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PaccvoTpena 3aa4a 9rCc/IEHHOTO MOJIEINPOBAHUST TIOBEPXHOCTHBIX BOJIH, T€HEPUPY-
€MBIX JBUKEHIEM 3aTOILIEHHOIO OIOJI3HS II0 IIPOCTPAHCTBEHHO HEOTHOPOIHOMY CKJIOHY.
IIpencrapien 3aK0OH JIBUMKEHUS OMOJI3HS 10/ J€HCTBUEM CUJI TSIXKECTH, TPEHUs, BbITaJI-
KABAHWSA W THAPOIMHAMUYIECKOTO COMPOTHB/IEHUS OKPYKAIOIMIEH >KUIKOCTH C YIETOM
sddekTa mprcoeauHeHHO Macchl. OBCYKIAIOTCS PE3YIbTATH BEITUCIUTETHFHBIX 9KC-
[EPUMEHTOB JIJII MOJEILHON aKBaTOPUMN.

Karouesvie crosa: MaTeMaTnIecKoe MOIEINPOBAHNE, 3ATOILICHHDIN OII0I3€Hb, HEO -
HOPOJIHBIN CKJIOH, TOBEPXHOCTHBLIE BOJIHBI.

BBenenune

[IepBBle pe3yabTaThl AaBTOPOB W UX KOJIJIET MO YUCIEHHOMY HCCIeIOBAHUIO OMOI3HEBOTO Me-
XaHU3Ma TeHepaliy TOBEPXHOCTHBIX BOJTH ObLin omybankoBausl B 2004 . [1, 2]. B To Bpems
paboTHl BeJHCH TMIABHBIM 00pa30M B OTHOMepHOM HpubInKeHnn. OMoI3eHb TPEeICTAB/IA-
€S TBEPJIBIM TEJIOM, JBHKYIIUMCS IO OJHOPOIHOMY CKJIOHY B COOTBETCTBUU C TPOCTHIMU
3aJIAHHBIMI 3aKOHAMHU, B TOM 4ucIe npemioxenubiva B [3]. [Toaxon kK MogempoBauio /-
POAMHAMHUYECKOW KOMIIOHEHTHI MpOoIlecca BHAYAIE OTPAHUYUBAJICS KJIACCHUICCKUMU ypaBHe-
HUSIME HeJTUHEHHO#l MeJNKOil BOJBI B I'MIPOCTATHYECKOM HpUOIM:KEHHU. B ToT Ke mepmo
ObLTa OMPOOOBaHA AJTBTEPHATHBHAS MOJIE/Ib OIOJI3HM, ABJISIBIIErocss pparMeHTOM YIpYyToit
CpeJibl, JBHKEHHEe KOTOPOW PaCcCYUTHIBAJIOCH C IMOMOIIHI0O MATEeMaTHIeCKOr0 WHCTPYMEHTa-
pusi, IpeJIcTaBIeHHOro B pabore [4].

HeobxomumocTh conocTaBjieHus pe3yabTaToB YUCJIEHHOTO MOJIETUPOBAHUS C PeaTbHbIMU
JIAHHBIME TIOOY/IUIa aBTOPOB 00paTUThCs K rpyie uccaenoareneit 3 Cankr-Ilerepbypra
C TIpeJITOYKeHnEeM O TPOBEJICHUN CIEIHATBHBIX JTa00PATOPHBIX IKCIIEpUMEHTOB. /laHHBIE COB-
MECTHBIX UCCJIeIOBAHU MTO3BOJIIIN OIEHUTH MOJTYUeHHBbIE paHee pe3yIbTaThl U CTUMY/IHPOBa-
JII pa3pabOTKy HEpapXuu YHCJIEHHBIX MOJe/eil, OCHOBAHHBIX Ha MPUOJTHKEHHBIX YpaBHEHH-
sIX BOJIHOBO# I'MJIPOJMHAMUKH, YIUTHIBAIOIINX HE TOJHKO HEJIMHEHHbIe, HO U JINCIIEPCUOHHDBIE
3 dekThl ¢ pa3uyuHOil cTenenbio TouHOCTH. Ha Bepinume 3Toi mMepapxum pacroJiarajach
MOJIe/Tb, TIOCTPOEHHAs Ha 0a3e IMOJHBIX YPaBHEHHIl MOTEHIMAJbHBIX TEYEeHUH OJHOPOIHON

*Pabora Boimonaena npu nogaepxkke PODU (rpanter Ne 09-05-00294 u 10-05-91052-HITHN), nporpaMmbr
Nurerpannonnbix uccnenosannii CO PAH (mpoekr 116) u npesumenTckoii mporpammb “Bemyiine naydmbie
mkosel P®” (rpant Ne HITI-931.2008.9).
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HeCKMMaeMoil uieanbHoil xkuakoctr. OnybankoBanHble B paboTax |5, 6] pesyabrars mpoje-
MOHCTPHUPOBAJIN [E1eCO00PA3HOCTD yUueTa HeJIMHeWHON AuCnepcun st MOJIETNPOBAHNS IIyTa,
BOJTH, CJIEJIVIOIINX 32 TOJIOBHOI YaCThIO CUTHAJIA, B TO BPEMs KaK 9Ta MOJIOBHAS 9aCTh BIIOJIHE
IpUEMJIEMO BOCIPOU3BOIMIACH JaKe OTHOCHTEIbHO MPOCTBIMU TPUOTUKEHHBIMUA THIPO/IH-
HAMUYECKAMHI MOJIE/TAMH.

Heckobko mo3maee B 0JJHOMEPHOiT U ABYMEPHOIl IIOCTAHOBKAX OBLIN peaTn30BaHbl MOJIe-
JI OIOJI3HEH, MpeICcTaBIABIINX cO0O0il crycToOK 0oJsiee ILIOTHOM YKUIKOCTH, JTBUMKYIIEHCS IO
CKJIOHY TOJI CJIOEM KUJIKOCTH ¢ MEeHBITIeli IIIOTHOCTHIO |7]. DTH 3aa4qu permaanch B yIpoIieH-
HOIl pacCIIenIeHHOI MOCTaHOBKE, KOT/Ia OTIEJIHLHO B pAMKAX TEOPHH MEIKOH BOIBI ¢ MTOMOIIHIO
aJITOpUTMa cXeMbl ['0yHOBa MEPBOrO MOPSIAKA AMMTPOKCUMAIINN PEIAIach 3a1a49a O IBHIKe-
HUU TLJTOTHO# KUJIKOCTH MO CYXOMY CKJIOHY, & Pe3y/IbTAaThl ee PelleHusT UCIOIb30BATNCH 1T
ompeaeneHus gedopManuu peabeda CKIOHA, MOPOXKICHHONW IepeMelleHreM OIMOI3Hs. Xa-
PaKTEPpUCTUKU BOJIHOBOI'O peEXKUMa PaCCUYUTBIBAJIUCH TaK>Ke€ B paMKaX TE€OpHUH MEJIKOI BOJIbI
JUIST CJIOS YKHJIKOCTH, JIEXKAIIEero Hal CKJIOHOM C IWHAMHYECKH H3MEHSeMbIM pPelbedoM.

