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AHHOTAITAA

AHAAMBUPYIOTCA HEKOTOPBIE MACIITAOHBIE IIPHPOAHEIE
ABACHHA U HEOKUAAHHBIE SKCIIEPUMEHTHI. /\OKA3BIBACTCS, ITO OHU
MOTYT OBITH OODBACHEHBI CYIIIECTBOBAHHEM TIPAaBUTOMATHETH3MA U
3HAYUTEABHBIX 110 BEAHYHMHE IPAaBUTOMArHUTHBIX cHA. Ha aToit xe
OCHOBE AOKA3BIBACTCA, YTO MOKET CYIIECTBOBATH ICHEPATOP,
HCIOAB3VIOINNN  9HEPIUIO  HCTOYHHKA  IPABUTAIIMOHHBIX
KOHCEPBATUBHBIX CHA AAfA  BBIIOAHEHHA PaOOTBI, M 3TO HE
IIPOTUBOPEYHT 3aKOHY COXPAHECHHSA SHEPIHH.

ITpeanaraercs HOBOe pereHHe ypaBHEHHI MakcBeaAa AAdA
I'PAaBUTOMArHETU3MA, KOTOPOE MCIOAB3YETCA AAfl IIOCTPOCHHA
MATEMATHYIECKIX MOAEAECH Pa3AUYHBIX ITPHPOAHBIX ABACHHI
(IrlecuaHOTO BHXpPA, MOPCKHX TEYEHHI, BOAOBOPOTA, BOPOHKH,
BOAHOTO COAUTOHA, BOAHOTO H IIECYAHOTO IyHAMH, TYPOYACHTHBIX

TEUEHUH, AOIIOAHUTEABHBIX (HEHBIOTOHOBCKHX) CHA
B3aMMOACHCTBISA HEOCCHBIX TEA).
ITpusoanTcs IIOAPOOHOE AOKa32TEABCTBO AAS

3AMHTEPECOBAHHOTO YHTATCAS.

PaccmaTpuBaroTcs  9KCIIEPUMEHTAABHBIE — ITOATBEP/KACHUA
TEOPHH.

ITpearararorcsi OOBACHEHHS SKCIEPHUMEHTOB, KOTOPEIC AO
CHX IIOp HE OBIAH OOOCHOBAHEL.

[Tpocpba, 3amMeuanms 1 IPEAAOKEHIA COODIIATH IO AAPECY:
solik@netvision.net.il
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1. Beryniaenue

MsBectrsr ypapaeHns MakcBeAAa AASL SACKTPOMATHHUTHOIO ITOASA B
dopme (1), npearoxennoit Xepucariaom [1] (bopmyAsl IIpHBEACHBI B
npuAroxennu 1), XeBucailA  ABAAETCA  TAKKE aBTOPOM  TEOPHH
rpapuTaruy (2], B KOTOPOI TIPaBHUTAIIMOHHOE IIOAE€ OIIMCHIBACTCA
aHaAOTHYHBIME 110 opme ypaBHeHuamu (3). B Aaapzelimmem ObiAO
110Ka3aHo [3], 4To B CAAOOM TIPABHTAIIMOHHOM IIOAE IIPH MAaABIX
cKkopocTAX m3 OcHOBHBIX ypaBHeHmid OTO  MOXHO  BBIBECTH
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IPABUTAIIMOHHBIC AHAAOTM YPABHEHHUH OAECKTPOMATHHUTHOIO  ITOAf,
KOTOPBIE HMEFOT TOT e BHUA (3).

"aest ITIOAOOHs 3aKOHOB IPaBUATALINN 3aKOHAM
aAekTpomaraetusma oocyxaasace Ax. K. Makceasom, Bpruasrosnom,
bpuaxmenom, O. Xesucaiipom, I'. boran (1962 r.), O. bparnackum n
Ap. P. ®opsapa (1961 r1.) BEIBEA aHAAOTHYIHBIE MAaKCBEAAOBCKHAM
coorHomreHus rpasuranuu ¢ omoporr Ha OTO A. Dimrrrerina. Ax.
Kapcrya (1969 r.) moAydma Ty e CHCTEMy YpPaBHEHHUH ‘THPOIIOAR,
OIINPAACH Ha HACIO nsomopdusma 0a30BBIX 3aKOHOB
dACKTpOMArHeTH3Ma U rpasurarmu’ [12].

Aaaee OyAeM paccMaTpHBaTh ypaBHEHHA rpaButanuu B opme
ypaBHeHHI MaKcBeAAd M HA3BIBATH MX MAKCBECAAOBCKUMH YPaBHCHUAMU

rpasuromargernsma uan MI'M-ypasaenuavu. Hrmke paccmarpusarorcs
MI'M-ypasuenus u skcrepumenTol Camoxpasopa. OrTmedaercs, YTO
HAOAFOA2E€MBIE B 3THX  3KCIepuMeHTaX  9@EKTBl  HACTOABKO
3HAYUTEABHEI, YTO AAf UX OOBACHEHHA B PaAMKAX YKa3aHHBIX
MaKCBEAAOIIOAOOHBIX YPaBHEHHUI I'PaBHTAIINN HEOOXOAUMO AOIIOAHHTH
3TU YPAaBHEHHA HEKOTOPHIM SMIIMPUICCKUM KO3MD@HUIIHEHTOM, KOTOPHII
MOJKHO Ha3BaTh T'PABUTAIIMOHHON IIPOHMIIAEMOCTBIO CPEABL Aaaee
ITOKAa3BIBACTCA, YTO IIPH TAKOM AOIIOAHEHUU PE3YABTATHI 9KCIIEPUMEHTOB
XOPOIIIO COTAACYIOTCA € MOAUMUINPOBAHHBIMUA TAKAM 0OOpPasoM
ypaBHEHHAMH rpaBuTanud. Aaercad rpydad OIEHKA BEAHYUHBL 3TOTO
koo durmenTa.  PaccmarpuBaroTcsi — HEKOTOPBIE — CAEACTBHA M3
VKa3aHHBIX YPABHEHUM, B YACTHOCTH, TPABHUTAIIMOHHOE BO30OYKACHNE
9AEKTPUYECKOIO TOKA, BO3ACHCTBHE TI'DAaBHTOMATHHUTHOW HHAYKIIHMH HA
9AEKTPUYECKHIT TOK U T.A.

HOApO6HO paccMaTpHUBarOTCA HEKOTOPHBIC ABACHUSA u
SKCIIEPUMEHTBI, KOTOPBIE MOIYT OBITh OOBACHEHBI C IIPUBACYCHHEM
VKa3aHHBIX ypaBHEHHI. Aaree IIPEAAATAIOTCA pEIICHHs —YKA3aHHBIX
ypaBHeHPIfI, KOTOpI)IC O6T>$[CHHI‘OT Ha6AIOAaCMI)Ie ABACHUA U 3KCH€pI/IMCHTbI.
ApyrumMm CAOBamMH, IOKa3BIBACTCS, YTO CYIIECTBYIOT PEIICHUS, AACKBATHEIC
MHOTMM SIBACHMSM M OKCIIEPHMEHTaM. [l09TOMY MOKHO YTBEPKATD C
OHp CACACHHOﬁ yBepeHHOCTI)IO, 910 HpeAAaraeMaﬂ TCOpI/IH OIINCBIBACT
HaBDAIOAAEMYIO ACHCTBHTEABHOCTD.

Mrak, B cAadOM TIPaBHTAIIHOHHOM IIOA€ 3EMAH  MOKHO
IIOAB30BATBCA MAKCBEAAOIIOAOOHBIMH  VPABHCHHAMHU AAfA  OIIHCAHUSA
I'PABUTAIIMOHHBEIX B3aHMMOACHCTBHI. DTO O3HAYAET, YTO CYIIECCTBYIOT
IPaBHTAIITMOHHEIE BOAHBI, HMEFOIIIHE I'PABUTO3AEKTPIYIECKYFO

COCTAaBAAIOIMYIO C H aHpH}KCHHO CTBhIO E g nu T paBI/ITOMaF HIITHYIO
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COCTABASTOIIYIO ¢ HHAyKImeii B g Ha maccy m, apwxymyrocs B

MATHHTHOM ITOAE€ CO CKOPOCTBIO V, ACHCTBYET I'DABUTOMATHHTHAA CHAR
Aopenna (anaror usBecTHOI cuAbl Aopena) Buaa (B cucreme CI'C)

F:gr:E/ngl 1)

rae § - koadpdunment, papusiii 1 y Xesucariaa u pasusii 2 8 OTO.

CamoxBanroB [4-9] 3aAymMaA M BBIIOAHHA CEPUIO HEOKUAAHHBIX H
VAUBHTEABHBIX ~ 9KCIIEPHUMEHTOB, KOTOPBIE, IIO-BHAIMOMY, MOKHO
OOBACHUTH ~ B3aUMOAEHCTBHEM  HEPABHOMEPHBIX  TOKOB  MacC.

HCpaBHOMepHI)IC TOKH Macc Jg CO3AAIOT IICpEMCEHHBIC
FpaBI/ITOSACKTpI/I‘ICCK}TIO HaprDKCHHOCTI) E g n T paBI/ITOMaFHI/ITHYIO

uaAyKTIHEO B g [Tpu B3aMOAEUCTBHUN 3TOM HMHAYKIIHH C Maccamu M,

ABITKYIIIMUCH CO CKOPOCTBIO V BO3HHUKAET I'PAaBHTOMATHHTHASA CHAA
Aopenra. Baxuao ormeruts, 910 9(O(EKTEI HACTOABKO 3HAYUTCABHBI,
YTO AAfl UX OODBACHEHHA B PAMKAX VKA3AHHBIX MaKCBEAAOIIOAOOHBIX
VPAaBHEHHUH IPABUTALINI HEOOXOAUMO AOIIOAHUTH 3T YPaBHEHUA
HEKOTOPBIM ~ SMIIMPUYECKUM K03 PUIIIEHTOM é: (aHAAOTHYHBIM
KO9(PUIMEHTYy  MArHUTHOH  IIPOHHIIAEMOCTH  CPEABI y7i B
aAeKTpoMarueTusme). Aasee IMOKa3bBACTCA, YTO IPH TAKOM AOIIOAHEHHH
PE3yABTATEI SKCIIEPUMEHTOB XOPOIIIO COTAACYIOTCA c
MOAUMDHUIIIPOBAHHBIMU YpaBHEHUAMUI IPaBUTAITHH. 3navenne
koo durmerTa f U3 O9THUX OKCIIEPUMEHTOB OIPEACASIOTCA  AASl
IIOHIKEHHOTO AaBAeHnA. Bro 3HadeHwme mpu atMOcdEepHOM AABACHHHI
MOHO OIICHUTH BECbMa IIPHOAMKEHHO.

Wraxk, ¢ yaerom sxcriepumenToB CaMOXBaAOBA MAKCBEAAOIIOAOOHBIE
YPABHECHHUSA TPABUTAILIIN AOAKHBI OBITh IICPEIIHCAHBI B BHAC

divE o= 47Gm , ©)
diVBg =0, ©)
1 OB
rotE, = _Z Gtg , “
oF
rotB P @ J + l £ ()

c £ c ot
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rae BeamunHa Kosdburmenta & ONpeACASieTCs HUKE U3 YKA3AHHBIX

OKCIIEPUMEHTOB. DTOT KOI(MD@MHUIINEHT MOKHO Ha3BATh IPABUTAIIMOHHON

LIPOHHILIACMOCTBEO CPEABL.
Cuaa Aopenria AAf MacChl

F:mEg+gﬂEngl ©)
c

2. HexoTopble aHAAOTUU U CACACTBUA

SACCB MBbI pﬁ.CCMOTpI/IM HCKOTOPBIC AHAAOTHH MCIKAY
QACKTPOAHHQMHKOﬁ 48 rpaBI/ITOMaFHCTI/ISMOM, a TaKKE€ CACACTBUA U3
PACCMOTPEHHEIX BHIIIIE YPABHEHUI.

2.1. MHAYKIIUA KOABIIEBOIO MACCOBOTO TOKA

MarHHTHbeI IIOTOK @ 5 HpOXOAHH_[I/Iﬁ "ICPCS IIAOIITAAD S BUTKA
AAHBL L, I10 KOTOPOMy TCUCT HCPCMCHHbeI BACKTPI/I"ICCKI/H‘/‘I TOK J , B
cucreme CI'C

A ST
= . 1
c L @
CPCAHHH II0 ITAOIIIaAT S I/IHAYKHI/IH
4
p=2 - )
clL
EC/\I/I BUTOK ABAACTCH KOABITOM pa,/_\I/cha R , TO
2
p=2# : 3)

cR

[IpeartoAOKHM Temepb, YTO MO KOABITYy TEYET ITEPEMEHHBIM MACCOBBIN

toxk J g Toraa, He paccMaTpuBas TEXHHUYECKYIO PEAAM3AIHIO, II0
anasorun u3 (1.5) moayaum
26,
g .
cR

ComnocraBasis 9T (DOPMYABI HAXOAUM I'PABUMATHUTHBIA ITOTOK d)g R

)

IPOXOAAITINIT Yepe3 MAOIIAAb O BHTKA AAHHBI L, IO KOTOpOMY TedeT
IICPEMCHHBLI MaCOBBLI TOK J , :

_4nGE 5y

()
£ c L

(42)
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2.2. I'paBUTAITNOHHOE BO30Y>KAECHHE IACKTPHUUECKOIO
TOKA

Mz (1.4) caeayer, 9TO IDABUTOABILKYIIIAS CHAQZ, CO3AaBacMas
I'PABUTOMATHUTHBIM IIOTOKOM B KOHTYPE MaCCOBOTO TOKA,

1 chg
£ e dt )

CuAa HHAYKITHOHHOTO 9ACKTPHYECKOTO TOKA B 3aMKHYTOM KOHTYpE
(8 cucreme CI'C)

£

_ 1 a0
cR, dt’

TAE Re - COHpOTI/IBAﬁHI/Iﬁ ABIKEHHUIO STHX SACKTpOHOB. DTOT TOK B

(52)

METAAAE CO3AAETCA CBOOOAHBIME DAEKTPOHAMH C 3apfAOM €,. Ilo
aHAAOTHH C y4eToM (5) HaXOAHM, YTO II€PEMEHHBIN I'PABUTOMAIHUTHBINA
notok @ g TAKKE cosaaeT BUXPEBOM MHAYKITHOHHBII MACCOBBII TOK

1 do,

= — 6
£ c¢R dt’ ©

m

TAE Rm - COIIPOTHBACHHC ABIKCHHIO MACCOBBIX YaCTHII. DTOT TOK B
MCTAAAC CO3AACTCA CBO6OAHBIMI/I SACKTpOHAMHI C Maccou me. TOFAa
Rm = Re - COIIPOTHBACHHUIO ABIDKCHHIO I3THX IJACKTPOHOB. B stom

cAy9ae MaccoBomy TOky J g COOTBETCTBYET SAEKTPUYIECKHH TOK

e
Joo=Js 2. 0
ge 8 me

WsBectHO, 9TO
-34 -19
m,~9.1-10~'r, ¢, ~1.6-10 "7 Ku,
®)
e 14 Kn
n=-2~1.8-10"—.
m, r
CAEAOBaTEABHO,  CHAA  HMHAYKIIHOHHOIO  9AEKTPHYECKOIO  TOKA,
CO3AaBAEMOTO IIEPEMEHHBIM I'PaBUTOMATHHTHBIM ITOTOKOM (D g

_p 4o,
“ R, dt

Amanormano (7), sAeKTprHeckoMy TOKy J COOTBETCTBYeT MaCCOBBIH TOK

©)

9
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Tgm=J"¢. 99)
eO

C/\eAOBaTCAbHO, CHAQ2 MaCCOBOTO TOKa, CO3AABACMOIO IICPEMCHHDBIM

MATHUTHBIM ITOTOKOM @ 5

1 do

Jomp =—+—. (9b)
" ¢R,yp dt

2.4. MHAYKIIUA ABYDKYIIETOCA TEAQ
WMszBectHO, 4YTO WHAyIIHA TOAA B CPEA€ C  MArHOTHON
IIPOHHUITAEMOCTBIO [/, CO3AABAEMOIO 3aPAAOM (, ABIKYIIIIMCH CO

CKOPOCTBIO V, B HEKOTOPOH TOYKE paBHA

) - 3

BZILIQQX}”)CI” . (16)
ITpu sTOM BEKTOp ¥ HAIIPABACH M3 TOYKH, TAC HAXOAUTCH ABILKYIITHIICA
3apAA (] B PACCMATPUBAEMYIO TOYKY. AHAAOTMYHO, IPABUTOMATHHTHAS
HHAYKIIUA ITOAf, CO3AABAEMOIO MACCOH /1, ABHIKYIIIEHCA CO CKOPOCTBEO
V, B HEKOTOPOM TOYKE PaBHA

B - 3

Bg—me@xr)/cr , A7)

[TockoABKy, Kak ITOKa3aHO B paspeAe 2.2, 3AEKTPOHHBI TOK

ABAAETCA OAHOBPEMEHHO WM MACCOBBIM TOKOM, T'PaBHTOMATHHTHAA

HHAYKIIUSA MOJKET CO3AaBaThb /\OPEHIIOBY CHAY, ACHCTBYIOIIYIO HA
9AEKTPUIECKHUIT TOK.

2.5. TI'paButomarHutHbpIi 3aKk0oH bwmo-Capapa-
Aamaaca

M3BecTHO, HYTO SAEKTpUYECKHH TOK J  CO3AA€T MATHHTHYIO
HMHAYKITIIO, OIIpeAeAsieMyro 3akoHOM bro-Casapa-Aamaaca B Buae

@:ﬂ;‘] ﬁx;: (18a)

rc

rAe dL - BEKTOP-9AEMEHT IIPOBOAHMKA C TOKOM, ¥ - BEKTOP MEKAY STHM
9AEMEHTOM H TOYKOH, TA€ OIPEACAACTCA HHAYKIHUHA. DTOT 3aKOH B
HACTOSAIIIIEE  BPEMA  PACCMATPHUBAETCA KaK CAEACTBHE  YpPaBHEHHH
Maxcseana. [10aTOMy MOKHO yTBEPKAATH, YTO AHAAOTHIHBIN 3aKOH AAf
I'PABUTOMATHUTHON HMHAYKIIIH, CO3AABAEMOII MACCOBBIM TOKOM. B stom
cAygae 3akoH buo-CaBapa-/Aaraaca 3aIInCeBACTCA B CACAVIOIIIEM BHAE!

10
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dB, = oGm Ex;} (185)

3
rc

TA€ V - BEKTOP CKOPOCTH MaCChL M .

2.6. I'paBuTOoMarauTHaA cusa Amiiepa
MSBCCTHO, YTO Ha IIPOBOAHHK C ISACKTPHYCCKHUM TOKOM J B

MATHHTHOM TIOAE C HHAYKImeit B aetictsyer crmaa Amrepa (Ha eanHmIIE
AAMHEI)

Fa:iOXB) (19)

AHaAOI“I/I‘IHO, Ha IIPOBOAHHUK C MaCCOBBIM TOKOM Jg B

TPAaBUTOMATHUTHOM  ITOA€ C  HHAYKIHEH B g AEHCTBYET
I'PaBUTOMATHATHAA CHAA AMIIEpa
F =[5
ag — z g X gb (20)

PaccmorprM  cAywaii, KOraa MacCOBBIM TOK ABAAETCA CAEGACTBHEM
3AEKTPHYECKOIO TOKA, T.€. YACTHIIBI — IIEPEHOCYHKH 3apsAra OOpasyroT
MACCOBBII TOK. Toraa

J g = Jny, @1
m=mlq, 22)
TAC m, q — MacCa n 3ap51A JaCTHUIIBI. HpI/I 3TOM Ha HpOBOAHI/IK C

IACKTPHUICCKHIM TOKOM J B TPaBUTOMATHUTHOM ITOAE C I/IHAYKL[I/ICI‘/'I Bg

AﬁflCTBYCT FpaBI/ITOMarHI/ITHaH CHAQ AMHCpa

r, :ﬂpr_g_' (23)

age
c
Harrpumep, ecAn 3apAKeHHOI YACTHIIEH ABAACTCA SIAEKTPOH, TO
=34 -19
m,~9.1-10"'r, e, #1.6-10 "~ Ku,
m 4T 24)
m=€~06-1071% "
e, Kn
EcAW ke 3apAAKEHHOIN YaCTHTIEH ABAAETCA MOH C Maccoit M = M - m,, 10

py = "Me 0610714 KFH (25)

o

11
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U AAS CAOKHBIX MOACKyA 1y => 1. Takum o0Opasom, BO3MOKHBI

3HAYHTEABHBIC TPABUTOMATHHTHEIC CHABI AMIIEpa ITPU B3aMMOACHCTBHH
IPAaBUTOMATHUTHON MHAYKITUN C SACKTPHIECKIM TOKOM.

2.7. ITAOTHOCTH 3HEPIrUU MATHUTHON BOAHBI
M3BecTHO, YTO HAOTHOCTH JHEPTHH IACKTPOMATHHUTHOM BOAHBI

[10],
2
B
w2 ;2 26)
87 | cm-cek
IIprvensas TPUBEACHHBIH TaM BBIBOA AAA ypasHenmit (1.2-1.5)

I paBI/ITO})ACKTpOMaF HUTHON BOAHBI, HAXOAUM
2
_ g

/4
¢ 8aG

27)

2.8. MHAyKIIIIA TIPOBOAHUKA C TOKOM
MSBCCTHO, YTO MAr"guTHAsA I/IHAYKL[I/IH 6€CKOH€‘IHOI‘O HpOBOAHI/IKa C
3A€KTpI/I‘I€CKI/IM TOKOM

B=2J/(cd). (28)

TAC d - paCcCTOAHHC OT IIPOBOAHHKA AO TOYKH U3MCPCHUA. AHH/\OI‘I/I‘IHO,
FpaBI/ITOMaFHI/ITHaH MHAYKIA OEeCKOHEYHOIO HpOBO,A,HI/IKa C MaCCOBBIM
TOKOM

B, =28GJ,/ (cd ) (29)

3. HekoTophble 3KCIEPUMEHTAABHBIE OIIEHKH
Amnaans sxcriepumenToB CamoxBaroBa [4-9], BEIIIOAHEHHEIN B rAaBe
51, TmO3BOAAET IOAyUHTH IpPyOyRo  omeHky —koapdmmenta &

FpaBHTaHHOHHOﬁ IIPOHUIIAEMOCTH. Tam IIOKAa3aHO, 9TO AAS BaKyyMa

Ex 1012 (30)
Dra  BEAHMYHMHA MOMKET OBITh CHABHO  3aHIKEHA, ITOCKOABKY
SKCIIEPUMEHTEl BBIIIOAHAAHCH IIPH CPEAHEM BaKyyMme, a f pacrer ¢
yMeHbIIeHneM AaBAeHudA. [lpu armocdepHOM AaBACHHH f =0, ugro
OOBACHAECT ~ OTCYTCTBHE  BHAUMBIX  3(P@EKTOB  I'PaBHTAIIMOHHOIO
B3aMMOACHCTBUA ABHKYIITUXCH MacC.

I'paBurarmonHas  IIPOHHIIAEMOCTb CPEABI  BXOAHT TEIEPh B
ypaBHEHHE AAf POTOPA TIPABUTOMATHUTHON MHAYKIIMH TaKikKe, Kak
MarHUTHAA IIPOHHUIIAEMOCTb CPEABI BXOAUT B YpaBHEHHE AASl pOTOpa
MATHHUTHOM MHAYKIIAH.
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MaBa 1. '[paBUTOMarHeTU3m

AAf BBIABAGHHS  IIPUPOABI  YMEHBIIIEHHA I'PABUTAIIMOHHON
IIPOHHUIIAEMOCT ~ BO3AyXa II0 CPaBHEHHIO C  IPABUTAIIMOHHON
IIPOHHUITAEMOCTBIO BAKYyMa 3aMETHM, YTO MATHHTHAA IIPOHHIIAEMOCTH
3AEKTPOIIPOBOAHBIX MATEPHAAOB PE3KO YMEHBITAETCH C YBEAMYCHHEM
YACTOTHI TOKA, CO3AAFOIINETO MATHHUTHOE IOAE (M3-32 IIOABACHHUSA TOKOB
®yxo, SKPAHUPYIOIITHX MarHUTHYIO HHAYKIIHIO). MozxnO
IIPEATIOAOKHTD, 9YTO IIOA ACHCTBHEM IIEPEMEHHOIO IPABHMATHHTHOIO
IIOAfl  ABIDKYIIIIECH MOACKYABI BO3AYXa BEAYT CeOsi aHAAOTHYHO
CBODOAHBIM 3AEKTPOHAM B IIPOBOAHHKE ITOA ACHCTBHEM ITEPEMEHHOIO
MATHHTHOTO ITOASl — B BOBAYXE CO3AAFOTCA IPABHTALIMOHHBIC ''MACCOBBIC
tokn Dyko", skpaHHpYyrOIIHE I'PABUMATHUTHYIO HHAYKLUIO. B Takom
CAyYae MOKHO IIPEAIIOAOKHTB, YTO IIPU HU3KUX CKOPOCTAX ABHKCHUSA
Macc AaKe B aTMOcdepe MOTyT HAOAIOAATHCH 3HAYUTEABHBIEC 3(PAEKTEL

Aasee IOKa3BIBAETCHA, YTO CYINECTBYET IPHPOAHBIC ABACHHUA U
9KCIIEPUMEHTEI, KOTOPbIE HE HMEIOT OOIIEIPU3HAHHBIX OOBACHECHUI H
MATEMATHIECKHIX MOAECAEH, HO MOTYT OBITh OOBACHEHHI C IIPHBACYCHIEM
PACCMOTPEHHBIX BBHIIIIE YPABHEHUI.

4. Eme o cuaax AopeHna
BsammoaeiictBie MEKAY ABIKYIITHMUCH MACCAMH  OITHCBIBACTCH
IPaBUTOMATHUTHBIMH curamu  /\opeHra (ranee I'A-cuasr),
AHAAOIMYHBIMUA CHAAM /\OPEHIIA B 9ACKTPOAMHAMUKE, ACHCTBYFOIIIMIU
MEKAY ABIUKYIIHMUCA SAeKTpudeckumu 3apasamu. M3 (2.20) caeayer,
ut0o 'A-craa (ee rpaBUTOMATHUTHAA COCTABASIFOINAS) MMEET BUA
F,=JxB, 1)
TA€, KaK CAEAyeT 13 (2.4), IpaBUTOMATHUTHASA MHAYKITHA
B=GEH. @
3aece G - rpaBUTAMOHHAS IIOCTOSIHHAA, & - TIPABUTOMATHHUTHAs
ITPOHHITAEMOCTE CPEABI.
Wrax, B moTokax macc AefictByroT I'A-cuawr (1, 2) nan

F,=G&(UxH). 3)
AN

F,=G-&-S,, Q)
TAE

S =(JxH). )

DTO  BEKTOPHOE IIPOM3BEACHHE  ABAACTCH  ITAOTHOCTBIO  ITOTOKA
I'PaBUTOMATHUTHON SHEPIUU.

Cuaa AopeHIla ¥ TIPaBHTOMATHHTHAS HHAYKIHA OIIPEACACHEI
Beite 10 (1.6, 2.18B) cooTBeTCTBEHHO B BHAC

13



Masa 1. lpaBUTOMarHeTU3M

F:g%E/ng], (6)
B, == fxr] 0

CACAOBQ.TCABHO, TPaBUTOMATHUTHAA CHAQA AOpCHHa, ACﬁCTBymmaﬂ oT
IICPBOI'O T€AA HA BTOPOE,

F=580mm L] ®)

3.2
rc

B raaBe 3 moxkaseBarcsa, uro, Oaaroaaps  ['A-cmaawm,
IPABUTUPVIOIIEE TEAO PACXOAVET CBOIO SHEPIMIO HA CO3AAHHUE U

HOAAEPKAHIE MACCOBHIX TOKOB. L3 amasormm MexAy —ypaBHEHHAMU
MakcBeara ans saekTpoanHamukn u MI'M caeayer, 9TO CyIIECTBYeT Takike
IOTOK S I'PaBUTAIIHOHHON SHEPIUH.

Aanee aHAAHBUPYIOTCA HEKOTOPBIE MACIITAOHBIE IIPHPOAHBIE ABACHUSA 1
HEOXKUAAHHBIE SKCIIEPUMEHTHI. AOKA3BIBAETCA, ITO OHU MOIYT OBITH OOBACHEHE
CYIIECTBOBAHNEM TIPABUTOMATHETH3MA H 3HAYHTCABHBIX II0 BEAHYHHE CHA
IPAaBUTOMATHHUTHOTO B3aNMOACHCTBHA - TPABHTOMATHHTHBIX CHA. OTH CHABI
VMMEIOT 3HAYUTCABHYIO BEAHYHHY B BAKyyME.

B cAaabom rpaBHTAIIHOHHOM ITOAE 3EMAH MOKHO ITOAB30BaThCs MIM-
ypasaenuamu. Kak yxe ormedeHo, ['A-CHABI HMEIOT 3HAYUTEABHYIO BEAUIHHY
B BakyyMe. B ITOTOKE IKHAKOCTH ABEUKYIIHECS MOACKYABI Pa3bEANHEHEI
BakyyMoM. [losToMy cHABI WX TPaBHTOMATHHTHOTO B3aMMOAEHCTBHA MOTYT
OBITH 3HAYHTCABHBIMI 1 BAUATH HA XaPAKTEP TCUCHUS.

ITpuaorxenue 1. YpaBHeHHA 3A€KTPOMATHETU3MA U
IPABUTOIAEKTPOMATHETHU3MA
Hioxe TIPUHATBI CACAYIOIITHIC 00O03HAYEHNUSA:

® (] — SACKTPHYCCKUI 3aPAA [\/m},

e O - IAOTHOCTb SACKTPHUYIECKOTO 3aPAAA Il/m/cwl3 ;

e J - maorHOCTH SAEKTPHUYIECKOIO TOKA 1 T i,
CM-CeK | cM

e C - CKOPOCTH CBETA B BaKyyMe; ¢ ~ 3- IOIO[CM/ceK];

E — manpsmxénnocts saekTprrdeckoro moas
2 4 .
r-CM/ceK =3.10"B/m

B — Mar"muTHasg HHAYKITHS 1 \/? =Tc 5
CM

CCK

o & - AMBAEKTPUYECKAS IPOHUIIAEMOCTD CPEABL, paBHAs 1 AA
Bakyyma B cucreme CI'C;

14



MaBa 1. '[paBUTOMarHeTU3m

/Ll - MarHUTHAA IIPOHUITAEMOCTD CPCABI, PaBHAA 1 AAS BaKyyma B

cucreme CI'C;

V — ckopocts [em/cex | ;

o FF'—cuna juna = r-CM/ceK2 ;

m — macca [r];

pg - IIAOTHOCTDb MACCBhI I:/CM3 ;
e J_ - IAOTHOCTD TOKA MACCHI 2 ;
g CM~CEK ;

L4 G - T'PaBUTAIMOHHAA ITIOCTOAHHAS,

2 3

— HWH - CM CcM .

G~7-1078 S < Ak
T IT'-CCEK

E g- HAIPAKEHHOCTD TPABUTO3AEKTPUIECKOTO OAA le/ ce1<2 ;
B 2.
° g TPAaBUTOMATHUTHAA MHAYKIIUA M/ CEK™ ;

o 5 - I'paBUMarHuTHaA IIPOHUITAEMOCTD CPCABI.

VpaBuenns MakcBeara AAA 9AeKTpOMarHeTHsma B cpeae (Oes
ydeTa HAMarHIIEHHOCTH CPeAbl) B raycoBoit cucteme CI'C mmveror Bua [1]:

divE =4np/ e )
divB =0, @
rotE = _16_8 ?3)

c ot
rotB=47[.ﬂJ+£8—E. *

c c ot
CI/IAa AOpCHHa AASA SACKTPI/I"ICCKOFO 3ap;1Aa

F=qE+g[v><B]. )

c

VpaBHEHUA AAA IPABUTOSAEKTPOMATHETH3MA B CPEAE B TayCOBOM CHUCTEME
CI'C [3], AomoaHenHble 1O aHaAoruu ¢ ypasHenusamu  (1-4)

HpOHI/ILIaCMOCTbIO 5 , HMEFOT BHA:
leEg = 47Z'G,0g , ©)
diVBg =0, )

15



Masa 1. lpaBUTOMarHeTU3M

1 aBg
rotE, =———=, )
g c Ot
AnGE 1 OE
rotB. = J +——= 9
& c £ c ot ©)
I'paBuromarauTHas cuaa AoOpeHIIa AAS MACCHI
m
F:mEg+gc[v><Bgl (10)

rae § - koadpdunment, papusiii 1 y Xesucariaa u pasusii 2 8 OTO.

ITpuaorxenune 2. Hexoropsie popmyasr B cucreme CI'C

HaI/IMCHOBaHI/IC IBACKTPOMQIHCTI/IBM FpaBI/IOMaFHCTI/ISM
Ypasuenus divE =4np/e divE, = 42Gp,
M ; -
AKCBEAAQ divB =0 div Bg _
Az p —4”55 I,
rotB . OF rotB, l 8Eg
c Ot c Ot

Cuaa Aopenria

F=qE+1[yxB]
C

MaraurHas cuaa

! 19> mlmZ
ANopena, Aeii- F12 =H 3, o F12 = gé:G
CIBYIOIIAS OT r
IIEPBOIO TEAA Ha E x oy x 7 F F % I’]]
BTOpOE
MarauTHEI TOTOK, Amu ST 4 ﬂGé‘ SJ
IIPOXOAAIIHH Yepe3 = b = .
IIAOIIIAAD BUTKA C c L & C L

ToKoM (1. 2.1)

Muaykrms 21 2GET
KOABIIEBOI'O TOKA B=—— B = g
(. 2.1) cR ® CR
ABrxyras cuaa (I 1 dd 1 do
2.2) E=——- g, =——=
c dt & c dt

16



MaBa 1. '[paBUTOMarHeTU3m

Crra __1 40 1 4o,

rowa (.2.2) R, di ©CcR,

WMuaykmmas o - 3| o _ - 3

ABITKYIIIETOCH TEAQ 5= ’uq(‘; % I’)CI’ Bg B gGm(‘;X F)CF

(1. 2.4)

sakon buo-Casapa- | —  u-J = — {GmFE -

Aanaaca (1. 2.5) dB = e ﬁxr_ dB, = e Exr}

cura Amrepa (1L 1 — 1

2.6) Fa:COXB) Fag:_[]gXBg]
C

ITaoTHOCTB 2 2

SHEPTHHI W = B— = Bg

MATHUTHOU BOAHBI &1 £ 882G

(. 2.7)

My B=2J/(cd) B, =2&GJ, /(cd)

IIPOBOAHHKA C
TOKOM (11. 2.8)

ITpuaorxenue 3. IIpeoOpaszoBanue

BCKTOPHOI‘O HpOI/ISBeAeHI/IH.

PaCCMOTpI/IM BI)IPQ_)KCHI/IC C BCKTOPQ.MI/I BHAQ

f=laxxr))

B HpaBOfI CHUCTCMC ,A,CKapTOBbIX KOOPAI/IHQ,T 9TO BpraH(CHI/IC HpI/IHI/IMaeT

BUA

)

ay @xry —byr, )— a,(b,r, —byr,)

7: az@y

v, —bzry}ax @xry —byrx) : @)

a, (b, —byr, )— ay @yrz - bzry)

HPCAHOAO)KI/IM, YTO IPOCKIHNHM 3THUX BEKTOPOB HA OCh Z PpaBHBI HYATO.

Toraa

dy

7:@x”y_byrx —dy

0

(22)

[TpearroAoxum errie, 91O ry = 0,1e r= Iy . Toraa
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Masa 1. lpaBUTOMarHeTU3M

7=rby a, | 6)
0

WMrak, mpu yKa3saHHBIX YCAOBHAX

Tab:(zx@x’:)):rby

_ay.

ay

(32)

y
A\ AF
V2

/V1

m2

m1

\

Puc. 1
Amarornano,

Fpa=bx@xCr))=—ra, .

X

Nmeem

0

4
ayb, —a,b, @

5=

AU
Afy = r@xby —ayb, )= rab(cos g, singy, —sing, cosg, ), ()
tAe @y, Pp - yras Bektopos @, b ¢ ocero OX. Taxum obpasom,

BCKTOP Af ACKHUT B TOU IKE ITIAOCKOCTH, TAC HAXOAATCA HNCXOAHBIC

BEKTOPBI, HAITPABAEH BAOAB Ocu O) 1 UMeeT BeAUIuHy (cM. puc. 1)

Af = rabsin(py, — 9, ). ©)

18



MaBa 1. '[paBUTOMarHeTU3m

ITpusroxernne 4. BsaumoaelicTBuE ABYDKYIMXCA

JAEKTPHYECKHX  3apAA0B U 3(PPeKTUBHOCTH

3AEKTPOMArHUTHBIX CHA AoOpeHIIa.

PaccmoTpnm ABa 3apssa qd1 u {7, ABIKYIIHECA CO CKOPOCTAMU V]
u Vy coorBerctBeHHO. Mspectmo [13], 4Uro wmHAymHA IOA4,

CO3AaBACMOIO 3apAAOM q1 B TOYKEC, TAC B AAHHBIFT MOMCHT HAXOAWTCSH

3apAA (9 , paBHA (3Aech U AaAee ucrioabsyercs cucrema CI'C)

Bl =q (?1 X ?)/cr3 : (1)

IIpm sTOM BEKTOp 7 HAIIPABACH M3 TOYKH, TAC HAXOAHUTCH ABHZKYITTUIICH

sapsA (] . Cuaa Aopenia, AeHCTByIOmasn Ha 3apAA ) ,

E=Q2@Xﬁlyc' @
Amasormyno,

Bi: 2 (5 x r)/cr3 : ©)

1) =Q1@Bﬁ0- @

B obmem cayuae Flp # Fpy, Te. He cobaropaercs Tperuil 3aKoH
Hrproroma — BO3HHKArOT HCYPABHOBCITICHHBIC CHABI, AeﬁCTBy}omne Ha
3apsAABL ql u q2 ¥ HUCKPUBAAIOIIIHAC TPACKTOPUU ABHIKCHUA ISTHUX

3apAAOB.

