=0 oz z=lt+g Oz z=1 Oz z=1
¥ Iz:l =¥ iz=1‘ (22)

Ouu o3HavatoT: (13, 14) — ycoBua NpuaHNaHus BA3KOH XKHUAKOCTH K TBEPABIM CTEHKaM cocyha, (15) —
OTCYTCTBHE CKOJIBKEHHS MEKAY KHUAKOCTAMU Ha MekdaszHon rpanuue, (16) — oTcyTcTBHE CABHIOBHIX
HanpsyKeHUH Ha cBOOOJHON rpaHuLe BTOPOH mUAKOCTH, (17) — paBEeHCTBO 3THX HaNpPSKEHHH Ha MEX-
thazHoit rpanuue, (18)~(20) — oTCyTCTBHE 3/IEKTPHUECKOrO TOKA Yepe3 TBep/ible FpaHHULIbl U CBOGOAHYIO
TMOBEPXHOCTE BepXHEH XKUAKOCTH, (21) — OTCYTCTBHE 3JEKTPHUECKOrO 3apsja Ha Mex(a3Hoi rpanuue,
(22) — HenpepbIBHOCTD ANEKTPHHECKOrO MOTEHIIHANA Ha HEH.

Pacuer noJieif cKOPOCTH H HOTEHHHAJA
Pewenne kpaesoii 3anauu (11)~«22) Oynem paspicKMBaThL B BHIE
Jl(k r) 1 Jo(kr)
v, =—lts4 =t £ (r,2), 23)
=) x(rz), vy, PRNATS ,(r,z) (
rae J, — beccenesa QyHKIMA NEPBOro poja i-ro nopsiKa, a napaMertp k, noxa He onpedeneH. [loacras-
ass (23) 8 (11), 6ynem umerts

-{(aRe, 1)hn, ) (EM)}R,{@(%_J
Ji(k) ror\ or Ji(k,) ror\_ or

1 8%y, 1 NG )
e ey + Ha' | = - .

(24)

Beipaxkenue B neBOH 4acTH 3TOro paBeHCTBA Oy[ET PaBHO HYJIIO, €CITH TOJIOXKHTH k,2 =aRe,. Torma
Ans QyHKuMi ¥, U & nosyduM ypaBHEHHe

Oy, 10y 18y 1 2 3¢
+ + —— g, - Hi - 24 =0, 25
o T e 9 X —Har (7, ar) (25)

Ananoruuso noacraHoBka (23) B (12) mpuBoaUT K YpaBHEHUIO

aRe, 7, +
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10 ag,) 1625 1 oy,

==y 26
¥ 6r( 2 Oz ot 4 or (26)
3ameTuM, uto ycnosus (13) v (18) Teneps NpuMyT BHA,
o¢
=0, = =0,
Z’ lr:l a?‘ r=1
Ouu GyAyT yROBIETBOPEHDI, €CJIH NOIOKHTB!
Z,(V,Z)ZZU,,,(Z)JI(}/”T), éz(rsz):ZEn(Z)JO(}’an (27)
n=1 n=1

rae 7, — n-i kopeb ypasrenus J, (x)=0.
Ioacrapnas teneps (27) B ypasnenus (25) u (26) u yuureias, yro pynkuun Ji(y,r) oproro-

HallbHBI APYT APYTY IIPU Pa3sIUYHBIX A, TOMy4aeM, uto Qynxuun U, (z) v T, (z) NOMKHBI YIOBIETBO-
pATb ypaBHEHUAM:

U (z
“‘5;'"2‘(“)+ y (aRe,~y, ~ HaU,,(2) =777, Ha!T,, () =0, (28)
02T z
AN ORI 29)
Hexmowas us (28) U,,(z) ¢ nomomslo (29), Haxoaum zaMKHyToe ypasuenue g 7,(z)
8T,
—at7 (aRe 2% - Ha ) — 72 (aRe,~y2)T, =0
WY
0Ty, 0Ty
" +A,T,=0, 30)
ozt " 8z° (

TZie MBI MOJIOKUIIH:
2 2 2
K,=y (aRe -2y, ~Ha ),
2.4, 2
Am =Vn? (;yn —aRe,) .
Xapakrepucruueckoe ypapHenue 1 (30) umeer Bug
4 2 _
ﬂm + K‘znﬂm + Am =0 ’
a €ro peleHus eCTh

2
- Kin Kln
(A‘zn)l,2,3,4 “i\/_' 3 T 4 T Bm e

Ecnu o6o3Haunts

2
£ _ Km Km
Z’m‘\/—“?i' ——_-Am »