HOFI/IKa ,Z[aJIbHeﬁHIHX HCCJIe,Z[OBaHHﬁ C UCHOJIb30BaHUEeM MOJEJ/IN TBEPJAO0TrO OIIOJI3HA ITPpUu-
BeJla K 337a9aM MOJEJUPOBAHUS MPOIECCOB B aKBATOPHUH C PeabHBIM pebedoM JTHA U C
OTIOJI3HEM KOHEYHOI'O pa3Mepa. B cBoro oduepesh Takue MOCTAHOBKU IMOTPEOOBAIN KOPPEKT-
HOTO BBIBOJIA 3aKOHOB JBHKEHHS OIMOJI3HS 110 TPOCTPAHCTBEHHO HEOJTHOPOJTHOMY CKJIOHY.

[IepBag mompITKa pereHnsd 3TUX 3aJad BuimoaHeHa B 2009 1. W orpaHmdeHa oOIHOMEp-
HBIM cJIydaeM. BbIBeIeHHBII OMHOMEPHBIH 3aKOH JIBUKEHUS U PE3YIbTATHI BHIUUCIUTETHHBIX
9KCIEPUMEHTOB € €ro MCIOJb30BaHNeM TpejacTaBieHbl B paborax [8, 9]. Aropamu Oblin
OTIpe/Ie/IeHbl U MPOAHAJTM3UPOBAHBI CleNu(PUIECKIe 0COOEHHOCTH PACCMATPUBAEMOIO MeXa-
HI3Ma, BOJTHOOOPA30BaHUS HA MOCJIEI0BATEIHHOCTH aKBATOPUl ¢ MOAEIBHBIMI, B TOM YHCJIE
KPUBOJIMHEITHBIMU, penbedamu aHa.

B macrosieit pabore mpeaioxKeH Mepexoj K aKBaTOPUIM C MPOCTPAHCTBEHHO HEOIHO-
porubIM penbedom aHa. [Ipu 3Tom omonsens npeacrapiasgercs dpparMeHToM “KBasuHeaedop-
MHPYEMOit” CILIONIHOM CpeJibl, ABUKYIITHMCS M0 33JaHHOMY 3aKOHY CO CKOPOCTBIO, TOPU30H-
TaJIbHbIE€ KOMITIOHEHTBI KOTOpOﬁ OJNHAKOBLBI B Ka)K,Z[Oﬁ TOYKE OIIOJI3HA. ZLBI/I)KGHI/IG OITOJI3BHSA
MMPOUCXOJUT IO ﬂeﬁCTBHeM CUJI TAXKeCTU, TpeHUusd, BbITAJKUBaAHUA U T'HAPOAUHAMUYICCKO-
IO CONPOTHUBIEHUS OKPY:KAIOIMEH *KUJIKOCTH ¢ ydaeToM 3ddeKTa MpHCOeIUHEHHONR MAaCCHI.
[M'maponuHaMuKa MpoIecca paccCMaTPUBAETCd B paMKax HeJTUHEHHOiT Moae/mn MeaKoi BOJbI B
THJIPOCTATHIECKOM TTPUOIMKeHNN. YHuCIeHHOe MOAeTNPOBAHIEe TTOBEPXHOCTHBIX BOJTH, TeHe-
PUPYEMBIX JABU2KEHHUEM OIIOJI3HA, BBIIIOJIHAETCA C UCIHOJIB30BaHUEM CXEMBbI MaKKopMaKa Ha
paBHOMEpHOI ceTke. JlocTaTouHO MOAPOOHO M3/IAraeTCsl BHIBOI OPUTHHAJIHLHOTO 3aKOHA JIBH-
JKeHUsl OMOJI3HS B 0bIieM ciydae. B 3ak/aiounteibHOM pasjiesie 00CyXKIAIOTCS Pe3yJIbTaThl
BBIYHC/TUTETBHBIX IKCIEPUMEHTOB JI/IsT MOJE/IbHOM aKBaTOpUU, peabed THA KOTOPOH 3a/1a-
eTcs aHATUTUYIECKU. [JeMOHCTPUPYIOTCSI 0COOEHHOCTH MOPOXK/IAEMBIX BOJTHOBBIX PEKUMOB B
3aBUCUMOCTH OT HAYAJIBHOTO MOJIOKEHUsT OMOJI3HSI OTHOCUTE/THHO HEOJTHOPOIHOCTH MOIEh-
HOTO pesbeda.

1. ITocranoBka 3ama4m

PaccmarpuBaercst c/1oft »KHJIKOCTH, OrPDAHUYEHHBINR CBEPXY CBOOOJHON MOBEPXHOCTHIO 2z =
n(x,y,t), a cau3y — noaBuKHON rpanuneil z = —h(z,y,t) = hy(z,y) + hg(z,y,t). 3mecn
t — Bpewmd, cuctema KoopauHat Oxryz BHIOpaHa TaK, 9YTO T, Y — TOPU30HTAIBHBIE, 2 — BEPTHU-
KaJIbHasd KOOPAUHATHI, IPA 3TOM ILTOCKOCTH 2 = () COBIAJAET C MOBEPXHOCTHIO MOKOMIIeics
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xugkoctu. [loBUKHOCTH HUKHEH TPAHUIBI €051 OOYCJIOBJEHA TEM, 4TO [0 HEMPOHUIAe-
MOMY JIHY, 3a/IaHHOMY OJHO3HAYHOW (DyHKIMEil

2 = hy(z,y), (1)

JIBHZKETCsT O0JI3eHb, hopMa KOTOporo onuckiBaercst dbynkimei z = hg(x,y,t).