PaccMoTprM  COOTHOIIIEHHE MEKAY CHAOH /AOpeHIa Hu CHAON
HpUTHKEHUA 3apAAOB. B mpocrerinem caydae cuaa Aopenria, HallAeHHAA
us (1, 2) umeer BUA

V1V
F= (qug ; 2 . )
r c
Cuaa IpuTAKEHHA ABYX 3aPAAOB
P= ngz . ©)
r
CAepOBaTEABHO,
F vy,
= —_—ma— . 7
#, P 2 )

byaem masear o1y BeAmumHy 3(P@EKTUBHOCTBIO 3AEKTPOMATHHTHBIX
cuA Aopenma

19



Masa 1. lpaBUTOMarHeTU3M

ITpuaorxenne 5. I'paBmTOoMarHmrTHOE
B3aMMOAEMCTBHE ABVDKYILIMXCA MAacC H
3¢ PEKTUBHOCTBIO TI'PABUTOMATHUTHBIX

cua AopeHna
HO aHaAaAOIUHUu C BSQHMOACﬁCTBHCM 3A€KTpI/I‘I€CKI/IX SZIPHAOB (CM.

IIPHAOKEHHUE 4), ABE€ MACCHI /1] B M) , ABHKYIIIHECA CO CKOPOCTAMH V|

n V) COOTBETCTBEHHO, TaKAKE B3AMMOACHCTBYIOT MEHKAY cOOOH. B

pasacae 2.4 ITIOKa3aHO, 91O B 9TOM CAy4ace BO3HHKAIOT
TPaBUTOMArHUTHBIC MHAYKIIIH BIAQ

Bgy =Gmy (v ?)/cr3 , (1)
@:sz@x?)/aﬁ, ©

TAC

10
C — CKOPOCTb CBETA B BAKyyMe, C = 3.-10"" cm/cex;

G - IPAaBUTAIMOHHASA [IOCTOSHHAA, G=T7-10 ° aum-cm 172,
IIpm sTOM Ha MacCHl TakKe ACHCTBYIOT TIPAaBHTOMATHHUTHBIE CHABI

AopeHIIa, KOTOpbIe UMEIOT CACAYIOIINN BUA(CM. puc. 1 B ImpruAoKeHHH

3):
F12=§§m2@><3g1}0, ©)
E=§§’"1@X@}& ©)
TAC

G =2, uro caeayer us OTO,

(x 1012 - K03(PPHUIIMIEHT IPABUTAIMOHHON IPOHUIIAEMOCTH

BaKyyMa.
B obrem caygae us (2, 4) matiaem

Py = gﬁGmmz (1 % (g x 7)) 5

Paccmorpum opTh BeKTopOB, obo3Hauas ux mrpuxom. Toraa ms (5)
ITOAYYNM:

Py =0/, ©

f21=0] x (5 x1")). )

20
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MaBa 1. '[paBUTOMarHeTU3m

o = 66 mimyvivy

®)

22

Amarornano,

Fp=0/12, )
TAC

fiz =05 x (0 x 7)) (10
n

AF = o Af, 11)
TAC

AF=F21+F12, (12)

Af = o1+ /o (13)

B npuaoxenun 3 (cm. (6)) mokasano, uro BeamunHa Bektopa (13)
ompeaeAsieTcs 1o hopmyae

Af =rsin(py — ¢ ). (14)
C yuaerom (13, 11) orcroaa moaydgaem:
AF = csin(py — ). (15)

HaiiaeM cOOTHOIIIEHIE MEKAY IPABUTOMATHUTHON CHAOH /\OpeHIa
u cuAOH nputsKeHHA MacC. CHAa MPUTAKEHUA ABYX MacC

Gmm
p=""1"2 (16)
2
r

CAeAOBaATEABHO,

by =2 =gz 2 an)

g = = .
P o2

Byaem HazeBate o1y BeAnmdnny 3hEKTHBHOCTBIO IPABUTOMATHUTHBIX
CHA AopeHra. CpaBuusas (17) C 5bDEKTUBHOCTBIO

9AEKTpOMArHUTHBIX cuA Aopenma (cm. (7) B IpHAOKEHNN 4) HAXOAHM,

Po = Po5S - (18)

CaepoBateabHO, 3((PEKTUBHOCTD TIPABUTOMATHUTHBIX CHA /\OpeHIIa
HAMHOTO IIpesiaeT 3(p@eKTUBHOCTh 9AEKTPOMATHUTHBIX CHA /\OpeHIIa
IIPH CPABHUMBIX CKOPOCTSAX.
_ 66G -mymyvivy
2.2 '
cr

91O

o ®)
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Masa 1. lpaBUTOMarHeTU3M

! Viv2
= — = .= (]7)
¢g p a4 02

O6wbeannss (8, 17), moaygaem

F=¢P. (19)

Awnreparypa

I Ipumeuariue:

10.

11.

12.

13.

DNA-Ne.cTp - AOKAaABI HE3ABUCHMBIX aBTOPOB,
ISSN 2225-6717, http:/ /dna.izdatelstwo.com/

Vpasuennsa Makcseana. Bukumneans.

Oliver Heaviside. A Gravitational and Electromagnetic Analogy.
Part I, The Electrician, 31, 281-282 (1893),
http://serg.fedosin.ru/Heavisid.htm

I'paBuromarnernsm. Buknmeaws.

Camoxsaros B.H. Maccoamnammdaeckoe 1 MacCOBapHAITMOHHOE
B3anMOAeHcTBIE ABIUKyIITHXCA TeA, DNA-13.110
Camoxsaros B.H. KpaapymoAbHOE H3AydYeHHE BpPAITAFOIIIXCA
macc. “Aoxaaabl HezaBucuMbIX aBTOpos”, DNA-14.112
CamoxBaros B.H. CmaoBoe AelictBHE MacCOBAPHAIIMOHHOIO
usAydeHus Ha TBepArie Teaa. DNA-15.175
CamoxsBaaos B.H. HMccaeaoBaHue cHAOBOTO ACHCTBHA U
OTpaKEHUA KBAAPYIIOABHOTO H3AYYCHHA BPAIIAFOIIIXCA MAacC
oT TBepABIX TeA, DINA-18.165
Camoxsaros B.H. Cuaossie adppekrsl Ipu MacCOAMHAMIYECKOM
B3aUMOAEHCTBUH B cpeaHeM Bakyyme, DINA-19.170
CamoxBaros B.H. HccaepoBanme n m3mepeHme BEAMYUHEI
CHAOBBIX acpdexToB npu MACCOAMHAMITIECKOM
B3anmoaericreuu, DINA-24.
CaseaveB V.B. OcnoBer Teopermdueckoii dusuku. Tom 1 —
MEXaHHKa, 9AeKTpoAmHaMuKa. Mocksa, @Pusmarrus, 1991.
Anape Anro. MartemaTHka AASl 9AEKTPO- U PAAHOHMHIKEHEPOB,
n3A. «Hayka», Mocksa, 1964, 772 c.
[Iyaerr 8.0. K Bompocy 0 MHPOBOM BHXPEBOM H3AYICHHUH.
AKypruaa @opmupyromuxca Hampasaenmit  Haykm, momep
12(4), crp. 184-185, 2016, http://www.unconv-science.org/n12
3uavbepman I'.E. DaekrpudectBo n maraetusM, MockBa, H3A.

"Hayxa", 1970.

22



[maBa 2. YpaBHEHUSA CTaUMOHAPHOro rpaBUTOMarHMTHOroO Nons

I'AaBa 2. ypaBHGHI/IH CTAIIIOHAPHOTIO
IPABUTOMATHUTHOIO ITOAf

OraaBAeHUe

1. VpaBHeHHA rpaBUTOMArHETU3MA B CTAIIMOHAPHOM

IPABUTOMATHUTHOM IOAE \ 23

2. VpaBHEHNA IPaBUTOMATHETH3MA B IIMAMHAPHIYICCKIX

KOOpAMHaTaxX (cucrema B) \ 25

3. ABmwkenue 11o BUHTOBON Anuuu (cucrema B) \ 27
4. TToTokn rpaBUTOMATHHTHON sHeprun (cucrema B) \ 28
5. VpaBHeHUA IpaBUTOMATHETU3MA B ACKAPTOBBIX

koopanHatax (cucrema B) \ 30
Awureparypa \ 31

1. YpaBHeHua rpaBUTOMarHeTu3Ma B
CTAallUOHAPHOM I'PABUTOMATHUTHOM IIOA€

Aaaee d9acTo OYAYT PacCMaTPUBATHCA SKCIIEPUMEHTHI, KOTOPHIC
OIIUCHIBAIOTCA ypaBHEHHAMH MakcBeAra AASl TPAaBUTOMATHETH3MA B

CTaI_[I/IOHapHOM Fp ABUTOMATHHUTHOM  IIOAE. AA}I IIOAYICHUA

ITHUX

YpaBHEHUN HAIIOMHHM, IIPEXKAE BCEro, ypaBHeHus (6-9) U3 IPHAOKEHUA

1 B raase 1:
divE, =42Gp,
diVBg =0,
rotk, =—%6;g ,
rotB, :ﬁJ +16Eg

P .
c c Ot
A€ IIEPEMEHHBIC UMEFOT CACAYEOIIII CMBICA:
B, - rpaBuTOMATHUTHAS HHAYKITASA,
E, - rpaBUTOSAEKTPHYECKAS HAIIPAKEHHOCTD,
J, - HAOTHOCTb MaCCOBBIX TOKOB,
P, - TTAOTHOCTb MACCHI.

)
)

3

)

23



[naBa 2. YpaBHEHNSA CTaUMOHAPHOro rpaBUTOMarHMTHOro nong

OrOpaceiBass AASl CTAITHOHAPHOTO CAyYas CAAracMblC, 3aBHCAIINC
OT BPEMEHHU, U HE HHTEPECYIOIIYIO HAC B AAABHEHINEM IIAOTHOCTB
MacChl, ImoAyAadaem B cureme CH:

divk, =0, ®)
divB, =0, ©)
rotE, =0, 7
rotH, =J,, ®)

rac H, - rpaBuTOMarHHTHAA HAIPSKEHHOCTb. Kpome Toro, Tokm Takxe
AOAZKHBI JAOBAETBOPATD YCAOBHFO HEIIPEPHIBHOCTH

div(J)=0. )
PaccmarpuBasg TOABKO HAIPAKEHHOCTH M TOKH, IIOAYIAE€M CHCTEMY
ypaBHEHHH (AAS AAABHEHIIIETO HHAEKCHL MBI OTOPOCHM):

divJ =0, (10)
divH =0, 11)
rotH =J | (12)
rot/ =0. (13)

AAA CATIIHOHAPHOIO  TIPABHTOMATHHTHIO IIOAA MBI OyAEM
HCIIOAB30BATh COKparneHHyro cucremy ypasuenni (10-12), xoropyro
OOBIYHO HCITIOAB3YFOT AASl CTALIMOHAPHOTO MATHHUTHOTO ITOAfl. OTH

VPaBHCHHSA CBS3BIBAIOT I[PABHTOMATHUTHBIC HampspkeHHOCTH [ 1
IIAOTHOCTH MACCOBBIX TOKOB J .

Aanee Oyaem HasbBaTh cucremy (10-12) — cucremoii B.

BzanmoaeficTBIE MEKAY ABIDKYIIMMUCH MAacCaMU OIIHCBIBACTCSA
I'PaBUTOMATHHTHBIMI curamu  /\opeHrna (ranee I'A-cuas),
AHAAOTMYHBIMUA CHAAM /\OPEHIIA B 9ACKTPOAMHAMUKE, ACHCTBYIOIIIHIMI
MEKAY ABHZKYIIIHMICS ACKTPHUIECKAMH 3aPAAAMHU.

Hinxe 6}7ACT IIOKa3aHO, YTO Y CHCTCMBI B CYIIIECTBYET MHOZKECTBO
permenmit. Harmra 3ajaga — mHaffte Te peIleHHA, KOTOPBIE OOBACHAIOT
Ha6AIOA2,CMLIC ABACHHA H SKCHCPI/IMCHTLI. ApyrI/IMI/I CAOBaMH, HAAO AOKa3aThb,
9TO CYINECTBYET PEIICHUE, AACKBATHOE AAHHOMY SBACHHIO. Hean oGHapyxnTes
MHOIO TAKHX SBACHHI M OKCIIEPUMEHTOB, TO MOXKHO OYAET YTBEpPKATH C
OIIPEACACHHOM  YBEPEHHOCTBIO, UTO IPEAAAracMas TEOPHS — OIUCHIBACT
HAOAFOAAEMYEO ACHICTBHTEABHOCTD.
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[maBa 2. YpaBHEHUSA CTaUMOHAPHOro rpaBUTOMarHMTHOroO Nons

2. ypaBHeHI/IH I‘paBI/ITOMaI‘HeTI/ISMa B

IIAUHAPUYIECKUX KOOpAUHATax (cucrema B)

B mumamEAprYecknx KOOpAMHATAX F, (), Z, KaK H3BECTHO [2],
AHMBEPIEHIINA H POTOP BekTopa H HMEIOT COOTBETCTBEHHO BUA

div(H )= iy + oH, + 1 0, + o |, @)
r or r O oz

rot, (H )= (yaHZ_GH(o} ®)

r op 0z
OH, ©OH
t,(H)=| —L——=|, ©
0 (0( ) ( 0z or j
H oH
rotZ(H)z( r¢+ af—i-a;:]. )

C yuerom ypapuenuii (a-d) mepenmmrem ypasaenusa (1.10-1.12) B
CACAYIOIIIEM BHAC!
H, o0H, 1 O0H, OH
+ +—- +

r

==0, @
r or r Op Oz

l.%_ﬁH‘/’ =J, @)
r o0p Oz
OH, o0OH

-—=J,, 3
0z or v ©
H, 2 0H

d _w_l.ai—(]z, @)

J’+%+l-a}”’+%:0 (5)
r or r Op Oz
Vpapuennsa (1-5) ommceBaroT, B CYIMHOCTH, IIPOIECCHI
B3AMMOACHCTBHA TOKOB, HAIIPSIKEHHOCTCH M IPABHTAIIHOHHBIX CHA
Aopenra (I'A-cua), a IMEHHO HAIPMKEHHOCTD IPABUTALIMOHHOTO ITOAA
HAIIPABACHA BAOAB OCH Z,

1. oHa CO3A2€T BEPTUKAABHBIN ITOTOK MAaCC - MACCOBBIM TOK J _,
2. BEPTUKAABHBIH ~ MAacCOBBIM  TOK J_ popMupyer  KOAbIIEBOE

z

IPABUTOMATHUTHOE MATHHTHOE TOAe C Hampsixennoctsro H, m

paAMaAbHOE TPABUTOMATHUTHOE MarHUTHOE 1oAae [ - cm. (4),
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[naBa 2. YpaBHEHNSA CTaUMOHAPHOro rpaBUTOMarHMTHOro nong

3. TIPaBUTOMATHHTHOE MarHuTHOEe IoAe H p OTKAOHSET I'A-cuaamu
MACCBL BEPTHKAABHOIO IIOTOKA B PAAMAABHOM HAIIPABACHIH, CO3AABASL
PAAHAABHEII TOK MACC - PAAHAABHEIH MACCOBBIM TOK J

4. TIpaBHTOMATHUTHOE noAc [, OTKAOHIET I'A-cmaamur  Maccer
paAI/IaAI)HOI‘ (0] TOKa HCpHCHAI/IKyAHpHO paAI/chaM, CO3AaBas
BEPTUKAABHBIN TOK J_,

5. rpaBUTOMArHHTHOE MarmutHOe moae H, orkaomser I'A-cuaamm
MACCBHI BEPTHKAABHOTO IIOTOKA IIEPIICHAUKYAAPHO PAAHYyCaM, CO3AABAS
KOABIIEBOI MACCOBBIN TOK J o>

6. I'PaBUTOMATHHTHOE MarHutHOe moae H, orkaomser I'A-cumaamn
MAaCCBI KOABIIEBOTI'O TOKAa BAOADb paAI/Iy(ZOB, CO3AaBasd BCPTHK&ABHI)II’I TOK
J.,

7. MaccOBBI TOK J, ¢opMupyer BepTHKAABHOE TPABUTOMATHHUTHOE

noAe H, m KOABIEBOE TPABUTOMATHUTHOE oAe H, - em. (2),
8. MaccoBBIH TOK J, (bOpPMHPYET BEPTHKAABHOE I'PABUTOMATHHTHOC

moae [ m papmasbHOE TPABUTOMATHUTHOE ToAe H, - cm. (3).
9. MaccOBBII TOK J_ OpMUPYET KOABIIEBOE I'PABUTOMATHUTHOE IIOAE

H, n paamasbHOE IPABUTOMATHUTHOE noAe H | - cm. (4); 1 T.A.

Cucrema 5-tu ypasuennii (1-5) oTHOCHTEABHO 6-TH HEM3BECTHBHIX

(Hr, H . H,J.,6J . JZJHBAHCTCH IIEPEOITPEACACHHON M MOKET

MMETb MHOKECTBO peIreHHuil. Hinke mokasbBaercs, 91O TAKHE PpEIICHHA
CYIICCTBYIOT M AAf PAZAHMYHBIX CAY9ACB OIIPCACAAIOTCA HEKOTOPBIC M3
BO3MOYKHBIX PCIIICHUM.

byaem BHAawaAe mckaTh pereHne 31O cucteMsl ypasHeHnH (1-5) B
BUAE (PYHKIUI, cenapabEeAbHBIX OTHOCHTEABHO KOOPAHHAT. OTH
(PYHKIIIH MMEFOT CACAVIOIIUI BHA!

H,.=h,(r)-cos(ap+ z2), )
H,.=h,(r) sin(ap+ yz), )
H_.=h(r)-sin(ap+ ), o
J,.=J,(r)-cos(ap+ x2), )
J .= J,(r)-sin(ap + yz), ®)
J. = J.(r)-sin(ae + xz) . ©)

TAE

X, a— HCKOTOprC KOHCTAHTHI,
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[maBa 2. YpaBHEHUSA CTaUMOHAPHOro rpaBUTOMarHMTHOroO Nons

hr(r)a h(p(l"), hz(l"), jr(l"), j(p(r)a jz(f") - beHKHHH oT
KOOPAHHATHL 7 ; IIPOU3BOAHBIE 3THX (DYHKIHH OyAeM 0DO3HAYATH
LHTpI/IXaMI/I.
[ToacraBass (6-11) B (1-5), moay4aaem:
ﬂ+h;+77hZ:0, 12)
r
-nh,=J,, (13)
—nh, —h. =], (14)
hw ..
—+h,=J., (15)
p
L + or .
Jr+nj,=0. (16)
B
IToacrasum (13) m (15) B (16). Toraa moaydmm:
—nh h
Uw—nh;,+77(—‘”+h;}=0. 17)
r r

Brrpaxenne (17) aaserca Toxaectsom 0=0. [Toaromy (16) caeayer
u3 (13, 15) u moxkeT OBITH HCKAIOUEHO U3 cucTeMbl ypasHeHuii (12-16).
OcraBIrecs ypaBHEHHS IIEPEIIUIIICM B BUAC:

h, z_l(ﬂJrh;j, (18)
n\r
. h(a ’
Jj. = " +h,, (19)
J. =-nh,, (20)
Jp ==1h, —h. 1)

B osroii cucreme 4-x AuddepeHIMAABHBIX YpaBHEHHI C 6-IO
HCU3BCCTHBIMUA  (DYHKIIHAMH ~ MOXKHO  IIPOM3BOABHEIM  OOpasoM
OIIPEACAUTH ABE (PYHKIHH. ODTO OIPEACACHHE OYVAET CACAAHO B
CAGAVIOIIUX TAABAX.

3. ABmwkenue 1o BUHTOBOI Annuu (cucrema B)

MokHO TToAaTaTh, YTO MACCOBBIH TOK ABAAETCA ITOTOKOM 3AEMEHTAPHEIX
macc - OM. Paccmorpnm cAaygaii, Koraa cpeAHAs ckOpocTs DM He 3aBHCHT OT
HAIIPABACHHA MACCOBOIO TOKA. B wactHOCTH, IpH (DHKCHPOBAHHOM paAHyce
IyTb, IIPOMACHHBIH B EAMHHIY BpemeHH DM IO OKPYKHOCTH, MU IYTb,
IIPOMACHHEIN UM IIO BEPTHUKAAH, OYAYT paBHBL CACAOBATEABHO, B 9TOM CAydae
1Ipu (DUKCHPOBAHHOM PAAHYCE MOKHO IIOAATaTh, 9TO

Ap=Az. @M
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[naBa 2. YpaBHEHNSA CTaUMOHAPHOro rpaBUTOMarHMTHOro nong

. -1 A1
Fig. 2. (TokPotok33.m)

B paccmorpennoii Beime cumcreme Tpackropus DM - ommceBaercd
dopmyramu
co=cos(ap+ yz), @)
si =sin(ap + yz), ?3)
Taxum 0Opa3oM, B TAKOH CHCTEME Ha IIHAHMHAPE IIOCTOAHHOIO PAAHYCa
7 CYIIECTBYET TpaeKropusa TOUKH, omuceBaemas (opmyaamu (1-3). Takas
TpaekTopus ABAAeTCA BHHTOBONW AmHHEH. C  ApPyrodl CTOPOHBI, Ha 3TOH
TPACKTOPUH BCE HANPHKECHHOCTH W IAOTHOCTH TOKOB  H3MEHAIOTCA
CHHYCOHUAAABHO B 3aBUCHUMOCTH OT ¢ . CA€AOBATEABHO,
B PACCMOTPCHHBIX BBIIIE CHCTEMAaX IIPH AWHHA Ha LIHAHHAPE
IIOCTOAHHOTO PaAHyCa 7, IO KOTOPOH TOYKA ABIDKETCA TaK, YTO BCE
HAIIPSKEHHOCTH M IIAOTHOCTM  TOKOB B HEH  H3MEHAIOTCA
CHHYCOHUAAABHO B 3aBUCHMOCTH OT (), IBAACTCA BUHTOBOH AMHHUCH.

Ha ocHoBe 3TOro IpPEAIIOAOKEHHA  MOKHO  IIOCTPOUTH
TpaekTopuio ABmkeHus OM B coorsercrBum ¢ dyuknumamu (1-3). Ha
puc. 2 (m3 [l]) mokasambl Tpu BHHTOBBIE AmHHH npu A@=Az,
OIIHCHIBACMBIC (DYHKIIHAMH J, (r) u j_(r) TOKa: TOACTAS AMHUS IIpU

a=2, y=0.8, cpeansaa aunna npu o =0.5, y =2 u TOHKAA AMHUA

mpu a =2, y=1.6.

4. IToToxu rpaBUTOMAarHUTHOM 3Hepruu (cucrema B)

B [3] Opraa ommcama CTpyKTypa IOTOKOB 9AEKTPOMATHUTHON SHEPIUU
IIOCTOSHHOTO TOKA B IIMAHMHAPHYECKOM IIPOBOAE C ITOCTOSHHBIM TOKOM.
[TokazaHO, 9TO MAOTHOCTD IIOTOKA 9AEKTPOMATHUTHON SHEPIUN
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[maBa 2. YpaBHEHUSA CTaUMOHAPHOro rpaBUTOMarHMTHOroO Nons

S=p(JxH). ©
TAE p - YAEABHOC E)ACKTpOCOHpOTI/IBACHI/IC. Ilo amaaorum OHPCACAI/IM
ITAOTHOCTD ITIOTOKA FDaBHTOMaI‘HHTHOﬁ OHEPIUM B MACCOBOM TOKE

S=c-(JxH), ¥)
TAC O - yACAI)HOC COHpOTI/IBACHI/IC MaCCOBOMy TOKY. CACAOBaTeAhHO,

S=0-S§,, 3)
TAC

S, =/ xH), @

Erme pas omerum, 49TO B3aMMOAECHCTBHE MEKAY ABHIKYILIMICS
MacCaM{ OIIHMCBIBACTCA IPABUTOMATHUTHBIMU cuAaMu AopeHma (Aasee
I’A-cua®r), aHAAOTHYHBIME CHAAM /\OpEHIIA B 3AEKTPOAHHAMIKE,
ACHCTBYIOIIIUMHI MEKAY ABHKYIIIHMHCA SAECKTPUYECKUMHU 3apAsamu. B
(1.4.4) mox3aHO, YTO MEKAY ABIIKYIIUMHU MacCaMu ACHCTBYIOT I'A-crmabr
BHAQ

£, =G-¢-S,. 5)
[TroTHOCTP — HOTOKA — TPAaBUTOMATHHUTHOH  sHepruum (4) B
IUAMHAPUYIECKUX KOOPAMHATAX F, (), Z HMEET TPU KOMIIOHEHTBI
S, S . S, HaIpaBACHHBIE BAOAD PAAHYCa, ITO OKPY/KHOCTH, BAOAD OCH
COOTBETCTBEHHO, T.€.
S JH, —J.H,
S, =S, |=|/J.H.—-J.H, | (6)
S. JH,-J H,

TaxuM 00Opa3soM, IIPH M3BECTHOM PEIIECHHH CHCTEMbBI YPAaBHECHIIH
(3.1-3.8) moryT ObrTh HatiaeHBr I'A-crasr o (3).

W3 (3.1-3.6, 3) cAeAyerT, 9TO ITOAHBIH TOTOK SHEPTHH
S, h. — jzh(p) sin’ (@ + yz)
S=1S, |=[[[| G.h = j.h. ) sin(ap + z2)-cos(ap + 1) ldr-do-dz
S| " (j,‘hq, - j(phr)sin(ago + yz)-cos(a@ + yz)
A
S, h. — jzh¢) sin’(a@ + yz)
S, |=[[[| G.h, = .h.)-0.5sinap+22) dr-de-dz. )
S| " (jrhw —J ) 0.5sinQaep + 2 yz)

Ha puc. 3.1 B mpaBoii KOAOHKe ITOKa3aHBI (PYHKIIIH

29



[naBa 2. YpaBHEHNSA CTaUMOHAPHOro rpaBUTOMarHMTHOro nong

S.0)| [Gh. =i,
$,0)|=| G.h = j,h.)|: ®)
S_Z(I”) (jrhw _jrﬂhr)

W3 (4, 5) moaygaem:

5.¢)| ) [p,
S = J‘ S_w(r)dr 1D, |> )
15.0)] ) LPs
TAC
D, sin’(ap + yz)
D, =“ 0.5sinRap+2yz) |de-dz . (10)

D, | ?710.5sm(2ap+2yz)

B [1, raaBa 5] moAyueHsI OIleHKH ABOHHBIX HHTEIPAAOB U3 HOpMyAEL (7)
AASL GAMHHUIIBI AAUHBL

~ 1

D, —, ®
ay

D, ~b—0.5D,, 9)

TAC b — KOAUYECTBO BUTKOB BUHTOBOI TPACKTOPHUH HA CAMHHUIIC AAVTHBI.

5. YpaBHeHUA rpaBUTOMAarHeTu3Ma B AEKAPTOBBIX

KoopAuHaTax (cucrema B)

B aexaproBeix koopamnarax ypasaenwsa (1.10-1.12) mpumammaror
CAEAYFOITIHIT BUA!

oH
OH, ©OH, _ ) )
oy 0z
OH. OH
X _ z -] , 2
0z  Ox g @
oH
2 Xy, o
ox oy
OoH
OH, %y [ OH; _,, 4)
Ox oy oz
oJ. oJ, aJ.
L4 —+ =0. (5)
ox Oy Oz
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nasa 3. [paBUTaLMOHHbIE CUIbl BLINOMHAKT paboTy

I'aaBa 3. O BO3MOKHOCTH
HCIIOAB30BAHUSA TPABUTAIIMOHHBIX
CHA AAS BBIITOAHEHHSA PAOOTEHI

Hixe AOkasbIBaeTCs, 9TO MCTOYHUK KOHCEPBATHBHBIX CHA (U, B
TOM 9HCAE, TPABUTAILIHOHHBIX CHA) COBEPIIAET PaOOTY 110 3AMKHYTBIM
TPAEKTOPUAM ABIKEHHUS MHOMKECTBA TEA, €CAM 3TH TEAA HE CBA3AHEI
KECTKO M MEKAY HUMH ACHCTBYIOT CHABI, 3aBHCAIIHE OT CKOPOCTH
ABIDKEHHS O3TUX TeA (COKPAICHHBIM BapUaHT 3TOH TAaBBI OBIA
onyoAukoBaH B [1, 2], Kak IpHAOKeHUE).

Brauaae paccmoTpuM npuMepsr.

IMTpumep 1. Vimeerca saekrprmueckmii 3apia () © HAMHOIO
MEHBIITUI IO BEAHMYUHE 3apiA ¢, <<Q. KyAOHOBCKHe CHUABI,
ACHCTBYIOIIIME HA 3apfA ¢, CO CTOPOHBI 3apfsa (J, HE COBEPIIAIOT
padoOTy I10 3aMKHYTON TPAEKTOPHH ABIKEHHA 3apsAra ¢,. [Iycrs mmeercs
eIre OAMH 3apsiA ¢, << u 00a 3apsAAa ¢, U ¢, ABIDKYTCA IO OAH3KHIM
3AMKHYTBIM ~TPAaeKTOpHAM. Toraa MexAy HHMH ACHCTBYIOT —CHABI
Aopenra. ITycts cpeaa, B KOTOPOIT ABIKYTCA 3aPAABL ¢, U ¢, , OKa3bIBaCT
HEKOTOPOE COIPOTUBACHUE HX ABIKCHHIO. TOTAa IIOA ACHCTBHEM CHA
Aopenria OyaeT coBepIaThcs pabOTa. DHEPrUA AAA COBEPIIEHUA ITOM
PaOOTHI IIOCTYIAET OT IAEKTPUIECKOTO 3apAsa (0 (9TO aHAAOTUIHO TOMY,
9TO CHABI \OpEHIIa B KadyecTBe CUA AMIIEpa COBEPINAIOT PpabOTy 32 CYeT
SHEPIUHU UCTOYHMKA TOKa). Takum 0Opa3zoM, HCTOYHHUK KYAOHOBCKHX CHA
coBepIraeT paboOTy II0 3aMKHYTBIM TPAECKTOPUAM ABHIAKEHHA ABYX
3apAAOB.

ITpumep 2. Fimeerca ABHTareAb IIOCTOSHHOIO TOKa C
CaMOBO30yKACHUEM (B HEM SAKOPh U OOMOTKA 9AEKTPOMATHHTHOIO
BO30Y/KACHUA COEAMHEHBI IIOCAGAOBATEABHO HAH ITAPAAACABHO). B
TAKOM  ABHIaT€AC  HCTOYHHKOM  OHEPIUU  ABAACTCA  HCTOYHHUK
ITOCTOSIHHOIO HAUPM{KEHHA, T.e. HCTOYHHUK KYAOHOBCKHX CHA. ODTOT
HCTOYHHK ABHBIM OOPa30OM COBepIIacT pabdoTy.
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nasa 3. [paBUTaLMOHHbIE CUIIbl BBIMOMHAT paboTy

B oOmem cayuae m3 3THX HPHUMEPOB CACAYET, YTO HCTOYHUK
KVYAOHOBCKHX CHA COBEpPIIAET pabOTy IO 3AMKHVIBIM _TPAEKTOPHAM
ABIDKEHUSA MHOYKECTBA HECBA3AHHBIX 3apAAOB. IIOCKOABKY KyAOHOBCKHE

CHABL ABAAFOTCA KOHCCPBATUBHBIMHM, TO IIPCABIAYIIICC 3AKAFOYCHUC
9KBHBAACHTHO TOMY, 9TO
0) HMCTOYHHMK KOHCEPBATHMBHBIX CHA COBEPIITACT D216OTV 110
3AMKHYVTBIM TPACKTOPHAM ABIKCHUA MHOXKECTBA TCA, CCAH

® TCAO - 3TO TO, HA YTO ACﬁCTByCT KOHCCPBATHUBHAA CHAQ,
® TCAQ HE CBA3aHBI KCCTKO,

® MEKAY TEAAMH ACHCTBYIOT CHABI, 3aBHCAIINE OT CKOPOCTH
ABITKEHUS ITHUX TEA.

KoncepBaTuBHBIE CHABI (IIO OIPEACACHHIO) HE COBEPIIAIOT PabOTy
IO 3aMKHYTOH TpaekTopun. CHAQ TAKECTH ABAACTCA KOHCEPBATHBHOM
(4TO AOKa3BIBAETCHA MATEMATHIECKH). OTCFOAQ ACAAETCH BEIBOA O TOM, YTO
1) me cymecrByer ABHIATEAb, HCIIOAB3YIOIIUI  TOABKO
KOHCEPBATUBHBIE CHABI (B YACTHOCTH, CHABI THKECTH) AAf
BBIITOAHEHHSA PaOOTHIL.
Aanee Gesdoxasamenvro ACAAETCA BEIBOA O TOM, YTO
2) He CyIIEeCTBYET ABHIATEAb, HCIIOAB3YIOIINN JHEPIUIO
HCTOYHHKA KOHCEPBATUBHBIX CHA (B YACTHOCTH, CHA TAKECTH)
AAS BEIITOAHEHUSA PaOOTBHL

KyAoHOBCKHE CHABI TakiKe ABAAIOTCA KOHCepBaTHBHBIMU. (OTCIOAQ
II0 aHAAOTUH MOKHO CA€AaThb BBIBOA 1). OAHAKO BBIBOA 2) A€IrKO
onposepraercad NpeAbAymmuM  yreepxacHHeM (). CAaeAoBaTEABHO, B
OOIlleM CAydYae HEBEPHO VIBEPKACHHE 2), a4 BEPHO CACAYIOIIEE
yTBEpP/KACHHE
3) MOJKeT CyIIeCTBOBATh ABUIATEAD, HCIIOAB3YOIIUIT SHEPTHUEO
HICTOYHHKA KOHCEPBATUBHBIX CUA AAA BBIITOAHEHUA PaOOTBHL
Tem me wMeHee, CYIIECTBOBAHHE ABHIATEAf, HCIOAB3YFOIIETO
SHEPIUIO HCTOYHHKA IAEKTpHIECKHX KoHceppatuBHbX cuA (DKC), ere
HE O3HAYAET, YTO CYIIECTBYET ABHIATEAb, HCIIOAB3YFOIIHMH 3SHEPIUFO
HCTOYHHKA TPABUTANUOHHBIX koHcepBaTuBHAEIX cuA (I'KC).
DAEKTPUYECKHE CHABI CO3AAFOT ABH/KEHHUE 3aPAAOB ITO 3aMKHYTOI
TPACKTOPUU — IIEK/MPUecKULl /70K, KOTOPBIH (POPMHPYET MATHUTHOE ITOAE.
ITpu stom smeprua OKC mpesparriaercss B MarHUTHYIO SHEPIUIO. DTO
IIPOUCXOAUT AQKE B TOM CAyYae, €CAM AAA ABHKCHHA 3aPAAOB IIO
3aMKHYTOH TPACKTOPHUM HE 3aTpavduBacTCA 9HeprudA. Takum oOpasom,

seprua OKC HIpeBOCXOAUT 5HEPIUIO MEXaHHYECKOTO ABHKECHUSA
3apAAOB. B aTOM  —  mOpuYmHA  CyINECTBOBAHMA — ABHIATEAS,
ncrioApsyroriero suepruro DKC.
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nasa 3. [paBUTaLMOHHbIE CUIbl BLINOMHAKT paboTy

I'paBuTAalImOHHBIE CHABI TAK/KE MOTYT CO3AATH ABIKEHHE MacC IIO
3aMKHYTOH TPAE€KTOPHH — Maccossiii  720k. MacCOBBIH TOK TOXKE
dopmupyer cpasumomazrummoe nose — cM. raay 1. Toraa mo amarorum c
IIPEABIAYIIIIM, MOKHO IIPEAIIOAOKUTH, ITO

4) MOYKeT CyIIecTBOBATh ABUTATEAb, MCIIOAB3YIOIINNA SHEPIUIO
ICTOYHHUKA TPABUTAMOHHBIX KOHCEPBATHBHBIX CHA  AAA
BBIITOAHEHHSA PaOOTHIL.
DTO HE NIPOTHUBOPEUNT 32aKOHY COXPAHEHHUS JHEPTHH: B PadOTY
npesparmiaercs sHeprua ['KC, a ncrounnx smeprum I'KC tepser wacts
cBoeH sHeprun (HeAb3d yIBep:kAaTh, uto sHeprua ['KC moxker Obrth
HCIIOAB30BAHA TOABKO AAfl BBIIOAHEHHA PaOOTHI IO IIEPEMEIIECHUIO
Macc).

IToaoiiaeM K paccMaTpUBAEMOMY BOIIPOCY C APYTOM CTOPOHHI.

Cuaa TKeCTH ABASETCA KOHCEPBATUBHOMI CHAOIL, T.€. pabOTa CHABI
TAYKECTH HE 3aBHCHT OT TPACKTOPHH ABIKECHHUA U OIIPEACAACTCH TOABKO
HAYAABHBIM M KOHEYHBIM ITOAOKEHHEM TOYKU IIPUAOKEHHA STOH CHABIL.
B srom yrBEepKACHNM HeE paccMATPHUBAETCH CKOPOCTH ABHMKCHHA 3TOM
toukn. Kak mnpaBmao, paboTa CHABI TAKECTH HE 3aBUCHT OT 3TOH
ckopoctu. Harpumep, pabora CHABI TAIKECTH MOKET OBITh IIOTPavYeHA Ha
IIPEOAOAEHHE TPEHHA M H3MEHEHHEe CcKopocTH Toukd. Ilpm atom
IIOTpaYeHHAasA IOTCHIIHAABHAS SHEPIUA TEAd PaBHA PAOOTE CHABL TPEHHSA
(HAaIPAaBAGHHONW IIPOTHBOIIOAOXKHO CHAE THKECTH) M YBEAHMYCHHE
KHHETHYECKOH OJHEPIMU TEAa BHE 3aBHCHMOCTH OT TPACKTOPUH U
CKOPOCTH ABH/KEHU.

HazoBem paboTy CHABI TAIKECTH, HE 3aBHCAIIYIO OT CKOPOCTH U OT
TPAeKTOpUN, KOHCEPBATHUBHOM pa60Toﬁ CHABI TSDKECTH. BmAMMO, B
MEXaHHKE HEAB3Sl HAWTH IIPUMEP, KOTAA CKOPOCTh ABHKEHHUSA BAUACT HA
paboOTy CHABI TAKECTH, T.€. KOIAa paboTa CHABI THXKECTH HE ABAACTCA
KOHCEPBATUBHOMM.