4
Toraa obuiee pewesne ypasHeHus (30) s { = 1, 2 MOKHO 3aNuCaTh TaK:
T,, = ay,shl A, (L — 2)] + by, ch A, (1= 2)1 + ¢y, sh AL, (1 - 2)] + dy,chl A, (1 - 2)) @31

5, = aznsh[ﬂ{n(l +&-2)]+ bznch[@n(l +&-2)]+ S Ay, (1 + - 2)]+d,,cH A, (1+6~2)] . (32)

[logcraenaa T, B (29), Jerko HaXOOHUM TAKKE:

mn

- __((;1_;5_)2 2Ny AL (= )] bchL A (1 - D)) +

(33)

1 A
+— (( 1n
4

n

) ~Vn )(ClnSh[lln (1 Z)] + dlnCh[x’ln (1 - Z) a
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:_1_((_@%)2 gy SHL (14 6= 2]+ by chAS, (14 & — )] +
’ (4)
+yi(<i;ﬂ)2 P2 NapsH A5y (14 6 = 2)] + doychl Az (14 6 - )],

B cootnowennsx (31)-(34) a,,, b,, ¢, d,, (i=1,2) — KO3 PULHEHTDI, KOTOpPBIE NTOKA HE ONpee-

JeHsl. [[711 MX OTBICKAHUS BEPHEMCS K OCTABHIUMCA MPAHUYHBIM YCJIOBUAM. Ycnosue (14) Teneps o3Ha-
YaeT, YTO

- J (k)
D S (Y Wy, (0 = r — 2
e 1Vt Wi (0) =7 7.06)

K sesmmunnam U, (0) MOXHO OTHOCHTBCA Kak K KO (HLIMEHTaM pa3jIoKEHUS NIPaBOH 4acTH paccMaTpH-
BAEMOIO YPaBHCHUSA B psm o prHKHMﬂM beccensi. Torna uz Teopuu psgos Oypree—beccens cnenyer, uro

J(klr) 26t
Uy (0)= rr =Ry 0 e = - -0,. 35)
" | nG HZJ k) =)

AnanornyHo ycnosus (15) u (22) Teneps 3anMchIBalOTCS KaK

Sk Skr) S U DU (]
Ji(k) (k) ;1(“’”){ 21U, (D},

1 Jolkyry 1 Jylkyr)

— —— =S Jo (W Ton () =T (D},

ky L) K Jy(k) 21 OF T an
rae rnociacnnee ypaBHeHHe MOQOXXHO HpHBCCTI/I K BI/II.[y

har) SN s 7,()~T, (1
Jky) Sk HZ:l}’n 1 W2 (D =T, (D}

€CJIY BOCIHOJIL30BATHECA TEM, UTO

d
;,;Jo(x):“«]x(x)-
Torna:
27, K2 —Kf
U,, () -0, (1) = —=£,, (36)
= Jo(?’n)(’fz ~ VXKL ~7m)
2 2
Ty () =T (1) = iKY G (37)

2v.2 2
Jo( W) (8 =7a K3 =) T
Ocranbtbie rpaHuyHbie yenosua ana Gyuxauid U, (z) u 7,,(z) monyqarorcs 6oee HENOCPEACTBEHHO:

Wl Ly, 5%l o, @) Al g (339, 40)
dz |,o.e dz |, dz |, dz |,
1 . (41,42)
dz |,epre dz |, dz |,

TMoncrarnss obuiee peinenue (31)-(34) B rpannynble ycnosus (35)~(42), nosy4aeM IONHYHO CHC-

TeMy ypaBHeHHH UL OThICKaHMs a,,, b, ¢,,, d,, (=1, 2):

«4&)2 = 7a XA 1+ b hl A 1) + <<—‘i>2 = Y XrnSHL g 1+ A €HL A3 1) = ¥ (43)

22" ) - 7}1 (aZnSh 22)18] + bZnCh[Z’Zn ) + ((/12;1 ) - yn (CZnSh[/‘?QnS] + dZnCh[X’an]) -

(44)
A A,
~(F2Y —y by, ~((CE =)y, =1l
4 Ve
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ﬂfzn

e «5—"? — 12z =0,
ni(ﬂ‘ln(( ) _yn)aln +]’ln(( ) _yn)cln)_‘

A 2

=1, (Aa, (( ) ?’rzr XaauCh[ A3, €1+ by, sH[A3,6]) +

+22,1«22'3 VX eoncHAE] + oy sHALED))