Byzem cdaurarh, 9TO B HAYAJLHBIA MOMEHT BpeMmeHH ¢ = () OION3eHb M YKHUIKOCTH IIO-
KOATCS M W3BECTHA HEOTPUNATETbHAA orpanmvennasg dbyukmus z = hd(z,y) ¢ KOHEUHBIM
HocurenaeM Dy, ONUCHIBAIOMA HAYAILHYIO (DOPMY OIIOI3HS:

hsl(l', Y, O) = hgl(x’ y)

QopMa # TOJOKEHHEe OMOM3HA Tpu t > () OImpeIesITIoTCa 3aKOHOM €r0 JIBUZKEHWS, BBIBEIeH-
HBIM HHUZKE.

HpegnonaraeTCﬂ, YTO KHUIAKOCTH HAXOJAUTCA B II0JI€ CUJIBI TAXKECTH, ABJIAETCA HECKU-
MaeMoii, HeBA3KOi 1 ee XapaKTEePUCTUKH He 3aBUCIAT OT BePTUKAJILHON KOOpAWHATHI z. [l1s
MOJIETHPOBAHUS BOSHUKAIONINX PU JBUKEHIH OO I3HS TOBEPXHOCTHBIX BOJTH Oy/1eM HCIIO/Tb-
30BaTh IJIAHOBYIO MOJEJIb HEJIMHEWHON Teopuu MeJIKOH BOIABI, YPaBHEHUdA KOTOPOH HUMEIOT

BUL
ou of'  of a
o tor Ty T
e
H 0
u=| Hu |, G=| gHh, |,
Hv gHh,
Hu Huv
fl(u) = Hu®+gH?/2 |, f*(u)= Huv ,
Huv Hv? + gH?/2

u, ¥ — KOMIIOHEHTBHI BEKTOpa CKOpOCTH B Hampapygenun oceit Ox u Oy COOTBETCTBEHHO,
H =n+ h — nonnag riybuna, g — ycKopeHue cBOOOTHOTO IMAJeHUSI.

2. YpaBHeHUs JABUXKEHUSHA OIIOJI3HA

Jasee mpuMensieTcst Ciocod MOJETNPOBAHNS JIBUKEHUS OMOJI3HST, OCHOBAHHBIII HA CJIEIYIO-
IUX [PETOM0KEeHISIX:

1) mpu BBIBOJIe 3aKOHA [IBHKEHUS OIOJI3€Hb B KAarKJblii MOMEHT BPEMEHH OTOZKJIECTB-
JISETCS ¢ HEKOTOPOii MaTepHaabHON TOUKOH X.(t) = (x.(t),ye(t), 2:(t)), cKOTB3sIMIEl BAOTD
HepoBHOro JHa (1) coracHo 3aKOHY IBUZKEHHsT MAaTePUATbHON TOYKH 10 3aJaHHON MOBEpX-
nocrn, npu s1oM 7(0) = 77, ¥e(0) = 2, rae (27, y7) € Do;

2) npu t > 0 TOBEPXHOCTH OIMOJI3HS OMUCHIBAETCsT (DYHKIHENT

z = hbt(xvy) + hsl(xvyvt)a

rie hg(z,y,t) = hi(z + 22 — z.(t), y+y2 — v.(t));
3) moBepxHOCTH (1) He MMeeT 0COOBIX TOYEK U JOMYCKAET PErYJISPHYIO TapaMeTPH3AIUIO

r=z(¢",¢*), y=vyld', ), z=z(d" ), (2)

rie ¢!, ¢> — HexkoTopble mapameTphl. Toria
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ze(t) = 2(q' (1), (1), we(t) = y(a' (). ° (1)), 2(t) = 2(q' (1), ¢° (1)), (3)
e (¢'(t), ¢*(t)) — momorkenne paccMaTpUBACMO TOUKH B MOMEHT BPEMEHH ¢ B MApAMETDH-
YECKOM TTPOCTPAHCTBRE.
Taxkum obpazom, byt hg(x,y,t) sBasiercss GUHATHON 1 ee HOCUTEb D} MOIHOCTHIO
ompe/iesigeTcss HocuTeaeM (PYHKIUH hY U TOJIOKeHHeM TOUKH X, (t):

Di = {(,9)|(z + a2 = .(0), y+4? — (1)) € Do}

[Ipucrymnast K BLIBOJAY ypDABHEHMUiT JIBUKCHHS OMOJI3HSI, PACCMOTPHM yDAaBHEHUS HECBO-
OOHOTO JIBHKEHNUS TOUKH X, (t) H0 moBepxHOCTH (1), KOTOPBIE HMEIOT BUJL

ml.‘c:Fla myC:F27 méC:Ff}) (4)

pu 3TOM 2. (t) = hpy (2(1), y(t)).
13 coorHommennii napaverpusaun (2) BHITEKAIOT BbIPAKEHUs JJisI JeKapPTOBBIX KOMIIO-
HEHT CKOPOCTH Yepe3 ee KOHTPABAPHAHTHBIE KOMITOHEHTHI:

Te = quql + xq2q'2, Ye = yqlql + yq2q2a Zc = quql + 2q2q2~

CrenoBaTebHO, ypaBHeHUsl JIBUKeHUs (4) MOXKHO MepernucaTh B BUJIE

d ) . d d ) .
m— (zp¢" +2p2¢%) = F, (yod" +yped®) = Fo, m— (204" + 22¢%) = F5. ()
dt dt dt
VMHOKASA KazKI0e U3 ypaBHeHmil (5) HA COOTBETCTBYIONIYIO KOMIOHEHTY T,1, Y, HIH Zg1
BEKTOPa, KaCcaTeIbHOrO K TMapaMeTPHYecKH 3aJaHHoil MoBepXHOCTH (2), MOTydnM TepBoe

YPABHEHUE JBUYKEHUS:

gud' + g124%) —

m{(gn)ql (Ql) +2(g12) 1 '¢° + (922) 1 (4 ) ] F. /o,  (6)

ma | )

r1e gop (@, 5 = 1,2) — KOBapHAHTHBIC KOMIOHEHTHl METPHYECKOrO TEH30PA MOBEPXHOCTH:
g11 = x +yq + 22 0 912 = 021 = TpTe2 + Yplg2 + 21 2q2,  Go2 = x +yq +2 q*

F., =F -7, T, — eJJUHUYHbIE BEKTOPbI, KACATEJIbHbIE K TIOBEPXHOCTH (2):

To = (\jg% \j’q_ \/Z_)T a=1,2 (7)

AHAJIOTTYIHO TIOJTy9IaeTCsl BTOPOE YPABHEHUE JTBUKEHUST

d
" |

rne I, =F - 71,.