OaHako (QOPMAABHO TaKOH IIPHMEP MOMKHO OOHAPYKUTH.
[TpeAITOAOKIM, 9YTO cHA2 "KBa3UTpEHHsA' HAIIPABACHA BAOAB CHABI
TAKECTH W 3aBHCHT OT CKOPOCTH, 4, KPOME TOTO, CHA4 3TOIO
"kBasmTpenus'" co3paeTcs OAArOAADSA ABIDKEHHIO ITOA ACHCTBHEM CHABI
TKecTr (TakKe, Kak M CHAa OOBIMHOTO TpeHms). Toraa yBeamdenwme

KIHETUYECKON 9HEPIHM TEAd PABHA CYMME KOHCEPBATHBHON PabOTHI H
paboter cuabr "kBasurpeHus'. OAHAKO ITOCACAHSAS TAKIKE COBEPIIACTCS
CHAOH TmKeCTH (IO TOABKO YTO IIPUHATOMY IIPEAIIOAOMKECHHIO).
CACAOBATEABHO, B 9TOM CAydYae paboTa CHABI THKECTH OOABIIIC
KOHCEPBATUBHON paboTHL, T.c. pabOTa CHABI TSKECTH HE SABAACTCH
KOHCEPBATUBHOM.
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Buanmo, B MexaHHYeCKON CHCTEME HEAb3Sl HAUTH TaKOM CAyYal.
OAHaKO, B 3AEKTPOMEXAHMYECKON CHCTEME TAKOM CAyYall BO3MOKEH.
PaccmoTpumM ABMKEHHME 3aPSIKEHHBIX TEA — THKEABIX JACKTPHYECKHX
3apsaroB (TO3) B moae cua Tamxectn. Ha Taxkue 3apsAabl ACHCTBYIOT CHABI
TSDKECTH, CHABI SACKTPHUYECKOTO IPUTHKCHUS \OTTAAKABAHUA U CHABI
Aopenra. Cuabl AopeHria, Kak M3BECTHO, HE COBEPIIAIOT PadOTy, HO
HCIIOAB3YIOT paOOTy BHEIIHHX CHA — B AAHHOM CAyYa€ - CHA THKECTH
(9AEKTPUYECKUIMHU CHAAMH MOXKHO 1peHeOpeub). [TOCKOABKY CHABI
AopeHIIa 3aBUCAT OT CKOPOCTH, TO B 9TOM CAyYa€_M pabOTa CHA THKECTH
3aBHCUT OT ckopocTu ABmxerusd (TD3) 110 AaHHOI TpaeKTOpUU.

TakuMm 00pa3oM, B IAEKTPOMEXAHHYECKOM CHCTEME CHABI
TAXKECTH HE ABAAIOTCA KOHCEPBATUBHBIMH. (3aMeTHM, 9YTO
CYIIECTBYET M APYIOM CAyYall IPHUHITUIINAABHOIO OTAHYHA 3aKOHOB B
MEXAHUKE U SAEKTPOMEXAHUKE: B MEXaHUKE COOAFOAACTCHA TPETHIl 3aKOH
Hprorona, a B 9AEKTPOMEXaHUKE OH HE COOAFOAAETCHA M3-32 TEX JKE CHA
Aopenia).

W3 ocuoBubix ypaBaeruii OTO caeayer, w9ro B caabom
IPaBUTAIIMOHHOM IIOA€ IIPH MAaABIX CKOPOCTAX, T.e. Ha 3eMAE€, MOKHO
rmoAb3oBatbcd  MI'M-ypaBHEHHAMH AAf  ONHCAHHUA TI'PABUTAIIMOHHBIX

B3AMMOACHCTBHH. DTO O3HAYAET, YTO CYIIECTBYFOT TI'PAaBHTAIIMOHHEIC

BOAHBI, 1 HAa MacCy /1, ABIUKYIIYIOCA B IPABUTOMATHHTHOM IIOAE CO

CKOPOCTBIO V, AcHicTByeT rpapuromarauTHas cuaa Aopenma (I'A-craa).
WMrak, B  MexaHmdeckoil  cucreme  (Takke KaKk H B

5AEKTPOMEXAHUIECKOH CHCTEME) MOIYT BO3HHKATH CHAB AOpeHIia, T.c. B
MEXaHUYECKOM  CHCTEME€ CHABI  TAKECTHM HE  ABAAIOTCA
KOHCEPBATHUBHBIMU, €CAH ABIDKCHUE IIOA ACHCTBHEM CHA TKECTH
BBI3BIBACT IIOABACHHNE I'PABUTOMAIrHUTHBIX CHA AopeHI_[a.

Takum 0Opa3soM, CHABI TAKECTH MOTYT COBEPIIIATE PA0OTY.

Awnreparypa
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I'AaBa 3. IIpupoaHBIE ABACHUA

CyImecTBYFOT MHOTOYHCAEHHBIE ITPUPOAHBIC ABACHHSA, KOTOPHIE
MOKHO OOBACHHUTb IIPEAIIOAOKEHHEM O 3HAYUTEABHOM BEAHYMHE
I'PAaBUTOMATHUTHHIX CcHA. HackoABKO M3BeCTHO aBTOPY, AAA MHOTHX H3
HHUX OTCYTCTBYET CTPOrasg MAaTEMATHYECKAs MOAEAb H, CACAOBATEABHO,
KOAMYECTBEHHEIE OIeHKH. Hrmke 3TH ABACHMA M MX MaTEMATHYCCKUE
MOACAH OIHCBIBAFOTCSH IIOAPOOHO.
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I'AaBa 4.1. Ilecgansiit BUXph

OraaBAenme
1. Beeaenne \ 37
2. MaremaTudeckas MOAEAD \ 39
3. Ioroku suepruu \ 42
4. BepruxaAbHas yCTOMYUBOCTD U BBICOTA BUXPs \ 43
5. ABmkenue Buxps \ 44
6. Coxpanenue (popmer Buxps \ 45
7. MaTemaTugeckas MOAEAb HEITUAMHAPHYIECKUX
Buxpeit \ 46
Awnreparypa \ 48

1. BBepenue

[Impoko M3BECTEH IIBIABHBI BHXPb, KOTOPBIH ITPEACTABASET
COOO ITOYTU BEPTHKAABHBIN CTOAD IIBIAK — CM. pHC. 1.

Tako#l BHXPb HMEET BEPTHKAABHYIO OCh BPAIEHHUSA, BBICOTY -
HECKOABKO AECATKOB METPOB, AHAMETP — HECKOABKO METPOB, BpeMs
CYIIIECTBOBAHHUA - HECKOABKO AecATKOB cekyHA [l1]. Cymecrsyror u
ITOAODHBIE €My ABACHHA — BOAAHOI, BO3AYIIHBIH, ITEIIAOBBIH BHXPH.
[lprmanaamMu  BO3HUKHOBEHHA — IPUHATO  CYUTATH  PA3AMYIHBIC
armocdepHble  ABAeHHUA (Berep, HarpeB atmocdepsr). OaHAKO camo
CYIIIECTBOBAHME IIECYAHOIO BUXPA - cOXpaHeHHe (POPMBI U ABHKECHHE
TPYAHO OOBACHUTD TEMH ke IpuduHamu. Kpome Toro, cyectByroT u
ABITKYTCA Takue BUXpH M Ha Mapce, rae atMocdepa OTCYyTCTBYET — CM.
puc. 2 [1]. I[losTromMy Ipu OOBACHEHNN TAKUX BUXPEH TAABHBIM ABAACTCHA
BOIIPOC 0O MCTOYHUKE SHEPIUU.

WMrax, HImKe paccMaTpHBAETCA BOIPOC OO HMCTOYHHKE SHEPIUU B
mecuyaHoM — Buxpe.  ATMocdepHBIE  ABACHHA ~HE  MOIYT  OBITH
CAMHCTBEHHBIM HCTOYHHKOM 9HEPTHH, IIOCKOABKY TaKHE BHXPH
cymecTByroT u Ha Mapce, rae armocdepa orcyrersyer. Hinke
ITOKA3BIBACTCA, YTO HCTOYHHKOM SHEPIHH AAfA IIECYAHOIO BHXPA
ABAACTCA SHEPTHA I'PABUTAITMOHHOIO ITOAA - CM. rAaBy 3. Bo Bcakom
caydae, Ha Mapce TPyAHO OOHAPYKUTH APYIOH MCTOYHHK SHEPIUM.
[Ipeanaraercs MaTreMaTmdeckas MOAEAB ITECYAHOTO BHUXPSA, B KOTOPOIT
nuctoapsyerca cucrema MI'M-ypaBuenuii rpaBuraruu. OOBACHAIOTCA
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HEKOTOPHBIE CBOMCTBA IIECYAHOIO BUXPA - COXPAHEHUE [TUAMHAPUIECKOM
BEPTHKAABHON (POPMBI BUXPS, ABIKEHHE BUXPS B IIEAOM.

Puc. 1. Puc. 2.

MoaeAb OCHOBaHA Ha CAEAVIOIIHX ITPEAITOAOKEHHAX. |lecuanbrii
BUXPb COCTOHT M3 MATEPHAABHBIX YACTHUI[ - IECYMHOK. ABIIKCHNE 3THX
YACTHI[  JIOAOOAfIeTCA ~ MAacCOBBIM __TOKaMm. MaccoBble TOKH B

IPAaBUTAIIMOHHOM IIOAE OIIUCBHIBAFOTCS MIII -ypasueHUAMM.
BsaumoaerictBue  MEKAY  ABIDKYINMMHCA ~ MACCAMU  OIIHCHIBACTCA
[PABUTOMATHUTHBIMH ~ CHAaMH  /\opeHIa (ranee  I'A-cuasn),

AHAAOTMYHBIMUA CHAAM /\OPEHIIA B 9ACKTPOAMHAMUKE, ACHCTBYIOIIIIME
MEKAY ABIKYIIIIMUCA SACKTPHYECKIME 3aPAAAMU.

Toxu, BO3HHKAIOINHME B BHUXPE, MHPKYAUPYIOT (KAaK IIOKa3aHO
HITKE) ITO CEYCHUIO BUXPA U IO BepTHKAAN (BBepX, BHHU3). Kunernaeckas
SHEPIHUA TAKOH IHUPKYASLIMH PACXOAYETCH HA IIOTEPH OT CTOAKHOBCHHI
rrecanHoK. OHa IIOCTYIAeT OT IPaBUTHPYIOIIEro TeAa. IloTennmaspnasn
SHEPIHUA BUXPA HE U3MEHACTCA H, CACAOBATEABHO, HE pacxoayercs. T.e. B
3TOM CAyYae HET IIPeOOpPA3OBAHUA IIOTCHIIMAABHOH 9SHEPINH B
KHHETUYCCKYI0 B 00paTHO. OAHAKO I'DABUTHPYIOIIEE TEAO PACXOAYET
CBOFO 3HEPIUIO HA CO3AAHHE U IOAACP/KAHHE MACCOBBIX TOKOB - CM.
rAaBy 3.
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2. MaremarnuyeckKkasa MOAEAD

B raaBe 2 aaHO perieHue ypaBHEHHH I'PaBUTOMATHETH3MA B
IUAUHAPUYECKHX KOOpAMHaTax (cucrema B). B nmammapmaeckmx
KOOPAMHATAX 7, (), Z 9TH YPaBHCHHSA MMEIOT BHA:
J’+%+l-%+%=0, D
r or r Op Oz
H, oO0H, 1 OH, O0H.

Ly —Lp——2 4 =0, @)

r or r Op Oz
OH

1 oH, ©oH, =J, 3)
r O0p Oz
OH, OH, _ @
0z  Or o’
H,Z OH

¢ _4’_1.%—]2, (5)

r or r 8(p_

B raase 2 (pasaea 2) moxasaHo, urto AAd ypasHenumin (1-5)
CYIIIECTBYET PEIlleHHE B BUAE (DYHKIINI, MMEIOIINX CACAYIOIIUI BUA!

H..=h(r) -cos(ap+ yz), ©9)

H,.=h,(r) sin(ap+ yz), (10)
H_.=h(r)-sin(fap+ yz), (11)
J,.= J,(r)-cos(ap+ ), 12)
J = J,(r)-sin(ap+ yz), (13)
J. = j.(r) -sin(ap+ zz), (14

TAC

X, A — HCKOTOprC KOHCTAHTHI,

B, By () B, () (), () — by or
KOODAHHATBL 7'} ITIPOU3BOAHBIE 3TUX ((PYHKIHH OyaeM
0003HAYATD IITPUXAMU.

B raase 2 moxkasamo, uro mocae moacraHoBku (9-14) B (1-5)

ITOAYYACTCH CACAYIOIIAS CHCTEMA YPABHCHIIH:

h,=—(h [t +h ), (18)
J.=h,[t+h,, (19)
J, =-nh,, 20)
Jp ==11h, = h_. 1)

39



maBa 4.1. lNecyaHblin BUXpb

B oroit cucreme 4-x AudpdepeHIMAABHBIX YpaBHEHUN € 6-IO
HEU3BECTHBIMU  (DYHKIIHMAMH ~ MOMKHO  IIPOM3BOABHEIM  OOpasoM
OIpeAeAnTh ABe (PyHKIHH. AAS AAABHEHIIEIO MBI  OIPEACAUM
CAGAyIOIIIHE ABE (DYHKITHU:

h, = q-r-sin(z-r/n), 22)
h =h-r-sin(z-r/n), 23)
rae ¢, h - mexoropsre koucrauTer. Toraa us (18-23) maiiaem:
, : Ter
h, = q-[sm(ﬂ : r/n)+7-cos(7r-r/77)j , (24)
, . Ter
h = h-(s1n(7z-r/77)+T-cos(ﬁ-r/n)j, (25)

sin(z - r/n)+

1 . h T
hz — h~SIIl(72"7’/ ) ) +_'rcos(7z'-1”/7])
U ,  (20)

— 2 2t ostrof)|
n n

. cos(7z-”/77)_
r_ _ 0 . _1 B
n = , 2COS(7T 7'/77) n _Zr-sin(ﬂ"r/ﬂ)
" , (26)
h % LA
__ D, -COS(7Z'-I’/77)+—21’-511‘1(7Z'-V/77)
n n 7
sin(z - r/n)+
j.=gsin(z-r/n)+q- +ﬂ-cos(7r'l”/77) )
; i (28)
= q[z sin(z - /17 )+ = cos(a r/?])j
n
jr :_UquIH(ﬂ-r/U) (29>
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(2_1].cos(ﬂ.r/n)+

Ty =—77h-r-sin(7r~r/77)+ﬁ g =

2
+ 2 r.sin(z-r/n) . (0)

:h-[ L _nj.r.sm(ﬂ.r/n)%(z_%}cos(ﬂ.r/,;)

nR’
Takum  obpasom, dymximm j,(r), j,(r), j.(r), h.(r), h,(r), h.(r)

onpeaeasrores 1o (29, 30, 28, 23, 22, 26) cOOTBETCTBEHHO.

£
2
E
2
2 5 5
&0 N0 &0
2 H 5 5 H
0 1 2 0 1 2 0 1 2
FIG. 1 fig-Pyl-10.m
Puc. 3.
ITpumep 1.
Ha puc. 3 ITOKA3aHbI rpacpukn dyHKIIHIIT

7.0 g, (r), J.(r), h.(r), h,(r), h.(r). Omn bynknum BeraucasroTes
mpu parseix R=2, a=1.15, y =2, h=1, g =—1. B nepsoit koaoHke
nokazaust bynkruu A, (r), h,(r), h.(r), Bo BTopoii KOAOHKE IOKa3aHbl

bynxmmm -, (r), j, (), j.(r), a dyskmmm, mokazammbie B TpeTheil

KOAOHKE, OYAyT PACCMOTPEHEI AAAEE.
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3A€Ch BA)KHO OTMETHTB, 94TO HA Ipadpuke PyHKIMUH J, (r) ]w(r)
CYIIIECTBYET TOYKA, TAE ], (r)= 0wuj, (r)= 0. ®usmyecku 310 O3HAYACT,

9TO B 00AACTH ¥ <17 CYIIECTBYIOT PAAMAABHBIC MACCOBBIC TOKH J, (r),
HanpaBAcHHBIC OT meHTpa (mpu 779 < 0). B Touke ¥ =7 mMaccoBere TOKH
J, (r), J, (r) orcyrcrByror. [lostomy Beamumma R7 sBAasercs

PAAHyCOM BHXPA.

Baxno ormernts Takke, 9T0 PyHKIMI J, (r) Jo (r)BepTHKaAbele
TOKA IUPKYAHPYIOT TaK, B KAKAOM IIHAHMHAPHYECKOM CAO€ BHXPA
CYIIECTBYIOT BCTpedHble ITOTOKH (BBepx-BHM3) — cM. (14). Takum
00pa3oM, MACCHI-ITBIAMHKH ABIZKYTCH IO 3aMKHYTOH TPAGKTOPHUH M CHABI
TAKECTH HE COBEPINAIOT PadOTy IO 3TOH Tpaekropuu. Tem He MmeHee,
coBepIIaeTca padoTa IO IPEOAOACHHIO CHA TPEHHA MEKAY ITBIAMHKAMH
IIPU IIEPEMEIICHUH TBIANHOK I'A-craamu. Dra pabora BBITOAHAETCA 32
CYET SHEPIUHU TPABUTAIIMOHHOIO IIOASl — CM. TAaBY 3.

3. Ilorokm sHeprun

B raase 2.5 moxasano, 9T0 BMECTE C MACCOBEIMH TOKAMH H B TOM
Ke (PHU3NIECKOM OOBEME CYIIECTBYIOT IIOTOKH IPABUTOMATHHUTHOI
sHeprun. B IIMAMHAPHUYECKON CHCTEME KOOPAMHAT 9TH BHYTPCHHEC
ITOTOKH HAIIPABACHBI

® 110 paauycy - S, ;
® 10 OKPYKHOCTH - S, ;
® 110 BEPTHKAAU - .
HAOTHOCTI/I I9TUX ITIOTOKOB OIIMCBIBAKOTCH (pOpMyAOI‘/‘I BUIAQ
S, (r,p,z) 'whz — jzh¢ ) sin? (ap+ y2)
Sw(r,0,2) | =| (Lh, = j,h.)-sin(ap + z)-cos(ap + 2) | (1)
S.,(r,p,z) (jrh(p = J M ) sin(ag + yz)-cos(a@ + yz)
[Tpu sTOM TOAHBIE TOTOKH PAaBHBI HHTETPAAAM 3THX ITAOTHOCTEI:

S, S, (r,9,2)

¥

S=5, =m S, (r,@,2) dr-de-dz . o)
S e Szo(’/'ﬂw’Z)

z

AN
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S, S, b,
s=|S, |=|[|S,)@r || D, |, 3)
s.) lse) JLe

rA€ IAOTHOCTH 3TUX IIOTOKOB
SO [Goh. ~sh,)
$,0)|=| G.h, = j,h) |- Q
s @) LGh—ih)
Ha puc. 1 (1)}_7HKI_II/II/I (4) mokaszansI B IpaBoM CTOAOIIE. BeAnrdumer
D, sin’(ap + yz)
D, |= ” 0.5sinRap+2yz) |de-dz . )
| D, | 771 0.5sinQag +2 yz)

WMrak, mOTOKH »3HEPrHMH OTCYICTBYET BHE TeAa BHXPA. OTH
BHYTPEHHHE ITOTOKI SHEPIHH OOECIIEUUBAIOT

o OHpCACACHHy}O BBICOTY BI/IXpH,
® BCPTHUKAADPHYFO yCTOfI"II/IBOCTb,
® ABUIIKCHHE BI/IXpH,

e coxpaaeHue (GOPMBI BUXPAL.

4. BeprukaapHas yCTOMYHMBOCTb M BBICOTA
BUXPA
INpr a neaom u y =0 u3 (5) mmeem D, #0, D, =0. Orcroaa u

u3 (3) CAEAYET, UTO IIPH 3TOM OTCYTCTBYET CYMMAPHBIH BEPTHKAABHBIN
IIOTOK 3HEPIMH — BHXPb HE MOKeT cymiectBoBarh. [Ipm mexoropom
¥ #0 nveem D, #0, D, #0 .Dro 03Ha49aET, YTO BEPTUKAABHEII ITOTOK

sHeprun cyiectByer. Ecau cmaa AopeHriia, IpOIOPIIHOHAABHAS ITOMY
IIOTOKY, HAIIPABAEHA BBEPX M IIPEBBIIIACT CHAY TAKECTH, TO BHUXPb
cymectByer. Beceraa MoxHO HalTH 3HAYEHHA O U ) , IPH KOTOPBIX 9TO

YCAOBHE BBIITOAHAETCA. ODTO O3HAYAET, YTO CYIIECTBOBAHUE BHUXPs
00fA3aTEAHO CBf3aHO ¢ ero BpareHueM. CyInecTBOBaHHE ABIDKEHHA IIO
BUHTOBOM AMHHH B IIMAMHAPHUYECKOM BHXPE CACAyEeT M3 OOIIEro
perenns cucteMel B — cm. paszaea 3 B raase 2. B caygae mepemeHHOrO
paAnyca BUXPS BO3SHHKAET ABI/KEHHE IIO KOHYCHOI BHHTOBOH AMHHH —
cM. puc. 4.
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.

' \

-
Il
.
5
.
e e e i bl

o

10

Puc. 4.

WMrak, yxasamHas cuAa /\OpEHIIA IOAACP/KHBACT BHUXPH B
BEPTUKAABHOM TOAOKEHUHU. I IpOTHBOACHCTBYET M YPaBHOBEIIUBACT
ee CHAA TAKECTH, KOTOpasd yBEAHMYHMBaeTcs ¢ BrIcOTOH. Ha Hexoropoi
BBICOTE CHAQ TMKECTH BUPA CTAHOBUTCA PaBHOU cuAe AopeHma. DrTum
YCAOBHEM U OITPEACAAECTCH BBICOTA BUXPA.

5. ABmokenne Buxps

TpaCKTOpI/IH ABHKCHUA BI/IXPH IIAOXO HpeACKaSYCMa. MO)KHO
CKa3aTb, 9YTO BI/IXpb COBCpLHaCT XA0OTUYECCKHUEC ABUIKCHUA. AA}I TOTO t‘ITO6I)I
HAUTHU HPI/I‘-H/IHy TAKOIO ABMXCHHUA CHOBa O6p9.TI/IMCH K paCCMOTpCHI/HO
BHYTPEHHETO ITOTOKA SAEKTPOMATHUTHOW 3Hepruu. Beirme rmokaszano, 9o
B TCAC BI/IXpH CyH_[CCTByeT IIOTOK SHCPTI/II/I, HaHpaBAeHHbII;‘I I10 paAI/chy, C
IIAOTHOCTBIO

S.=J,H.-J.H,. (1)
Tame, KaK W AAA BepTI/IKaAbHOFO IIOTOKA SHeprI/II/I, 9TOMY IIOTOKY
COOTBCTCTBYET CHAQ C ITAOTHOCTBIO

F =S, )

Haitaem IOAHYIO CHAY, ACHICTBYFOIIIYIO B TEAE BUXPSA IO PAAUYCY,
R
F, Eerr-dr. 3)
0

[Ipy cUMMETPUYHOM PACIIPEACACHHH PAAHAABHOIO ITOTOKA CyMMapHasd
cuaa (3) paBHa HyAro. EcAn e oceBasd cmMMeTpus BUXps HAPYIIIEHA, TO
BO3HUKAET HECKOMIIEHCHpoBaHHast cuaa. Ilycrs & <1 — koadpdurmenr,
XaPAKTEPHU3YIOIIUI HapYIIICHIE CHMMETPHL. Toraa
HECKOMITEHCHPOBAHHAS CHAA MOKET OBITh HallACHA 110 (popmyae
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R/2_ R
F = J.S,,r-dr—éj‘Srr-dr : @)
0 R/2
AN
R
szo E(l—é:)erV'dr. (5)

R/2
Dra cuAa IOPUBOAMT K ABMIKCHHIO BUXPA B IIEAOM. HpH‘IHHOﬁ TAaKOTO
HNCKAXKCHUA (I/I, KaK CACACTBHC, ABHMIKCHIC BI/IXpH) ABAACTCA I/IHCPL[I/IH

IIECYMHOK. TaKkuM OOpasoM, ABHKCHHE BUXPs COBEPINACTCA 3a CYET
BHYTPCHHEH 9HEPTUH (4 HE 34 CUET CHABI BETPa). DTO MBI HAOAIOAAEM HA
Mapce.

Apyrofi IpHYNHOI ABIKEHHA BHXPA (B 3EMHBIX YCAOBHAX)

ABASCTCA COIPOTHUBACHHE BO3AyXa. [Ipn ABImKeHHMM BUXpA HAAO y4eCTb
TOT (aKT, YTO COIPOTHBACHHE BO3AYXd CO3AACT AOIOAHHTEABHBIN
IIOTOK -  MACCOBBIM  TOK, HAIPAaBACHHBIH  IPOTHB __ CKOPOCTU
ITIOCTYIIATEABHOTO ABMZKEHHA Buxps. B raase 4.7 moxasano, 4ro srtor

MAaCCOBBIM ~ TOK  CO3AA€T  CHAY, HAIIPAaBACHHYIO IO CKOPOCTH
ITOCTYIIATEABHOTO ABIZKCHHA BUXPSA (KaK 3TO HU ITAPAAOKCAABHO 3BYYNT).

6. CoxpaneHue ¢popmMbI BUXpA
Brimre IIOKAa32aHO, 9TO Ha rpaHI/IHC BI/IXpH HPI/I r=R pﬁ,A,I/IaAbeH‘/'I

ToK J, (R)= 0 u moTox sHepruM S_V(R)z 0.

ITorox smeprmm (kak ITOKa3aHO BHIIIIE) IPOIOPIIMOHAACH CHAE
AopeHI1a, ABIKYIIIEH MACCOBBIN TOK B HAIIPABACHHH ITOTOKA dHEprum. B
YACTHOCTH, PAAUAABHBIM IIOTOK 3HEPIHMHU BO3ACHCIBYET HA PAAUAABHBIN

MaccoBbri  TOk. M3 S (R)=0 CAEAYET, HYTO HA TIPAHHUIE BUXPA

PAAMAABHBIN  ITOTOK 3HEPIUH  OTCYICTByeT, T.e. ublAuHKH HE
BBITAAKUBAIOTCA 34 CYIIECTBYIOIIUI PAAUYC BUXPSL

Aroboe wusmeneHme (OPMBI BHXPA AOAKHO COIIPOBOMKAATBHCA
M3MEHEHUEM BHYTPEHHHUX IIOTOKOB OSHEpruu. IIpm >TOM AOAKHBI
M3MEHHUTHCA BHYTPEHHHE HMIIYABCHI — CM., Haupumep, (4.2, 5.2). Ilpu
5TOM AOAKHA H3MEHHUTBbCA CyMMa HMIYyAbCOB. (CAEGAOBATEABHO,
N3MCHCHHC CbOpMI)I MOKCT 6I)ITI) BBI3BAHO TOABKO BHECIITHHM I/IMHYAI)COM.
Takum oOpa3som, IPU OTCYTCTBUH BHEIITHETO MMIIYAbCA BUXPb COXpaHACT
cBOXO hopmy.

BesycaoBHO, BeTep Takke MOMKET BAUATH HA (DOPMY U ABHKEHHE
Buxpsa. Hamma meap cocrosaa B TOM, dYTOOBI IIOKa3aTh, 9YTO BCE
MeTaMOpdO3bl  BHUXPA H CAMO €r0o CYIIECTBOBAHHE MOIYT OBITh
OOYCAOBAGHBI BHYTPEHHEH JHEpPrHed, TOYHEE — TIPABUTAIIMOHHON
SHEPTHUEH.
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7. MaTtemaTudeckasa MOAE€Ab HEITMAMHAPUYECKHUX

BUXpeU

ITepeABIABIAYIIIEE M3AOKEHHE OTHOCHAOCH K BHUXPAM, HMEFOIIIIM
OUAUHApHYECKYIO dopmy. OAHAKO IeCYaHblE BHUXPH YacTO HMEIOT
HELUIAMHAPHIYECKYIO U BEChbMa 3aMBICAOBATYIO (popmy — cm. puc. 5. B [3]
paccmoTtpensl ABe (DOPMBEI BUXpPEH — KOHYC C HPAMOAHHEHHOH HAHU
KPHUBOAMHEHHOI ~ OOpAasyIoIlel, PACIOAOKEHHBII OCTPHEM  BHUS.
IIpeamosaraercs, 9TO0 3TH BHUXPH OOpa3yIOTCA B OAPOKAMHHOI
armocdepe, TAE IIAOTHOCTb BO3AyXa ABAfCTCA (DYHKIIMEH AaBACHU,
TEMIIEPATypbl M \HAM BARKHOCTH. OAHAKO BUXPH CYIIECTBYFOT H B
OaporporrHoii atmocdepe, Aa 1 B OTcyTCTBUN atMOCdeps! [1].

WMrak, marmrert 3aAa9ert ABASCTCA IMOWUCK MATEMATYECKOM MOACAH
BUXPEH, HMEIOIINX HELTUATHPHUYECKYIO PopMmy.

Bepremca cuosa k mpumepy 1 B pasaeae 2. Kopens ypaBHeHUA
J, (r)= 0 ompeaeasin BeamuumHy R =y paAnyca IIHAHHAPHYCCKOIO
Buxps. byaem tenepp mamenaTs Beanmunny ) . Ecan Beamunna y Oyaer

3aBHCETH OT Z , TO 1 paauyc R Oyaer 3aBucets oT z . Ho mmenHO Takas
3aBHCHMOCTbD OILIPEACAACT (DOPMY BHXPHL.

Vimes 910 B BHAY PACCMOTPHM MATEMATHYECKYIO MOAEAB,
OTAMYAIOIINYIOCA ~ OT  HCIIOAB30BAHHOM  BBIIIE, TA¢  (PyHKINH
HAIIPAKEHHOCTEH U IAOTHOCTEH TOKOB OIIPEACAAAUCH 11O (2.9-2.14), Tem,
YTO BMECTO KOHCTAHTHI J uCIOAb3yercs pyrkums y(z). INepermem

(2.9-2.14) ¢ yuerom aroro:

H,.=h(r)- cos(ago + ;((z)) 1)
H, = h(p (r)- sin(aq) + ;((z)) )
H_.=h(r)- sin(a(p + ;((z)) ?3)
J..=j.(r)-cos(ap+ x(2)). @
J,.= jw(r)-sin(agoJr)((z)), ©)
J. = j.(r)-sin(ap + y(2)). ©)

Cucrema ypasuenuii (1-6) oramuaerca ot cucremsl (2.9-2.14)
TOABKO TEM, YTO BMECTO KOHCTAHTHI jJ HCIOAB3YETCH HIPOU3BOAHAA

X'(z) no z or dpynkumu y(z). CAeAOBATEABHO, N PEIIEHNE CHCTEMBI
(7-14) byaer oramuarsca OT pernenusa cucremsl (2.15-2.22) Toabko Tem,
9TO BMECTO KOHCTAHTBI J HCHOAB3yeTCsA 1pomsBoAHas Y (z). Taknm

00pa3oM, PEIIEHUE B 3TOM CAyYae IIPUMET CACAVIOIINIA BUA!

j,==x'(2)-q-r-sin(z-r/ 7 (2)), @)
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h- (”—2 — ;(’(z)j -r-sin(z-r/y'(2))+

¥'(2)R’
Jo = A - > ®)
e [2 i z’&)j st /2 (2)
J. = {2 sin(z - r/ 2'(2))+ % -cos(z -/ z’(Z))j» ©)
h =h-r-sin(z-r/y'(z)), (10)
h, = q-r-sin(z-r/y'(2)), (11
h, = —,L(2 sin(z -7/ 7'(2))+ ﬂcos(ﬂ . r/;('(z))j. (12)
x'(2) R

Vkaszannble yukuun Oyayr sasucets ot y'(z). Ilpm y(z)=nz
ypasHenus (7-12) nmpesparmarorcs B ypasuenns (2.9-2.14).
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I'AaBa 4.12. O0OAaka

[Ipexae Bcero, AAf yAOOCTBA UHTATEASl OYEHDb KPATKO OITHIIIEM
M3BECTHBIC IIPEACTABACHHA OO OOpPa3sOBaHUM, COCTABE U CTPYKType
obaaxa [1-5].

OOpasoBanme 0OAAKOB BCEIAA CBA3AHO C aAHMAOATUYCCKUM
OXAQKACHHEM ITOAHHMAarOIIerocs Bosayxa [1]. B cymecrsyromem obaake
TaKKe IIPOTEKAIOT TOABKO aAmabarmdeckue tporecchl [2]. Obaaxo
cocrour m3 kaneAb. Kameanm mmeror amamerp or 2 Ao 200 mmkpomH.
Kamau GoabIrrero Anmamerpa — 910 AOKAEBBIe Karau. Karada oOpasyercs B
PE3YABTATE KOHAEHCALIMHU I1apa HA MEABYANIIEH TBEPAOM YaCTHIIE.
OOBIMHO — 9TO YACTULIBI MOPCKOIT COAH, IIPUCYTCTBYIOIIINE B BO3AYXE.

B obaake GecripepbIBHO IIPOUCXOAAT IIPOIIECCH PACIiaAd, CAMSHIA,
HPUTHKEHUA U OTTAAKHBAHUA KarleAb (MbI HE OYAEM paccMaTpHBATDH

dusuky stux mnponeccos [1-5]). Ho B cpeamem MemAy Kamaamm
CYIIIECTBYT PACCTOAHUE, HMcUncAsemMoe Muarumerpamu. CTOKC AOKaszaa,
YTO OYeHb MaAcHbkue cdepudeckue Teaa Amamerpom wmemee (0,02
MHAAHMETPA IAAAIOT C OYEHb MaAOH CKOpocThio. Kamam moryr
VACPKHUBATBCA CAQOBIM BOCXOAMAIIHM IIOTOKOM BO3Ayxa (He Ooaee 0,5
METPOB B CEKYHAY) [2, 5]. Ho peanpHBIE IIPEAAOKAEBBIE KAIIAH HMEFOT
pasmep 0,2 mumasmmerpa. AAf  TOro, dYroOBl BCe OOAAKO MOTAO
VAEPKHUBATHCA BOCXOAAIIIUIM IIOTOKOM BO3AYXa, 3TOT IIOTOK AOAMKEH OBITH
HECAQOBIM M IIPOHHKATH BO BCIO TOAIIy BO3AyX4, T.€. HA COTHH METPOB.
Ho sto mporuBopedut TOMy OOIIEIpU3HAHHOMY (DAaKTy, 9TO B ODAAKE
HAYT TOABKO aAHA0ATHYECKUE IIPOIIECCHI.

Mrax, 00AaKO — 9TO OTpaHHYECHHBIN OOBEM BO3AYXd, B KOTOPOM
ABITKYTCSl paspO3HEHHEIC KamAM. [TOCKOABKY Bce IIporieccl B OOAake
aAMa0aTIECKHE, TO HEPIUA B 3TOT OOBEM HE IOCTYIIACT M BHEIITHII
IIOTOK BO3AYXa OTCYTCTBYET.

Hac Oyaer mmTEpecoBaTh BOIPOC, KAK TaKad KOHCTPYKIIHA U3
MAacChl Pa3pO3HEHHBIX KalleAb CYIIEeCTByeT M He IaAaer? Beap
BHYTPEHHHE aAMA0ATHIECKHE ITPOIIECCH HE MOTYT CO3AABATh ITOABEMHOIT
CHABI AAfl OOAAKA B IIEAOM, a BHEIITHHE IIOTOK BO3AYXa OTCYTCTBYCT.

Apyroii BOIpocC, HE CTOAb OYEBHAHEBIN, COCTOUT B OOHAPYMKEHUN

TOTO MCTOYHHMKA 3HEPTUH, KOTOPBIH IEPEMEITHBACT THICAIN TOH BOABIL
Ta BHyTpeHHA 3Heprus, KOTOpas ITOSBHAACh B ODAAKe BO BpeMsA €ro
00pasoBaHHUA IIPH AAHAOATHIECKHM OXAUKACHHH ITOAHHMAFOIIETOCH
BO3AYX4a, BUAIMO, HEAOCTATOYHA AASl BEIIIOAHEHHUSA TAKOH pabOTHI.
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CoBepIIIeHHO ~ aHAAOIMYHBIE  BOIPOCH  BO3HHKAIOT — IIPH
PACCMOTPEHHH IBIABHOIO BHXPsA cM. TAaBe 4.1. Tam Toxke pasposHeHHbIE
IIBIAUHKA OOPa3yIOT YCTOMYHBBIN BEPTHKAABHBIN CTOAD. B raase 4.1
IIOK43aHO, YTO HCTOYHHKOM SHEPTHH AAA IIECYAHOTO BUXPA ABAACTCA
3HEPIUf I'PABUTAIIMOHHOIO IIOAf, 4 3aTeM OOBACHACTCA COXpPAHEHHE
dopmer BUXPAL.

ITo aHaAOTHH C IIECYAHHBIM BHXPEM, MOAEAB OOAAKA OCHOBAaHA Ha
CACAYIOIIUX IIPEAIIOAOKEHUAX. OOAAKO COCTOMT H3 MATEPHAABHBIX
YACTHI] - KalleAb. /ABIKEHHE I3THX YACTHI[ YIOAOOAACTCA MACCOBBIM
TokaMm. MaccoBbIe TOKH B IPaBHTAIIHOHHOM ITOAE€ onmcbBarotTcs MITT-
ypaBHEHUAMH.  B3anMoaeiicTBHE  MEKAY — ABHUKYIITUMHCA — MaCcCaMU
OIIMCHIBACTCS TPABUTOMATHUTHBIMHE CHAAMH /\OpPEHIIA.

MaccoBble TOKH, BO3HHKAFOIIHE B OOAaKe, IHUPKYAHUPYFOT IIO
CEUCHHIO BUXPA U IO BepTuKaAu (BBepX, BHH3). Kunerudeckas sHeprus
TAKOH ITUPKYAAIIMN PACXOAYETCA HA IOTEPH OT CTOAKHOBEHHH KAIICAb.
Omna moctymaer ot rpasutupyrommero teaa - 3eman. [lorernmaspmas
sHEprufs 0oOAaKa HE M3MEHACTCA M, CAEAOBATEABHO, He pacxoayercs. T.e.
B 9TOM CAyYa€ HET IIPeOOPA3OBAHUA IIOTEHIIMAABHOW JHEPIHH B
KHHETUYIECKYIO B 00paTHO. OAHAKO IPABUTHUPVIOIIEE TEAO PACXOAYET
CBOFO 9HEPIUIO HA CO3AAHHE U IIOAAEP/KAHIE MACCOBBIX TOKOB.

[Toasepixka oOAaka Hap 3eMACH OOBACHACTCA CACAYIOIIUM
obpasoMm. M3 amasormm wmexAy ypaBHeHumsMum MakcBeasa n MITD
CAEAYET, UTO MOZKET CYIIECTBOBATH HMOTOK S IPABUTAIIMOHHOM SHEPIHM.