A (ay,chfA) 1+ blnsh[itf; D+ A, (e, chl A, 1+ d),sHAL D =0,
A’;;nGZn + AQ_nCZn =0 »

o) (lﬁaln + )"l;zcln) =0, ()L;n(a2n0h[ﬂgn£] + b2nSh[}’zng]) + ﬂ’l_n (C2nCh[A’2—ng] + dEnSh[%—ng])) s

a2n3h[ﬂ’2—n€] + b2nCh[;[Q+ng] + c2nSh[j'2_ng] + dZnCh[ﬂing] - bln - dln = "éﬂ‘ .

n
Hz (45), (48) cnenyert, uto

[25) chI:O'

" =
Ecnu o603HauuTh:

AF _ -
g =Gy 2y, g =((nyr o2,
4 '

=27 -7 5, =27 7D
T0 ¢ ydeToM (51) cucTema ypaBHEHUH U1 OCTAaBIIMXCA KOdhGhUUMEHTOB [IPUMET BUA:
Ky (18P Ay 1+ by LA 1) + G (e, sHL A7 1+ Ay Bl A D) = VB,
b2 25,61+ &y donch A3, €1 = F by, = Ky = 78,0,
(AR, + HnSnCin) = 1 (AnF0nb2us M A€ )+ Ay D2 SH A5 ,€1)
M (QinCHL 2y 1+ by SHLAG 1) + A4y (C1uCh{ AL, 1+ dyysHUAL, 1) =0,
O (A + A1) = 02 (A3 byySHLAG 181+ 45,515 2 ,€1) 5
b CH A3y e] + dnhl Ty by =y = =52

n

W3 ypaBuenutit (53) n (57) cnepyer, 4ro

+§n

T e A = 0 NS )
" (i~ &) ’
o+ 8 2 by M 515 = ) - i OHLAS €155, 87
o= - (- 0) |

ams (54) n (56) -
bznﬂgnshmqnsu’h %, -2 L)+ dznzgnshugna]( 5~ 2 )
o R ’
b RS A€ 1O G, = T2 ) =l A A7, )2 S5, =22 9
il 12! ™ oy

(&, —&3)

ay, =

(43)

(46)

(47)
(48)
(49)

(50)

D

(52)

(53)
4

(5%)
(56)

(57

(58

(59)

(60)

(61)
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PasencTsa (58)—(61) o3nHaualoT, 4T0 KO3PQPULUEHTHI ay,,, by, ¢, d,, OYLYyT BNOJIHE ONpE/ENEHb, €C-
7K ynacTesa HaWTH ko3houuuentsl by, U d,, . Iloncrasnas (58)—(61) B ocraBmmecs ABa ypaBHEHUA
cucTeMnl (52)-(57) , T0 ecTb B ypaBHeHHA (52) n (55), nonyyaem 3aMKHYTYIO CHCTEMY M3 ABYX ypaBHe-
HUH 18 MHTEPECYOUIMX HAC HEeU3BeCTHRIX. Ee pelnenne ects
B D
b2n: 2)1’ d2n: 2n.
A A

SBHble Belpaxkenus ana B,,, D,, u A npusenensl B Ilpunoxennn. Cootnomenuamu (23), (27), (31)-

(62)

(34), (51), (58)—62) pewenne kpaesoit 3agauu (11)—(22) onpeneneHo NOJHOCTHIO.

BuckosnmeTrpHiecKkHe ypaBHEHHS
3Has none CKOpPOCTH MHUAKOCTH, HETPYAHO BLIYMCINTE MOMEHT BA3KHX CHII, NSHCTBYIOLIMX Ha UM-
aunap. Cuna, ASHCTBYIOWIAA HA €IMHHLYY MWIOWIAAH IIOBEPXHOCTH TBEPAOTO Teja ¢O CTOPOHB! BA3KON
JKHAKOCTH [7]
P =-oum = pn —ouny, (63)
rie # ~ eJMHUYHBIH BEKTOP HOPMajH K INMOBEPXHOCTH (BHEIIHMH K MOBEPXHOCTH JKUIKOCTH), O —

BA3KUI TEH30D HaNpsAKEHUH.
Ha enunuiy BHyTpeHHel OOKOBOI MOBEPXHOCTH THIJIS AeHCTBYET CHNla, HalpaB/jeHHasd IO Kaca-
TeJIbHOM K MOBEPXHOCTH M paBHasd cornacHo (63),

GV vV oV, v
F,=-0y, "77( ~2) =¥ (= -5)
AN o

Torna momente! cun Tpennsa M; u M,, nelictByrone Ha 60KOBYIO NOBEPXHOCTh THIVIA CO CTOPO-
Hbl xuaxocTed 1 u 2, Oynyr:

: 3y at OV Vi
M, =27, R Qe j (—Z -2 gz,
0 or r r=1
M 3 -t e av2¢7 2{9
S =21, R Qe j( dz .

r=1
Cornacho (63) Ha eAVHULY TIOWAAH AHA THIVIA nemTByeT KacareibHas CUsia

oy
P Q —at 1(0
0 = Oh1 =

Torna nonHbid MOMEHT CHJT TPEHUS, 1EHCTBYIOINMX Ha JHO,
i
1 - om
M! =220 R’Qq—e™ [ (—2) dar.
1 1 0 2
Y 0 z=0
Takum o6pazom, cyMMapHbIH MOMEHT CHJI TPEHMA, AEHCTBYIOIMH Ha BHYTPEHHIOIO MOBEPXHOCTD
LUAUHAPA CO CTOPOHBI €0 XKUAKOTO 3afI0IHEHUA, MOXKHO IPedCTaBUTE Kak

M =27 R e (M, + M, + M5}, (64)

z=0

rue
I+¢

|
ov ovy v
1 dZ, M2_772 J( 2 2)
1

v
M= [ .
gor r 720
Brruncnenns ¢ NOMOILBIO MOMYYEHHOTO B npeabmymeM paszziene 1oinst cKopocTell NPUBOJAT K CIERYHO-
UM pe3ysbTaTaM:

J.
M1= k J?Ekll)) nz_l 0(7;1 {jn (aln(Ch[/l]n] l)+b1n5h[ﬂ"ln])+

[
1 ov
dz, M3 :——3-'[}”2(-—-1—)
775 oz

r=| r=1

(65)
anwmwm&a n+4AM%A%

Yl
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Beckavko B.I1., Comoe AM. Teopust KPymusibHO20 eUCKOo3uMempa, 3altosiHeHHo20 deyms
HecMeWwusarnuMUCH NpoeodsiujuMy Xudkocmamu...

AN %, 5,
M= e nZIJO(V 2irry T3 bansH A€+ P dyuSH A3a€1} s (66)

1 < + gt + + - q- - -
2 Z ‘]2 (7n ){;tln ‘91n (alnCh[Z‘ln 1+ blnSh[’?’ln D + ;Z'ln‘gln (clnCh[/lln] + dlnSh[’%ln D} : (67)
¥n n=1
[Tocite BEIYUMCACHHA MOMEHTA BA3KHX CHJI BCE OCTaBUINECA PACCYKIACHUA BIIOJIHE aHAIOTHYHEI BBI-
MOJTHEHHBIM B KnmaccHueckod paGore [1]. FimMeHHO, ec/ii BBECTH TaK Ha3bIBAEMYIO (QYHKIIHIO TPEHHS
M 3
= :‘_27r771R }’{M1+M2+M3}, (68)
Q)
TO MapameTphbl KoyeDaHnil 3aNOJTHEHHOTO THIVIA OKa3bIBAIOTCHA CBA3BAHHBIMM C HEH NMOCPENCTBOM Crie-
AYHOLMX COOTHOUIEHUH (BUCKO3ZUMETPHHECKUX YPAaBHEHUMN):

M3=

LI

E-—p(nﬁgéﬂ 20,, (69)
L” p +q

Z=g|1-fede 70
P q( 7 +q} (70)

3pecs L' v L" — peiictButenbHas u MauMas vacty gynxuun (68), p =8/ 7— koadduument 3aryxanus
konebanuil, ¢ =27/ 7 —~ UX UMKIMYECKAs YaCTOTa; BENIHUHHEl p, H ¢, UMEIOT TOT K€ CMBICI, YTO U P
U ¢ , HO OTHOCATCS K KONeBGaHHAM MyCTOro TUIJIA.

CootHouennd (68)—(70) nonHOCTEIO pelatoT NOCTaBIeHHYO B paboTe 3a1a4y.
B zakmoueHne paccMOTPHUM HEKOTOPBIE YACTHBIE CITyUaH.
1. TTycTs ToNnmuHa cnos BepXHel )KUAKOCTH € GeckoHeuHo Mana. B aToM npezesne nomy4aem

o (k)
L=-2an R37{~k 27y
‘ (k)
) _2_, +2
+2k14Zsh[/1,;]sh[11;] — ~ (f“'_ ’1’”_) —————
n=| ()"]n‘gln‘gh[ﬂln ]ch[ﬂ’]n] - ﬂ]n‘glnch[’lln ]Sh[/lln])(kl =¥n );Lln}']n