[Tpusenem temephb Bbipazxkenus (6), (8) K Buiy, ymIoOHOMY sl YHCIEHHOTO WHTEIPUPO-
panus. IlycTh vy, vy — KOBapHAHTHBIE KOMIIOHEHTHI BeKTopa ckopoctn, vl = ¢t v? = ¢?
KOHTpaBapuaHTHBIE. Torma

m

o [(911)q2 (ql) +2(921) 2G' ¢ +(922) ( ) ] Fr\/922,  (8)

921G" + 922§ )

v = 911711 + 91202, Vg = 921711 + 922712; (9)
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vt = gHUl + 9127127 v? = 9217}1 + 9221)2, (10)

rie ¢*° (a,3 = 1,2) — KoHTpaBapHAHTHBIe KOMIOHEHTHI METPHICCKOTO TEH30pa IOBepX-
HOCTH:
11 _ Y922 12 _ 21 _ Y12 22 g1 | 911 912
TG g =9 ek J N | 912 92
upu 3toM G # (0 B cujty mpeanosiokenns 00 OTCYTCTBUY HA, TIOBEPXHOCTH OCOOBIX TOUYEK.
Ucnonwsysa (9), (10), moxkuo 3amucarh Bbipakenus (6), (8) B Buje ypaBHEeHHil OTHOCH-

TeJILHO UCKOMBIX (hyHKIHit v, (o = 1,2):

dv, m

m a 5[(911%04 (“1)2 +2 (921)qa vlo? + (922)116“ (U2)2} + Frov/Gaa- (11)

BBIYHC/IUB pelleHns v, STUX ypaBHeHuit, ¢ nomomuibio dhopmya (10) onpegenny KOHTpaBapu-
AHTHBIE KOMIIOHEHTHI CKOPOCTH U 3aT€M, PEIIUB CUCTEMY OOBIKHOBEHHBIX Iubepeniumaib-
HBIX YpaBHEHUI
(03
da” _ Ve, (12)
dt
naiigem nonoxkenne (q'(t), ¢*(t)) Toukn x.(t) B mapaMeTpuuecKOM MPOCTPAHCTBE, & HCIIOJb-
3yst hopMyJIBl (3), OMPeIeJNM JIeKAPTOBBI KOOPIMHATHI 3TOH TOYKH.
[Ipu YUCTEHHOM pelleHuH JAHHON 3a1aun OyJIeM MpeJIoaraTb, 9TO MOBEpXHOCTL (1)
MOZKHO TIapPaMeTPH30BaTh ¢ IIOMOIIBIO IeKAPTOBLIX KOOPAUHAT X 1 §. [Io9TOMY Jamee BMeCTO
napaMerpu3alyu obIero Bujia 6yeM UCI0/Ib30BaTh KOHKPETHYIO:

r=q", y=q* z=hw(zy). (13)

B sToM cityuae Jjist e IMHUYHBIX BEKTOPOB (7), KacaTeJbHBIX K MOBepxHOCTH (1), cripaBeiiu-
BBl IIPEJICTABICHUS

T T
T = = (]-7 Oa %> y T2 = ! (07 15 %> )
AU Ox V922 dy

Oh \ 2 Ohpy  Ohyy Oh \
J11 + ( o7 > , 912 = g21 or By’ g22 + ay

pH 3TOM

O6o3HaunM uepes r, mpaBble YacTu ypaBHenuii (11) u IpuUMeHNUM /I PeIleHus: CHCTe-
Mol (11), (12) cxemy Diinepa. Ha mepBoM srare BBIYHCIUTENHLHOTO AJTTOPHTMA DPEIIAIOTCS
YPABHEHUS : 1

n+ n n+ n
i G Sl Y (14)
T T
HOCKOJIbe B MOMEHT BPEMEHH t = O OITIOJI3€Hb HAXOAUJICA B COCTOAHUU ITOKOsA, TO HAYAJIb-

HBIMU YCJIOBHSIMU Jijist cucteMbl (14) 6yayT ciemyomniue:
v =0y = 0.

B ycnoBusix Beibpannoit napaverpusaiyn (13) KoHTpaBapuaHTHBIE KOMIIOHEHTH U BeK-
TOpPa CKOPOCTH COBHIAJAIOT C JIEKAPTOBBIMU KOMIIOHEHTAMU U W U, KOTOPbIe HAXOJSATCS I10
dbopmyram (10) ¢ uCIONB30BAHUEM CMEIIAHHON ATTPOKCUMATINH

n+1 11,n, n+1 12,n, n+1
Uy +g Uy 9

_ n+l _ 21n, n+l 22,n, n+1
U =g (R o i 7 S

v =g
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YpaHenust (12) anmpoKCUMHUPYIOTCS CJIEYIONIM 06pa3oM:

+1 n n+1 n
x” — X — Y
c c n+1 c c n+1

—_— = 1U s —_— = ,

T T

rme xg n yg — U3BECTHBIE abCIUCCa W OPJAMHATA TOYKH X (1) B HAYATHHBINI MOMEHT Bpe-

menn. Tperbst KOOpAMHATA ONPEIEISETCS U3 YCJIOBHSI O TOM, 9TO 9Ta TOYKA JBUKETCS I10
nosepxuoct (1):

n+l __ n+1 n+1
% - hbt (xc 1y Ye )

[losicuum Temephb, YeMy PaBHBI BXOJMAIINE B YPABHEHUs BUYKEHUS BEJIUIUHBI m u F .
B kadecTBe BeqmunHbI M OymeM OpaTh CyMMapHYO Maccy Omo3Hsg M U IpHCOeInHEHHYTO
maccy Boabl Cyp,V, T.e. m = (pg + Cupw) V, 1€ pyy — TIOTHOCTH BOJIBI, Pg; — ILTOTHOCTH
onoJ3ust, 'y, — K03 OUIHUEHT TPUCOEIMHEHHONH Macchl, V — 00beM OIMOJI3HS.