Takoll IOTOK MOKET CYIIECTBOBATH M HE H3MEHATHCA BO BPEMEHH.
Bmecre ¢ mmoTokoMm cymecTByeT IpaBHTAIIMOHHBIN MMITyAbC. Ecam Teao
HAXOAHUTCS B IIOTOKE IPABUTAIIMOHHOH sHepruu (M 9TOT IOTOK HE
M3MEHACTCA BO BPEMEHH), TO HA TEAO ACHCTBYET IIPOTHUBOIIOAOKHO
HarrpaBAcHHas 110TOKy S cmaa F=S\c, rae ¢ — ckopocts cBera. DT0
CAGAYET U3 3aKOHA COXpaHEHHA UMIyAbca [0]. Erme pas moadepkreM, 9to
3TO — IIOAHAA AHAAOTHA MEKAY TPABHTAITHOHHBIM H 9AECKTPOMATHHTHBIM
ITOAEM.

WMrak, B obAake BMECTE€ C IOCTOAHHBIMHA MACCOBBIMH TOKAMU
CYIIECTBYET IOCTOAHHBIN BO BPEMEHN IIOTOK TPABUTAIIMOHHON SHEPIHH.
On manpaBAeH BHH3. B cOOTBETCTBHH C BBIIIECKA3aHHBIM Ha OOAAKO
ACHCTBYET CHAQ, HAIIPABACHHAS BBEPX M YVACPIKHBAIOIIAd €ro Ha
HEKOTOPOM BEICOTE.

[TockoABKy — Takag  MaTEMATHYECKAad  MOAEAb  ITOAHOCTBIO
AHAAOIMYHA MATEMATHYECKOH MOAEAU IIECYAHOIO BHUXPA, MBI HE OyACM
ee PacCMaTpHUBATH IIOAPOOHEE.

B sakarouennme oOpaTHM BHHMAaHHE Ha CXOACTBO B IIpoIiecce
00pa3soBaHUA IBIABHOTO BUXpS H oOAaka. M AAf TOro, m AAd Apyroro
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HEOOXOAUMO HAYAABHOE PACCAOCHHE BO3AYXA: IIPOXAAAHBIN TAKEABIIT
BO3AYX - CBEPXY, a TEMABI AEIKHIT BO3AYX — CHU3Y. TeIIABIH BO3AYX B
TAKOW CHTYaIlMd HAYHHACT BCIABIBATH HAaBEPX, HO OH HE MOKET
IIOAHATBCA C IIAOCKOM PaBHOMEPHO IIPOIPETOH IOBEPXHOCTH. AAf
ITOABEMA HEOOXOAMMO IIPHCYTCTBHE HEPOBHOCTH, KOTOPOH MOKET OBITh
XOAM, CTPOEHHE, OAMHOKOE AEPEBO, IIPOE3KAFOIIAsA 110 TTOAFO MAIINHA, 2
AAfl TIECUYAHOTO BHXPA €Ie M OapXaH. DTH HEPOBHOCTH HAa3BIBAIOT
Tpurrepamu. Berep 3akpydmBaeT BO3AYITHBEI BHXPh OKOAO TPHITEpPA.
Bparmarorruiicss MacCOBEIE TOK CO3A2€T CTOAO MacCOBOIO TOK4, B
KOTOPOM YaCTUYIKHU BPAITIAIOTCA, ABUAKYTCA ITO PAAUYCAM H ITUPKYAUPYIOT
II0 BEPTUKAAH. DTO HEIOCPEACTBEHHO CAEAYET M3 MaTEMATHYIECCKOMN
MOAEAH.

INpuBeaennsie HInKEe (HOTO HAAIOCTPHUPYIOT AHAAOTHIO MEKAY
O0OAAKAMU U IIECIAHHBIMH BUXPAMHU.
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O6aaka ITeiApHBIE BUXpH
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I'AaBa 4.5. HeBoAaHOBAs
MATEMATHYIECKAS MOAEAD
BOAHOI'O COAUTOHA

OraaBAenue
1. Beacuue \ 53
2. MatemMaTaeckas MOAEAD
3. Bepruxaapnas ycroiausocts \ 54
4. ApmxeHne coAuToHa \ 57
Awnreparypa \ 58

1. BBeaenue

V3sydgeHre COAHMTOHOB HA9aAOCh C H3BECTHOTO HAOAFOACHUSA
Pacceaa 3a mosBAGHHEM M ABIKEHHEM BOAHOro coAntoHa. C Tex rmop
ITOABUAOCh MHOTO PA3AWYHBIX MATEMATHYECKIX MOAEAEH COAHTOHA, 2
BOAHBIII COAUTOH IIPEBPATUACHA B HE3HAYUTEABHBIN YACTHBIM CAyYall
OOABIIIOI  rpymmbl  (DU3UIECKUX ABACHHUIL, COOTBETCTBYIOIINUX 3TUM
MAaTEMATHIECKUM MOAEAAM [2-5]. OAHAKO, HACKOABKO H3BECTHO aBTOPY,
9TH MOAGAW PACCMATPHUBAIOT BOAHOBBIE IIPOIECCH, a4 B BOAHBIX
COAMTOHAX fABHBIM OOpasoM HAOAFOAQFOTCA IIPOIECCHl  IIEPEHOCA
BeriecTBa. Mopckas BOAHA IIEPEHOCUT 3HEPIUIO, HO OCTABAAET HA MECTE
BOAY — BOAA TOABKO KOoAeOAercs 1o Beprukasu. COAUTOH IIlepeHOCHT
BOAY — LYHAMH, IIPOAOAKAIOIIEE ABIKEHHE IIO CYIIE, AOAXKHO OBITH
AOKa32TEABCTBOM 3TOrO. Kpome TOro, mepeHoc BOABI ITO TOPHU3OHTAAN
HEBO3MOKHO OOBACHUTH KOAEOAHHMEM MAacC IO BEPTHKAAH U
IIPeOOpPA30BAHUEM KHHETHYECKONM JHEPIMH B IOTEHIHAABHYIO U
obparHo. IlepeHOC BOABI IO TOPHU3OHTAAHM AOAKEH OBITH CBfI3aH C
TOPU30HTAABHBIM ITOTOKOM KHHETHYECKOH SHEPIUH, KOTOPHI HE MOKET
OBITh IIOAYYEH M3 ITOTEHITMAABHOH 3Heprur. MOKHO BCIIOMHHUTH IIPO
BETEpP, HO AaKe B IlepBoM HaOAroAeHun Pacceaa He Op1a0 Betpa. Kaxkercs
HEYOCAUTEABHBIM IIPEACTABACHHE O TOM, YTO IPHYHHON ABIKECHUA
COAUTOHA fABAAETCA BETEp M HEAHMHEHMHOCTH cpeabl. Cospaerca
BIICYATACHHE, YTO BHYTPH 3TOrO 'yCTpOHCTBA" €CTh COOCTBEHHBIN
ABHTATEAB, 2 COIIPOTUBAECHUE CPEABI — AHIIIb KATAAHU3ATOP, CUAQ, KOTOPas
AABUT Ha IIEAAAB Ia3a. DTOT BOIPOC IIOAPOOHEE paccMaTpUBacTCi B
raase 4.7.
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ITokaseBaercs, 970 BOAHBII COAMTOH, OyAy4n
"POAOHAYAABHUKOM' TEOPHM COAHTOHOB, BBIIIAAACT U3 BOAHOBOM
MaTEMATHIECKOH MOAEAH COAMTOHOB. [loaTOoMy HmKE paccmarpusaeTcs
HEBOAHOBAfA MATEMATHYECKAA MOACAB, PACCMATPUBAIOTCA  IIOTOKU
BEIIECTBA 1 SHEPIUH BHYTPH BOAHOIO COAUTOHA, BBIABAACTCA MCTOYHHUK
SHEPIUH, OOBACHAIOTCA €ro (POpMa U IPHYUUHBL YCTOHYUBOCTH (POPMBI U
ABIDKEHHSA COAMTOHA B IIEAOM. DT4a MOAEAb HOAHOCTBIO AHAAOTMYHA
MaTEMATHIECKOH MOAEAH IIECIAHOTO BUXPA — CM. TAaBy 4.1.

PaccmoTpuM BHAaYaAe COANTOH C HHUAMHAPHYECKHM OCHOBAHHUEM.
Ero maremarmyeckas MOAEAb AHAAOIMYHA MATEMATHYECKOM MOAEAU
IIECYaHOr0  BUXpA. TeAO  COAMTOHA  IPOHHU3BIBAIOT  IIOTOKHU
I'PABUTAIIMOHHOI 9HEPIUH, KOTOPBIE CO3AAETCH MACCOBBIMU TOKAMI.
dopmyAbHBIE 3aBHUCHUMOCTH MEKAY TOKAMH U IIOTOKAMH OHEPIUU
paccmorpeHnl B raase 4.1, AAA  mecyaHOro BHXpA. DTHMH  Ke
3aBHCHMOCTAMU MOKHO BOCIIOAB30BATHCSA B AAHHOM CAYdYac.

2. BeprukasbHaa yCTOMYNBOCTD

SIBHOE  OTAMYHE, KOTOpPOE HEOOXOAUMO  OOOCHOBAThH, -
KOAOKOAOODpasHad (popMa BOAAHOIO COAHTOHA B OTAHYHE OT
LUAMHAPHIECKOH — (DOPMBI  IIECYAHOTO  BHXPA.  DTO  OTAHYHE
OOYCAOBAEGHO TEM, YTO BEPXHHE CAOM COAHTOHA AABAT HA HIKHHE CAOH
CHAOH TsKecTH. PaccMOTpHM, K €My 3TO IIPHBOAHT.

B wactHOCTH, B TEAE€ COANTOHA CYIIECTBYET IIOTOK SHEPIUL,
HAIIPABACHHBII 110 BEPTHKAAH, C IIAOTHOCTBIO

. a
S.=—j,h,r’ 7 (30)
DTOT IIOTOK SHEPIUH CO3AAET CHAY AABACHHSA, ACHCTBYIOIIYIO B KAKAOM
CCYCHHH HA TEAO COAHTOHA PAAUYCOM R |
17 1. £, Jjoh, woR®
FZDZ——J‘SZZﬂT-dV:—j(ﬂh(pﬂ'aJ.V dr =—"—. (32)
cy c 0 4c

ITockoabky norok sueprun (30) HapaBAGH BHU3, TO IIPOTHBOIIOAOKHO
HAlIpaBAGHHAsA eMmy cuAa (32) HampaBA€HA BBEPX U IIOAACD/KHBACT
COAUTOH B BEPTUKAABHOM ITOAOkeHHH. EH IIpOTHBOAEHCTBYET U
VPABHOBEIITHBACT €€ CHAQ TAKECTH.

Orcropa CAGAYET, YTO PAAUYC COAUTOHA AOAKEH YOBIBATH IIPH

YBCAMYCHUH Z . OHCHI/IM 3aBUCHUMOCTD paAnyca oT Z, 000O3HAYMB €€ KAK

R(z). Urak,

zo

i h
F :M(R(z))4 (33)
4c
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CrAa TKECTH 9aCTH BUXPS PACIIOAOKEHHOTO BBIIIIE YPOBHS PaBHA
L
P(z)=— j p-7(R(2)Y dz. (34)
TAE p — IIAOTHOCTD BOzAbI Cuasr (33, 34) ypaBHOBEIIIUBAIOTCH, T.€.
(R(z)) = j p-7(R(z)) dz. 69)

AI/ICp(pCpCHLII/IPYH 3TO BBIPAKEHNE, IIOAYIAEM:

P d (N nr(e
e (10) ) SR (0}

hﬂa

501051
d(R
(R(2) )7( diZ)) =-7, (36)
TAC
pc
n=— . (36a)
Joha

Oyuxius R(z) ompeAeAsieTcs Kak PEIeHNe 9TOro ypaBHEHHA. AAS 3TOrO
AOAKHBI OBITH 3aAaHO HadarbHOE yeaoBue R(0). Aas HAAFOCTPAIIIN HA
puc. 3 nokasanst dbyukimu R(z) u R'(z) npu R(0)=10 u n=2 -

BCpXHI/IC KpPHBBIC,. n= 3 - HIZKHUC KpI/IBbIC.

30 30

25 A

20

25

20

10

10

Puc. 3.

[Tpu aarzOM R(z) MO)HO 110 (34) HAlTH BeC COAMTOHA
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L
P=—p- nJ' (R(2)) dz, 37)
00BeEM COAUTOHA
L
V=n _[ R(2)) -dz (38)
n BbICOTy IICHTpa TAXKECTU COAUTOHA
L
_pr .
L = P !(R(z))zz dz. (39)

[TorennmaAbHAsA SHEPTHA COAUTOHA
W,=PL,/g (40)

rAe g - yckopenue cBoOoAHOro mmaseHus. Ooveaunss (39, 40), Haxoaum
L

w, =p?.7zj.(R(z))zz-dz. 41)

Kunermaeckas sHeprusi coantona W, , B KOTOPOM Macca LIUPKYAUPYET
"Bepx-BHH3", paBHA IIOTCHIIMAABHOW dHeprunm (eCAH IpeHeOpedsb
[IOTEPSAMU HA BHYTPEHHEE TPEHHCE), T.C.

w,=w,. (42)
DTa sHeprust ABASETCS SHEPIUEH MaCCOBBIX TOKOB. [loTepu aToit sHeprun
HAa BHYTPEHHEE TPCHHUC IIOIOAHAIOTCA OSHEPIUEH I'PABHTALIMOHHOIO

TIOASL.
20 80
[ ad
i—®
15 60 ,,/‘/
g 10 el — g 40
;. — !
- 20 e —
4 —
0 0
0 1 2 3 4 0 1 2 8 4
Wo x 10" e x 10"
x 10° x 10°
8 — 8
6 6 /
2 4 S 4 /
2 2 -
0l 0 —
0 1 2 3 4 0 1 2 3 4
Wo x 10° Wo x 10°
Puc. 4.
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B momeHT 00OpasoBaHHS COAMTOHA OH IIOAYYA€T 9HEPIUFO
W,=W,~W,. Us (36, 41) caeayer, uto mawarpmwiii pasnyc R, = R(0)
3aBHCHT OT HadaAbHOU sHepruu W, (upu pamHBIX p, g, 17). B cBOro
ouepeAb, or R(0) saBucar Beicora, ¢opma, 0ObeM, BEC COAUTOHA.
Pacemorpum sti 3aBucumocta upu p =1, g=10, =2 - cm. puc. 4,
IA€ BEPXHHUE KPUBBIC OTHOCATCA K 3HadYeHuAM W, , ykazaHHBIM Ha ocH, a
mxkawe K saavernam W, /10 .

Ha puc. 5 mokasaHa 3aBUCHMOCTb BBICOTBI COAHTOHA OT HIKHETO
paanyca L, = f(R)). Bua sroit dbynkumn 3aBucur or kosadpdurmerra
maiitn 77. Ilpu wmsBecrmont n3 mabaroaenuit dyuxumu L, = f(R)
MOXKHO HaWTH 3HadeHume koadduimenrta wmaiitm 77. Ha pwmc. 5
koabpurment 77 =2, 4, 7 (BepxXHAA, CPEAHAA, HILKHAA KpPUBBIC

COOTBETCTBEHHO).

80

70 /
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50

40

Lo

30

2 <
e

4 =
. st
0 2 4 6 8 1
Ro

Puc. 5.

Ve
4 -
/-/ //
——

4. ABI>KeHne COAMTOHA

Tpaexkropus ABIKEHHA COAHTOHA IIAOXO IIPEACKA3yeMa H ITOM
COAUTOH CXO C ITeCYaHBIM BHXpeM — cM. pasaea 4.1.5. Ilpn ABmxennn
U COAWUTOHA, M BUXPA HAAO YYECTb TOT (DAKT, YTO COIPOTHUBACHHE
BO3AyXa  CO3A2€T  AOIIOAHHTEABHBIH IIOTOK - MACCOBBIH  TOK,
HAIIPABACHHBII IIPOTHUB CKOPOCTHU HX IIOCTYIIATEABHOIO ABIUKCHHSA. B
raase 4.7 IIOKa3aHO, HUTO OTOT MACCOBBIH TOK CO3AAET CHAY,
HAIIPABAEHHYIO IIO CKOPOCTH ITOCTYIIATEABHOTO ABIKEHUA BHUXpA (Kak
5TO HU ITaPAAOKCAABHO 3BYYHT).
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I'paBuranimonHas  sHeprus B COAHTOHE IIpeoOpasyercd B
KIHETUYECKYIO SHEPTHIO BHYTPEHHHUX CTPYH BOABI, KOTOpaf, B CBOIO
OdYepeAb, IpeoOpasyercssi B  TEHAOBYIO OHEPIHIO TPEHHSA H B
KIMHETHUYIECKYIO S3HEPIUIO ABIKEHUA COANTOHA.
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I'AaBa 4.3. BoaoBopor

OraaBaenme
1. Beaenne \ 59
2. Marematmaeckas MoAeAb \ 60
3. VpaBHeHMs TMAPOAMHAMUKH AAS BOAOBOPOTA \ 61
4. BeraucAnTeApHBIN asropu™ \ 62
5. AHaAu3 ypaBHeHHIT BOAOBOPOTA \ 63
6. Ioroku saeprun \ 66
7. AaBaenue \ 67
8. BeiBoABI 68
Ipuaoxenue 1\ 68
Awureparypa \ 69

1. BBeaeHnue

HC,A,aBHO IIOABHUAACH MAaTEMATHUYCCKAA MOACADb OKCAHHNYCCKUX
BOAOBOPOTOB [1], KOTOpQ.H HpaKTI/I‘ICCKI/I IIOAHOCTBIO COBIIaAA€T C
MOAEASIMH, ITOCTPOCHHBIMH AAfl KOCMHUYECKUX 4YePHBIX ABIP. CXOACTBO
MC)KAY BOAOBOpOTaMI/I u "ICPHI)IMI/I AI)IpaMI/I O6H21py){-(I/IBaCTCH B TOM, 4YTO
HCYTO, OKa3aBIIICCCH B6AI/ISI/I OTHUX O6"I)€KTOB, BOBACKACTCA B HHUX H
HUKOTAA HC BOBBpaH_[aCTCH. CTOAB AAACKAA aHAAOTUA HOA“ICPKI/IBZLCT (Ha
HAaIII B3F/\HA), KaKk AaA€Ka OT 39.BCpLHCHI/Iﬂ MaATEMATHUYIECCKAA MOACADb
BOAOBOPOTOB. HI/DKe aBTOp TOXKE HpCAHpI/IHI/IMaCT HOHBITKY HOCTpOCHI/IH
Takol MoaeAd. IIpeararaemas MOAEAb, KaK M BBEIIICYIIOMAHYTAS,
crpourcs Ha 0ase OAHOH TEOPHMH — TEOPHH OTHOCHTEAbHOCTH. HO
HpCAl\aFaCMaH MOACAD 60 ACEC HpI/IS CMACHA (I/I/\I/I, cCA XOTHTE,
HpI/IB OAHCHa) 5 HOCKOAbe I/ICHOABSYI-OTCH TAKXKE u YpaBHCHI/IH

THAPOAMHAMUKN, M CAGACTBHA M3 TEOPHH  OTHOCHTEABHOCTH,
BBIITO AHAFOIIIIECH TOABKO B YCAOBHAX CAAOOIO 3€MHOTO IIPUTAKCHHIA.

Hmrepecen eme BOpoc 00 UCTOYHUKE HEPIUH, ITO3BOASIOIIECH
BOAOBOPOTY AAHTEABHOE BPEMs BPAIIATHCA B OKPYKEHNN HETIOABIKHBIX
BOA. DTOT BOIIPOC CTAHOBUTCA €IIle DOAEE BAKHBIM B CBA3M C TEM, YTO
MMEHHO BOAOBOPOTHI (a He /\yHA) ABAAIOTCA MCTOYHUKAMI SHEPIUH AAA
npuAnBOB U OTAMBOB [2]. B [1] mcrounmk sHeprmm BOAOBOPOTOB HE
amasmsnpyercs. Hrmke mokaseisaercs, 9To 9THM HCTOYHHUKOM ABAACTCA
IPaBHTAIIMOHHOE ITOAE 3EMAM.
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B mpeasaraemoii HmKe MaTreMaTHYeCKOM MOAEAH BOAOBOPOTA
HCIIOAB3YETCH cucreMa MI'M-ypaBHeHnIA I'PaBHTOMATHETU3MA,
omucaHHbIX B raaBe 1. MoaeAp OCHOBaHA Ha  CAEAYIOIIHX
IIPEAITOAOKCHHAX: ABHKCHHE BOABI YIOAOOASIE€TCA MACCOBBIM _TOKAaM;
B3AaUMOACHCTBHE  MEMKAY  ABIDKYIIUMHCA ~ MacCaMH  OOBACHACTCA
CYIIIECTBOBAHHEM IpaBUTOMArHUTHEIX cUA Aoperma (I'A-cua).

MaccoBbie TOKH B BOAOBOPOTE ITUPKYAUPYIOT IO TOPU3OHTAABHBIM
CEYECHHUAM BOAOBOPOTA M MO BepTuKaAn. KmHeTmdaeckas sHeprus Takoit
IUPKYAAIINA PACXOAYETCA Ha IOTEPH OT BHyTpeHHEro TpeHmA. OHa
ITOCTYITAET OT TPABUTHPYIOIIETO TeAaa - 3eman. [lorennmasbnas sHeprus
BOAOBOPOTA HE M3MEHAECTCA M, CACAOBATEABHO, HE pacxoayercd. T.e. B
3TOM CAyYae HET IIPEOOpPA3OBAHUA IIOTCHIIMAABHOH 9SHEPINH B
KHHETHYECKYI0O 1 00paTHO. OAHAKO I'PABUTHPYIOIIEE TEAO PACXOAYET
CBOXO 3HEPIMIO HAa CO3AAHHE H ITOAAEPKAHHE MACCOBBIX TOKOB - CM.
rAaBy 3.

B BoaoBOpOTE MacCOBBIE TOKH CO3AAFOT  HAIIPMKEHHOCTH,
MacCOBBIE TOKH BMECTE C HAIPMKEHHOCTAMU CO3AAIOT CHABI AOpeHIa;
cuABl AOpeHITa BO3ACHCTBYFOT Ha MACCHI, ABI/KYIIIHECS B TOKE, M3MEHAA
TEM CaMBIM HAIIpaBA€HHE TOKOB. Bce atm mporeccer  Bmecte
omuceBatotca  MI'M-ypaBHeHmsAMm, B KOTOpBIX cHAB  AopeHnma
HCKAFOYEHEL. OaHako 3TH  IIPOIECCHl ~ MOKHO  IIPOCACAHTD
ITOCACAOBATEABHO 1 €BA3aTh uX ¢ MI'M-ypaBHennsamMm — cM. TAaBy 3.

2. MaremarnuyeckKkas MOAEADB
HPCAAQFQCMYIO MaTCMaTI/I‘ICCKYIO MOACAD I/IHTCPCCHO COIIOCTAaBUTH
C PEAABHBIM BOAOBOPOTOM — cM. puc. 0.

B raase 2 IIOKa32HO, YTO YpaBHCHI/I}I AAST TPABHUTOMATHUTHBIX

HampskeHHocre H W ODAOTHOCTEH  MACCOBBIX  TOKOB J  AAdA
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CTAIMOHAPHOIO  IPAaBUTOMATHHTHOIO  IIOASl B ITHAMHAPHYECKHX
KOOPAMHATAX ¥, (), Z HMMEIOT BHUA:

H,  oH, 1 0H, oH,
+ +—- +

”

=0, @
r or r Op Oz

oH

l.ai_ =J, @)
r op oz
OH  OH

——=J,, 3
0z or v R
H_ oOH
_‘/’_I__("_l.%:]z’ 4)
r or r Op

oJ

J, o 1L, o, )

r or r Op 0Oz
I1pu usBectHOM perreHnn cucTeMsl ypasHeHuii (1-5) moryr ObITh
HalAeHBI | A-CHABIL

3. YpaBHeHUA THAPOAMHAMUKHU AAA

BOAOBOPOTA
BoAOBOPOT, Kak  ABIDKEHHE BOABI, VAOBACTBOPACT — TAKKE
ypaBaenuio Haspe-Crokca AAf BASKOH HECKHMACMON KUAKOCTH. AASA
CTALIMOHAPHOIO TEYCHUA 9TO YPABHCHHE HMECT CACAYIOIIHH BHA (CM.,
Hanpumep, [3]):
div(v)=0, (16)

Vp—,u-Av+,0(v-V)w—me:O, a7)
rAe
P - HOCTOAHHAA IIAOTHOCTD BOABI,
M - ko3 puIIeHT BHYTPEHHETO TPEHN,
P - AaBAeHHE,
V - CKOPOCTB T€YECHIA B AAHHOH TOYKE, BEKTOP,
F, - maccoBas cuAa, BEKTOP.
MaccoBerif  TOK ¥ CKOPOCTb ~ TEYEHHA  CBA3AHBI  OYECBHAHBIM
COOTHOITICHHEM
J=p-v. (18)
CaepoBareanpno, ypasaenusa (7) m (16) maeHtmuner, a ypaBuenue (17)
MO?KHO TIEPEITHCATh B BUAC

Y —E-A.]-I-l(J-V)/—p-F:O. (19)
PP
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MaccoBsimu cuaamu 3Aech sBAsroTC ['A-cuast F;, n cuasl Tsokectn P
T.€., ¢ yaeroMm (2.9),

F=G-¢£-§,+P. (20)
[1pu m3BecTHBIX TOKAX U cuAaX 11O (19) MoKeT OBITHP HATAGHO AABACHHE.
CaeAOBaTeABHO, CHCTEMA YPABHEHHUH

(2.1-2.5, 2.8.1-2.8.3, 19, 20) 1)
ABASETCSI CHCTEMOU VPABHEHUU BOAOBODPOTA, ITO3BOAfAIOIIIEN HAUTH
pacpeAeACHIE CKOPOCTEH U AABACHUH B TEAC BOAOBOPOTA.

4. BeIYMCAUTEABHBIN AATOPUTM
B raase 2 (pasaea 2) mokazaHo, 4rto AAd ypasHeHmu (1-5)
CYILIECTBYET PEINIEHUE B BUAC (DYHKIIHMIH, MMEFOIINX CACAVIOIINI BHA!

H,.=h(r)-cos(ap+ yz), )

H,.=h,(r)-sin(ap+ yz), (10)
H_.=h_(r)-sin(ap+ yz), (11)
J..=j.(r)-cos(ap+ yz), 12)
J = J,(r)-sin(ap+ yz), (13)
J.=j.(r)-sin(ap+ yz), (14)

TAC

X, O —HEKOTOPbIe KOHCTAHTEHI,

h(r), h,(r), h.(r), j.(r), j,(r), j.(r) — dymsomm or

KOODAMHATBI  7; IIPOHU3BOAHBIE 3THUX ((PYHKIMIT OyAem
0003HAYATD IITPUXAMH.
B raase 2 moxasamo, uro mocae moacranosku (9-14) B (1-5)
ITOAYYAETCH CACAYFOIIAA CUCTEMA YPABHEHUI:

h,=—=(h/r+h)n, (18)
J.=h,[t+h, (19)
Jr==1h,, (20)
J,=-1h,—h.. (21)

B oroit cucreme 4-x AudpdepeHINAABHBIX YpaBHEHUN € 6-IO
HEU3BECTHBIMUA  (DYHKITMAMH ~ MOMKHO  IIPOHM3BOABHEIM  OOpa3soM
onpeaeAnTh ABe dyHKIMU. B mpraoxenmu 1 mokasaHo, uro pereHune
9TOM CHUCTEMBI YPAaBHEHHUII MOXKET UMETb CAEAYFOIIIUM BHUA!

h(ry=—h-e"
h,(r)=—q-€"" 23)

: 22)
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br"

h(r)= hee (l+ bnr"), (24)
n-r
j()=ng-e" 9
j(p(r)z—h-eb’” (77+L2@n2r” @r" +n}l)j, (26)
7]]’
br™

j.(r) = g€ (1 + bmr" ) @27

r

Aaroputm pererus cuctemer (3.21) moker ObITB, HaIIpHMED,
TAKHAM:
1. ompeAeAfrOTCS HAIPAKEHHOCTH U TOKM

G, ks by gy g, J )0 (22:27),
2. ompeaeastorcea I'A-cuasr o (2.8.1-2.8.3),

3. ompeAeAsitoTCA MaccoBEIe CHABI 110 (3.20),
4. ompeaeasrorcs AaBaeHHA 110 (3.19).

5. AHaAn3 ypaBHEHHI BOAOBOPOTA

Aanree MpI OyaeM aHaamsuposath perrenue (4.22-4.27). Hagano
KOOPAHMHAT PACIOAOKHM HA IOBEPXHOCTH OKEaHa, 4 OChb 0Z HAIIPABHM
BEPTHKAABHO BBEPX.

ITprumep 1. Ha puc. 1 moxasamer dymknun (4.22-4.27) mpu
g=1, h=3, m=3.5, n=3.6, b=-0.05, aa=1, y=1. B AEBOM

CTOADIIE TOKa3aHbI (PYHKITHH (hr, hq), h a B IPaBOM - (DYHKITHH

z )

(jr, Joo Js J Buano, uTo cymiectByer HEKOTOPHIH pasuyc r = R, , mpu

KOTOPOM J.=0. HazoBem R, paArycoM  "BEpPTHKAABHOTO

criokoricteuA”: pu < R, Tok J_ <0 HampaBAeH BHU3, a Ipu 7 > R,
Tok J_ >0 HampasAeH BBepx. B aanHOM cayuae R, =1.6.

WMrak,  cymecTByer — HEKOTOPHIH — PaAHUyC  ''BEPTHKAABHOIO
CITOKOHCTBHA", HA KOTOPOM BEPTHKAABHBIH TOK BOABI OTCYTCTBYET
(JZ = 0), a OAmKE K IIEHTPY BOAOBOPOTA TOK BOABI HAIIPABACH BHU3
(J . < 0), HO IIPA YAAACHHH OT 9TOTO PAaAHYCa BOAQ IIOAHHUMAETCH BBEPX
(J L > 0). Takum 00pasoM, BOAQ OKPYMKAIOIIETO OKEaHA BAUBACTCA B

BOPOHKY € 9THM PaAHYCOM ""BEPTUKAABHOTO CITOKOHCTBHSA' .
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jr

hr
)
N\

0.5 N\
-3 / 0 \&

0 1 2 3 4 0 1 2 3 4
40 5
20 1 0
N N
0 5|
20 i i -10
0 1 2 3 4 0 1 2 3 4

Fig.1. (fig-Vod-1.m)

Paccmorpum BektopHOe 1oae Tokos J,, J. B BeprmKasbHOII

IIAOCKOCTH cedeHus BoAoBopora. Ha pmc. 2 mpeacraBaen ¢parment

atoro moast aas wacreit maockoctn ¥ =0, 3 w z=0, —1.4 npu Tom

’Ke 3HAYCHHUH KOHCTaHT. [lokasaHa Takke "BEPTHKAAB CIIOKOWCTBHA'.
Buano, wro maccoBble TOKH (9KBHBAACHTHBIE CKOPOCTAM) PE3KO
YMEHBIIIAFOTCA C YBEANYCHIEM PACCTOSHUA AO IICHTPA BOAOBOPOTA.

Takum 0OpasoM, MACCOBBIE TOKH B BOAOBOPOTE LIUPKYAHPYIOT IIO
BeprukaAu. [Ipr 5TOM B MaAOH IIEHTPAABHONM OOAACTH Macca BOABI C
OOABIIION  CKOPOCTBIO ~OIIYCKAETCA BHM3, 4 B OTAAACHHOH, HO
3HAYUTEABHOH II0 OOBEMY OOAACTH, C MAAOH CKOPOCTBIO ITOAHUMAETCA
BBepx. Ha cBODOAHOIT ITOBEpXHOCTH OKeaHa BAOAB OCH OOpasyercs
YIAYOACHHE, 2 BAOAb IPAHHUI[ OOPA3yeTcA BO3BBIIIECHHE — 3TO MOKHO
VBHACTH HA PHC. 2, €CAM MBICACHHO OOBEAHMHHUTb KOHIIBI CTPEAOK HA
BEpXHEH TIOPH3OHTaAHM. BoAa ¢ BOBBBIIICHHA YCTPEMAfACTCA B
yrayoaenue. KunHermdeckas sHEpPrusi TaKOH IIMPKYAALIUH PACXOAYETCA
TOABKO Ha IIOTEPH OT BHYyTpeHHero Tpenwud. [loreHrmaspHas sHeprus
BOAOBOPOTAa HE mM3MeHAETCA. T.e. B 9TOM CAydae HET IPeoOpasOBaHMA
IIOTEHITUAABHOI SHEPIHH B KHHETHYECKYIO U 00paTHO. OAHAKO (KaK yiKe
VKa3bIBAAOCH) IPABUTHPYIOIIEE TEAO PACXOAYET CBOIO JHEPIUIO HA
CO3AAHIE U IIOAACP/KAHIE MACCOBBIX TOKOB - CM. 'AABY 3.
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Fig. 2 (VodovorotFig.m)

0.5

N\ : AR
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Fig.4 (VodovorotFig.m)

PaccmoTpum  Terieph  BekTopHOE TOAe  TokoB  J,, J, p HA

OKPYKHOCTH B TOPU30HTAABHOM IIAOCKOCTH BOAOBOPOTA IIPU IIPEKHUX
3HAYCHHAX KOHCTAHT — CM. puc. 4. 3AeCh KpyKKaMH OOO3HAYCHEI
AHAAUBUPYEMBIC TOYKH, PACIIOAOMKCHHBIC HA "IYHKTUPHBIX' pPaAHyCax.
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"3eaensie (ODAeAHBIE)" KOPOTKHE OTPE3KH IIOKA3BIBAFOT BEKTOPHI TOKOB,
[IPOIIOPLIUOHAABHBIC ~ CKOPOCTAM, a4 '"CHHHE (TEMHBIC)' — OTpe3Kd
OOBEAMHAIOT KOHIIBI 3THX BEKTOPOB. Bmamo, uro pacmpesesenme
BekTOpOB HarmomuHaeT puc. 0. BHAHO, 9TO Ha MAaABIX PAAHYCAX CKOPOCTH
HAIIPABACHBI ITO KACATEABHON K OKPYKHOCTH, 4 C YBEAUYCHUCM PAAHYCa
YVBEAHYUBAIOTCA PAAHAABHBIE COCTABAAIOINME OOINEH CKOPOCTH, HO
OOIIHE CKOPOCTH YMEHBIIIAIOTCA.

Kaxk mokazano B oOIeM cAydae, CYIIECTBYET ABIUKEHHE IIO
BUHTOBOM AmHHH. [Ipm uaene 77-z B dopmyasax (4.9-4.14) BunTOBas

AWHUA  ABAAETCA IIHAHMHAPHUYIECKOM, a B TOM, KOTAA BMECTO 7] Z

IIPUCYTCTBYET HEKOTOPAs (PYHKITHA ;((Z), BO3HHUKACT KOHYCHAs BUHTOBAs
AMHHA. DTOT CAYIAl PacCMOTpPE IIOAPOOHO B raase 4.1.

6. IToroxu aneprun
[ToTOoKH 9HEPIHH OINCHIBAIOTCA B 9TOM CAyYae TOYHO TAKKE, KAK B
raase 4.1. PaccmoTpum TOABKO (pyHKITNI

S.e) [Gh —jh,
S.0)|=|Gh —jih)|. 0
5.¢)| LGh,—ih)

ITOKa3aHHBIE HA PHC. 5.

50 0.15

0.05

I [ —
1004 -0.05
0 4 0

Sr
Sf
\>

Sz

0.5 1 1.5 2 2.5 3 3.5 4
Fig.5. (fig-Vod-1.m)
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Taxxe, kak B raase 4.1, MOKHO IIOKA3aTh, YTO IOTOK 3HEPIUH
HUPKYAHpPYeT 1O BepTukaAn. CAEAOBATEABHO, 3HEPIHUA BEPTUKAABHOM
OUPKYAAIIIN ~ OCTAaeTcA  TocToAHHOM.  IloTreHnmaspHas — sHeprus
BOAOBOPOTA TAKKE OCTAETCHA ITOCTOAHHOM. Takum oOpasom, B 3TOM
CAyYae HET IIPeoOPa3OBAHMA ITOTCHIIMAABHON SHEPIUN B KHHETHYECKYFO
u oOparHo. [loTOK sHEPrHH HHUPKYAHUPYET TAKKE IIO OKPYKHOCTH.
PaAnaAbHEBIN ITOTOK 9HEPIHH PACXOAYETCH HA KOMIIEHCAITHIO ITOTEPh OT
BHYTPEHHETO TPEHHA. DTa SHEPIUA MOKET ITOCTYIIATh TOABKO H3BHE — OT
IPAaBUTHPYIOIIETO TeAd (KK y7KE YKa3bIBAAOCH - CM. TAABY 2).

7. AaBaeHHE

PaccmoTpuM B 3aKAIOYEGHHE PacdeT AABACHHA B BOAOBOPOTE IIO
aAropuT™My, ommcaHHOMy B paspeae 4. Ilpu otom aAaBacHme Oyaem
omnpeaeasts 1o popmyae (3.19), a maccossre cuasl - 10 dpopmyae (3.20).
Taxum oOpasom,

sz%-M—%(J-V)]-%p-G-f-SU+p-P. )

1000 --

Sz

-1000.L--
4

Fig. 6 (VodovorotFig.m)

Ha puc. 10 mokasansr Beanaunel, Bxoadmue B (1) u paccaurannsre
AAsl mToBepxHOCTH BoAoBOpoTa mpu z =0. B pacuere mcmoassosamst
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IIPEKHUAE 3HAYCHHUA KOHCTAHT U CACAVIOINHME 3HAYCHHUA KOHCTAHT,
Bxoasmux B (1):

Aojot Lo pegee popet, )
p p

B OKHaX Ha pI/IC. 6 ITOKA3aHbI HpOCKL[I/H/I Ha OCb Z HpI/I Z:()
C/\CAY}OH_H/IX BCAUYUH:

DPz =Vp, LVZIEAJ, vaz=(J-V)], Sz=18§,. 3)
Yo,

AaBAaeHnA Ha CBOOOAHON IOBEPXHOCTH OTPAKAIOT (DOPMY HOBEPXHOCTH
BOAOBOPOTA.