DTO BHIpaXK€HHe MOJIHOCTHIO COBMNAAAeT C TAKOBLIM, MOTYYEHHBIM B [4] JUis Cilydas BUCKO3UMETpa, 3a-
MOHEHHOTO OJHOPOAHON MPOBOASILEH XKUAKOCTHIO M IOMEICHHOIO B MATHUTHOE 110JIE.
2. Ilycte By - 0 win o, — 0. Torxa nony4daem:

Ha, =0, A=y, A, =yr:-aRe, , (i=1,2)

$n =0, %,=0, I, =—aRe,, &, =-aRe,.
(DyHKLmﬂ TPEHUA TIPHMET BUI
L==2m Ry {M, + M, + My},
FAC TCNEph.
Jz (k) .
Jl (k)

WA (e Ch”;;i]‘l + Dy, Mnd,

n=|{ n In

R R WAL
h Jl(kz) ™ n=1 Aon

M, = ZJZ t "”‘" (ConchlAr ]+ DonshA D)

Dy = 7 (=, + — 0,55 H2eY),

(%%Z—shwns]shmhchm;ns]chw;n
1n ‘A
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C, =2l gras 72 (0, + Exchlin]) ,
Fan 7h (%—’;ishwne]shmhchu;ns]chm;])
1n 1
D2n — }/n (en +§J1Ck[1‘1:1 ])

A’;n T - - - -
_ mSh[AQrzg]Sh[ﬂ“ln] + Ch[ﬂﬁng]Ch[ﬂ’ln]
n N
OTOT pesyJbTaT COBNafaeT ¢ HaiineHHbM B [2] M1 BHCKO3HMETpA, 3aNOJHEHHOTO IBYMA HECMe-
MIHBAXOIIUMUCA XKUAKOCTAMMU.

Paboma svinonnena npu noooepcke PODU-Ypan (Ne 01-01-96424).
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B2n = lltrﬂ“lﬁnynen (‘9]71 - '%tz { AQnSh[ﬂQng]( "92n ‘91“;1 )Cl’l{/l{;] +

1
Ay SHL A ) 8, — 22 9 Y A7, 1~
n g
i 3,615, = K YSHUAS, 1+ Al Az, e (%5, — &5 )shiag, 1} +

+2’l+né:n {7//1 + 9171 "};1_} ’ {A{ns}l[ﬁ’;ﬂg](@' ‘92_71 _2’91—;1 );Ll—;l‘%; +

i gy

#2Hdg £ 85 = S AL HL A WAL, = A B chU AL D) +
1

+ A Chl 2 €1y, = K WA K ch( AL, 1AL A 1 = A, K, S Ay YL AL, ])} +

i}-{@shwnekﬁz— %y =2 GV G +
m 0

n

+ﬂ’l—n§n {7n + ‘91-:1

MU 1 B =2 0, W 85U WHUAG, ) = 20, 5, cHUA S ) +
1 1

+ A0, (S — F Ay KL, VAL, ) = A, S sHLAT, Jehl A, ])}
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i o]
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Y ™h 91

n

+ﬂansh[ﬂan€]( ‘92n 312 YA S SHLA VML A, 1 = A Kchl Ar, Jehl 2, D) +
+ Al A28 By = K XA Ky HLAG, YA, | = A0, S shL A, Yehl A, ])} -

s 8 1, - B 5
n 1

m

A MG €Y 55, =2 5 YA SO, TPLAG, 1= A 5L A, oA ) +
1

771

A CHL 2 €Y S = KoY i T CHLAT, YL A 1= A S LA, e 25, D)
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A = 23, SHL30 8V A SHL A €Y S LA, YOH AR, 1= Ay & cHU A VLA, 1)%1—’7-;—2— (% = K o = )+
1
A ML 253,V MLz, & Aty R ML, ISP, = A ML JHLA, I = 5 WS — 55,0 +
23 BN 15,V (2 85, = 22 ) {85, = G020 +
1 i
Sy = i Wi M A, \eHLA, 1= A3, S LA V5HLA, D) +
1, SH A \eH A, A (% %o =2 8~ - H ) +
1 1
(s = AR, \eHUigy 1= A S5 SHLAG, VSHLAT, D) +
+ A, S Aoy £CH A3, Vi (55, = ss;>{<—’—j;— o~ G i +
1 1
+<%2- S =2 8, YA S MU JHL A = 20 S5, HUA, JOHL, 1)} +
1 1
+A’5115h[/12—n516h[/12+n6]/11_n (‘9;1 - '9]; ){(1777_2— ‘92—n - %_2— ‘9\-'}—1 )ﬂ“li..n ‘9]-;1 +
1 1

+(%2- D~ % Ko YAty K SHLA, ISHL A, = A, K, cHLA, ehL A, ])}
1 1
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