Bosbmem gasiee nponsBosibHyo TOUKy (x,y) € D;. B BepTHKaabHOM HamnpaBIeHHH HA
KazKJIbIil 9JIEMEHTAPHBIN 00'beM OTIOJI3HS C TJIOMA/bI0 cedeHus drdy JeiCcTBYIOT CUJIBI TSI¥Ke-
CTH U IJIABYYECTH (BBHITAJIKUBAIOIIAS CHIA BOJDI):

fo(z,y) = (0, 0, flz,9)), (15)

rae
f(z,y) = =g (ps — pw) ha(z, y,t) dedy. (16)
BbI‘II/ICJII/IM HpOQKHI/II/I CHUJIBI fg Ha HaHpaBJIeHI/IH 68,31/ICHBIX BeKTOpOB T1 1 To:
[ Ohw [ Ohw
V911 or "’ \V 922 oy

U IPOMHTErPUPYEM STH MPOEKIUU M0 BeeMy HocuTesaio D, dbyuxknum hg:

form =15 -T1= form =15 T2 =

F, . (t) = // fora(x,y, t)dedy, o =1,2. (17)
D¢

HOﬂy‘{eHHbIe CHUJIBI OIIpedesIdA0T BKJIaJ B KOMIIOHEHTBI FTQ CUJI TAKECTU U IJIaBYy4YeCTHu.
Cua (17) 3acTaBiser omoI3eHb YCKOPSITHCS. 3aMe/JIEHUIO IBIUZKEHUS CIIOCOOCTBYIOT CO-
IIPOTHBJIEHNE BOJBI M TPeHHe ONOI3He 0 AHO. CHta CONPOTHBJIEHNS BOJBI HAIIPABJIEHA IPO-
TUB JBUZKEHUS OIOJI3HS MapaslIebHO BEKTOPY CKODOCTH, KOTODBIN JIEXKUT B KacaTeJTbHON
IJIOCKOCTH, & €€ BeJIMYMHA f, IPONOPIHOHaIbHA Hanbosbieil mwioma u I cevenns omossns
BEPTHKAJIBHON MJI0CKOCTHIO, TPAHCBEPCATHHON HANPaBJIEHHO BeKTOpa (U, v, 0)

1
2
fr = _CdpwHUca
2
riae Cy — K03(DDUIHEHT COMPOTUBIEHHS BOJBI, U — MOJY/Ib BEKTOPa CKOPOCTH V() 1BH-
JKEHUs TOUKH X, (1):
2 2
v = |V = uvy + vos.

OTMeTI/IM, YTO CHUJIa COIIPOTUBJIEHUA ABJIACTCA HaCCHBHOﬁ, T. €. IIpU OTCYTCTBUU OBHUZKE-
HUs OHa mc4e3aer. [lycTh nBukenume nmeer Mecto, T.e. v, # 0. Torma cua conporus/ieHUst
ompeessercs (popmyioit

A%
FT = __cfra
Ve
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MMO3TOMY JIJISI TIPOEKINiA ITOW CHJIbI HA HAIPaBJIEHHUSI BEKTOPOB T1 U To Oy/IeM UMeTh CJIey-
IOIMEe BHIPaYKEHUST:

: 1 Cyp,TI
FT‘,Ta = Fr T = _L Vo = —3 ar VeUo, Q= 172 (18)

Ver/Goo 2 /Yoo

Emte oamoit cutoit, TopMo3sineii JBUKEHUE OMOI3HS, ABISIETCS CHIa TPEHUSA, BEKTOP KO-
TOPOii JIEXKUT B KAcaTe/JbHOI IJIOCKOCTH, MapaJjieaeH BeKTOPY CKOPOCTH U UMEEeT HallpaBJie-
HUe, 00paTHOE JIBUKEHUIO OIOJI3HS.

CHOBa paccMOTPUM dJIeMeHTapHBIH 00beM OIOJI3HS € ILTOIMA b0 ceuenus dxdy. Jns nero
CIJTy TPeHHS OYIeM OIpeessaTh 0 HOPMAJTbHOI peakiun N, neiicTBYIONeil Ha BBIISTEHHBIIT
9JIEMEHT CO CTOPOHBI JiHA. Berumciaum Benuunny N. YpaBaenust (5) mpu UCIOTH30BAHUU
mapamerpusanun (13) 3amunryres Kak

d d d h h
m—u = Fl, m—v = FQ, ma (Ua bt +'Ua bt) = Fg.

dt dt ox y

YMHOKUM TIepBbIe 1Be (bOPMYIIBI COOTBETCTBEHHO Ha —Ohyy /0x 1 —Ohy /0y U CIOKEM TI0-
JIy9eHHbIe BBIPAYKEHHS C TPETHUM:

ahbt du ahbt dv d ahbt ahbt
_ = _ - — = F,VG, 19
"or dt may dt+mdt e +Uay VG (19)
rie F,, = F -n, n — eguandnblii BeKTOp HOpMa/u K moBepxuHocTu (1):
n=(ny,ny,ng) , ny = _ L O ng = _ L O ng = L (20)
— 1,762,163 ) 1 — \/@81'7 2 — \/@aya 3_\/55
Ol \ 2 Ol \ 2
G=1 :
i ( O ) oy
[Toce mpocThix mpeobpazoBanuii hbopmyna (19) npuaIMaeT Bu
m 9 82 hbt 82 hbt 2 82 hbt
S 9 _F. 21
VG (u Ox? e 0x0y v oy? (21)

s semeHTapHOr0 00’beMa OIMOJI3HS BeIudnHa F), CKIAaJIbIBAETCS W3 HOPMaJIbHOW CO-
crapasiomeit f, - n cmn (15) w wopmasbHON peakiun N, AeficTBYIOIIEH Ha 3TOT 00bEM.
Benuuuna cuipl Tpennd onpegendgercd Kak fy = Cp N, tae Cp, — Koadpdumnuent TpeHusd
CKOMbXKeHus. ByneM cuuTaTh, 9TO MPUCOETMHEHHAS MACCA BOJBI CKOJIB3UT IO JIHY 0e3 Tpe-
uug. Torma us dbopmyn (21), (15), (16) u (20) mosydum BeIparkeHue

Cy, 1 0?h 0’h 0?h

S / 1+ W2yt 22 ) |

VG 0x? 0xdy oy?
BexTop cusibl TpeHust, 1efCTBYONEl B MOMEHT BPeMeHH t Ha BeCh OIMOJI3eHb, OMPEIeTNM 10
dopmye

ffr:

9

(22)

Ve
Fs () = T // frr(z,y, t)dzdy.
Dy
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Ormernm, 9TO TPHU BBIYUCACHUN WHTErPAJa B KAYeCTBE BEJIMYWH U W U, BXOAANNX B
BbIpazkenne (22), Gepyrcst Be MepBbie KOMIOHEHTHI BekTopa V.. Ilpu v, = 0 monaraem
Fs = 0.