8. BeIBOABI
Ha ocHOBe NIPHHATBIX IIPEAITOAOKEHHH IIOCTPOEHA CHCTEMA
YPaBHEHUI BOAOBOPOTA U HAMACHO OAHO M3 BO3MOKHBIX PEIIEHHH. DTO
perreHne 0OBACHAECT HAOAIOAAEMBIE BACHISA, 4 IMCHHO
® BEPTUKAABHYIO IHPKYAAIIMIO BOABI: AKTHBHOE ITAACHHE BOABI B
LIEHTPE BOAOBOPOTA U IIOABEM BOABI U3 TAYOUH C HH3KOH
CKOPOCTBIO, HO Ha DOABIIIOM IIPOCTPAHCTBE,
® TOPU3OHTAABHOE BpAIIICHHE BOABI IIO  OKPYKHOCTH  C
dopMupOBaHHEM AMHEHHBIX BOAH, OOPA3yFOIIHX HEKOTOPHIA
YIOA K KACATEABHOM 3TOM OKPYKHOCTH,
e (opmy cBOOOAHOI ITOBEPXHOCTH,
® CVINECTBOBAHME UCTOYHUKA SHEPIUH BOAOBOPOTA B CIIOKOMHOM
OKeaHe.

ITpuaosxennue 1.

Aas perrenns 4-x ypasaennit (4.18-4.21) ¢ 6-ro HemsBecTHBIMU
PYHKIHAME  AASl  AAABHEHIIIETO MBI OIPEACAHM CACAYIOIIHE ABE
dyHKITIT:

br"
h,(r)=-q-e", (1)
h(r)=—h-e"" ®
rae h, q, b, m, n —uexoropsie koucrautsL. Toraa
' m-1 _br"
h,(r) = —gbmr™ " -e" 3)
B (r)=—hbnr"" e @

N3 (3.20) maxoamm:
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. br™
() =ng-e" . ®
W3 (3.18) maxoanm:
h, = L+ bnr" 6
= i+ bnr ). ©
Ananormgno, u3 (3.19) maxoanm:
. h,
jo="e, 0
. q-e” m
i=— @+ bmr) 2
r

Hatiaem us (6):

W=l e
n

}(anr ){j(lb) ,

n-1 br br" br"
h. Z% (bnr erz JQernr")'{er annr"‘l}
. h e[ brrt 1 0 1 n
h. :;e (( - —r—2](1+bnr )—s—(r—zjbnnr J,
' h br" 1 2. 2n
h, =—e —2@ nn+bnr"(n—n+nn)-1 )
n r
h

@ @r” + n)— 1). )

[pu usBecTHON cbyHKLU/H/I h(r) mo (2, 3.21) maxoanm:

=_h.ebw(,7+%@ o +ny1)j. 10
nr

Mrax, Aanee MBI OYyA€M HCIIOAB30BaTh pernenue crucremsr (4.18-
4.21) B Buae pyHKINI (hr, h(p, h, j., Jo» J- ), OIIPEACACHHBIX 110 (2,

1, 6, 5, 10, 8) coorBeTCTBEHHO.
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I'raBa 4.4.
IITectuyroapnsem nrropm Ha CarypHe

OraaBAenme

1. Beeaenue \ 71
2. Kparkoe onmcanne MaTeMaTHIeCKONH MOAEGAR 3EMHOTO BOAOBOPOTa \ 83
3. MareMaTH9IeCKas MOAEAD SAAUIITIICCKOTO BOAOBOpoTa \ 84
4. MaTemaTHdeckas MOACAD IITECTUYTOABHOTO BOAOBOPOTA \ 89
ITpuaoxenne 1. Permenne ypasaeHnit MakcBeAAd B 9AAHIITHICCKIX

LIUAMHAPUYECKUX KOOpAnHaTax. \ 90
[Tpuaoxenue 2. PasaokeHne IECTUYTOABHIKA HA SAAHIICH \ 92

Awureparypa \ 95

1. BBeaeHnue

Ha ceBeprom moaroce CarypHa CyIIecTByeT IHTAHTCKHE IIITOPM B
dopme HIeCTHYrOABHHKA, KaKAAd CTOPOHA KOTOPOIO OOABIIIE AHAMETPA
3eman [1, 2, 3]. DTOT IIECTUYTOABHUK HE IIEPEMEIACTCA HAa IIAAHETE,
Bparaerca U coxpaHfger cBoro dopmy. OH 00AaAaeT YAUBHUTECABHOI
YyCTOWYMBOCTBIO — cymiectByer yxe Ooaee 30 aer. Ilocrpoennro
MAaTEMATHYIECKOH MOAEAH TAKOTO IITOPMa IIOCBAIIEHO MHOIO padoT, HO
oOmenpusHanHag MoOAeAb orcyrcrsyer (3], Hmxe mpeasaraercs
MATEMaTUYIECKad MOACAD TAKOTO IITOPMA, AHAAOTHYIHAS MATEMATHIECKON
MOAEAU OKEAHCKOTO BOAOBOPOTA, IIpeAAo:xkeHHas B pasaese 3.1. Ilpm
9TOM IOKA3BIBACTCH, YTO UCTOYHHUKOM dHEPIUHU, IIO3BOASIOIIECH IITOPMY
AAUTEABHOE BpPEMA BpAIATbCA, ABAACTCA I'PABUTAIIMOHHOE ITOAC
Carypna.

OueBHAHA BHEIIHAA AHAAOTHA 3TOIO IITOPMA H OKEAHCKOTO
BOAOBOPOTA — cM. puc. 1 u puc. 2. OcHOBHOE OTAHMYHE COCTOUT B hopme
IIOBEPXHOCTH. MOKHO CKa3aTh, IOAYEPKHUBAA 9Ty aHAAOIMIO, YTO HA
CarypHe CyIIeCTBYET LICCTHVIOABHBIN '"Ta30BOPOT', B OTAHYHE OT

KPYI'AOTO OKEAHCKOT'O BOAOBOPOTA Ha 3eMAE.

Or1mernMm errre, YTO IIECTUYTOABHBIC Ta30BOPOTH HAOAIOAAIOTCA 1
B 3EMHBIX VCAOBHAX: AHAAN3 CHYIHHKOBBIX CHHIMKOB ITOKAa3aA
IIPUCYTCTBHE HAA AHOMAABHOH 30HOH B ATAQHTHYCCKOM OKCAHE
M3BECTHOW KaK DepMyACKHIT TPEyrOABHHK, OOAAKOB IIECTHYTOABHOM

dopmsr — em. puc. 3 [4].
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Aanee BHAYAAE crpouTcs MaTeMATHUYECKas MOAEAD
SAAMIITHYECKOTO  BOAOBOpoTa. (OHa  CTpOMTCA IIO  aHAAOTHH  C
MaTEMATHYIECKOH MOAEABIO KPYTOBOI'O BOAOBOPOTA — CM. pasAeA 4.3.

72



MmaBa 4.4. LLlecTnyronbHbin WTOopM Ha CaTypHe

3aTreM IOKa3BIBAETCH, YTO IIECTUYTOABHBIH TIa30BOPOT ABAAETCH
CYMMOM 9AAHIITUYECKAX Ta30BOPOTOB. KaKABII Ta30BOPOT OIIpEACAAETCA
COOCTBEHHBIMH HAYaABHBIMH YCAOBHAMH B ypaBHeHnAX Makcseaaa. [Tpu
CYIIECTBOBAHMHM  HECKOABKHX  HE3aBHCHMBIX  HAYAABHBIX  YCAOBHIT
ITOABASIFOTC  HECKOABKO ~PEIIEHHH - 3AAHITHYECKHUX Ia30BOPOTOB.
ITockoApky cucrema ypaBHeHHH MakcBeAAa ABAAETCA AMHEHHOI, TO
pPeaAbHOE PEIIEHNE ABAAETCA CYMMOI aTuX pereHuii. Cymma mMeer BHA
IIIECTHYTOABHOTO BOAOBOPOTA.

2. Kparkoe omnmcanme MaTeMaTHYECKOMN

MOA€AH 3€MHOI'0 BOAOBOPOTA

B marematmdeckoll MOAEAM BOAOBOPOTA HCIIOAB3YETCA CHCTEMA
MI'M-ypaBuenuit — cm. rAaBy 1. MoAeAb OCHOBaHA Ha CAEAYFOIIUX
IIPEAITOAOKEHUAX. ABIKEHHE BOABI YIIOAOOAAETCA MACCOBBIM _TOKAM.
BzanmoaetictBie  MEKAY — ABIDKYIIIUMHCA ~ MACCAMH  OIIHCBIBACTCSA
IPaBUTOMATHUTHBIMU CHAAMU Aopenria (Aanee I'A-cuas),
AHAAOTMYIHBIMI CHAAM /\OpPEHIIA B 9ACKTPOAMHAMUKE, ACHCTBYIOIIIHIMI
MEKAY ABHZKYILIIMUCS SACKTPHUICCKAMU 3aPAAAMU.

MaccoBble TOKH B BOAOBOPOTE ITMPKYAHPYIOT IIO BHHTOBOIT
AMHUIEH, B KOTOPOH PaAHyC U3MEHAETCA 1O 3KcIToHeHTe (cMm. puc. 2.8.7).
Kunerndeckas sHeprus TaKOH IMUPKYAAIIMH PACXOAYETCA Ha ITOTEPH OT
BHyTpeHHEro TpeHuA. OHa IIOCTyIAET OT IPABUTHPYIOIIEIO TEAd -
3eman. IlorenrmaspHas sHeprus BOAOBOPOTA HE H3MEHAETCA M,
CAGAOBATEABHO, HE pacxoAyerca. T.e. B 9TOM  CAydae  HET
IIpeoOpa30BaHUA TOTEHIINAABHON 9HEPTUU B KHHETHYIECKYIO M OOPATHO.
OAHAKO TPABATHPYVIOIIEE TEAO PACXOAVET CBOIO JHEPIMIO HA CO3AAHUE U
ITOAAEPKAHIIE MACCOBBIX TOKOB, T.€. HA COXPAHEHIE BOAOBOPOTA

BoaoBopor, Kak ABHMAKEHHE BOABL, YJAOBAETBOPAET — TakKike
ypaBuennto Happe-CTokca AAfl BASKOM HECKHMAEMOH KHAKOCTH. B
pasaeae 4.3 IIOKAa3aHO, YTO AABAECHHE BOABI B BOAOBOPOTE MOKHO
paccunTath 10 ypasHeHHio Habe-CTOKCA B 3aBUCHMOCTH OT MAaCCOBBIX
TOKOB. IIpu 9T0M OOHAPYKHUBAETCA, YTO TEOMETPUYIECKOE MECTO TOYEK C
IIOCTOSSHHBIM 3HAYEHHEM BEPTHKAABHOM COCTABAAIOIIEH AABACHHA HA
CBOOOAHOIT ITOBEPXHOCTH ABASICTCA OKPYKHOCTBIO AAHHOTO PaAHYCA.
AaBAeHne Ha CBOOOAHOH HOBEPXHOCTH OTPaKaeT (POPMY HOBEPXHOCTH
BOAOBOpOTa. (CAEGAOBATEABHO, HAa ITOBEPXHOCTH BOAOBOPOTA AOAKHEI
OBITh KOHIICHTPUYECKHE BBICTYIIBI M BIIAAMHBI, COOTBETCTBYIOIIIHE
BOAHOOOPA3HOM 3aBHCHMOCTH AABACHUA OT paauyca. Ha ocHose atoro B
pasaeae 4.3 mocTpoeHa KapTHHA ITOBEPXHOCTH BOAOBOPOTA — CM. pHC. 4

(bparmenr puc. 4.3.10).

73



maBa 4.4. LLlectnyronbHbin WTopm Ha CaTypHe

AHAAOTHYHBIN IIOAXOA HCIIOAB3yeTcs Hinke. (Ocraercs TOABKO
ITOKa3aTh, YTO CYIIECTBYET pEIIeHHE ypaBHeHuI MakcBeAAa AAd
SAAMIITUYECKOTO  BOAOBOPOTa M, A2AEE, AAAd  IIECTHYTOABHOIO
BOAOBOPOTA.

4. MareMaru4ecKasa MOAEABb JAAHUIITAYECKOIO

BOAOBOpPOTA
Vpasaenna MakcBeAAa AAfl CTAIIHOHAPHOIO IPABUTOMATHHUTHOIO
rroad nverot BUA (cm. (1.10-1.12) B raase 2):

div(H)=0, M)
div(J) =0, @)
rot(H)=J, 3)

TAC H - I'PABUTOMATIHUTHBIC HAIIPMXKCHHOCTH, J - HAOTHOCTH MaCCOBBIX

TOKOB.

PaCCMOTpI/IM 9T YpaBHCHUA B ISAAHITHYCCKHUX KOOPAMHATAX

&, @, z [5, crp. 161] - cm. Takke puc. 5:

L RN, +sinloostoHr, )

div(H )= | (0H, OH,\ oH =0, S
— + +—=
aA\ 0&  Op 0z
OH
rot, (4 )= 1 o, o, =J., ®)
ah op Oz
OH. 1 oH
t (H)=| —-——=|=J 6
m‘/’()(az aAagj v’ ©
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L HEpEN, ~coslpkin(o¥, )

rot, (H )= | (oH, oH, =J,, ()
3 5)
S GhERREY +sin(p)eoso),

div(J)= (@, +6J¢, o =0, (72)
aA\ o0&  Op 0z

TAE

A= e @) cos () 7

a - mOAY(POKyCHOE PaCCTOAHUE,
KOOPAUHATHL &£, ¢, z CBSI3AHBI C IPAMOYTOABHBIME KOOPAMHATAMI

X, v, z dbopmyaamu BHAQ
x =ach(&)cos(p) y=ash(&)sin(p) z=z. (7o)

6

S——4

X

-6 -4 2 0
Saturn.m: Fig.5.

V=N
RN

N
IS
o

HpI/I q)I/IKCI/IpOBaHHbIX 5 , Z TOYKAa OIIMCBIBACT JAAHUIIC B
I‘OpHSOHTﬁAbHOﬁ IIAOCKOCTH. HPI/I (1)I/IKCI/IPOB21HHI)IX ®, z TOYKa

OIIHCBHIBACT THITIEPOOAY B TOPH3OHTAABHOM IMAOCKOCTH. B wactHOCTH, Ha
pHC. 5 IIOKAa3aHBI SAAHIICHI U THIIEPOOABI, moctpoenHsie 1o (7¢) mpu
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a =1 B3asucumoctm ot 0<E<1.2, 0<p<2rx.

OAHO w3 BO3MOXHBIX pEIIeHHN ypaBHeHHIT (4-72) wnmeer
CAEAYFOIIIHUIT BUA (YTO ITOKA3aHO B IIPUAOKEHHH 1):

H..=h.A” sin(p)cos(p), @®)

H,.= h,A*sh(&Fh(S). ©

H.=A", (10)
2 .

Je= Esm(q))cos((o), (1)

J, =——2_sh(Exh(©), 02
al

I =2l R €)- sin (o )eos' () o

a
TA€ KOHCTAHTHI /i, i, CBA3AHBI COOTHOITIEHNEM BHAQ
h:+h,=0. (14)
Ha pumc. 6 mnoxasamer rpadpuxn  dymxmmi  (8-13) npwm
a=1, h, =1, h,=-1 ma maockocrn (x, y), rAe Qc, y) OIIPEACACHEI 110

(7c) B 3zaucmvoctm or 0<E<E

max ?

0<@p<27z. Ha pmc. 6a Az
HATASAHOCTH ITOKA3aHbI Te e IpadHuKd, HO B AOrapudMHYECKOM
macrrrade.

Ha pumc. 7 B AeBOoM  crOADIlE  IIOKasaHbl  (DYHKIIUH
H (&), H, (&), H_(£) npu aanmom sHavennn ¢ . [Ipi sToM CriAommHO#
AWHUEH, TOYKAMH ¥ IIYHKTHPOM IIOKa3aHBl 3TH (PYHKIUH IIPH
@ =1.05, 1.83, 3.67 cCOOTBETCTBEHHO.

Ha pumc. 7 B mnpaBom cTOAOIE  ITOKa3aHBI  (DYHKIIAK
H.(p), H,(p), H.(p) upu rsanaom sHaveHnn ¢&. Ilpu aTom criaommHom
AI/IHI/Ieﬁ, TOYKAMH U HYHKTI/IpOM ITIOKa3aHblI JTH Cl)yHKHI/II/I HpI/I
£=0.4, 0.7, 1.4 cOOTBETCTBEHHO.

Hakownen, ma pumc. 8 Takum ke 0OOpPa3OM ITOKA3aHBI (DYHKIIHH

J:(S), J,(&), J.(&) 1 J:(9), J,(9), J.(p)
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log(Hz)) Saturn.m: Fig.6a.

log(abs(Jz))
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1 2
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4. MaremaTudecKasa MOAEAB INE€CTHYTOABHOTIO

BOAOBOPOTA
ITokasammas ma puc. 4 KapTHHA OIIPCACAACTCA HAYAAPHBIMUI
YCAOBUAMM — MACCOBBIMHM TOKaAMHM B OCHOBAaHHMH BOAOBOPOTA. HpI/I

CyH.[CCTBOBaHHH HECKOABKHX I‘pyHH HC3AaBHCHMbBIX HAYAABHBIX YCAOBI/Iﬁ
ITOABASIFOTCA HECKOABKO PEIICHMH yKa3aHHOTO BHAA. [IocKOABKY crcTema
ypaBHeHUII MakcBeAAa ABAAETCA AMHEHHOII, TO PEAABHOE peIleHne
ABAACTCA CYMMOI 3THUX HECKOABKHX perneHuil. EcAn rpymnma HagaAbHBIX
YCAOBHI OIPEACASCT TPYIITY SAAHITHYECKHX BOAOBOPOTOB C OOIIHMM
LIEHTPOM, TO CYMMAapHOE pEIICHHE OYAECT OIIPEACAATH BOAOBOPOT
HIMCFOITTIH KOH(MUIVPAIIUIO CYMMBI SAAHIICOB.

Mo:xHO 1OKa3aTh, YTO KOHMUIYPAITHA CYMMBI SAAHIICOB HMEET
BUA 3aMKHYTOH KpubBoH I'. DTO 0O3Ha9aeT, 9TO reoMeTpHYecKOe MECTO

TOYEK C IIOCTOSHHBIM 3HAYEHHUEM BEPTUKAABHON  COCTABAAIOIIEH
AABACHHA Ha CBOOOAHON IIOBEPXHOCTH OTAHYACTCH OT OKPYKHOCTH
AAHHOTO PaAHyCa M UMEET BUA 3aMKHyTON kpnBoii I'. Ha sroit kpusoit I'
3HAYCHNE BEPTUKAABHOM COCTABAAIOIICIH AABACHIA OYACT HMETb OAHY U
Ty ke BeAmduHy. CAGAOBATEABHO, HA IIOBEPXHOCTH BOAOBOPOTA B 9TOM
CAy9a€ BMECTO KOHIICHTPUYECKHX OKPYKHOCTEH AOAKHBEI ~OYAYT
HaOAFOAATHCA KOHIIEHTPUYIECKHE KpuBbIe 1.

Aro0Gas 3aMKHyTAA BEIIVKAQA KpUBad | MOKeT OBITb PA3AOKEHA HA
CYMMY 3AAHIICOB. AASl AOKA32aTEABCTBA 3aMETHM CAeAyroree. AroOyro
TAKYIO KPHBYIO MOKHO IIPEACTABUTH ABYMA (DYHKIIUAMU yIAd ¢ :

x=f.(p), (1)
v=1,(p). @

[IpeacraBaeHHBIE TaKuM 00pazom Auckpernbie dyukrmmm (1, 2)
MOZKHO PA3AOKHUTH B TPUTOHOMETPUYIECKIE PAABI BUAA

xZixns (3)

y=2yn, (4)

TAC
x, =| @, cos %‘% +B,sin %‘% .
v, =|n,cos %_l)go + 4, sin —27[(;_1)40 ) (6)
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3A€Cb Kaxxaad Hapa CAAra€MbIX Gn’ yn) HpCACTaBA}ICT IAAHIIC.

CACAOBaTCAbHO, KpI/IBaH I sBasiercs CyMMOfI 9AAHUIICOB.

B mpuaomennn 2 ommcaHO pasAoKeHHE ITECTHYTOABHHKA Ha
saamricel. CyIiecTBOBAHUE PEINEHHA AAA SAAHUIITHIECKOIO BOAOBOPOTA
rmoka3aHo Bbirre. CAEAOBATEABHO, BO3MOKHO CYIIECTBOBAHME IPYIIIEI
HAYAABHBIX YCAOBHI AAfl OOPa3OBaHUA IIECTHYTOABHOIO BOAOBOPOTA.
Habaroaerna ma CarypHe m BepMyACKOM TpeyroAbHHKa IIOKa3BIBAIOT,
VIOMAHYTBIE ~ BBIIIE  COYETAHUSA  HAYAABHBIX  YCAOBHH  MOIYT
CyIIIECTBOBATE.

ITpuaorxenune 1. Pemenne ypaBHeHuit MakcBeasa B

IAAUIITAICCKHUX HI/IAI/IHAqueCKI/IX KOOPAI/IHaTaX.
B pasaeae 3 npuseaeHb ypaBHeHHA MakcBeAAa B SAAHIITHYECKUX
koopanHatax &, @, z (3.4- 3.7a).

byaem mckatep perrenue 3THX YpaBHEHHH B IIPEAIIOAOKEHHH, YTO

BCE IIEPEMEHHBIE HE U3MEHAIOTCA BAOAB OcH Z. Toraa ypasuenus (2, 11-

13, 14) npumyT BuA:

L @R, +sinlp)osto 1, )+[‘3H wj:o, 0

1 oH.

P ®
1 OH . _J. 5
aA o 7

OH

N, ol e | L]y

% Eh(Exh(E), +sin(p)cos(p), )+ (a—g + a—;j =0. ©)
M3 (3.7b) nHatiaem:

6%5 ) ofch* (& )g ;05 ((P)) ) 2A7*sh(£eh (&), ©)
o(5*)_oen*©)-cos@)'). 287 sin(p)eos(p). @)

o9 g

ITycte
H.. = th’z sin(go)cos(q)), ®)
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H,,.=h,Ash(&)h(&). )

Toraa

oH -
—S=h, sin(@)cos((p)%): 2A7*h, sin(p )eos(p Bh(£ kh(£), (o)

o5

a@i —h, sin(go)cos((o)iAi): 2A"h, sin® (p )eos” (p), (11)
® 0p

) on A shERnEpinlp)eoslp), (2
e - hwsh(f)ch(é)%i— =2A"h,sh’ (&xh*(©). (13)

s (1, 8-13) maxoanm:

1 [Sh(f)ch(é%A2 Sin(¢)008(¢)+J [M "h sin(p Jeos(p ph(kh(¢)+)
A sin(p)cos(p 1, A’sh(¢ kh(£) 241, sh(& Eh(€ )sin(p Jeos(p)

AN

3h, sin(p )eos(p (£ Eh(&)+ 34,sh (& lh(£ )sin(p)eos(p)=0

HAH
h st hw =0. (14)
3 (4, 8-13) maxoanm:

L N AHERNE)-coso b sl osto )

i (@A hysh? ()b (£)- 24" b, sin* (p)eos* (p)) -
T (GAONMENE) ol Ninhnoko) |
(@h,sh* (€ )h? (€)- 24 smz(co)cosz(fﬂ)) Z
o 3h,sh? (€ )eh® (£)-3h, sin’ (p)cos” (p)= aA™J.
e L % (0> EF02 () b, sin® (p)eos” () (15)

[ToacraBum (2, 3) B (4). Toraa moAyaum
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oH .
7 ol

[ LOH, 1 0H.|_,
al OpOE  ah Bpd&

A shexn@) L L s kosto)

Js

AN

(sh(fkh(f)%—% - sin((o)cos((p)aa—z:) =0. (16)

W3 (6, 7) maxoanm, 91O

(sh(gg ):h(é‘ )?gi_z)— sin(go)cos(go)@} =0. 17)
@ S

Cpasumsas (16, 17), 3ameuaem, uto

H. =A". (18)
N3 (2, 3, 18) moayuaem:
-2
: :L—ﬁ(A ) (19)
aA Ogp
-2
J, = 1 ol) @)
ah o0&
uAn, ¢ yaerom (6, 7),
2 .
Je= Esm(go)cos((o), 1)
2
Jp= —ESh(f)?h(f)- 22

Urax, ecan mepemennsie H..m H, onpeaeasrorea mo (8, 9)

COOTBETCTBEHHO, TO mnepemennve H_, J., J,, J. ompeaeasrorcs o

(18, 21, 22, 15) coorBeTcTBEHHO U BBIIIOAHAETCA ycAoBUE (14).

ITpusorxenne 2. PasaockeHHme IIECTUYTOABHHKA HA

IAAUIICHI.
PaccmoTpuM  ImrecTHyroAbHHK, u300paxeHHbM Ha puc. 1. Ero
MOJKHO IIPEACTABUTH ABYMA (DYHKIIHAMH yIAd @ :

x=f.(p), (1)
v=1,(p). @)

82



MmaBa 4.4. LLlecTnyronbHbin WTOopM Ha CaTypHe

y
a3
a4 a2
[ X
a5 \ al
a6
Puc. 1.

Ot pyHKnuH nokazaHel Ha puc. 2. IlpeacraBum stu dpyHKIIHH
MHOKeCTBOM TOueK. Ha puc. 2 KaKABII OTPE30K IIPEACTABACH TpeMs
Toukamu: 1 =3, a orpe3ok [al, a2] moBropen aamabL [Ipu aToM Kamaas
dyukiua npeacraBasgerca N =7n Ttoukamu. [IpeacraBAeHHBIE TaKuM
oOpasom amckperusie Qyukimmn (1, 2) MOXHO PasAOKHTD B
TpUrOHOMeTpHYeckne pAAR Buaa (4.1, 4.2).

1 :
sl aee // \J [( \p-e-o
0.6 \ X

~&)

0.4

N A
\

\.“_\

0
-0.2 & \ %
0.4 \
’ \) /|
06 ( \ /

ol }7 ::]L W ! //
-1 _e_ef \‘\ /é/ {0

-1 0 1 2 3 4 5 6 7

al a2 a3 a4 a5 a6 al
Puc. 2.
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MoAeAHpOBAaHUE —IIOKa3bIBAET, YTO IIOCTOAHHOH BEAMYHUHON
LIEpPBBIX cAaraeMbix mpu 1 =1 wmoxHO mHpereOpeds. CAeAOBATEABHO,
dyukiun (1, 2) B HOAIPHBIX U HHAMHAPHIECKHX KOOPAHMHATAX MOKHO
AIIIPOKCHMHUPOBATH MHOKECTBOM (N —l) (pYHKIIUIL, OIHCHIBAFOIIUX
aaamncel. Cymma Takux yHKOUNA —H300paKaeT —IIECTUYTOABHIK.
Hampumep, na puc. 3 u 4 moxasanel (PUIYPHL, KaK PE3YABTAT TAKOH
armmpokcuvanuu npu =3 u n=9 coorserctBerno. Ha pmc. 6
ITIOKA3aHBl IIEPBBIC 4 DSAAHIICA B PA3AOKCHHN IIIECTHYTOABHHKA IIPH
n =3. TouKaMu BBIACACH IICPBBIN AAUIIC.

Satum.m - - Fig.3, n=3

Saturn.m Fig.4, n=9

84



naBa 4.4. llecTtnyronbHbIn WTopMm Ha CaTypHe
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Saturn.m;  Fig.6.

Awnreparypa
[Tectuyroasnuk CartypHa,
http:/ /naucaitechnika.ru/blog /43524663032 /10-strannyih-
obektov-Solnechnoy-sistemyi,-o-kotoryih-nam-malo-ch
[lectuyroasnux Carypna, http://fishki.net/1592643-krupnye-
inoplanetnye-buti-i-uragany.html
Saturn's hexagon,
https:/ /en.wikipedia.org /wiki/Saturn%27s_hexagon
Packperra Taiina bepmyackoro TpeyroabHuKa,
https:/ /lenta.ru/news/2016/10/24/bt/
Anpape Axro. MaremaTuka AAfl 9ACKTPO- M PAAHOHHKCHEPOB, H3A.
«Hayxa», Mocksa, 1964, 772 c.

Xmeapnuk  CHM.  Ilectuyroasmeri  mropm  Ha  Carypwre,
http://vixra.org/abs/1611.0277, 2016-11-19.
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1. Beryniaenue

[TokaseiBaercs, 9TO B OKPECTHOCTH ITYEAHMHBIX COT CYIIECTBYET
HEMOHOTOHHOE TPaBHTAIlHOHHOE I10Ae. PaccmarpuBaerca CTpPyKIypa
aroro 1moaf. lIpeArmoaaraercs, 9T0 3TO IIOAE ABAACTCA IIPUIHHOMN
crennUIECKOro BO3ACHCTBHA ITYEAHHBIX COT Ha OHOAOIMYECKHE
00BbekTEl. OMUCHIBACTCS BO3MOKHBIH MEXAHU3M BO3ACHCTBHS 9TOTO TTOAS
HAa OHOAOTHYECKHUE OOBEKTHL.

"K HacrosimeMy BpEeMEHH B €CTECTBOZHAHUU  HAKOIIMAOCH
AOCTATOYHO MHOTO HAOATOACHUI, CBHUACTEABCTBYFOIIIIX o
CYIIIECTBOBAHHUH CIIEIIN(UIECKOTO BO3ACHCTBHA, KOTOPOE OKA3BIBAIOT Ha
OHOOOBEKTHI  TIOAOCTHBIE ~ CTPYKTYPBI  (IIMPAMHUABI, ITIYCAHHBIE K
IIOAOOHBIE UM COTBL, HOpuCTble Marepuarbl u Tar)' [1]. Takue
BO3ACHCTBHA IIPOABAAIOTCA HANOOAEE APKO y MYeAHHBIX coT. Hampumep,
B [2] myeaoBoA mmmer : "SuemcTie CTPYKTYPBI THIIA ITYCAHHBIX COT
CO3AAFOT ITOAE, KOTOPOE YTHETAET KU3HEACATEABHOCTD MUKPOOOB I AQKE
KOPHEH pacTeHuil, OAArOAApA YeMy IHE3AA OC U ITYEA BCEIAA UHCTEL
EcAn maeannsre cotsl 6€3 MeAa IMOAEPIKATh HAA TOAOBOHM YEAOBEKa, TO
Yepe3 HECKOABKO MHHYT Y HETO HCYE3HET YyBCTBO YCTAAOCTU M TOAOBHAA
©0Ab, HOPMAAM3YIOTCA KpOBAHOE AaBAcHMe, coH." B [3, crp. 205]
ormeuaercs ... AFOOOIIBITHEHIIIEE SBACHUE Y MHBIX UCIIBITYEMBIX — TAK
HaspBaeMble (DOCHEHBI: ITOABIUKHBIC, ITOCTOSIHHO MEHSIOIIHEC APKIE
PA3HOIIBETHBIE Y30PHI IIPH 3aKPHITEIX (2 MHOTAA U OTKPBITBHIX) TAA3aX —
TO BCIIOAOXH, BCHBIIIIKH, UCKPHI, TO CTPYAIIHECA BOAHBI M CIIHPAAH, TO
CAOJKHEHINIIE TEOMETPUICCKHE IIOCTPOCHHUA YAHBUTEABHON KPACOTHI, HI
Ha 4TO IpUPOAHOEe He mmoxoxue' — cm. puc. 0. PasHooOpasHbie aBACHMSA
BOAM3H ITYEAHHBIX COT OIHUCHIBAIOTCA B [4]. 113 ckasaHHOrO caeayer, 9Tto
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B OKPECTHOCTH ITYCAHHBIX COT CYIIECTBYET HEKOTOPOE  IIOAE,
ABAAIOIIIEECA AKTUBHBIM HCTOYHHKOM BOBACHCTBHE Ha OHOAOTHMYECKHE
OOBeKTEL. AaAee MCCAGAYETCA IPUPOAA TAKOTO AKTHBHOIO _IIOASL
OrMmeruM, 9TO HU3BECTHBI PabOTB, B KOTOPBIX PACCMATPHBAIOTCH
PA3AHYHBIE TUITOTE3BI O IIPUPOAE ITOTO oA — cM. [1] u cchiakm B 31O
padore, [9-11]. Ilpeasaraemas THIIOTE3a OTAHYACTCA TEM, YTO ITO3BOAAET
IIOAYYNTH HEKOTOPbIE KOAMYECTBEHHBIE OIICHK.

2. Ilpeannoceiakn
Cy1mecTBOBaHIE TPABUTAIIMOHHBIX BOAH IIPEACKA3BIBACTCA OOIIEH
Tepueii oTHOCHTeABHOCTH. VI3 Hee caeayer, dYro mpu CAAOBIX
I'PABUTALIMOHHBIX ITOAAX M MAABIX CKOPOCTAX IPABHTAIINA OIHCHIBACTCA
MaKCBEAAOIIOAOOHBIMK ~ ypaBHeHuAMHU [5]. VMMenno takme ycaoBuA
cymectByfor Ha 3emac.  CAEAOBATEABHO, AOAKHBI ~ OBIAM OB
HAOATOAATBCA  IPABUTOIACKTPOMATHHTHBIC  3(P(EKTBI, aHAAOTHIHBIC
9AEKTPOMATHUTHBIM d(pdeKTam.
PaccmoTpuM  ypaBHEHUA 3AEKTPOCTATHKH, KOTOPBIE HMEFOT BHA
(3aech m Aanee ucrroabsyercs cucrema CI'C):
divE =4rnp, a
rotk =0, )

TAC
¢ [ — TIAOTHOCTB SACKTPUIECKOTO 32psisa /I - CM / CM3 ;
® (] —3AEKTPUYECKHH 3aPAA E/ r-cM 1;

L] E — HaHpiDKéHHOCTb SACKTPHYICCKOIO ITOAA I:/ Ir- CM/CCK2 5

Ms [5] caeayer, dYTO HMEIOT MECTO TAKKE YPABHCHHA
IPABUTOCTATHKI BHAA
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divE o= 47szg, 3)
rotE ¢ = 0, @
TAC

. 'Og — IIAOTHOCTDH MACCHI t/CM3 _;

e IMN —macca [r];

L4 E — HaIr H)KéHHOCTb ABUTOIACKTPHUYICCKOI'O ITIOAA
g P p p

IEM/ cex? ;
G -8 3 2
. - rpaBuTannonHas nocrosanai, G~ 7-10 M~/T-cex” .

3. I'eomeTpuA IM4EAUHBIX COT

[Tueannrre cotsl (cM. puc. 1) cocToAT U3 AOBOABHO TOHKHX, OAH3KO
PACIIOAOJKEHHBIX APYI K APYIy IHYEAHHBIX fdeeK. TOAIMMHA COT C
HE3AIICYATAHHBIM PACIIAOAOM COCTaBAAET OKOAO 22 mm. [lueammas
A9eiiKa UMEET IECTUTPAHHYIO (POPMY M XapaKTEPHU3YETCA CACAYIOIIIMHI
pasmepamm: rAyomHa 11-12 MM, Amamerp BrmcaHHOI OKpyKHOCTH 5.37-
542 mm, obbém okoro 0.28 cm®. CreHKH SYeeK HMEIOT TOAIIUHY
npuvepao 0.1 mm. OTkAOHEHHE OT 9TOH YCPEAHEHHON BEAHMYIHHBI
mozxkeT ObrTh He 6oaee 0.002 mm. Ha 1 cM® mpuxoAnTca OKOAO YeThIpex
Ageek [6]. ITaoTHOCTD BOCKa mpumepHO 1 r\ cm’.
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4. I'paBUTAIINOHHOE MOA€ ITUYEAHMHBIX COT
Ha pwuc. 2 mokasan QparMeHT IT9EAHHBIX COT B AEKAPTOBBIX
KoopauHatax X,),Z wu mrockocte ABCD B koopammarax XO0Z,

IIEPIIEHAUKYAAPHASA IIAOCKOCTH COT. MBI OYAEM OIIPEACAATH BEKTOPHI
TPAaBUTAITMOHHBIX HAIPAKEHHOCTEH E x> E gy E gz > CO3AABACMBIX
MaCcCaMH ITYEAHHBIX COT. AAfl 9TOro HaAO peruTh ypasHenudA (2.3, 2.4)
IIPH U3BECTHOH (PYHKIIHH ,Og (x,y,z) pacIpeA€ACHUA ITAOTHOCTH
MacC B ITYEAMHBIX COTaxX. B wactHocTH, T2 (DYHKIIHA pacrpeAcACHUsA
IIAOTHOCTH MacC 110 ocu O upu Xx=0 u z=0 m puc. 2 -

pg (O,y,O) AMEET BHA, IIPEACTABACHHBI Ha puc. 3. 3Aech

IIPEAITIOAAIAETCS, YTO COTBHI ABASFOTCHA AOCTATOYHO T'AYOOKHMHU B MacChl
PACIIOAOKEHBI, (DAKTHIECKH, Ha ITECTUIPAHHON PEITIETKE.

A E gx 4 X

z

B

Eq,

Puc. 2.

Takas  dyHKIHIA Pg (0,,0) wmoser Gwrrp  anmpokcumuEpoBama

dyHKIIEEH BHAA Ch(ﬂy), rae [ - mexoropmii koaddumment,
3aBUCAINUN OT Amamerpa fsaedkn. [Ipm srom dymkima Pg (0,y,0) s
IIEAOM  AIIPOKCUMHUPYETCA IIEPUOAMIECKOM cpyHKuHefi Chd(ﬁy),

COCTABACHHOHM 13 (PYHKIIHH Ch(ﬂy), OIIPEAEAEHHBIX Ha OTPE3KE

Y E (- R,R), PaBHOM IHPUPHE AYECHKH. AHAAOIUMYIHO MOKET OBITH
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ompeaeAeHa  (DYHKIIUA Shd(ﬂy), cocraBAeHHAaA U3  (DYHKIUN
Sh(ﬂy), OTPEACACHHBIX Ha TO ke oTpeske Y € (= R,R). Anst

AaAbHCfILHCFO Ba’KHO OTMCTHUTD, 9YTO

C(litChd(ﬂy)z Shd(sy), ishd(ﬂy)= Chd(#y).

AmHarormaHO — ompepesderca  PYHKIHA Pg (0,0,2z). TIpu arom

@

(PYHKIIIO PACIPEACACHUA TAOTHOCTH MACC B ITYCAHHBIX COTAX MOKHO
OIIPEACANTH (POPMYAOTH

e (.3.2)= 2 Chd(Br)Chd () (). o
3aech peartoaaraercs, uto X = 0 wa Ane suekn, a dpynxrms
1, ecru x<h,
S(x)= 3)

0, ectu x> h,

TAC
h - BeicOTa STUEiiKH,
[ - ussectHil koacbdurmenT (OT HErO 3aBUCHT TOATIMHA CTEHKH
B pyrkmuu Ch — cm. Takke puc. 2),

Po - IIAOTHOCTD BOCKA.