Bnas cury Fy,, MOXKHO onmpesie/InTh ee HPOEKINN Ha HANPABJIEHNs OA3UCHBIX BEKTOPOB
T1 1 To!

FfT‘,Ta :Ffr'Ta, Oz:1,2. (23)

Cymmbr kommonent (17), (18), (23) n npurnMaiorcest 3a BeJuIHHBL F , BXOJSIINE B IPa-
Bble YacTu ypasHenuii (11):

B, = Foro + Frpo + Frroy =12

Pemenne 3amaum ompejie/ieHns 3aKOHA JIBUKEHUS OIOJ3HS HIMETCA 0 MOMEHTa OCTa-
HOBKH OTIOJI3HS, T.e. 0 TaKOTO MOMEHTa BpeMeHU t,, MPU KOTOPOM BIIepBbIe 3HAUEHUE U,
CKOPOCTHU OIIOJI3HS OOPATUTCA C 3aIaHHOI TOUYHOCTHIO B HY/Ib. OTMETUM, UTO €CJIU OI0I3€Hb,
PO HUBMIYIO TOYKY JHA W TOJHSBIIACH MO WHEPIUU HA HEKOTOPYIO BHICOTY TPOTUBO-
MMOJIOYKHOT'O CKJIOHA, OCTAHOBWJICS Ha HEM, TO TPH MaJioM KO3pduIimeHTe TpeHusT MOKeT
BO3HUKHYTH OOpaTHOE JIBUZKEHUE: COCKAJIb3bIBAHNUE ONOJI3HsI HA3a/1 B 0OJiee riIyDOKYIO 9acTh
akBaTopuu. [TosToMy B KazK/Iplii MOMEHT OCTAHOBKH HEOOXOIUMO IIPOBEPSATH KPUTEPUil BO3-
MOXKHOCTH JAJbHEUTITIero IBUKeHN T

1 Ohy 1 ahbt) // 1
ha(z,y,t, + dxdy| — Cy, heg(z,y,t.)—=dxdy >0, (24
D// 6 v e g [ Pt g dady = 0 24

KOTOPBIit 03HAYAET, 9TO KacaTelbHasd COCTABISIONIA PABHOAENHCTBYIONIEHN CHIT TSKECTH U TLIa-
By4ecTH GOJIbINe CUITbI TpeHus. YeyaoBue (24) HeoOX0UMO TIPOBEPATh U B HAYATLHBI MOMEHT
BpeMenu. Ec/ii OHO He BBITIOJIHSIETCsI, TO OINOJI3€Hbh HE CJABUHETCS C MeCTa.

3. MogenbHas aKkBaTOpUs M MOJEJbHBINA OITOJI3E€HD

B xonTekcTe HacTOdAMEll CTaThbU, OCHOBHOE HAa3HAYEHWE KOTOPOH COCTOUT B MpeCTaBJICHUN
HOBOT'O 3aKOHA JBUYKEHUI OMOJ3HSA W BO3MOYKHOCTEN ero HCIOJb30BAHUA B UCCJEIOBAHUAX
OTIOJI3HEBOI'O MEeXaHU3Ma BOTHOOOPA30BAHUS B YCJIOBUSX PeabHBIX aKBATOPHUIA, TOCTATOTHO
IPe/ICTAaBUTEIHHBIMY, HA HAT B3TVIA, ABJISIOTCA PEe3YIHTATHI MOJEINPOBAHNAS TTOPOXK TAEMBIX
BOJTHOBBIX DEKMMOB B aKBATOPHHU C MOJIEIbHBIM pesibebom (puc. 1), obrasatonmm HeHy1eBoi
KPWBHU3HOW ¥ 33/1aBa€MbIM C MTOMOIIbIO TUIAIKON (DYyHKIIHN

hothe | he—ho

2 = halw,y) = = —— tanh [e(y) (v — £W))]
YIS [0’ Lx] ) y € [Oa Ly] ) (25)
rje hy, h_ — rayOuHa JHA COOTBETCTBEHHO B TPABOil U JIeBOI OECKOHETHO YIAJTEHHBIX TOUKAX,
_ 2tand(y) 1 ho — hy

c(y) o —h, §(y) = 2¢(y) In h —ho’
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Puc. 1. Peabed momenwHON akBaTOpHn

ho — rnybuna na jgesoif rpanune x = 0. [lomoxurenpuas Bennunua 0(y) paBHA MaKCH-
MaJIbHOMY YIVIy HAKJIOHA ILTOCKOII KPUBOIl, MOIydalomeiics B pe3yibTaTe CedeHUs MOBEPX-
HOCTH (25) MIOCKOCTBIO Y = const. DTOT MAKCHMAIBHBIN YIOJI TOCTUTAETCS B TOUKE MEePeru-
6a &(y) ykazaunoit kpupoit. Pynkuus 0(y) 3azaBanack mo GopmyJe

e(y) = Cos(y; 917 927 Yo, 59)7

rae 0 < 6y <6y, yp < (0,L,), dp > 0 1 HCIOIB30BAHO OOO3HAUEHHE

D2 — D1 27(q — qo)
08 + — R ’ . < 5 2’
C”(q;p1,p2,90,0) = p1 2 5 ) g — qol /
P1, lg — qo] > 6/2.

1+ cos (

Ha‘IaJIbHaH (bopMa MOJEJIbHOI'O OIIOJI3HA 3aJaBaJiaChb IIO (l)OpMyJIe
hgl(a’" y) = T ' COS(’I; 07 1’ 'I‘S’ bﬂ»’) : COS(y; 07 15 yg) by)7

rie 20,y — 3a1anuble abciucca U OpJAMHATA BepPIMHL ono/3Hs npu ¢ = 0, T — Tojuua
onossnd, by, b, — ero aaMHLI coOTBeTCTBEeHHO BIOJL oceit Oz n Oy.
B pacueTax mcmnosb30BasUCh caeyiomue 3nadeHnda napamerpos: O, = Cy = 1, Cf, =

tan 1°, 6e3pazMepHasg MIOTHOCTb BOABI p, = 1, pg = 1.5, ho = —48 M, hy = —50 M,
hy =—=3000 m, 6, =6°, 6, =9° L, ="70000wm, L,=140000 ™M, yg = L,/2, d9 = 0.1L,,
b, = by = 10000 m. Ha “Geperosoii unuu’ — JjieBoit rpanuie od/1acTu — CTaBUJIOCh yCIOBHE

HEMPOTEKAHMSs, HA OCTAJbHBIX TPEX IPaHUIAX — YCJIOBHE CBODOIHOTO TTPOXOIA.