0.05 : : r : :

0.04 {

0.035 {

0.03H

0.025

0.0k

0.msr

0.01 |-

0.003

.................

_________________
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_________________

_________________

___________________
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_________________

_________________
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B [7, 8] aamo pemenwne ypasHenuii Buaa (2.1, 2.2) npu ycaoBum
Buaa (2). B caeactBum  ykazaHHOM B I 2 AHAAOTHH  MEKAY
9AEKTPOCTATHKOH U TPABHUTOCTATUKOH 9TO PEIIECHHE MOMKET OBITh
pacrpocrpaneHo Ha ypasuenus (2.3, 2.4, 2, 3). Toraa umeem:

Eoy (x,y,2)=e-Chd(By )Chd(Bz )cos(fx), )
Egy (x,y,2)= e-Shd(fy )Chd (/32 Jsin( ), 5)
Eg.(x,7,2)= e-Chd(fy Bhd(fy sin(f), ©
e=4nGp,h. @
Taxim 0OpasoM, IIPU YKa3aHHBIX YCAOBHAX ITAOCKOCTD fiueek (POPMHPYET
ITIOA€ HapsmKeHHOCTEH (4, 5, 6), KOTOPBIE TAPMOHUYECKA U3MEHAIOTCA B
HAIIPaBACHUH ox . EyAeM TOBOPUTh, YTO B  HAIIPABACHUH,

IIEPIICHAUKYAAPHOM IIAOCKOCTH f4eeK, (POPMHUPYETcd HEMOHOTOHHOE
TFAPMOHHUYECKOE ITOAE.

Puc. 4.

Ha pwmc. 4 moxasaHo AAA  TOpHMepa TAPMOHHYECKOE ITOAE

HAIIPAKEHHOCTH E ax (x y V.2 = 0) ma  naockoctn  ABCD,

repaeHAUKYAApHON mmAockocTr coT ACNM — cpasau ¢ puc. 2. Ha puc.
4 1IOKa3aHBI 3HAYEHHA HAIPSKECHHOCTH (OTAOKEHHBIE IO BEPTHKAAM).
Ho Bexrop a10l HAIPAKEHHOCTH HaIpPaBAEH BAOAB Iaockoctn ABCD
mapasAeAbHO cropore CB. Dro moae aBagercsa crarmaeckum. OYeBUAHO,
AOAKEH OBITh IIEpHOA (POPMHPOBAHHUA 3TOrO IIOASl U B 3TOT IIEPHOA
CYIIECTBYET BOAHA. Y 9TOH BOAHBI BEKTOP HAIPMKECHHOCTH ng
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HAIPaBAEH B CTOPOHY  pPACHPOCTPAaHEHMs BOAHBI - OT  COT.
CAeAOBaTEABHO, TaKasd BOAHA ABAAETCA IIPOAOABHOM.

ITpumep. I3 pasaeaa 3 caeayer, dUTO
h= 1.2[CM]. B coorsercruu ¢ (7) umeem

e=4aGp,h=47-7-1078 1122107 pwicex? .

T paBI/ITaHI/IOHHaH

BBICOTA AYEUKU

CACAOB ATCABHO, B TOYKE MaKCHMyMa

HAIPSDKEHHOCTD F zlo_6 M/CCK2 . AAf CpaBHEHUSA 3aMETHM, YTO
max >

Macca 1T (910 paBHO Macce AYEHKH) Ha PACCTOAHHH ' = 3[CM] CO3A2€T
HAIIPSKEHHOCTb
472G 47-7-1078

r2

~1077 EM/CGKZ -

Dra p HaHpH}KCHHOCTb MCHBbBIIIC Hﬁ_Hp}DKCHHOCTI/I E . KpOMC TOTO,

p @ E) ¢

PacCTOAHNEM YMCHBIITACTCA PE3KO 1 MOHOTOHHO.

HaHpH)K€HHO CTb OTAYHUC OT HaHpH}KeHHOCTH

5. MoaeanpoBaHue

Permrenne, HallA€HHOE B IIPEABIAYIIIEM Pa3ACAE, CIPABEAAHBO B
OAHM3KOM OKPECTHOCTH IIAOCKOCTH COT, IIOCKOABKY HE VIHUTBHIBACT
OTPAHUYEHHOCTH JTOH IIAOCKOCTH M CBSI3AHHBIE C O9THM KpPAaeBbIC
apdeKThL.

B [7] aamo pereHne mOAOOHOM
ygeToM KpaeBbIX 3(M@eKkToB u 2) HOpH IPOU3BOABHONI (DYHKITHH
pacIIpeACACHHSA 3aPSAOB BAOAb INHPHUHBI HAOCKOCTH. [Ipumennm sto
pelreHme K HAIEH 3aAade B YACTHOM CAyYae, KOTAA 3HAYCHUE
HUKCHPOBAaHO. PaccMOTpHM BEKTOP-(DYHKIIHIO

®)

32AQ9H SAEKTPOCTATHKH 1) C

KOOPAMHATBI zZ
E=[E(xy) E,(x.p),

1 DYHKITHOHAA BHAQ

L, O’E, O°E, ) 1 0’E,, 0O’E,,
— . + — of ———+
2 ot oxay | 2 | o oxoy
0’E,, O°E 0’E, O’E
FE)=[[| +Ep | 5+ ——= |, | 24— | |dxdy O)
o ox Ox0Oy Ox oy
0E, O,
+4nGp, | —=+—=
£l ox oy
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TAe Pg (X,y)— wmssecrnas dymkmus. Ipaanent storo dyHkImonara

azEy_+82E}_+azEx %E o, op

ay2 ox0y  Ox0y  ox? ox Oy " (10)
0%E, 52Ex__62Ey__azEy

8y2 ox0y oy’ Oxdy

HNMCECT BUA
x 4 47G.[ 9P P

IIpn crycke ma dyaxknmonase (9) mo rpaamenty (10) maxoawmrcs
onrumaAbHOE 3HaUeHHE PyHKIUU (8), YAOBACTBOPSIOIIEE YPABHEHUIO
p=0. (11)
[Tockoabky moae E He mmeer mocrosnHOIl cocraBasroner, To u3 (10,
11) caeayer (2.3, 2.4). Takum obpasom, ciyck Ha dyHknuonase (9) mmo

rpaamenty (10) npm aAamHOM Pg (Xx,y) mpuBoamT K pereHnIo
ypasHeHHUI (2.3, 2.4).
B [7] ommceBaercs METOA IPOTpAMMHAA PEAAM3AIINA TaKOI'O METOAA

perreHus TUX ypaBHEHHH. AaAee MBI TOABKO IIPHBEAEM PACYUET IOAA HA
sTol mporpamme. Ha pmc. 5 mokasam pesyAbTaT pacueTa IIOAS

E ax (x,y,Z = 0) Tpex fueek Adeek Ha TOIt ke maockoctu ABCD. Ha

puc. 6 TIOKA32HO AASL HATAAAHOCTH 3TO 7K€ ITIOAC CO 3HAKOM MHHYC.

>
y <\
...... X
..... A O
A ARSI S
)(V'(\v'/"\m\\"t\‘:‘“.\‘:“v:
LA SIS SIS
VAR NSISSSESS
........ I[“VI‘\V,“,I‘\V,:‘,»“‘:.‘
Sl USGsEsS B
GSIIIESE,
60 2

50

ex(x,y)-->y

Puc. 5.
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ex(x,y)-->y

Puc. 6.

6. IlpeamorosxkeHHmEe O MEXAaHU3ME BAUAHUA

ITI0AA Ha 61000 BEKTHI

PaccmoTpeHHOE HEMOHOTOHHOE IIOAE MOAYAHUPYET IIOCTOAHHOE
moAe mpurmkeHma 3eman.  [lostomy cymmapHOEe IOAe  HMeEET
HEMOHOTOHHBIH TIpaAueHT. [TOABIUKHAS Macca, OKas3aBINAACA B TaKOM
IIOAE, CMEIACTCA B OAMKAMINYIO TOYKYy C HYACBBIM rpasueHTOM. Ecan
3Ta IOABIDKHAS MacCa ABAACTCSH, HAIIPMEP, MUKPOOPIAHU3MOM, TO €rO
ITOABIKHOCTb OTPAaHUYHBACTCA. 7KusueaesTeABHOCTD TAKOTO
00E3ABH/KEHHOTO MUKPOOPIaHN3MA OTPAHUYUBACTCA U OH ITorudaert. Tak
MOXXHO ~ OOBACHHUTH  (OTMEYCHHBIH  BbIIe)  (PakT  yrHETCHHA
’KU3HEAECATEABHOCTH MUKPOOPIAaHU3MOB B OKPECTHOCTH ITYEAHHBIX COT.

[ToABIKHBIC YACTHIIEL B TEAC YEAOBEKA ITOA ACHCTBHEM AAHHOIO
IIOAfl TAaKKE CTIPEMATCA PACIOAOKHUTBCA B TOYKAX C  HYACBBIM
rpapreHTOM. TakuM 0OpasoM, HANPMKEHHOCTH IAPMOHHUYECKOIO IIOAA
YMEHBIIIAET TEIIAOBOH Xa0C IIOABHUKHBIX YACTHUII, CO3AaBas HEKOTOPYIO
VIIOPAAOYEHHOCTh. BHAMMO, HMMEHHO 3TO OAAarOTBOPHO BAHACT HA
CaMOYyCTBHE YEAOBECKA BOAM3SH ITYEAMHBIX COT.
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I'raBa 4.5. O moToKe BOABI B
BOPOHKY ¥ U3 TPYOBI

OraaBaexune
1. Beeaenne \ 96
2. Marematudeckas MOAEAD \ 97
3. Xapaxrepucruku crpyu \ 100
5. Besoarr \ 103
Awureparypa \ 103

1. Beeaenue

Ao HacTOAIIEro BpEMEHH HE IIOCTPOEHA (HACKOABKO H3BECTHO
aBTOPY) CTPOras MOAEAB IIOTOKA BOABI, BBEITCKAIOIIETO M3 TPYOBI ITOA
ACHCTBHEM CHABI TSXKECTH M OOPAa3YIOILIErO BPAIIAFOIIUICA BHUXPbH -
BOPOHKY. DKCHEPUMEHTHI ITO3BOASIOT YCTAHOBUTH TOABKO TO, YTO BUXPb
0bpasyercs, KOTAA CKOPOCTD IIOTOKA IIPEBBHIIIAET HEKOTOPOE IIOPOroBOE
sadenue [1]. Boaa 3akpyumBaercd He TOABKO B BOPOHKE, HO U IIPH
BBIACTE 13 OPaHCOONTA, B OTBECHOM BOAOITAAE, ITPH BBITCKAHNH M3 KPaHa
IT0A OOABIIIUM HAIIOPOM H T.II Apyroe fBAEHHE, HAOAFOKAEMOE IIPH
BBITCKAHUH BOABI U3 TPYOBI, COCTOHT B TOM, UTO CHKABIIAACA V BBIXOAA H3

TpyOBbl BOAZ CPABHUTEABHO OBICTPO OIATH pactuupsercs [2].
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Puc. 2.

Aaree MBI pacCMaTPHUBAEM ITOTOK BOABI, BBITEKAIOIIHUIT U3 TPYOBI B
BO3AYIITHOE ITPOCTPAHCTBO — cM. puc. um puc. 2. Ilokasesaercsa, B
YACTHOCTH, YTO HAOAIOAAEMBIE IIPH UCTEYECHUU BOABL U3 TPYOBI ABACHMSA
- BpAIICHUC CTPYM M PACIIHPCHHE CTPYH MOIYT OBITh OOBACHEHBI
CYIIIECTBOBAHHEM 3HAYHTEABHBIX 110 BEAUIHHE IPABUTOMATHUTHBIX CHA.

B mpeasaraemMoii HInKE MATEMATHYECKOI MOAEAH HCIIOAB3YETCH
cucrema MI'M-ypaBuenmii — cm. rtAaBy 1. MoaeAp ocHOBaHa Ha
CACAVIOIIIUX  IIPEAIIOAOKCHHAX. ABIDKCHHE BOABI  YIIOAOOAAETCH
MAaCCOBBIM _TOKaM. B3amMmoAelcTBHE MEXKAY ABIDKYIIMMHUCH MACCAMH
OOBACHAECTCA CYIIECTBOBAaHHEM IpaBuTOMArHUTHBIX cHA Aopenma (I'A-
CHA).

B moroxke BOABI MAaCCOBBIC TOKH CO3AAXOT HaprDKCHHOCTI/I;
MaCCOBBIC TOKH BMECTC C HAIIPAKCHHOCTAMH CO3AAXOT CHABI AOPCHHa;
CHABI AopeHua BOSACﬁCTByIOT Ha MAaCChl, ABIIKYIITHMECA B TOKC, M3MCHIA
TEM  CaMbIM HaHpaBACHI/IC TOKOB. Bce omm HpOHCCCBI BMECTE
OITMCBIBAXOTCA YPABHCHUAMIL MaKCBCAAa, B KOTOprX CHUABI AOPCHHa
M CKAKOYCHBDI. OAHaKO 9TH IIPOIICCCHL MOXKHO IIPOCACAUTDH
IIOCACAOBATEABHO M CBA3ATh UX C ypaBHCHI/IHMI/I MaxkcBeAara — cM. paSACA

2.2

2. MareMmarnuyeckKasa MOAEADB

MaTCMaTI/I‘ICCKaH MOACADB H€O6bI‘IHOFO q)OHTaHa IIOAHOCTBIO
COBITAAQET C MOAEABIO IIBIABHOTO BHXpS — cM. TAaBy 4.1, pasaea 7.
COBHﬂAaCT TAKXKE 1 BbI‘IHCAHTCAbeIfI aAFOpI/ITM.

B  AaabHenmem MBI 6YA€M IIOAAraTh,  9TO (byHKm/H/I

h.(r), h,(r), h.(r), j.(r), j,(r), j.(r) BoramcAsrOTCA TpPH  AQHHBIX

a=15, z,=30, b=-500 u panuoit pynxupn y(z)=18z-0.27z".

97



maBa 4.5. O noToke BOAbl B BOPOHKY U 13 Tpy6hl

ITpumep 0. Ilpu yxasammerx aammex dynkoun  y(z), y'(z),

R(z) mmer BHA, IOKa3aHHBIH HA puC. 3, TA€ 9TH (DYHKIHH 0OO3HAYCHHbI

KakK X, X7, R COOTBETCTBCHHO.

10 10 10

o df

/
3 I 3 3
/
/

2 2 - 2
1 1 1
[0} 100 200 10 15 20 0.2 0.3 0.4
X (x1) forFig13nowTest, mode=4, rez=5 R
Puc. 3.
ITpumep 1.
Ha puc. 4 ITOKA32HBL rpacpuku dyHKIIIIH

7.y J, (1), j.(r), h(r), h,(r), h.(r) B ocmoBammm

CTpyH IIpH

z=1, tae x(z)=17.8. B mepBoil KOAOHKE NOKa3aHBI (DPYHKIHH

h.(r), h,(r), h.(r), BO BTOpPOH KOAOHKE ITOKA3AHBI

dysKIIII

J.(1)s j,(r), j.(r), a dymkmum, noxasammbe B TpeThEl KOAOHKE,

OyAyT PACCMOTPEHBI AAAEE.

10 200 1000
e 100 0
-1000 [l
-2000
0 0.1 0.2
0\
-1000
-2000
0 0.1 0.2
1 0 1000
-100 500
N o ~ a
-200 0
-1 -300 -500 :
0 0.1 02 0 0.1 0.2 0 0.1 0.2

FIG. 4 (VoronkaFiglsk133)
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ITpumep 2. Ha dur. 4 mnokasanel B 3aBHCUMOCTH OT Z
CAeAyFoIIIHE (DYHKITUM:
® IIAOTHOCTD TTOTOKOB dHEprun S,, S,, S. - B BEPXHEM PAAY,

® maccoBbie TOKH J,, J, " J, - B HImKHEM PAAY ,
Paccamransl TakKe CyMMapHBIC ITOTOKH 9HEPIMH M MAacCOBBIC TOKH
S, ~8100, S, ~0, S.~0, J, ~204, J ~257, J. ~377. Oanaxo

3TOT pPacCYeT BBIIOAHEH B IIPEAIIOAOKEHUH, YTO KAKABIH BHUTOK
CIUPAAY HAYMHAETCA B OAHOW U TOMU ke paze (aBTOp HE MOKET ITOKa
BBIIIOAHHTD 9TOT PacderT OOAEe CTPOrO U IIOITOMY AAHHBIN IIpUMEp
MOZKET IIPEACTABHTH TOABKO KAYECTBEHHYIO KAPTHHY).

10 10 10
8 8 2
6 6 ’
[ -
4 4
2} 2
0
0 0
0 1000 2000 0 0.5 1 0 2 4
SR SF 107 SZ y10™®
10 10
8 8
6 6
4 4
2 2
0 i 0
0 20 40 0 50 0 50 100
Jr Jf, VoronkaFiglsk133 Jz FIG. 5.

AHAANU3 IIOAYIEHHOTO PEIIEHUA ITOKA3BIBAET CACAYIOIIIEE.
1. B pemrennn He yunTBHIBETCA CHAQ TAKECTH (TEM  CAMBIM
peIlleHre He 3aBUCHT OT HAITPABAEHUA CTPYH).
2. MaccoBble TOKHM H IIOTOKA SHEPIUU IIPHCYTCTBYIOT TOABKO B

oObeme, OIPAHHYEHHOM PAAHYCOM R(Z). B pemenun ne

VYHTBIBAIOTCA ITIOTEPH BEIIECTBA CTPYM HA M3AYUCHHE U3 ITOIO
o0beMa.

3. PaamaApHBIFH MAacCOBBIA TOK J, BCeraa HAIIpaBACH OT IIEHTpPA

CTpyH.
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4.

Cymmectsyror oxpyxHOIt J, ® BeprHKaApHBI J, Maccosbre

TOKH.
PaAMaABHBIN IIOTOK 9HEPIHH S, PACXOAYETCH HA IIPEOAOACHUE
COIIPOTHBACHHSA CPEABL, KOTOpas "pasaBuraercs’ CTpye.
BeprukaAbHBI ITOTOK SHEprum S, HAIPABACH BBEPX U
PAaCcXOAyeTCA Ha IIPEOAOACHHE COIPOTHBACHHSA CPEABI.
IToAyaeHHBIIT METOA ITO3BOAAET HAWUTH IIOTOKH JSHEPTUN U
MacCOBBbIE TOKU IpH AaHHOH dopme crpyn. OOparTHan 3apa4a —
onpeaereHue  OPMBI  CIPYH IHPU  H3BECTHOW  SHEPIrUM
HICTOYHHUKA CTPYH B HACTOSAIIICE BPEMsA HE PEIIEHA.

[Torokn sumeprum S, U S, YBEAHYHBAIOTCA C YBEAHYCHUECM

AAHHEBI CTPYH U, CACAOBATEABHO, ICTOYHUKOM 9TOM SHEPTUU HE
MOJKET OBITb HCTOYHUK CTpyH. Flcrounmkom sTON sHEprum
ABAACTCA TPABUTALIMOHHASA SHEPTUA 3EMAH — CM. TAABY 3.

3. XapaKTepUCTHUKH CTPyH
BYACM IIOAATraTh, YTO IMIAOTHOCTD CTPYH p IIOCTOSAHHA II0 CEYCHHIO

CprI/I. HOCKOAI)KY Macca CTPYI/I B CEYEHHU HE 3aBUCUT OT Z, TO
ITAOTHOCTDB p CTPyH B CCYCHHUI HA ypOBHC A

p(2)-0()= p(z)-7R*(z) = C = const 0
AN

p(z)=C[aR*(2), @
TAC Q(Z), R(z) - nmaomaap m paauyc cedeHHsA COOTBETCTBEHHO.

Ob6oznauumM uepes Vv, (z) - ckopoctb crpym. Toraa MaccoBblii TOK C

IIAOTHOCTBIO (3.5), IPOXOAAIITHIT UYepe3 CEUeHHUe CTPYH, OIPEACAACTCA

Kak

J_Z(Z):J.IJZ(”»(PaZ)d’”'d(P. 3)

r,Q

C Apyro¥ CTOPOHBI 9TOT TOK

J.(2) = p(2)v.(2), @

4 KHHCTHYICCKAA SHEPIUA 3TOTO TOKA

W.(2)=0.5p(z)v:(z2). )

Cosmemmas (2, 4, 5), Haliaem

T o,
VZ(Z)—ER (2)J.(2), ©)
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w.(2) =%R2<z)(fj(z>. o

ITAOTHOCTE MACCOBOTO TOKA, TEKYIIIETO IO OKPYKHOCTH pasnyca ¥

CO CKOPOCTBIO V,, BHYTPHU CTPYH,

I, )=, (). ®
vq)(r): r- a)(r) ©)

TA€ (@ - YrAOBafg CKOPOCTb OKPYKHOTrO Maccosoro Toka. M3 (2, 8, 9)
IIOAYYAEM:

Ho

a)(r Z) (r Z) J (r z) R’ (2)J, (r Z).

r- p(z) r-C (0
[Tycrp, Hanpumep, 7 = 0.5 - R . Toraa
2
a)(r,z): %R(Z)J(p(l’,Z), (11)

ITaoTHOCTD KMHETHYECKOI SHCpFI/II/I BpaH.[ZlTCAbHOTO ABIKEHHA KOABITA C

KOOPAUHATAMU (r, Z), KAK U3BECTHO, PABHA
1 2
W, (r,2) == 1(rw(r,2), (12)

rae I(7) - IAOTHOCT MOMEHTA MHEPIIMH KOABLIA, IIPIICM

I(r)=r’p.(z2). (13)

3aece p.(z) — HAOTHOCTD KOABLIA CTPYH, IIPUIEM

p(2)=[ @ p,(2) . (14)

Ecau (kak ykasblBAAOCH BBIIIE) IIAOTHOCTH CTpyd O(Z) HOCTOSHHA 110

ceueHnro (He 3aBUCHT OT Z ), TO (14) MOKeT OBITH BBITOAHEHO TOABKO
IIpA YCAOBHUH, YTO
(Z)

p.(2)= ey

Ans mposepku moactasum (15) B (14) 1 moAyamnM TOKAECTBO!

15

p(z)= J-ﬁ%;)dr =p(2). (16)

Ws (13, 15, 16) caeayer, uto
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17

1) =22,

w,(r, )—2'0(()) *(r,z2). (18)

Orcroaa ¢ yaerom (2) Ipu HAXOAUM:

w,(r,z) :#%wz(r, z), (18)
a AaAee ¢ yaetoMm (10) moayaaem:

C 21’%4(2)‘](/2,(1@2)_ R(Z)Jf,(r,z)
27°R(z)  r-C? - 2r.Cc
Hakownern, moAnas KHHETHYECKAs SHEPIHA BPAINEHHA CAOA CTPyH Ha
AQHHOM YPOBHE

W,(r,z)= (19)

R(z >‘“f> Jz(r 2,

W, (2)= (20)
Iycrs, marpumep, ¥ = 0.5+ R . Toraa
2J,
W,(r,z)=—"—= ¢, Z), 1)
” R(Z) -C
R(z)

W@ = R( ) [72,2)ir . 22)

WMrax, mpu M3BeCTHOI ITAOTHOCTH MAaCCOBBIX TOKOB B cTpye 1o (6,
7, 10, 20) moryr OBITP HAWACHBI BEPTUKAABHAS CKOPOCTb CTPYH,
KHHCTHYECKAsd OHEPIUA BETUKAABHOIO ABIDKCHHSA CIPYH, YIAOBas
CKOPOCTb ABIZKEHHUSA 9AEMEHTAPHBIX MACC ITO OKPYKHOCTH, KHHETHICCKASA
SHEPTHUA BPAIIATEABHOTO ABIDKCHHSA CTPYH. Takum 0Opasom,

® KUHETHYECKAasd dHEPIUfA IIOCTYIIATEABHOIO H BPAIATEABHOIO
ABITKEHHS CTPYH YBEAUIHBACTCA B HAIIPABACHUU CTPYH,

® CKOPOCTDb CTPYH YBEAUIHBACTCA B HAIIPABACHUU CTPYH,

® CKOPOCTb BpAINEHHUA CTPYH YBEAHYHBACTCA B HAIIPABACHHH
CTpyH.

KaKABIIT 9AEMEHT MaCCBI CTPYH BOABI BPAIIAETCA C YTAOBOM
ckopoctero (10), omyckaercs BHH3 CO CKOPOCTBIO (6) M TEM CaMBIM
IIepEMEINAcTCAd 110 BHHTOBOH AHHHH. Kpome TOro, 3ToT 3AEMEHT
OTXOAUT OT LEHTPAABHOM AHMHUU CTOAOA C PAaAHAABHOHM CKOPOCTBIO

v.=J

ro

T.€. CTPysA PACINMPAETCA KHU3Y M IIPH 3TOM YMEHBIIAETCA €€

ITAOTHOCTB - CM. pHc. 0.
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(VoronkaFiglsk133.m) 10 -0 FIG. 6.

5. BeIBOABI

Bpamenne BOABI, BTEKarormeil B BOPOHKY HMAHM BBITEKAFOIEH M3
TpyOBI, MOxkeT ObrTh ormcano MIM-ypaBaenmsamu rpauranmm. [lpm
TOM ABIJKEHHE BOABI YIIOAOOAfeTcsi MaccOBBIM TOKam. CyrectByer
TAKOE PEIIICHHUE TUX YPABHEHHIT, KOTOPOE COIAACYeTCs ¢ HAOAIOAAEMBIM
ABIKEHIEM: MacCa CTPYH BOABI BPAIA€TCA, OIYCKAETCA BHU3 M TEM
CaMBIM TIEPEMEITAETCA 1O BHHTOBOM AMHHH; KPOME TOTO, CYIIIECTBYET
PaAMaAbHAsA CKOPOCTH PACIIHPEHHA CTPYHM KHH3Y M YMEHBIIICHUA
ITAOTHOCTH CTPYH.

DHeprua _CIPYH YBEAUYMBACTCA B HAIPABACHUU CTPYH. OTO
O3HAYACT, YTO HCTOYHUKOM 9TOW JHEPIMM HE MOXKCT OBITH HCTOYHHK

crpyn. Vicrounnkom 3TOH 3HEpPruM ABAACTCA TPABUTAIIMOHHAS SHEPIUSA
3eMAH — CM. TAaBy 3.
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I'AaBa 4.6. Mopckue TeueHuA

OraaBAeHue
1. Beeaenue \ 104
2. Martematmdaeckas moaeab \ 106
3. Anaams perenus \ 108
4. Bemsoas! \ 112
ITpuaoxenne 1\ 112
Awureparypa \ 114

1. BBeaeHnue

[IpunATele IIPEACTABACHHA O IPUYMHAX OKEAHCKAX TEYCHHI
ITAOXO ~ COTAACYFOTCH C CYIIECTBOBAHHEM 3aMKHYTHIX TPACKTOPHI
TEYEHHA U YCTOMYMBOCTBIO KOH(uryparmu u  (POPMBEI  CEUCHHA
TpaekTopuii TedeHmd. Hmrke crpomTcs MaremMaTHYecKas MOAEAD
OKEAHCKHUX TEYEHHUI C UCIIOAB30BAHHEM YPABHEHUIT IPABUTOMATHETH3MA.
ITokaspiBaeTcs, 9TO 9T2 MOAEAL OOBACHACT CYIIECTBOBAHHE BHYTPEHHUX
MACCOBBIX CHA, CO3AQFOINUX TEYCHHE, H CHA, KOTOPBIE OOECIIEIHBAIOT
YCTOHYMBOCTD KOHHUIypanuu 1 POPMBI CEICHHUSA CTPYHL.

Beiaeasiror  Tpm  rpymmel  T€YEHMIE, PA3AMYAIOIINECH  TEMHU
dakTopamu, KOTOPBIE CO3AAIOT 9TH TeueHus: [1]

e I'papmenTHBIE  TEYCHHA,  BBI3BAHHBIE  I'OPH3OHTAABHBIMU

IPAAMEHTAMHI THAPOCTATHYECKOTO AABACHNH,

e TedeHwus, BEI3BAHHBIC BETPOM

e [IpuauBHBIEC TeueHUH,
D1 (PAKTOPEI MOIYT CAYKUTh HPUYUHOH BO3SHHKHOBEHHA TCUCHHH, HO
HE MOIYT TIOAAEPKUBATH CYIIECTBOBAHHE (B TEYEHHH CTOAETHH)
3AMKHYTOH TPAGKTOPHHH TEYCHHA (IIOCKOABKY IPOTHBOIIOAOMKHO
HAIIPABACHHBIC VYACTKH STOH TPEKTOPHH AOAKHBI ITOABEPIaThCs
IIPOTUBOIIOAOKHO HAIIPABACHHBIM BO3ACHCTBHAM, 4 YKa3aHHBEIE (DAKTOPEI
OAHOHAIIPABAGHBI BO BCEX TOUKaxX Tpaekropun). OAHAKO Te€YEeHHA , KaK
IIPAaBHAO, ABAAIOTCA 3aMKHYTBIMH (KaK MOKHO BHACTH HAa KapTaX — CM.
puc. 1, 2 [1]). CaeaoBaTEABHO, AOAKHBI CYIIECTBOBATH BHYTPEHHIE
MaCCOBBIE CHABI, CO3AQIOIIIHE TEUCHNUE.

b
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TedeHus COXPAHAIOT KOH(MUIYPAIIHIO CBOCH TpaeKTOpuH U Popmy
cedeHus cTpyn. AAst OOBACHEHUS 9TUX ABACHHE OOBIMHO YKa3BIBAIOT HA
OTAHYMA B COCTaBE M CBOMCTBAX BOA CIPYH H OKPYKAIOIIHX BOA.
EcrectBennee (Ha HAmr B3TAAA) IPEAIOAOKHATH, YTO 3TH OTAHUYNA
ABAATOTCA CACACTBHEM OOOCOOAECHHOCTH CTPYH, 4 HE IPHYNHOH 3TON
obocobaennoctr.  CAEAOBATEABHO, AOAKHBEI — CYIIECTBOBATH  CHABI,
00ECIEeYNBAIOIIHE YCTORNIUBOCTD KOH@Urypannu u (POPMBI CEICHUA
CTPYH.

HackoApKkO M3BeCTHO aBTOPY, TAaKHE BOIIPOCHI HE OTPAKEHBI B
CYILECTBYIOIIHUX TECOPUAX M UHUCACHHBIX METOAAX PACYCTA OKCAHCKUX

TedeHnH — cM., HanpuMmep, [2, 3]. Hrmxe mnpeasaraerca Teopus,
OOBACHAOIIAS CYILECTBOBAHNE BHYTPCHHHUX ABIDKYIINX CHA U CHA,
ObECITEYNBATOIITIX YCTOHYHUBOCTD TEJEHUS. Paccmarpusaercs

MaTeMaTHJecKas MOAEAb TedeHui. Ilpm sToM mcIroapsyercsa cmcrema
MI'M-ypaBHEHHI TIpPaBUTOMATHETH3Ma, OIIMCAHHBIX B raase l.
BsanmoaerictBue  MEXAY — ABIDKYIIIUMHCA ~ MACCAMH  OOBACHACTCA
CylIecTBOBaHHEM rpaButoMarHUTHEIX cuA Aopenma (I'A-cua), koropsrie,
KaK ITOKa3aHO B IAaBe 1, MOTYT UMETh 3HAYUTEABHYIO BEATYNHY.

2. MaremarnuyeckKkas MOAEADL

MIII'-ypaBHEHNA AAS IPABUTOMATHUTHBIX HAIPAKCHHOCTEH H u
IIAOTHOCTEH MAaCCOBBIX TOKOB J B CTAIIMOHAPHOM IPABUTOMAIHUTHOM
ITOA€ UMEIOT BHUA (cM. cuctemy B B raase 1)

div(H)=0, (1)
rot(H)=J, @)
div(J) =0, 3)

Paccmorpum Tedenne B pOpMe IAPAAACACIIHMIIEAd, TAEC (8- ypOBEHb
BOAHOM ITOBEPXHOCTH, 2 OCH PACIIOAOKEHBI B COOTBETCTBHH C PHC. 3.
Byaem moaarate, 9TO CKOpOCTD V TedeHMA HAIIpaBAEHA BAOAB ocu OX. B
AEKAPTOBBIX KOOpAHHATaX ypasHeHHA (1, 2, 3) mpumyT BHA (cMm. 5.1-5.5 B
raase 2):

OH
.y, ®
oy 0z
OH. OH
L O 6
0z ox 7 ©)
OH
Oy, @
Ox oy
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oH, ©OH, oH, o, ®)
ox oy oz
oJ
o, [, o). _, o)
ox oy oz
zl
a

Puc. 3.

W3 dusudgecknx cooOpaxmeHUil fACHO, YTO IIOAE AOAKHO OBITH

OAHOPOAHBIM BAOAB OCH OX, T.e. AOAJKHBL OTCYTCTBOBATh IIPOU3BOAHBIC

IO aprymMeHTy X, M, CACAOBATEABHO, ypaBHeHHA (5-9) AOAKHEI OBITH
IIEPEITHCAHBL B BHAE:

agz —agy =J., (10)
agx =J,, (11)
—ag]yx =J., (12)
ag[yy +aglzz =0, (13)
%+%=0. (14)

B mpumaomenmn 1 moxasano, dro pereHue

5TOM CHCTEMBI

YPAaBHEHHUI MOKET MMETb CACAYFOIIIUMI BUA:
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naBa 4.6. Mopckne TeyeHus

H..=h_(y)-exp(n-z), 6)
Hy'zhy(y)‘exp(ﬂ.z)9 (7)
H_.=h(y)-exp(n-z), 8)
Joo=J.(y)-exp(n-z), )
J,.=J,(y)-exp(n-z), (10)
J.=j.(y)-exp(n-z), (11)
TAC
7] e HCKOTOpa}I KOHCTaHTa,
hr (Y)J h¢ (y)’ hz (y)’ jr (y)a j(p (y)7 jz (y) - (bYHKL[I/II/I oT
KOOPAMHATHI ) ; MPOU3BOAHBIC ITHUX (pyHKmeI 6YA€M
0603Ha‘{aTb H_ITpI/IXQ_MI/I.
[Tpu atom
hx )= Sin(b3y)/(bl + b2y4 ), (15)
hy()/'):exp(bs |y D—b,. (16)
b
h, =—=exp(bs | y|), (17)
n
_ 1
Jo = _(;bsz + ﬂj exp(bs | y|) + b, . (18)
j, =nsin(,y )/ 6, +5,9*), (19)

z

(20)

{b3 cos (bsy)/@1 +b2y4} }

—4b,y’ sin (b3y)/@1 + bzy“)Z

TAC bk — HCKOTOpr€ KOHCTAHTHI.

3. AHaAau3 perneHus
Aaae MBI pacCMOTPHM yKa3aHHbIE (PYHKITHH IIPH

n=02, b =3, b,=0.0016, b, =0.06, b, =4, b, =—0.1.
Maccosrie ToKH j,, J,, J,, HE 3aBHCAT OT KOOPAHHATHL X, 2 B

3aBHCHMOCTH OT KOOPAHMHATHL ), ompeaeasiiorca 1o (18-20). Dynximu
J:(¥)s J,(¥), J.(y) moxasamsr na puc. 4.
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maBa 4.6. Mopckue TeyeHus

_‘ﬁ_'““"\,.'—--—"""'_'_——'_
x 05
0
-20 -15 -10 -5 0 5 10 15 20
0.02
3 0
-0.02
-20 -15 -10 -5 0 5 10 15 20
0.02
N 0 ___./
-0.02
-20 -15 -10 -5 0 5 10 15 20

FIG. 4 (Golfstrim.m)

Ha puc. 5 mokasamer maccossie Toxu J , J_, Kak QyHKIHH

KOOpAI/IHaTbI Z. Ilokasamer TOKHK HpI/I HECKOABKHX OHpCACACHHbIX

saaveHuAx ). Toxku nokazansr B Macrrrabe 1:10.

0 —
k 14
e “
slat
¢
-2 ‘
-4
N -6
-8 JzZy=4) |1
— JZ(y=10)
— Jz(y:8)
-10 EEEm J)((y:4) 5
EmEm \J)((y:‘]o)
EEEm J)((yzs)
12 T T

-0.01 0 0.01 0.02 0.03 0.04 005 006 0.07 0.08
FIG. 5 (Golfstrim.m)

Puc. 5.
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naBa 4.6. Mopckne TeyeHus

PaccMoTprM BEKTOPHOE ITIOAE TOKOB J b JZ B BEPTHKAABHOMN
mAockocTu cedennsa crpyn. Ha pumc. 6 mpeacraBaen dparmeHT 3TOrO
moAst Y = —15,15 u z :[O: -2, —4, -6, —8]. Taxkum 0Opasom,

MacCOBBIE TOKH B CTpye IHPKYAHPYIOT IO Beprukasn. [Ipm stom B
MaAOI LEHTPAABHOM OOAACTH Macca BOABI C OOABIIOH CKOPOCTBIO
OIyCKAaeTCA BHHU3, a4 B OTAAACHHOH, HO 3HAYNTEABHOH IIO OOBEMY
00AaCTH, C MAaAOH CKOPOCTBIO IIOAHHMaeTcs BBepx. Ha cBoOOAHOM
ITIOBEPXHOCTH CTPYH BAOAB OCH 0Opasyercs yrayoaeHne (cm. ayry AA Ha
puc. 6), a BAOAB TpaHUI] 0OpasyeTcs Bo3BheHne (cMm. Ayra AB Ha puc.
6). DTO aHAAOIMYHO IIOBEPXHOCTH BOAOBOpPOTAa. Boaa c BO3sBBITICHHA
ycrpeMAserca B yrayoaenue. Kunermdeckas sHeprus TakoH IIUPKYAAIIIN
PACXOAyeTCA  TOABKO  Ha  IIOTEPU  OT  BHYTPEHHEIO  TPEHHAL
[TorernmaAbHas 3HEPTUA BOAOBOPOTA HE U3MeHAeTcA. T.e. B 3TOM cAydae
HET NpeoOpa3sOoBaHUA NOTEHITMAABHON SHEPIHH B KHHETHYECKYIO U
obparHo. OAHAKO (KaKk yKasbIBAAOCH B IAaBE 3) IPABHTUPYIOIIEE TEAO
PACXOAYET CBOIO JHEPIHMIO HA CO3AAHHE H IIOAAEP/KAHHE MACCOBBIX
TOKOB.