4. Pe3yabTaThl pacueToB

'Z[JIH AEMOHCTpalUun 3aBUCUMOCTU BOJTHOBOT'O Pe€2KHMa OT HaYaJIbHOT'O IMOJIO2KEHHA OITOJI3HA
OTHOCHTEJILHO OCOOEHHOCTHU TIOJBOJHOTO pejibedpa paccMaTpuBa/iuCh JiBa Cjydas: B IEPBOM
ONOJT3eHb PACIoIaraaca B MOMeHT Bpemennu ¢ = 0 1o mentpy xenoba (20 = 22800 w, 30 =
70000 M), Bo BropoM — cGoky (22 = 30000 m, y2 = 74500 m).
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B nepBom ciiyuae TpaekTopust JIBUKEHUSI IEHTPA, MACC OIMOJI3HS OYeHb ITPOCTA, (pI/IC. 2, a),
YCKOpPEHUsI U CKOPOCTHU B HarpasaeHuu Oy paBHBI HYJIO, a TPAMUKN U3MEHEHHST ITUX XapaK-
TEpUCTUK BO BpeMEHU B HallpaBJICHHUHN OZ’ MMOKa3bIBAIOT TaKzKe JOCTATOYHO IPOCTYIO KapTH-
HY JMHAMHKH MIPOTECca — MO Mepe MPOJBUKEHHsI OIOJI3HSI BJIOJIb Kei00a (TOPU30HTATBHbIE
pa3Mepbl MOJIETBHOTO OIMOJI3HSA COOTBETCTBYIOT MPUMEPHO JIBYM TPETIM MaKCHMAJIbHO TITH-
PUHBI KeJ100a) YCKOpeHHe BO3DACTAET, JOCTUrasg MAaKCHMyMa mpumMepHo udepe3 600 ¢ mocie
HavdaJla ABUZKCHUA. CKOpOCTb OIIOJISHA NMPUHUMaET MaKCHUMaJIbHOE€ 3Ha4YeHue B TOT MOMEHT
(750 ¢), KOra yCKOpeHue ePeXOAnT Yepe3 HOJIh M HAYMHAeTCsT mporece Topmozkenus. CKo-
POCTb CTPEMHTCS K HYJIIO JOCTATOYHO ILIABHO, W, BBHIIA Ha IOJOTHH yYacTOK penbeda,
OTOJI3eHb OCTaHABJIUBaeTcs nmpuMepHo depe3 1900 c.

AHanmm3 aHAJOIHYHBIX MapaMeTpOB I BTOPOrO CJIyYas HAYAJILHOIO PACIIOIOKEHUS
OTIOJI3HS JTaeT 00JIee MHTEPECHYIO KapTUHY. 37eCh TPAEKTOPHUST JIBUKEHUS IEHTPA, MaCC Tepsi-
eT CBOI MPSAMOJIMHEHHBIN XapaKTep W MOKa3bIBAET, YTO, CMEIIAsCh ¢ Kpas KeJjioba B CTOPOHY

T — 80
- B L
i 04 PR - 60 =
1 , ~N - 4
r . ~ - 40 §
o 02 4 // ~ - | &
s L = _/_7/\ ~ e - 20 g
= o — -~ ~ ~ QO
— = 0 = 0
L é T T T T T T T L
| g 1 400 800 1200 1600 2000
ﬁ 02 Bpewms, ¢
04 -
a 6

Puc. 2. XapakTepuCTHKN ABUKEHHS IEHTPA MACC OIOJI3HS, CTAPTOBABIIErO IO IEHTPY KeJjioba:
@ — TPAEKTOPUS JBUKEHUs (KUPHAsl MWHUSA) HA (HDOHE M30MMHUI TIyOUH; 6 — COOTBETCTBYIOIINE
CKOPOCTH (IITPHX) M YCKOPeHUe (CIUIOIIHAS JNHUS) BI0Ib ocu Ox

L 08 — ~ 80
9 o
= 04 £
154 -
o i S ﬁ
— : :
L g a,
Z 1S}
3] 0 =
> @]
T T T T -0-4
a 6

Puc. 3. XapakTepuCTUKYU IBUKEHHS IEHTPA MAacC OMOJI3HS, CTAPTOBABIIEro C Kpas Kejgoba: a —
TPAEKTOPUS JIBUKEHUsT (JKUPHAs JInHWs) Ha, (pOHe n30mHmil ryOnuH; 6 — COOTBETCTBYIONIME CKOPO-
cru (IITpUX) W YCKOPEeHUs (CIUIONTHBIE JINHUN); KPUBBIE 6e3 MapKepOB COOTBETCTBYIOT 3HAYEHUIM
Bosib ocu Ox, ¢ mapkepavu — Oy
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yBeJIMYeHUS TJIYOUH, OTIOJI3€Hb 110 WHEPIUU JIBUZKETCS Ha, TPOTUBOIIOJIOXKHBIN CKJIOH YKeJji00a,
3aTeM BHOBb CKATBHIBAETCS BHW3 W OKA3BIBAETCSI HA CKJIOHE, C KOTOPOIO HAYas CBOE JIBUIKE-
HHe, [OC/Ie 9ero, MpeTeprenas eme OJHO MaJjoe Kojebanne OTHOCUTEIHHO HEeHTPAIbHOW 0Cch
Kestoba, MpubIUKAETCI K MECTy CBOeil OCTAHOBKH, KOTOpasi MPOUCXOIUT MPUMEPHO B TOT
JKe MOMEHT BpeMeHW, YTO W B MepBOM, mpocreiimeM, ciaydae. Kpussie Ha puc. 3, 6 moKa3bI-
BAIOT, UYTO XapaKTep W3MEHEHUs T-KOMIIOHEHT CKOPOCTH U YCKOPEHUS OMOJI3HS MPAKTHIECKN
COXpaHdeTCdA 3a UCKJJIIYeHueM TOoro, 4To Fpa(i)I/IK AUHAMHUKHN YCKOPpEeHUudA CTAaHOBUTCA MeEeHee
MOHOTOHHBIM. JI[MHAMUKA CKOPOCTH U YCKOpeHus B HanpaBiaennn ocu Oy NMeeT BhIPAKEHHBIT
KOJ1e0aTeMbHBI XapaKTep, MOJTHOCTHIO COOTBETCTBYSI OIMMCAHHOMY BBITIE XapAKTepy JTUHAMI-
KU TPAEKTOPHUH JIBUKEHUS B IEJIOM.