-10

i i
-15 =10 -5 n

Puc. 6 (Golfstrim.m).

Ha puc. 7 nokasausr Toxn J , =J , J Vs J, Ha rOpH3OHTAABHOM
HAOCKOCTH cedeHms CTpyn. Bmamo, wro Tokm J,, mampasaeHHBIE

IIEPIICHAUKYAAPHO OOKOBOW ITOBEPXHOCTH CTPYH, OAM3KHA K HYAIO Ha
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maBa 4.6. Mopckue TeyeHus

OOKOBOH ITOBEPXHOCTH M HAIIPABACHBI M3 CTPYH (CM. Takike puc. 4). D10
O3HAYAET, 4TO OOKOBBIE BOABI HE BXOAAT B CTPYIO, 2 BOABI CIPYH HE
BEIXOAAT M3 CTPyH, T.e. HET OOMEHA MEKAY BOAAMH CTPyd U
OKPYKAFOIITIMHI BOAAMH: CTPYA COXPAHAECT CBOHM cOCTaB!

BuavOo, wro TOKH J_  OBICTPO YMEHBIIAIOTCA C TAYOMHOH. DTO
COOTBETCTBYeET, Hapumep, crpykrype I'oasderpuma [4]. Bepruxaspmsie
Tokn J, TaKKe YMEHBINAIOTCA C TAYOHMHOM M MOMKHO TOBOPUTH O

BEPTHKAABHOM pazMepe TedeHusA. BHAHO TakiKe, 9TO MAaCCOBBIE TOKH
BAOAD Tedenna npumepHo B 100 pas mpeBmImaror MaccoBHIE TOK B
APYIUX HAIIPABACHHAX.

W
SO
RN
R ORI RO RN
M\\g@@\«
AR R
RmmaESa
RN

Puc. 7 (Golfstrim.m).

Ilo amasorm c (1.8.3) B raaBe 2 3ammIIIEeM BBIPAKEHHE AAA
IIPOEKITUU BEKTOPA ITAOTHOCTH IPABUTAIIMOHHON 3HEPIUH:

S.=J,H ~J.H,
S..=|S,=J.H ~JH, M
S.=J.H,~JH,
Ha pI/IC. 8 ITOKa3aHbI IIAOTHOCTH IIOTOKOB SHCpFI/II/I

S, S Vs S, (— SZ) Ha TOPU30HTAABHOH IIAOCKOCTH CEIECHUA CTPYH.
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naBa 4.6. Mopckne TeyeHus

W
R
\\\\\q\\\\\\\\\\\‘\\\
\\\\\\\\\\\\\\\\ R

ot W
0k LR
N

20
Zz 20 20 vy Zz 20 220 vy

Puc. 8 (Golfstrim.m).

4. BeiBoABI
HpCA/\O}KCHHaH MaATEMAMYICCKAA MOACAD O6’bHCHﬂCT

HICTOYHHUK S9HEPIUU MOPCKOIO TEUCHUS
CYILIECTBOBAHME 3AMKHYTOH TPACKTOPHHUH TCICHUA
COXpaHeHre KOH(MHUIYPAITUH TPACKTOPUN TCUCHHSA
coxpaneHne POPMBI TEIECHHA

000COOAECHHOCTD TEUCHUA OT OKPYKAFOIIIIX BOA

ITpuaoxenne 1
[Tepemuiem ypasuenus (2.10-2.14):

oH, ——aHy =J.
oy 0z
aHx =J b)
0z 7
_aHx =st

Oy
OH, OoH

- +7:07
oy oz
AN

)
2
)
)

®)
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maBa 4.6. Mopckue TeyeHus

byaem wnckare pemenme cucremer ypasHenumil (1-5) B BHAe
pyHKIHI, cemapaOeAbHBIX OTHOCHUTEABHO KOOPAHMHAT. DTH (DYHKIIHH
HIMEFOT CACAYIOIITUN BHA!

H_.=h(y)-exp(n-z), ©)
H,.=h/(y) exp(n-z), ©
H,.=h(y)-exp(n-z), ®)
J..=J.(y)-exp(n-z), )
J,.=Jj,(y)-exp(n-z), (10)
J.=J.(y)-exp(n-z), (1

TAC
n - HEKOTOpPAaA KOHCTAHTA,

h.(y), h,(y), h.(¥), Jj.(¥), J, (), J.(¥) — bynkumn ot

KOOPAMHATEL  )'; IIPOM3BOAHBIE 3THX ((DYHKIHI OyAem

0003HAYATH IITPUXAMUI.
IToacrasass (6-11) B (1-5), moaygaem:

b, —nh, = J,. (12)

nh.=Jj,, (13)

—h,=J., (14)

., +nh, =0, (15

Jy+m.=0. (16)
[Toacrasum (13, 14) B (16). Toraa moAyamm:

nh, —nh, =0. (17)

Brrpaxenmne (17) asagerca Toxaectsom 0=0. [Toatomy (16) caeayer
n3 (13, 15) m moxker OBITH MCKAFOYEHO M3 cucTeMbl ypapHeHH# (12, 106).
Ocrapmmecs 4 anddepenrmaspupix ypasuenus (12-15) coaepxar 6
HEM3BeCTHBIX ((pyHKIMA. [loaTOMy MOMKHO IIPOM3BOABHBIM O0OOpPa3OM
OIIPEAEAUTD ABE AFOOBIE (DYHKITHH.

AAS AAABHENIIIETO MBI OIIPEAEARIM CAEAVIOIIIHE ABE (pyHKuI/H/I hx u

hy. Toraa HaliAeM

Jy =nh,, (18)
Jj.=—h, (19)
h.==h,/n, 20)
Jy=h,=nh, ==h)[n-nh,. @1

ITycrp
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naBa 4.6. Mopckne TeyeHus

h,(y) =sin(b,y ) @, +5,*), @2
h (y)=exp(bs|y|)—b,. (23)

TAC bk — HCKOTOPBIC KOHCTAHTEHI. TOI“AB.

' )_{b3cos(b3y)/@1+bzy4} }

x . 24)
—4b,y’ sin (173)/)/@1 + b2y4j
b, (») = bs exp(bs | v ). 25)
h'(») = b5 exp(bs | »|). (26)
b
h, =—-—exp(bs| y1). 27)
n
1, 1,
Je= —;hy —1h, = _(;bs + U]exp(bs |y +7b, - (28)
J, =nsin(,y) 6, +b,y* ) 29)
_ {bz. cos (b3y)/@1 +b,y" )_ } )
T 4b2y3 sin (b3J’)/@1 + b2y4} ,

Wrak, dpyskimn (hx, hy, h, j., Iy ]ZJ omnpeaeastorcs mo (22,

23,27, 28, 29, 30) cOOTBETCTBEHHO.

—_
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Robert H. Stewart, Introduction To Physical Oceanography,
Department of Oceanography, Texas A & M University, 2008,
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[maBa 4.7. BogHoe 1 nec4yaHoe LyHamu

['aaBa 4.7. BoaHOE 1 mecyaroe nyHamu

OraaBaeHHE
1. Beaenue \ 115
2. MaTtematmdaeckas moaeab \ 117
3. Iorokn sueprun \ 120
4. BeprukaAbHast yCTOHYNBOCTD U ABHzKeHHE \ 122
5. Bersoarr \ 122
IMpuaoxenne 1\ 123
[Mpuaoxenne 2 \ 124
Awreparypa \ 125

1. BBeaenue

Boamble 1 mmecuaHble IyHAMH 9aCTO OOBCAMHSAIOT B OAMH KAACC
ABACHUI C BOAHBIMUA COAMTOHAMHE H IICCYAHBIMHU BHXPAMHU. BHerne onn
pasamgaroTcs pasmepamu u opMmoil. I'pomasHBIE pasMepbl IyHAMHI
BIIEYATAAIOT — cM. puc 1-4. Uro kacaercs popmbl, TO, B OTAHYHE OT
COAHTOHOB H IICCYAHBIX BUXPEH, MMEIOIIUX KOAOKOAOOOPA3HYIO HAH
LUAHMHAPHYECKYIO (popMy, POpMY IIyHAMH MOKHO AaIlIIPOKCHMHPOBATH
mapasAeAeTueAOM. [1osToMy B MaTreMaTHYeCKOH MOACAH  IIyHAMH
IIPUMEHACTCA IIapaAACACIIAIIEAHAs (DOPMA I[YHAMIL

Eme pas mocmorpum ma puc 1-4. Kaxerca HeyOeAHTEABHBIM
IIPEACTABACHHE O TOM, YTO IPUIHHON ABHKCHUSA 9TOH MAXHHBI ABAACTCH
BETEp U HEAMHEHHOCTh cpeAbl. Co3aaercs BIIEIATAECHHE, YTO BHYTPH
sroro "ycrpoiictBa" ecTb COOCTBEHHBIH ABHUIATEAb, 4 COIPOTHBACHHE
CPEABI — AHIIb KATAAU3ATOP, CHAQ, KOTOPas AABUT HA ITICAAAD Ia3a.

Puc. 1.
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Puc. 2

Puc. 3.

Puc. 4.
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[naea 4.7. BogHoe 1 necyaHoe LuyHamu

2. MaremarnuyeckKkasa MOAEAD

MIII'-ypaBHEeHNA AASl [PABHTOMATHUTHBIX HAIPKCHHOCTEH [ 1

IIAOTHOCTEH MACCOBBIX TOKOB J B CTAIIMOHAPHOM TI'PaBUTOMATHHTHOM
ITOAE UMEFOT BHA (cM. cuctemy B B raase 1)

div(H)=0, (1)
rot(H)y=J, )
div(J) =0, 3)

DTH ypaBHEHHA OIIUCHIBAIOT HEITOABIKHOE IfyHaMu. Ho mpu ABmxeHmnn
IYHAMHI HAAO YYE€CTb TOT (PAKT, 9TO COIPOTUBACHHUE BO3AYXA M MHEPIIHA
9AEMEHTAPHBIX MACC CO3AAET AOIIOAHHUTEABHBIM IOTOK - MACCOBBIM TOK,
HAIIPABAEHHBIM IIPOTHUB CKOPOCTH V  IOCIYHATEABHOIO ABIKEHHA
IyHAMH — CM. puc. 4a. MOXKHO mOAaraTh, 9TO CYIIECTBYET HEKOTOPBIH

HCTOYHHUK IIOCTOAHHOIO TOKa ‘]v =-v. B ACKapTOBI)IX KOOpAI/IHaTaX

OyAEM IIOAAraTh, YTO CKOPOCTH HAIIPaBACHA BAOAB ocu OX. Ilpm atom
ypasrenus (1, 2, 3) mpumyT BHA:

oH
H, _ L=J +J,, (5)
oy oz
aHx_aHZ:JV’ (6)
oz ox ’
oH
-l )

x 0y

OH
Oy Oy Oz _y, ®)
ox Oy oz

oJ
aJ"+ y+aJZ=O. 9)
ox oy oz

W3 dusugecknx cooOpameHU fACHO, YTO IIOAE AOAKHO OBITH
OAHOPOAHBIM BAOAB BEPTHKAABHOI OCH, T.€. AOAXKHBI OTCYTCTBOBATbH
IIPOM3BOAHBIE IIO APIYMEHTY 2z, M, CAEAOBATEABHO, ypaBHeHmA (5-9)
AOAKHBI OBITH IICPEIIICAHBL B BUAE:

o, =J . +J, (10)
oy
oH
- =] 11
o » 1n
oH
Y _%:J (12)

ox Oy :
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H
on, o, 13)
ox oy
oJ
ai+—y:0 (14)
ox Oy
z | y
l
|
N2~ ~Z_ ____ I
. Y,

Puc. 4a.

B nmpuaoxennn 1 maiiaeno pemenne cucremsl ypasaenuit (10-14). Ono
HMMEET CACAYFOITIII BHA:

H , = h.cos(ox pin(By), (15)
H, = hysin(ax):os(ﬂy), (16)
H, = hzsin(ooc)sin(ﬂy)+ Jy, a7
J, = jxsin(ax)cos(,b'y)+ J,, (18)
J, = jycos(ax)sin(ﬂy), (19)
J. = j.cos(axkos(fy), @0)

TAE
a, ﬂ - KOHCTAHTHI,
hoh, h.,j.J,J. - aMmanryast dysKiiL,
B npuaoxennn 1 mokasaHo, 910 IpH AAHHBIX &, [, ] ,j. OCTaAbHBIC
AMITAHTYABL hx,hy,hz, J, MOTyT OBITb HAFAEHBI II0 CAEAYIOIIHM
dopmyaam:
h :]_x, 1)
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[naea 4.7. BogHoe 1 necyaHoe LuyHamu

=i 22
it
a
hy ——th, 23)
2
h . =—j, a—+ﬂ . (24)

B

HpeAHOAO}KI/IM, 9TO IIAOIIAAb CCYCHUA ITyHAMM TaKOBa, 9TO

N N
—N<x<Nu—-—=y<—.
2 2

1 i et P et 1 *, j
A 40 30 20 40 0 10 W W 40 &
w=const, y=51,10.35,25; Fig 7a

Ha puc. 5, 6, 7 mokasauer Beangusst J , J 9 J, Ha mmaockocTH cedeHns
(v, y)upu @ =27/N, f=27/N, j. =1, j =1, J,=3. Ha puc. 7a
nokaszaubl pyskrnn (20) npu UKCHPOBAHHBIX 3HAYEHHAX ) . Buano,
YTO IIPH OIPEACACHHBIX 3HAYCHHUAX (, [ CyMMa BEPTUKAABHBIX TOKOB

(20) 110 KaKAOM TOPHM3OHTAABHON IPAMOHM M B Ka:KAOM CEYCHHH paBHA
HYAIO. OTO O3HA4YaeT, YTO B KAKAOM BEPTHKAABHOM CAOE I[yHAMU
CYIIECTBYIOT ~ BCTpEYHBIE  IIOTOKH  (BBepx-BHH3). Ilpm  artom
IIOTCHITMAABHAA SHEPIUA BCEIO ILYHAMH OCTACTCA IIOCTOAHHOW. DTO
AHAAOTHYHO  BPAIICHHIO KOAE€Ca C TIOCTOAHHOM CKOPOCTBIO B
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BCpTHKaAbHOfI ITIAOCKOCTH, KOIAa IIOTCHIIMAAbPHAA ¥ KHHCTHYCCKaA
BHCPFI/IH OCTAXOTCSA ITIOCTOAHHBIMM.

3. IToroku sHeprun
B nmpmaoxernm 2 BEIMHICAEHBI 3TH MPOEKIIHH BEKTOPA TAOTHOCTH

IPaBUTALIMOHHOM sHeprun B TeAe myHamu. [Ipu J, =0 onu nmeroT BuA:

S, = (% sin(Za:ijthsin2 (ﬁy)— jzhycoszwy))j, 1)

5, = 35in@ Nk cos (@) fsin’ @) “
Jhysin® (x eos® (By)- j, h,cos® (e pin® (B )

S. = . 23

+Jvh},sin(ax);os(,b’y) >

HPI/I Jv > 0 9THU IIOTOKH HPI/IHI/IMaIOT BHIA!

S =, +J, jyy-cos(ax)sin(ﬂy)), (24)
S, = (Syo —J,j.y-sin(eex kos(By )—J, h_sin(cox kin(By )- ny), (25)

S, = (S’za +J Vhysin(ax):os(ﬂy)). (26)

¥ Fig 8

120



[naea 4.7. BogHoe 1 necyaHoe LuyHamu

Ha puc. 8 nokasausr Beanunssr S, S, (Sx - Sm) Ha ITAOCKOCTH

X0
ceaernms (v, y)upn @ =27/N, f=27/N, j. =1, j. =1, J, =3.B
ITOCACAHEM OKHE IIOKA3aHBI 3aBHCUMOCTH S (x, y= 0) n S, (x, y= 10) -
CM. HIUKHIOIO U BEPXHIOIO KPHBBIC COOTBETCTBeHHO. VHTerpmposanwme

BEATYIHH S Sx II0 IIAOCKOCTH CE€YCHUA (X, y) ITIOKA3bIBACT, ITO

X0

Sxo = _[ngdxdy :0 , (27)
X,y
HO
" J.Sxdxdy <0. 28)
X,y
5EIE|
= 0
¥}

00
50

0 0
B0 A0y Fig 12 S0-A0 y Fig 13

Ha pumc. 10-13 nokasaner BeAmdmHbl S

S, S., S, m
ITAOCKOCTH CEYEeHUA (x, y) upu o =2r/N, p=2z/N, j. =1, j =1, J =3.

yo?

Buawo, uro
S, =S, 29)
S =8, (30)

HquCM I/IHTCFpaAbeIC 3HAYCHUA

121
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S, = ISydxdyzO, 31)
XY

S_Z = J.Szdxdy <0, 32)
X,y

4. BepTukasbHasA yCTOMYNBOCTD U ABIDKEHUE
Takum oO6paszom,
1. opn  arobom J, cymectByer He 3aBHCHMBIH  OT J,
BEPTUKAABHBIN IIOTOK TPABUTOMATHUTHOM SHEPIUH
S.<0. (33)
2.opu J, >0 CYILECTBYE€T  TOPH3OHTAABHBIA  IIOTOK
IPABHTOMATHUTHON SHEPIUN
S, <0. (34)
OAHOBpPEMEHHO C 9TUMH ITOTOKAMHU SHEPTHH CYIIECTBYIOT IIOTOKM
IPABHTOMATHUTHOIO HMITyABCA Fz <0 m Fx <0. B coorsercrBuu ¢
3aKOHOM  COXPAHCHHS HMIIYABCA  CYILECTBYIOT — IIPOTHUBOIIOAOMKHO

HAIIPABACHHBIC MMITYABCHI Macchl IyHamu P >0 u P, <0. Mmmoyasc

P >0 coxpanser BeprukasbHyio (opmy ryHamu, a uMiyabc P, <0

ABITKET IIVHAMU B HAIIPABACHIH, IIPOTHUBOIIOAQKHOM CKOPOCTH.

Takum  00OpasoM, HPHYHMHON ABMKEHHSA I[YHAMH  SABAACTCH
COLIPOTUBACHHE BO3AyXa. OTO COIPOTHBACHHE BO3AYXAd CO3AACT
AOIIOAHHTEABHBIH MACCOBBIA TOK, HAIIPABACHHBIH IPOTHUB CKOPOCTH V
ITIOCTYIATEABHOIO ABIKEHUA BHXPA. MTaK, CyIecTByeT IMOAOKHTEAbHAS
oOparHasd CBA3b MEKAY CKOPOCTBIO IIyHAMH K €rO MEXaHHYCCKIM
AMIIyABCOM: HA4YaB ABVDKEHHE, IlyHAMH pasrousercda. Paborty
COBEpIIIACT TPABUTOMATHHTHASA SHEPIUA — CM. TAABY 3.

5. BeiBOABI

IIpeanroxennas MaTeMamdeckas MOAEAb OOBACHAET
®  HCTOYHHUK SHEPIHH AASl ABHKEHUSA ITyHAMHI
®  ICTOYHUK ABIUKYILEH CHABI IIyHAMU

e coxpaHeHue (OOPMBI IyHAMU
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[naea 4.7. BogHoe 1 necyaHoe LuyHamu

ITpuaorxenue 1
Perrenne cucremsr ypasuennii (2.10-2.14) Gyaem nckate B BUAE:

H, = h cos(oox in(By), (41)
H, = hysin(ooc)cos(ﬂy), 42)
H, = hsin(axpin(By)+J,y, “3)
J, = jsin(ax xos(y )+ J, (44)
J, = jycos(ooc)sin(,b’y), (45)
J. = jzcos(ax):os(ﬂy), (46)

rae
hehyh.,jsj,,J. - avmauaryast dyskrmi,
a, ,B - KOHCTAHTHI.

byaem auddepennmuposars (41-46) m  IOACTABAATH IIOAYYCHHOE
BBIPAKEHHE B UCXOAHYIO cuctemy ypasuenuii (2.10-2.14). Hanpumep, us
(2.10) moayuaem:

hzﬂ-sin(ax)cos(ﬂy)+ J, = jxsin(ax):os(ﬂy)+ J,.

TTocae COKpaICcHUA Ha O6H_[I/IC MHOXHUTCAN, HAXOAHUM:

hB=J.. (48)
Amnanormano, n3 (2.11-2.14) maxoanm:
—ha=j, 49)
ha-hp=j., (50)
ha+h =0, G
Ja+j,p=0. (52)
W3 (48, 49) Haxoanm:
J
h,=Ix (53)
B
Jy==i 59
y g
B
W3 (50, 51) maxoamm:
a
h, =—h, E , (55)
5
h =—j. —+,b’j. (56)
B
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Takum 00Opa3oM, UpHU AAHHBIX O, [3,] ,]. OCTAABHBIC IICPEMCHHBIC
Jys hos b, h,, moryr Obrrb mafiaenbl u3 ypasmennii (56, 55, 54, 53)

COOTBETCTBCHHO.

ITpuaosxenue 2
ITo amarorm c (1.8.3) B raaBe 2 3ammImeM BBIPAKEHHUE AAA
IPOEKITUH BEKTOPA IIAOTHOCTH IPABUTAIIIOHHON 3HEPTUL:

S.,=JH.-J.H,
S,.=|S,=J.H,~JH, (60)
S,=J H, -JH,
Hcroassyss  dopmyarr  (2.15-2.20) ocHOBHOro TeKcra, HaMAEM
ITIPOEKITUN BEKTOPA ITIAOTHOCTH I'PABUTAIIMOHHON SHEPIHH:

'S, = j,cos(ax pin(By Xr.sin(ax kos(By)+ J,y )~
— j.cos{ax Jos(By ,cos(axx kos(By )
. S, = J.cos(a los(By Jr,cos(ex bin(Ay ) - o
ol = (isin(axkos(By)+J, Xhsin(e bin(By)+ 7, )
S, = (j,sin(ex los(By )+ J, Jn,sin(aax kos(By )~
| Jcos{erin(By Y cos(e pin ()
BIIOAHAS YMHOMEHHAE HAXOATM:
S, = j,cos(ax pin(By Yr.sin (e h(By )+ j,cos(ax pin(By )V y -
— j.cos(ax os(Ay h,sin (e os(By)
S, = j.cos(a kos(y n,cos (o pin(fy)-
S,.=|  —Jjshla)kos(sin(axph(By)-J, yjsinlexkos(py) |- ©2
—hsin(axkin(gy ), - J7y
S. = jsin(exos(By h,sin(ax los(By )+ J, hsin(ax os(fy) -
— j,cos(ax sh(By n,cos(ex bin(4y )

AN
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—]yh sin* (B pinQax }+ J, j,y - cos(ax bin(By )-
S = ()

j.h,cos” (By kin(ax)

ljzhxcos«wc)sm(zﬂy)——jxhzsw(ax)sm(z/sy)—
S = 2 2 , (64

—J,j.y-sin(alos(By )/ husin(o bin(By ) J 'y
jhsin® (cx eos?(By )+ J vhysin(ax):os(ﬂy)—

S. = i (65)

: - jyhxcosz(ax)sinz(ﬂy)

Awnreparypa
1. Xwmeapuuk C.M. Maremarmueckass MOAEAb BOAHOIO U IIECYAHOTO

myHaMa. AOKAaABI He3aBHCHMBIX aBTOPOB, ISSN 2225-6717, Ne
33, 2015, a Takxe http://vixra.org/abs/1505.0100, 2015-05-13.
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I'AaBa 4.8. AOITOAHUTEABHBIE CUABI
B3AMMOAEUCTBUA HEOECHBIX TEA

OraaBaecHnE
1. Berymaenme \ 126
2. I'paBUTOMArHUTHOE B3AMMOACHCTBHIE ABIIKYIIUXCA Macc \ 127
3. MsBecruble sxcriepumentTsr \ 129
4. T'paBUTOMATHUTHOE B3aUMOACHCTBIE CriyTHUKA 1 3emAn \ 131
5. Bersoawr \ 137
Awnreparypa \ 138

1. Bcryniaenue

B raase 1 paccmorpensr MI'M-ypasHeHns, yTOYHEHHBIE HA OCHOBE
M3BECTHBIX 3KCIIEPUMEHTOB, OTKYAA CAEAYET, YTO MOIYT CYIIECTBOBATDH
3HAYHTEABHBIC CHABl I'PDABUMATHUTHOTO B3aUMOACHCTBUA ABIKYIIIHXCA
MacC B BaKyymMe. OTH YPaBHEHHA CIPABEAAHBBI TOABKO B YCAOBHAX
CA2DOTrO TPABUTAIIMOHHOIO IIOAA IIPH MaABIX cKopoctsax. [losromy
CAEAYET OMKHAATH, YTO B KOCMOCE MOKHO HAOAIOAATH I'PABHMATHHTHBIC
B3AUMOACHCTBHA MEXKY CIYTHHUKAMH, aCTCPOHAAMH U OOAEE KPYIIHBIMU
HeOecHBIMU TeAamu. Hirke IPHUBOAATCA pacydeT TaKUX B3aMMOACHCTBHIT
U HEKOTOPBIE IIPUMEPBHI.

B raase 1 moxaszamo, uyro MI'M-ypaBHeHHA AOAKHEI OBITH
AOIIOAHEHEL HEKOTOPBIM SMITUPHIECKIM ko9 purmeHTOM
IPABUTAIIMOHHON IIPOHHUIIAEMOCTH CPEABL. DTOT KO3(PAMHUIIUEHT AAA

BAKyyMAa HMMEET BEAHYHHY ITOPAAKA §z1012 M PE3KO YMEHBIIAETCA C
VBEAUYECHHEM  AABACHHA. DTO  OOBACHAET OTCYTCTBUE  BHAHMBIX
a(pPeKTOB TPABUMATHUTHOIO B3AUMOACHCTBHA ABIUKYIIHXCA MacC B
Bosayxe. OAHAKO B BakyyMe O9TH B3aHMOACHCTBHA  OTYCTAUBO
nposBAsitorca. OrpaHUYEHHEM MOKET CAYVKHTh TAKKE TO, YTO, KaK
cAeayer u3 ocHOBHBIX ypaBHeHni OTO, MI'M-ypaBHeHuA CrIpaBeAAHBBI
TOABKO B YCAOBHAX CA20OTO TIPABUTAIIHOHHOIO IIOA€ IIPU MAABIX
ckopoctrax. [lostomy caeayer oXHAQTB, YTO B KOCMOCE MOKHO
HAOAFOAQTH TaKHE TPABUMATHHTHBIE B3AMMOACHCTBHA MEKY CITyTHHUKAMI,
aCTEPOMAAMH U DOAEE KPYITHBIMH HEOCCHBIMH TEAAMH.
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2. I'paBUTOMAarHUTHOE B3aMMOAEHCTBHE
ABYDKYIIIUXCA MACC

PaccmoTprmM ABe Macchr mp m M), ABIKYIIIECA CO CKOPOCTAMHU

V] u V) coorBercTBeHHO. B mpuaoxenun 5 raaser 1 mokasano, 4rto B

3TOM CAyYae BO3HUKAIOT I'PABUTOMATHHUTHEIC CHABI /\OpPEHIIA, KOTOPHIC
HMEIOT CACAVIOIIHMH BHA2 (3AECH OPTBI CKOPOCTEH OOO3HAYEHBI
IITPUXAMH):

Fp=0f17, (1)

f21=01 x (3 <)) @
Jiz =05 x (] <)), (2a)

G - mymowvyv
oo S 212212’ 5
cr

TAE

12
TAE § = 2, f ~10°~.
PaccmorpuM  cAygaii, Koraa o00e CKOPOCTH A€KAT B OAHOMN

mAockoct XOY. B mpuaoxkennn 3 raaser 1 mokasano (cm. (2a)), uto B
3TOM CAyYae BEKTOPHOE IIPOU3BEACHHE (2) IMEET BHA:

Vi
For =03y vy ) @
~Vix

Takum 0OpasoM, B 9TOM CAydace

Jar L. ®)
B wacraocTn, npu I”)'/ =0,1e. 7' = I’)'C , IMEeM:

!

- —V]
for=rvhyl ©)

Vix

Bexroper, Bxoadrue B 91y OPMYAY, ITOKa3aHbI Ha prc. 1.

Ecam erme Vix =0, Te. vi :Viy,TO

far =1V, )
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Ay
V1
V2
/21
\ r
m1 m2
x;
Puc. 1. i

Takum  oOpasom, B 3TOM cAydae cumaa  (7)  sABAAeTCA
orraAkuBarorieid. CaeaoBaTeABHO, U cHAA (1) ABAAETCA OTTAAKHBAFOITIEH.
Cuaa IpUTAKEHHA ABYX MACC BCETAQ ABAACTCA IIPUTATUBAIOIICH U paBHA

G
p=""1T2 ®
r
B nmpuaoxennn 5 raasser 1 mokasano Takxe, 9To
F=¢,P, )
rAC
0%
b =653 (10)

IIpumep 1. Paccmorpum ABe Maccer M| uw My,

pacnioAoxeHHble Ha paccrosHun ¥ =Fy. Ilycre wmx ckopocru
YAOBACTBOPSFOT YCAOBUAM

Vi, =0,1e v = Viy,

vy =0,me vy =v),,

T.e. X CKOPOCTH V9, V| mapasseAbHB ocu OY. Toraa ms (7)

maxoamMm  fo1 =—7"-V5V]. Bewktop 10l cmAB HampaBAeH

IIPOTUBOIIOAOXKHO BEKTODPY = I’x. HpI/I 9TOM MOAYVAB

oTTaAknBaroriei cuAbl paseH (9). Ilpurarmsarormas cmaa Bceraa
paBaa  (8). CAeAOBaT€ABHO, B  9TOM  IIOAOKEHHH  CHAQ
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B3aHMOACHCTBHA MACC OYAET OTCYTCTBOBATB, ECAH ¢g =1. Nmeem

c~ 3-1010 cm/cex, ¢ =2. Ilycts V] = V) = 105 cm\cek. Toraa
n3 (10) mveem:
2

Vv C
¢g =1]= G é: . 1722 5 OTKyAQ HAXOAUM f = AU
S VIV2

C
5= 6-10103/2°(OS) %5°1010. B 3THUX YCAOBHAX

CyMMapHas CHAa OYA€T IPUTATHBAOIIEH, €CAU 5 < 5-1010, u

0!0.

OTTAAKHBAIOITICH, ECAH 5 >5-1

3. 13BecTHBIE 3KCIEPUMEHTHI

Bemmre  ykaseiBaAoch, 9YTO B KOCMOCE  CACAYET — OKHAQTH
HaOAFOACHHA TI'PABUMATHUTHBEIX B3aUMOACHCTBUI MEKAY CIYTHHKAMHU,
acTepoHAaMu U OOAee KPyIHBIMH HeOecHbIMH TeAamu. Hinke kpartko
OIIHCHIBACTCA HAa AO CHX IIOp HEOOBACHEHHBIH 9KCIEPHUMEHT CO
cuyraukom  Explorer-I (1958  r).  3arem  paccmarpusaercs
MaTeMaTU9decKas  MOAEAb  IIOA€TA  CHYTHHKA,  YIUTHIBAFOIIAA
IPABUMATHUTHOE B3aUMOACHCTBUE MEKAY 3EMAEH H CIYTHHKOM, U
ITOKA3bIBACTCA, YTO PE3YABTATBHI TAKOTO MOACAHPOBAHUA COBIIAAAIOT C
HAOAIOACHUAMH.

B [2] Xoaraena ommceBaer skcrepumenT bpayHa co cuyrHEKOM
Explorer-I (1958 r.). Tpaexropusa 3TOro CHYTHHKA SBHBEIM OOpPa3soM
IIPOTUBOPEYHAA PACICTHON TPACKTOPUUM H 3TOMy AO CHX IIOp HE
HariaeHO oOBsicHeHHsA. Vccaeayst ator (haxt, XOarACHA HE CACPIKHBACT
cBoit madoc:

1) "...3TO BOCXHTHTEABHOE KOCMHUYECKOE OTKPBITHE, KOTOPOE,
OYEBHAHO, OYAyYH IIYOAMYHO IIOATBEPIKACHO, O3HAYAAO OBI CAMBIH
BAKHBII PE3yABTAT BCEH KOcMm4ecKoi mmporpammer! COKpeITHE, KOTOPOE
IIPOAOAKAETCS AO CHX 1Op."

2) "IlpeacraBasiercs, 9TO Cpasy KE IIOCAE 3aIlyCKa peaAbHas
TpaekTopus Explorer-I HeAByCMBICAGHHO HapyIIHAa ABa OCHOBHBIX
sakoHa Ppusukn XX Beka. [ sto HE moayumao Hukakoro maygHOro
IIPU3HAHUA, IIPU30B HAH OOCYHKACHHI... Aaxe depes 50 aer mocae
20COAFOTHO HEOKHAAHHOTO OTKPBITHA."

3) "...B oTAMYmE OT NIyOAHMYHBIX “OIPABAAHHI~ AHOMAABHOTO
roseaeHus Explorer-1, B wactHom mopsake, taiino, on (bpayn) mckaa
cepbesHyro pabouyro aspTepHATHBY HBFOTOHY M DifHIITeHHY!"
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4) NurencuBHbIl BceMUpHBINA 1ouCcK (poH bpayHoMm pabotrarormeit
pU3HKH AAA PEIIEHHA 3TOH OCHOBHOM IIPOOAEMBI HE OBIA YEM-TO, YTO
OH AeAaA “HpocTo m3 AFOOOmEITCTBA . (OUEBHAHO, OH EAMHCTBCHHBIN
OCO3HABAA, YTO €CAM 9TO ‘‘Hapymrenne’ MmexaHukn Hprotona B
AMHAMUKE CIYTHHKOB HE OVAET IIOHATO, a 32TEM KAKHM-TO OOpasoM
B3ATO IIOA KOHTPOAB, HEBO3ZMOKHOCTD Pa3MEICHUA OYAVIIIHX CITyTHHKOB
Ha IIAQHHPYEMBIC OPOHTBI OBICTPO IOXOPOHHUT BCIO KOCMHYECKYIO
rporpammy!

5) EcAm xocmmdeckmii ammapar HE MOMKET OBITh 3alyINeH Ha
TOYHYIO, IIPEACKA3YEMYIO OPOHUTY, TO HAyIHBIE MHCCHH, OCHOBAHHBIC HA
M3BECTHBIX OPOHUTAX CIIyTHHKOB ..., HE MOIAH YCIICIITHO BBIITOAHATHC.
He moram maammpoBatbhcs OOAETHI HAMEYEHHBIX OOBEKTOB B BOEHHBIX
IIEASAX

6) "PaaumkaapbHO “He HBIOTOHOBCKOE” OpOUTAABHOE IIOBEACHHE
Explorer-I (m Apyrmx aMepHKaHCKHX CIYTHHKOB) AOAKHO CUHTATHCHA
TAQBHBIM HAYYHBIM M IIOANTHYECKHM OTKPBITHEM B PAHHEH KOCMUYECKOMU
IIporpaMme, €CAu He B obAactu uccaeAoBanus COAHEYHON CHCTEMBI 32
nocaearne 50 aer!"

XoaraeHA TaKKe YKa3bBA€T Ha PAA  APYIUX HEOOBACHUMBIX
3KCIIEPUMEHTOB

1) "Uepes 34 waca 1mocAe 3amycKa IIEPBBIH  COBETCKEHI
ABTOMATUYECKUI AYHHBIH 30HA VCICIIHO IIEPeceK opOuTy /AyHBI, HO
okaszaAcs BrepeAr AyHBI Ha HEABIX “5.953 kM IepeA Tem, Kak OCTaTbCs
Ha TOAMYHOH, COAHEYHOH OpOHTE.... DTO OBIAO IIEpPBOE HE3aBHCHMOE
ITOATBEP/KACHHE 9TOH BO3MOMKHOCTH, IIOCKOABKY Ha opbure 3eMAn
CoBeTBl BCErAa MOTAM CKa3aThb (M TOBOPHUAH), YTO AFOOAas AOCTHTHYTAs
uMu opOuTa ObiAa “3amaanupoBaHHON . ITposer mumo AyHEL, Aa erre u
Ha paccrosHme OoAbIee, deMm Amamerp camoii Aymber (3.475 km),
VIHTBIBAA HAAUYIHE CAOKHOH CHCTEMBI KOCMUYECKOW HABUIAIINH, OBIAO
BAKHBIM ~ CBHACTEABCTBOM  TOro, dro 3arapounas ‘Cmaa” (He
HBFOTOHOBCKOE  TATOTCHHE), ACMOHCTPATHBHO  ACHCTBYIOIIAsf  Ha
KocMudYecknii armrapar (on bpayma, AeficTBoBaaa M Ha COBETCKHE
armrrapater!”

2) "Uepes ABa Mecsla, KOIAA IIOAOIIAQ OYEPEAb OUYEPEAHON
mosITk (pOH BpayHa OCyImecTBUTH €Ie OAHY aMEPHKAHCKYIO AVHHYEO
muccuro ITronep 4, ero kocMmdaeckuii anmapar OKa3aAcs Ha PaCCTOAHUI
59.533 km mrepea Aynoil. B Aecste pas Goablire, gem ommoOKa pycckux!"”

3) "PaccmoTpeHmE  AQHHBIX  OTKPBITOIO — AOCTYIIA  PACKPBIAO
OAMHAKOBO  HEOKHAAHHOE  “TIOBEACHHE ABYX  AOIOAHHUTEABHBIX
cuyraukoB Explorer B pamkax BoeHHOI mporpammer ¢on bpayma, a
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TaKKE ITOAOOHBIC ‘“3araAOYHO YBEAMYCHHBIC OPOUTEI  TPEX YCIIEIIHO
sanymenuabix BM® CIITA coyraukoB ABaHTapA AO TAKOH CTEIEHH, YTO
IIOCACAHME CTAAH CaAMBbIMHU CTapI)IMI/I HCKYCCTBCHHBIMHI CITYyTHHKaMH, CIIIC
Bpararomumucs Bokpyr 3eman!"

4) "W Bce ke, KaK MbI 3aMETHAH, Aake IO mpormectsuu 50 Aer
HUKTO HE 3aMETHA M HE 3aAaA OOAee TAYOOKHX BOIIPOCOB 0O 3TOIR
VAUBHTEABHOH  ITOCACAOBATCABHOCTH  COOBITHI:  ITOBTOPSAFOILIXCSA
mapymrenuax  3akoHoB Hproroma wn  Teopum OrHOCHTEABHOCTH
DHHIITEHHA TP 3aIIYCKE IIEPBBIX AMEPUKAHCKHIX CITyTHHKOB!"