Ob61iee mpejcTaBIeHne O TMOPOXKIAEMOM JIBUYKEHHEM OIOJI3HS BOJHOBOM IIPOIECCE MO-
JKeT OBITh MOJIYUEHO C MOMOINBIO KAPTUH CBEYEHUs] — MPOCTPAHCTBEHHBIX DPACIIPE/IeTeHni
MaKCHMAJIbHBIX 3HAYEHUIT aMIUINTYL 32 Bee BpeMs pacdera (puc. 4). OHE MOKAa3bIBAIOT, Y4TO
eCTeCTBEHHad B MEPBOM CJIy4dae CUMMETPpUYHad KapTHUHa BeCbMa 3HAYUTEJIBbHO MEHAETCA BO
BTOPOM, KOTJla OCHOBHAA YaCTh BOJHOBOI 3HEPrMU OKa3bIBAETCd HANPABICHHOW B CTOPOHY
MepPBOHAYATBHOTO CABUTA CJ0S YKUIKOCTH, KOTOPBIH MPOUCXOJAUT HA MAJIOil riyOuHe.

[IposiB/ieHnsT BOJTHOBBIX PEYKUMOB Ha, 6epery WLIIOCTPUPYIOTCS PACIPe/Ie/IeHUSIMU MaKCH-
MAJIbHBIX U MUHUMAJBHBIX BBICOT BOJIH, DACCIUTAHHBIX B GeperoBbix Toukax (puc. 5). I'pa-
dbukn 3TUX pacupeeeHnit TOKA3BIBAIOT, YTO B MEPBOM CIyUae MPAKTUIECKH BCS BOTHOBAS
SHEPrusi PacHpoCTPAHSETCs B CTOPOHBI OT IEHTPAJIbHOW ocu kejgoba. B nentpe Geperosoii
JIMHUU TIOJIOZKUTEJIbHbIE aMITJINTYAbl UMEIOT CTpOFI/Iﬁ MWUHHUMYM U UX a6COﬂIOTHbIe 3HaYEHNA
B 7-8 pa3 MeHbIlle, YeM B TOYKaX MaKCHUMyMa, HaOJ/0JaeMbIX Ha paccrogHun 5b,. s or-
PHUIATETHEHBIX AMILIATY/T JTOKATHHBI MAKCUMYM B EHTPE XOTh U UMEETCsI, HO BEJTUIHHA, €r0
TaKKe HAMHOIO MeHbIe (IPUMEPHO B 5 pas), ueM 1Mo 60KaM Ha TOM YKe PACCTOSHUM.

[Ipu mocTaHOBKE OMOJI3HS B HAYAJBHBIH MOMEHT BpEeMEeHH Ha Kpail Kemoba B dacTu Oe-
PEeroBoil JTHHUH, HAXOJAIIEICS B CTOPOHE HAYAJIBLHOTO JIBUKEHUS Tesa, aMILTATYIbl B JBA C
HeOOTBITIM pa3a 00JIbIlle, 9eM B TPOTHBOIOJIOKHOI IacTi OeperoBoil IMHUA W 9€M B TIPe/Ibl-
nyimem ciaydae. [lo nenTpy 6eperopoit JTMHUN aMILIATY/IbI, B CDABHEHUH C MaKCHUMAJIbHBIMH,

Puc. 4. Kaprunsr “cBeueruns” — MaKCUMAJIbHBIX 3HAUEHUN aMILIATY] 32 BCE BpeMs pacdera: ¢ —
B CJIy4ae OIOJI3HsI, CTAPTOBABIIETO 0 EHTPY kKeja00a, 6 — ¢ ero Kpas
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Puc. 5. Pacnipemeniernst MakCUMAJIBHBIX U MUHUMAJIBHBIX BBICOT BOJIH, PACCUNTAHHBIE B OEPErOBhIX
TOYKAX: CILIOIIHBIE JIUHUU COOTBETCTBYIOT OIOJ/I3HIO, CTAPTOBABIIEMY IO MEHTPY Keja00a, MITPUX0-
BBIE — C €70 Kpasi. T peyroJibHUKaMi OTMEUeHbI Ha9aIbHbBIE §J-KOOPAMHATHI IEHTPOB MaCC: CILIONTHOM
COOTBETCTBYET MEPBOMY CJAyYal0, KOHTYPHBI — BTOpPOMY. BepTuka/jibHbIE MITPUXOBBIE JTUHUU yKa-
3BIBAIOT TPAHUIIBI JKEI00a

IIO-IIpeKHEMY HE3HAYUTE/IbHLIL. B IIeJIOM pacHpeeneHnne 3alljJIeCKOB Ha 6epery BbBITVIAIUT 00-
Jiee HEMOHOTOHHO.

B zak/rouenne orMeTuM, 9TO MPU HATTMCAHUN HACTOSIIEH cTaThi HanboIee BaKHBIM aBTO-
pBl CUUTAIN TIPeJicTaB/IeHne HOBOTO 3aKOHA JIBUYKEHUS W JIEMOHCTPAIMIO €70 BO3MOYKHOCTEH
Ha JIOCTATOYHO MPOCTOM, HO XapaKTEePHOM IpHUMepe aKBATOPUH ¢ HEOIHOPOIHBIM pesibedoM
nua. Ilocaemyrorime paboOThl OYIYT MOCBAIIEHBI HCC/IEJIOBAHUIO BAUSHHUA Ha ITOPOZKIaeMble
BOJIHOBBIE PEKUMbI (DU3UIECKUX XaPAKTEPUCTUK OIOJI3HSA M CKJIOHA, 10 KOTOPOMY OH JIBU-
JKeTcsl, — TJIOTHOCTH OTMOJI3HEBOUW MacChl, TEOMETPHYECKUX Pa3MepOB OMOJI3HS, MapaMeTpoOB
HEOTHOPOTHOCTH peJibeda, eCTeCTBeHHOW KPUBU3HBI OEPeroBoil TUHUK U JIP.
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