5) "3a cpok uyrp Ooaee moAayropa Aer... ¢oH bpayn ycmemno
samyctuA emé ABa coyrHumka Explorer, a BM® CIIA — tpm (us3
maaHupyembix  11-tm coyramkoB)  ABamrapaa. M Bce  omm
AEMOHCTPHUPOBAAH TOT JKE BUA «3aTaAOYHBIX aHOMAAUI opouT!"

Aasee XoaraeHA OTMEYAET, YTO IPH OTCYTICTBHH aAEKBATHOM
TEOPUM BO3HHMKAA HEOOXOAUMOCTH B "pakere, KOTOpas HMeAa OB

«

AOCTATOYHO TOITAWBA, ITOOBI IIPOTUBOCTOATDH AFOOBIM HC

HBOTOHOBCKHM HCOHPCACACHHOCTHM”, C KOTOPBIMH OHAa CTOAKHCETCS Ha
"

OyTH. ..

MTaK, OHCPICTUYICCKHUC PECYPChI PAKETBI ITO3BOAAIOT COO6H_II/ITb

CIIyTHUKY HEKOTOPYIO CTapTOBYIO CKOPOCTb V OaHako peaAbHAs

P
TPAEKTOPHA TAKOBA, YTO AAfl €€ CYIIECTBOBAHMA CITyTHHK AOAMKEH OBIA

OBl IIPHOOPECTH CTAPTOBYIO CKOPOCTH V. > V p AAS OOBSICHEHHSA 3TOTO

IIPOTUBOPEYHA XOATACHA IIPEATIOAATAET, YTO PAKETHI IIPHOOPEAT KAKIM-
TO 0OPA30M AOIIOAHUTEABHYIO 9HEPIUIO B IIPOIIECCE PA3TOHA.

XoaraeHA wuimer — oObACHEHHE BCeM 3TUM (PakTaM B TeOpUH
TOPCHOHHBIX ITOAeH. V3BectHa erme BecbMa HeoObruHas Tteopus [4],
OCHOBAHHAfl HA TOM, 9YTO CKOPOCTH PACHPOCTPAHEHHUA TI'DABHTAITII
KOHEYHA M, CACAOBATEABHO, MOKHO AOIYCTHTb HAPYIIEHHE TPETHETO
3akona Herorona. Hmke obocHOBBIBacTCA OOBACHEHHE.

4. I'paBUTOMArHUTHOE B3aMMOAEHUCTBUE

CIlyTHHUKA U 3€MAU

Aasnee  IIOKA3BIBAETCA, HUTO  OKCIEPHMEHTAABHAS  TPAECKTOPUSA
cuyrauka Explorer-I coBmasaer ¢ pacderHoil TpaekropHen, KOTOpas
ITOAYYEHA C YYE€TOM IPABUTOMATHHTHOH CHABI /\OpEHIIA.
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TabAmnma 1.
PacueTHble
ITapamerp Tpaekropun 3HAYEHUA, DxcrepumeH-
IOAYYECHHBIE TaAbHBIE
TPAAULIIOHHBI- 3HAYECHUA
MM METOAAMH
1 2 3

Amnoreit (km) [2, cTp. 5] a; =1575 an =2534
[epureit (xkm) |2, cTp. 5] P1=224 P2 =360
OpOuraAbHBIN 1TEPHOA (MUH) [2, 105 114.7
crp. 5]
To e, HO BBIYUCAECHHOE B T1 =105 T2 =114.3
AQHHOI CTAThE IIPU AAHHBIX
aroree u Iepuree
CkopocThb BEIBOAA CIIYTHHKA - V| =8129 vy =8214
ckopocTs B repuree (M/cek) [4]
To ke, HO BBIYHCAEHHOE B V] =8125 vy =8210
AAHHOM CTATBE IIPU AAHHBIX
aroree U Iepuree
Boabmras moayocs (km) [5] 7832
DkcrerTpucurer [5] 0.14
Haxaorenue [5] 33,24°
Macca (kr) [5] 21.5 21.5

B [2, 4, 5] npuseaeHs! mapamerpsl Tpackropuu cryrauka Explorer-1,
KOTOpPBIE CBEAEHBI B TaOA. 1. Ob03HaUNM:

-11
G=6.67-10 - TPaBHUTAIIMOHHAS IOCTOAHHAA (3AECH U AaAce
nucrioabsyerca cucrema CH),

R=637- 106 - paamyc 3emAn,

M =597- 1024 - Macca 3eMAn,

m=21.5 - macca CYTHHKA,
p - mepureii (cm. tadA. 1).

Braware MBI OyAeM MOAGAHPOBATH PACYETHYIO TPAEKTOPHIO,
BEIOMPAA CTAPTOBYFO CKOPOCTb TaK, YTOOBI OHA IIPOXOAHAA dYepes3
AAHHBIC TOYKM IIEPUTES M aIrlores M HMMEAA 33AAHHYIO AAHTEABHOCTDH
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00opoTa. AAfl 3TOrO pPacder TPACKTOPUU MOMKET BBITOAHATCA ITO
dopmyae
27
dr
g="5, )
dt
rAe
g - YCKOpEeHMe, BBI3BAHHOE IPUTHKEHUEM 3EMAH,
[ - TekyIee Bpemd,
7(X,y) - BekTOp paccTrosiHus oT 3eMAH AO CIIyTHHKA, TA€ CHCTEMA

ITAOCKHX KOOPAHHAT IIPHUBA3AHA K IICHTPY 3EMAH.
Vckopenne BoraucafeTcs, Kak H3BECTHO, 110 hopmyAae [3]

G-M-r
4
HpI/I 9TOM HAYAABHBIC 3HAYCHHUA AOXHBI UMCTh CACAy}OI_L[I/IfI BHA:
X,=1, =R+ p,

3
¥, =0, €)
(dx/dt), =0,

(dy/dt)o = vya s (4)

TAC Vyo - CKOPOCTb CIIyTHHKA B II€pHree. Jror pacdeT MOXHO TaKXKe

BBIITOAHHTD 110 aHAAUTHYIECKUM popmyaam [6]:

) =——
4 l-e cos(go)
l"2V2
0 "y0
e ()
P
e=1-—,
To

TAC
@ - yroa Bektopa ! (¢) C OChIO abcrItrce,

P - mapamerp aaamrica (tpaextopuu criyTHUKA),

e — SKCHCHTPUCHUTET IAAHUIICA.
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Ha puc. 1 u3 [2] moka3aHBI TPAEKTOPUHU CITYTHHKA

= cuepureen py =0.224-10%u anoreen ay =1.575-10°,
" C IIepureem po = 0.36'106 M aTioreem dn = 2.534-106.
Pasnoctn nepurees Aa = 0.959-106 u amorees Ap = 0.136-106

OTAMYAIOTCA B 7 pa3 - cM. TaOA. 1.

Puc. 1.

Ha puc. 2 moka3aHsl BBIMUCACHHBIC TPACKTOPHH CITyTHHKA
= ¢ uepureen  pp =0.224-10°, amoreew a; =1.575-10°,
CTapTOBOI  ckOopocThro V] =8125, mepmoaom  obOpareHHs

71 =105min aas Teopermaeckoit opbursr (tr),

" ¢ mepureeM Py = 0.36-106, aroreem Ay, = 2.35- 10° ,
CTapToOBOIl  cKOpocThio V) =8210, mepmoaom  obparmeHms
75 =114.3min aas skcrepumenTarbHOl OpOUTH (€X),

" PaAHYC B OKPYKHOCTH 3eMAM (12,02,27).
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Puc. 2 (fspunath, mode=7")

Kak mokasano Bbite, ABWKyImascs macca 1) BO3AEHCTBYET Ha

APYIYIO ~ABIZKYIIYFOCS MACCy H1| IPaBHTOMATHHTHOI cHAOH AopeHIia,
HMMEFOIIIEIT BUA

aﬁwwtﬁw o

TAE

7' - BEKTOP PACCTOAHUA MEKAY MACCAMH,

vl, VQ - COOTBETCTBYIOIIIUE CKOPOCTH,

& - k0abhUITHEHT IPABUTAIIIOHHOT ITPOHUIIAEMOCTH CPEABI,

c=3- 108 - CKOPOCTb CBETa.

B marmrem caygae 3eMAsA BOSACHCTBYET Ha CIIYTHHK, 2 BO3ACHCTBHEM
COyTHHKa Ha 3eMAI0 MOXKHO IpeHeOpeds. Ilpum stoM  yckopenwe,
KOTOpOE IIPHOOPETAET CIYHUK IIOA BO3ACHCTBHEM IPABUTOMAIHUTHOI
CHABI /\AOPEHIIA CO CTOPOHBI 3EMAH,

L=2 35 Gexar) 0

TAE vc N V3 - CKOpOCTI/I CIIyTHHKA 1 3eMAU COOTBETCTBEHHO.
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Koddpurnuenr IPaBHTAIIMOHHOI nponntaemoctu &
IIPUOAU3NTEABHO OIIPEACACH B BBIIIIE HA OCHOBAHUU 3KCIIEPHMEHTOB
CamoxBanoBa. DTOT KO3(P@UIIMEHT 3aBHCUT OT AABACHHA BO3AyXa
HeAnHeriHO. Tpaekropus CHOYTHHKA YAaCTHYHO IIPOXOAHUT — dYepes
arMocdepy, B KOTOPOH AAaBAEHHE MEHAETCA C BBICOTOM, 4 YaCTUYIHO B
KOCMOCE C HYAEBBIM AaBACHHEM. [109TOMY MBI HE MOKEM YIECTh BAUSAHHE
sroro koaddurnmenTta crporo. Aasee MBI OIPEACAUM HEKOTOPOE
CpeAHEe 3HAYEHHE 9TOr0 KO9(D(PUIINEHTA B IIPEATIOAOKEHUM, YTO OH HE
HM3MEHACTCA HA IPOTAHKECHIH BCCH TPACKTOPHIL.

Mrak, ¢ y4erom IpaBUTOMArHUTHOI CHABI AOpeHIIa yCKOpeHHe
OYAEM BEIYHCAATE IO POPMyAE

w=g+L. (7)
IIpn sTOM TpHHUMAIOTCA HaYaAbHBIE YCAOBHA (3, 4) CO CAEAYIOIITIMH
3HAYECHUAMU KOHCTAHT:

6 . . .
p2 = 0.36 ‘ 10 - OKCIICPUMCHTAAPHO HAUACHHBIN IICPUTCH,

V] = 8125 cKkopoCTb CIIyTHHKA B IIEPHIEe, KOTOpas AOCTHUTACTCH B

COOTBETCTBHUH C TCOPCTHUICCKHUM PACICTOM.

Takum 00pa3oOM, LPEAIIOAATACTCA, YTO ABUTATEAN AOCTABAAAM
CIIVTHUKY HMMEHHO Ty CTAPTOBYIO CKOPOCTb, Ha KOTOPYVIO _OBIAM
PACCYHTAHBL. Ho TpaeKTopus OIIPEACASAAACH c yI€TOM
IPaBUTOMATHUTHON CHUABI AOpEHIIa.

6
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Puc. 3 (‘fspunath, mode=10")
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Kpome Toro, mpummMaerca cpeaHee 3HadeHme koaddpurmenTa

IPABHTAITMOHHOMN TpoHmIaevMocTn cpeasr & = 2.65-10°. Dra seawrdmma

. . 12
OTAHUYACTCA OT HAUMACHHOM BBIIIIC BECAMYMHDBI § = 10 AASL BaKyyMa,

IIOCKOABKY CIIYTHHK ACTCA B paSpCH{ﬁHHOfI aTMOC(i)CpC.
Ha pI/IC. 3 IIOKa3aHBI BBIYMCACHHBIE TpaCKTOpI/II/I CIIyTHHUKa C

IIepureem po = 0.36'106:

" TPaeKTOpHA CHyTHHKA CO CTapTOBOH CKOpocThio Vo =8210),

6
arroreem Uy = 2.35-10 U IIEPHOAOM  OOpaIleHUd

T 7= 114.3min aas SKCIIEPUMEHTAABHON  opOuThl  (€X),
BEIYHMCAECHHAA TPAAUIIMOHHBEIM METOAOM — CM. TaK/Ke Ha PHC. 2,

" TPaeKTOpHA CIYTHHKA CO CTAPTOBOM CKOpPOCThIO V| =8125,

6
arroreemM a, = 2.53-10 U IIEPHOAOM obparreHusa
T n = 114.3min, seramcacuuas c YYIETOM IPABUTOMATHUTHOM

cuasl Aopenna (Ir),
" PaAHMYC, OKPY/KHOCTD U LeHTp 3eMAH (1, 2z, 0z).

5. BeiBOABI
HTaK, pCaAbHaH OP6I/IT9. CHyTHI/IKa TaKOBa, 910 HpI/I pacque II10

M3BECTHOH TEOPHMH AOAKHA HMMETh CTapTOBYIO CKopocTb Vo =8210.
OAHAKO CIyTHHK IIO 3aIIaCaM 3HEPIUU MOI AOCTHTHYTB CTapTOBOMN
ckopoctu V] =8125 (VZ -V 285). AAg OObsAcHEHHMsA  3TOTO

IIPOTHBOPEYHA IIPEAITIOAATAAOCh, YTO CIYTHHK BO BpeMs pas3roHa
ITOAYYHA AOIOAHHTEABHYIO 3HEPIUIO (M3 HEM3BECTHOIO HMCTOYHUKA) U

Aoctur crapToBo# ckopoctr V) =8210. B cratpe mokasano, 94To CIIyTHHK

U IIpH CTApTOBOH cKkopocTtn V] =8125 (6e3 moAydIeHns AOIIOAHHTEABHON

3HEPIUH) MOT UMETh YKA3aHHYIO PEAABHYIO OpPOUTY.

Taxum oOpazom, HaOArOAaeMad TpaekTopua cruyrHuka Explorer-1
COBIIAAQAET C TPAECKTOPHEH, BEIMMCACHHOM IO IIPEAAATAEMOIT TEOPHUH, T.€.
OHA MOXET OBITh OObBACHEHA O€3 IPUBACYCHHUA HEH3BECTHBIX
HCTOYHHUKOB 3SHEPIUM, 4 TOABKO C YYE€TOM IPABUTOMAIHUTHOM CHABI
Aopemnra. [Ipu 9T0M HCTOYHHUKOM 3HEPIHH ABAACTCA IPABUTAIIMOHHOE
moAae  3emMAm  (IIOAOOHO — TOMy, Kak  3HEpPIHA,  pacxoAyemas
IACKTPHYECKUMH 3aPSAAMHE ITOA ACHCTBHEM CHA AOPEHIA, ITOCTABAACTCH
HCTOYHUKOM TOKQ).
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VkazaHHAA BBIIIE HE3HAYUTEABHAA PA3HHUIA MEKAY IIEPUTEAMHU
MOKET OBITh OBFBACHEHA TAK/KE, KAK U PA3HUIIA MEKAY AITOTEAMH, HO AAA
3TOTO HAAO PACCMATPHUBATH TPACKTOPHUIO PA3rOHA CIYTHHKA, YTO 3ACCH HE
IIPOAEAAHO.

Bmecre ¢ Tem coBmaseHme peaAbHOH TPAEKTOPHH CIYTHHKA
Explorer-I ¢ pacderHo#l Tpaekropuei, KOTOpasg IIOAYYEHA C YIE€TOM
[PABUTOMATHUTHOH  CHABL ~ /A\OpEHIA,  fABASETCA  €IIE  OAHHUM
ITOATBEp:KACHUEM TOTO, 9TO0 MI'M-ypaBHEHHNA CIIPaBEAAHUBHI U BakyyMm (U
AFODAfl MHAA CPeAd) ODAAAAET TPABUTALIHOHHON IIPOHHIIAEMOCTBIO AAf
IIepeAaYr MATHUTOIPABUTAIIMOHHEIX B3ANMOACHCTBUI MEKAY MACCAM.
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I'aaBa 4.9. Mexasn3M BO3SHUKHOBEHU A
I METOA PacdeTa TYPOYACHTHBIX
TeYeHU

OraaBAeHTE
1. Berynaenme \ 139
2. I'paBUTOMArHUTHOE B3AMMOACHCTBHIE ABIIKYIIUXCs Macc \ 140
3. I'paBuTOMarHUTHOE B3AMMOAECHCTBHE KaK IIPHUIHHA
TypOyaerTHOCTH \ 141
4. KoamgectBeHHsle onenkn \ 142
5. Ilpumep: TypOYAECHTHBII TOTOK BOABI B Tpybe \ 143
6. YpaBuenus TypOyAeHTHOTO OTOKA \ 145
Awnreparypa \ 148

1. Bcrymaenne

Hrxe mpeasaraercss OOBACHEHHE MEXaHHU3Ma BO3HHUKHOBCHISA
TYPOYACHTHBEIX TEYCHHH, KOTOPOE OCHOBAHO HA MAKCBEAAOIIOAOOHBIX
MI'M-ypaprenusx. [TokaspBaeTcs, 9TO ABIKYIITHECA MOAEKYABI TEKYITICH
KHAKOCTH B3aHMOACHCTBYIOT MEKAY COOONM aHAAOTHYHO ABHIKYIITHMCS
aAekTpudeckuM 3apAAaM. CHABI TaKOro B3aMMOAECHCTBHUA MOIYT OBITH
pacunTaHbel U BKAIO4YeHBI B ypaBHeHus Haspe-Crokca Kak MaccOBBEIE
cuapl. YpaBuennsa Happe-CrTOKca, AOIOAHEHHBIE TAKHMH CHAAMH,
CTAHOBATCH YPABHEHHUAMU THAPOAUHAMUKH AASL TYPOYACHTHOIO TE€YCHUS.
IIpu aTOM AAfL pacdera TYPOYACHTHBIX TE€YEHUN MOKHO HCIIOAB30BATDH
HU3BECTHBIE METOABI perenus ypasaennii Haspe-Crokca.

B raase 1 mnokazamo, uro MI'M-ypaBHeHHSA AOAMKHBI OBITH
AOIIOAHECHBI HEKOTOPBIM OMITUPHUYCCKHM koo purmeHTOM
IPABUTALIMOHHON IIPOHHUIIAEMOCTU CPEABL. DTOT KOI(PMHUIMEHT AAA

BaKyyMa HMEET BEAMYHMHY HOPAAKa & ~10? u PE3KO YMCHBIIACTCA C
VBEAHYEHUEM AABACHUA. OTO OODBACHAET OTCYICTBHE  BHAMMBIX
3(pPEKTOB TPABUMATHHUTHOIO B3AaUMOACHCTBHA ABIUKYIIHXCA MacC B
Bosayxe. OAHAKO B BaKyyMe€ 9TH  B3aUMOACHCTBHA  OTYETAHBO
OPOABAAFOTCA.

B 1moToke KHAKOCTH  ABHKYIIIMECA MOAEKYABI Pa3beAMHEHEBI
BakyyMOM. [l03TOMy CHABI HX TPaBHTOMATHHTHOTO B3aMMOACHCTBHA
MOTYT OBITh 3HAYHTEABHEIMH H BAHATD HA XapaKTep TCYCHUA.
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V3BecTHO, 9TO HPHU YBEAHMYEHUHU CKOPOCTH AAMHHAPHOIO TEYCHUS
KHAKOCTH HAHM Ta3a CAMOIPOU3BOABHO (0€3 HAAUYHA BHEIIIHUX CHA)
BO3HUKaeT TypOyaenTHOE Teuenue [1]. MexaHH3M caMOIIPOM3BOABHOIO
IIEPEXOAA OT AAMHHAPHOIO TEYEHHUA K TYPOYACHTHOMY HE HAHACH.
OwueBuaHO, AOAKEH OBITH OOHapyKEH HCTOYHUK CHA,
IIEPIICHAUKYAAPHBIX CKOPOCTH IIOTOKA.

Aasee TOKa3BIBAETCA, YTO IPABUTOMATHUTHOE B3aMMOACHCTBHE
ABITKYIIIHIXCA MACC JKHAKOCTH MOJKET OBITh IIPUYHUHOH BO3HUKHOBEHIA

TYPOYACHTHOCTH.

2. I'paBUTOMArHUTHOE B3aMOAEHUCTBHE
ABYDKYIIIUXCA MACC
PﬂCCMOTpI/IM ABE MaCChI ml nu I’H2 5 ABH)KYH.IHeCH CO CKOpOCTHMI/I

V] m V) coorserctBeHHO. B mpuaoxkennn 5 raaser 1 mokasano, 9ro B

3TOM CAyYae BO3HUKAIOT I'PABUTOMATHHTHEIC CHABI /\OPEHIIA, KOTOPHIC
HMEIOT CACAYIOINMN BHA (3A€CH  OPTBI  CKOPOCTEH OOO3HAYEHBI

IITPUXAMH):

Fp=0f13, ®

J21=01 x (3 <)) ©
iz =0 x (] x ), @

¢&G - mymyvyvy 5
2 2 b ( )
cCr

TAE

O =

mec=2, E~10'2,

HpI/I HﬁpaAAGAI)HbIX CKOpOCT}IX Vl = Vz %8 paBHbIX MacCcCaX CHABI

F|lp =—F>| u AavmmapHOC TeUEHHE COXPAHACT CBOI  Xapakrep.
Opmako B obmem cAydae, KOraa V| #V), BOSHHKAIOT CHABL
Fo #Fyy, T.C. BOSHUKAET HeypaBHOBEITIEHHAS cuAa

AF = F|p + F5|, AciictByrommas ©Ha Maccel M| um M) u
HCKPHUBAAIOIIAA TPACKTOPUU ABIKEHHA 9THUX MacC (3aMETHM, YTO IIPHU
TOM HE CODAIOAaeTcsl coOAropaercsa Tperuil 3akoH Hprorona [2]). M3
IIPUBEACHHBIX ~ (DOPMYA  CAGAYET, UTO HEYPaBHOBEIIIEHHAd CHA2
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HAIIPABACHA IIOA YJIAOM K CKOPOCTH IIOTOK4, YTO HAPYIIACT
AAMHHAPHOCTb.

B mpuaoxennn 5 raaser 1 mokasano Takxe, 910 3(pPEKTUBHOCTD
I'PABUTOMATHUTHBIX CHA /AOpPEHIIa HAMHOIO IIpebirraeT 3PeKTHBHOCT
9ACKTPOMATHUTHHIX CHA /\OPEHIIA IIPU CPABHUMBIX CKOPOCTIX.

3. TI'paBUTOMArHHUTHOE B3AaHMMOAEMCTBHE KaK

IIPUYNHA TyPOYA€HTHOCTH
AAf IOSABACHNA HEYPABHOBCILICHHBIX CHA AOAJKHBI BBIITOAHATCH
CACAYIOIIIIE YCAOBHSA:
1. cKOpOCTH AOAKHBI HMET OIPEACACHHYIO BEAWYHHY (IIpH
KOTOPOI CHABI CTAHOBATCA CYIIIECTBEHHBIMH);
2. AOAKHA BO3HHKHYTb IPHYHHA MECTHOIO M3MEHEHHA CKOPOCTEI],
HAIIpUMeED,
O HOABACHHUE IIPETPAABI
O H3MEHEHHE AABACHHUA IIPU BBITCKAHUH CTPYH H3 BOABL
MOXHO yKa3aTh PAA IPUYHH, YBEAHYMBAIOIINX HEYPABHOBEIIICHHBIC
CHABI

o YBEAHYICHUC TCMHCpﬁTypr, HpI/I KOTOPOM CKOPOCTI/I v1 %8 V2
HCpﬁCTaIOT OBITD HapaAACAbHI)IMI/I H3-13 TEIIAOBBIX CpAYKTyaLIHfI,

® yYMEHBINEHHME  BA3KOCTH,  T.6.  MEKMOACKYAAPHBIX  CHA
IIPUTAKEHHSA, KOTOPHIE IPOTUBOACHCTBYIOT HEYPABHOBEIIICHHOM

CHA€, PA3ABHATAFOITIEH MOACKYABL
MoXHO yKazaTh TaKiKe pPSAA BHEIIHUX (DAKTOPOB, BBI3BIBAIOIIUX
ITOABACHUE HEYPABHOBEIIEHHBIX CHA 32 CYET BHENIHEIO HAPYIIECHNA

ITAPAAAEABHOCTH CKOPOCTEN V| U V) , HAIIpPUMED,

o pesme HN3MCHCHUA TCMHCpaTypr, AABACHUA,

® BIPBHICKUBAHUE AOIOAHHUTEABHOM KHAKOCTH HMAM  APYIHX
BEIIIECTB.

AOKaAbHOE HU3MEHEHHE pPaBHBIX CKOPOCTEH IHapbl CBA3AHHBIX
MOAEKYA, BEI3BAHHOE, HAIIPUMEP, HECUMMETPHUIHBIM YAAPOM, HEU3OEKHO
PACIIPOCTpaHACTCA HA BCIO OOAACTD TEYCHHUS.

[TockoABKy cuAbl /AOpeHIIa HE COBEPINAOT PaOOTHI, SHEPIHA AAA
TYPOYACHTHOTO ABIIKEHUA AOAKHA IIOCTYIIATh U3 SHEPIHH AAMIHAPHOIO
TEYEHNUs, T.€. SHEPIUA BXOAHOTO IIOTOKA AOAKHA IIPEBBIIIATH HEKOTOPYIO
BEAHYUHY AASl BOSHHKHOBEHUSA TyPOYACHTHOCTH.

Vpasuenns Haspe-CTokca TIO3BOAAIOT  OIPEAEAHTH  CKOPOCTH
ITOTOKA, BCTPEYAIOIIIEIO IPErPaAy HMAHM ITOKHAAFOIIETO IIPErpaAy. 3Hasd
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9T CKOPOCTH, ITO YKA3AHHBIM BBIIIIC YPABHCHUAM MOKHO OIIPCACAUTH
HeypaBHOBCI_HCHHbIe CHABL. 3aTeM 3Th CHABI, KaK CPYHKLII/H/I CKOpOCTI/I,
MOIyT OBITh BKATOYEHEI B YpaBHCHUA Haspe-Crokca Kak MacCOBBIE CHABI.

4. KoAnuecTBEeHHBIE OLIEHKU
Paccmorpum dpopmyarr (2.1-2.5). M3 mHux caeayer:
AF =oAf, ©
rAe

Af = o1+ fiz- )
Y AR
A v2

/V1

m2

m1

Puc. 1.

PaCCMOTpI/IM ABE COCCAHHE MOACKYABI JKHAKOCTH. Paccrosaue
MCIKAY MOACKYAAMH KHMAKOCTH OCTACTCS HCHU3MCHHDBIM. B CHAY MAAOCTH
paccrosaHusn r MCEKAY HUMH MOJKHO ITOAAraTh, 9YTO BCKTOPBL CKOpOCTCfI

! ! <
Vl, V2 ITUX MOACKYA HpI/IAO)KCHbI K OAHOHM TOYKE M A€XKaAT B

HEKOTOPOIl olriel maockoctu XOY. Toraa sekrop (9) Tawke AeKuT B
aroii mAaockoctn. Ha pmc. 1 mokasaHo pacrioAoKeHHE BEKTOPOB
or o
Vi, V2, .

B npuaoxennn 5 raaser 1 (cMm. (6)) moka3zaHO Takke, 9TO BEAHYHHA
BekTOpOB (9, 8) onpeaeadrorcsa 1o popmyAsam BHAQ
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Af =rsin(py — ¢y ). (10)
AF = osin(py — ). (11)

Dra cHAa BO3HHUKAET TOTAQ, KOTAA COCEAHHE MOAEKYABI YAAPAIOTCA O
IIpErpaAy IOA Pa3sHBIMU yrAamMu. MOKHO IIOAATaTh, YTO CyMMapHas CHA2
IIPUAOKEHA K OAHOM M3 MOAEKyA. [losTomy oma cosaaer KpyTAIIHEil
MOMEHT AHITOAf, COCTABAEHHOI'O M3 ABYX MOAEKYA,
M =r-AF. 12)
Kaxaan mapa COCEAHHX MOAEKYA KHAKOCTH OOpPa3yeT AHUIIOAb C
kpyramum - MomenTtoMm  (12).  Kpyramme MOMEHTBH  YBEAMYIHBAFOT
AOKAABHBIE CKOPOCTH MOAEKYA KHAKOCTH, 9YTO, B CBOIO OYEPEAD,
YBEAHYHBACT KPYTAIIHE MOMEHTB VKa3aHHBIX AmItoAeit. Iloatomy

TYpOYAEHTHOCTB, HAYABIIINCD, IIPOAOAMKAET pa3BUBATHCH,
PaCIPOCTPaHAACH B OOBEME KHAKOCTH.
®opmyaa (11) OITpEAEAAET CUABL IPaBUTOMATHHTHOTO

BSaHMOACﬁCTBHH MOACKYA JKHAKOCTH, KaK Ct)YHKL[I/HO CKOPOCTCﬁ ITHUX
COIIPHUKACAFOIMUXCA MOACKYA. DU CHABI MOTYT OBITb BKAIOYEHBI B
ypaBHCHI/IH Hasre-CroKca Kak MacCOBBIE CHABI — CM. HIDKE.

5. Ilpumep: TypOyACHTHBIII IIOTOK BOABI B

TpyOe

Aasee paccMOTPHUM CAyYall B3AUMOACHCTBHA CTPYH JKHAKOCTH,
IIPEAIIOAATAsA, YTO B3AUMOAECHCTBYIOT IPYIIIBI MOAEKYA, OOpPasyrOIINX
3AEMEHT CTpyd. PaccMOTpHM YACTHBIM CAyYail, KOTAA y CTPYH BEKTOPHI

CKOPOCTEIT ~ PaBHBI ‘Vl‘ Z‘Vz‘ =V ® MacCel TIPYIII  PaBHBI

my =my = m. Ilpu srom 1o (4) HalIAeM CHAY

2
my
o=¢6G| — | . (11)
cr
TA€ ¥ — pACCTOAHHE MEXKAY CTPYAMH. O0o3HaYNIM Jepes d

XapaKTepHBIH pasmep rpymmbsl (Amamerp crpym) m nepenumirem (11) B
BUAC

FEMY
g:ggG u . (11a)
cr

TAC O - IIAOTHOCTB KHMAKOCTH, 2 MACCA TPYIIIIHI

m:p-d3. (118)
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Puc. 2 (n3 Buxknmeann). Boaanoit map (1) n Boaa (2). MoaekyAbr
BOABI YBEAUYEHBI IIPUMEPHO B 5° 107 pas.

AarpHEHIIINIT IPUMEP OTHOCHTCA K BOAE. IIOCKOABKY B MKHAKOCTAX
MOAEKYABI PACIOAATAIOTCA HA PACCTOAHUAX COM3MEPHUMBIX C pasMepaMu
CaMHX MOAEKYA (CM. pHC. 2), TO PACCTOAHIE MEKAY MOAEKYAAMH ITIPUMEM
PaBHBIM ~ AMAMETPY  MOACKYABI,  KOTOPBIH  AAf  BOABI  PaBeH

r~3-10"12cM. Mrotmocrs  Boant ,0=1F/CM3. Hafiaem  erme
CKOPOCTb IIOTOKA BOABI, IIPH KOTOPOM BO3HHKAET TYPOYAEHTHOCTB.
Mssectno  [3], dro ycAoBHE BO3HHKHOBEHHA TYPOYACHTHOCTH
OIIpEeAEASieTCA KpuTeprueM PelHOABACA, KOTOPBII AAA KPYTAOH TPYOBI
HMEET BUA

Re=Dv/n, (12)

me D - AMAMETP TPYOBI, 7] - KO3(D@HUIIMEHT KHHEMATHIECKOMN

BA3KOCTH. AAfl  BOABI ﬂz0.0ICMz/C [3]. Iycrs D =2.5¢cMm.

TypOyAeHTHOCTH BO3HHKAET, ecAn uncAo Peitnoapaca Re > 2300. [pu
srom ns (12) mafiaem ckopocts TypbyaertHoro nmotoka V =10 cm\cek.
[lycrs  amamerp  Bsammoaeiictsyronmux  crpyii  d = 0.1cM. Borme

ykasano, uto ¢ =2, £ & 1012 ,G=T- 10_8. Toraa us (11a) Hatiaem
a=2-1012-7-10‘8(-0.13-10/6-1010-3-10‘12)zzooom (13)

IIpearroroxum, aTO sin(goz - )z 10_2 . Toraa Hatiaem cuay (9):

AF =20 sun. (14)
Ws (10, 14) maitaem errie KPyTAIIUI MOMEHT:
M =r-AF =2 anw*cm. (15)
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6. YpaBHeHUA TypOYA€HTHOTO IIOTOKA
CuoBa Bepremca k popmyae (5) u3 mpusoxenns 5 raaser 1:

2
lezgffn;@x@xr){nnHa:r Cz}. )
cr ceK
AnaroruuHo 1. 5 Haliaem
AF =8-Af, @)
TAC
ngmz 2
9223{2}’ ¥
cr cm

Af = 901 x 02 x )= (2 x (1 x 7)) @

Vauresas (118), nepenmmrem (3) B BuAe

g§Gp2d6 2
4= 2 |
Cr

(42)
CM

Aasee CHABI, BBI3BIBAIOINNE TYPOYACHTHOCTb, OyAeM OOO3HAdYATH
kax T. B nmpuaoxkennn 3 raaser 1 mokaszano (cm. taxxke puc. 1), aro, ecan
BCE BEKTOPHI ACKAT B OAHOM ITAOCKOCTH, TO (4) 3KBUBAAEHTHO (DOpMyAe

Ty =3 Ry @2xvly ~V2yVIx Ja )
rAe
T 3 - CHIAQ, ACHCTBYIOIIAA HA MACCY, ABHAKYIIYIOCH CO CKOPOCTBIO V)
R, - paccrosnme mexay merTpamn macc.

[Iycte ABe coceAHHWE TIPYIIIIBI MOAEKYA PACIIOAOKEHEI Ha OCH OX.
O0bo3naunM:

R, =dkx, (6a)

Vo) =V, v=v+dv. (68)
Toraa

T, =l9-dx(vxﬁfy+dvy)—vy(vx+dvx)J 7
AN

T, = H-dx@xdvy —vydva. (8)
AHaAOFI/IqHO, AAA HpaBOfI CI/ICTCMBI‘KOOPAI/IHQT HMCECM:

T,=9- dy(vydvz —v.dv, , ©)

Ty =8-dz(v,dv, —vidv,). (10)
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Paccmorpum oneparop (KOTOPEI B AAABHEHIIIEM AAfl KPATKOCTH OYAEM

HA3BIBATH TYPOYACAHOM)

p Dx vy
Z dz Y dz
d
Q(v)=v, y_, dvy) cm | (an
dx Y ddx C€K2
v
v, @z _, Py
dy dy

ITpumep 1. PaccmorpmM mAeaAbHOE AaMHHApHOE TEYEeHHE, B

KOTOPOM vxi(), Vy =0, VZZO. OdesupaHO, TpH  3TOM

Q(V) = 0, T.€. AAMHIHAPHOE TEICHHE HE MOXKET CaMOIIPOU3BOABHO

IIEPENTH B TYPIOYACHTHOE TECUCHUE.

B cootserctBum c (62) mmeem
R=dx=dy=dz (12)
N3 (10-12) caeayer BeIpazeHme

T=R219-Q(v{cm2 .o :r.cfznnHa}. (13)

CM2 CCK CCK

AN

T =39 - Qv )una) (14)

TAC

2 2,6
G :R219:Rg§§’03d[2]. (15)
cr
Bripaxenne (14) ompeaeasier cHAy, AEHCTBYIOIIYIO Ha TIPYIIIY
MOAEKYA CO CTOPOHBI TPEX COCEAHHX IPYIII MOAEKYA, HAXOAAIIMXCA
IIEpEA HEH Ha OCAX KOOPAHHAT, €CAH AH(M@PEPEHINAAB KOOPAUHAT

PaBHBI PACCTOAHUIO MEKAY MoAekyAamu (12). Dra cmaa aedictByer Ha

4d>
0OBbEM YETBIPEX IPYIII MOAEKYA, T.e. Ha OOBEM . [loatomy cmaa,
ACHCTBYIOIIAS HA EAUHIYHBIN OOBEM,

JUHA r
T, :me(v{ ) 2}, (16)
CM~  CeK CM

TAE
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9 _R2g§Gp2d3{ r }
- 3

p =
" ad3 4¢3 Lem
AN
P —ngpzdS{ - } a7
" 402r3 CM3 ’

nockoAbky R = d.
3aMeTUM AAf  CPaBHEHHSA, YTO B VPaBHEHHAX TI'HMAPOAMHAMUKA
{HI/IHa cM
= 5 |
r CEK
CHABI, ACHICTBYIOIIEH HA EAMHUYIHBIH obbeM,

me|:)1HHa r _AuHa r 2:|. VIMeHHO TaKyiO pPasMepHOCTb

Pa3MEPHOCTh MAaCCOBOM CHABL )

m a PasMEpPHOCTD

r CM3 CM3 CechM

nmeer u cuaa (16). Ilpu atom kosadpdunuent (17) umeer pasmepHOCTH
IIAOTHOCTH U MOJKET OBITh Ha3BaH TYPOYACHTHON IAOTHOCTBIO AAHHO
KIAKOCTH.

ITpumep 2. Haiiaem TypOYAEHTHYIO IIAOTHOCTD Pm BoABL Mmeem:
pzlr/CM3, d~0.1cMm, ¢ z3-10100M/ceK, c=2, §z1012.
[Tyctes Amamerp crpym d~0.1cM u PACCTOSIHHEE MEKAY CTPYAMU
r= 10_8 CM. Toraa

cGp*a® 2-102.7.1078.1078

2.3
4¢°r 4.6.10103{0—83

CcM

Pm

Cuasr (16) moryr Obite BkAIOYeHBI B ypaBHeHus Hasbe-Croxca.
Vpasuennsa Happe-Crokca, AONOAHEHHbBIC TAKUMH CHAAMH, CTAHOBATCHA
VPaBHCHUAMU THAPOAUMHAMMKI AAA TVD6VACHTHOI‘O TCYCHMA.
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Typbyaean (11) 1o cTpyKType aHAAOTIYEH BBIPAKEHUIO

Oy ), Oy, OV
Yox Yoy Yoz
ov ov ov
Vy=|v, 2 +v, L4y, Y| (18)
D o 7 e
v ov, ‘v, ov, ‘v, ov,
| Ox oy oz |

Bxoadmemy B ypasHeHusa Haspe-Crokca. Ilostomy A pacuera
TYPOYACHTHBIX TEYCHHN MOKHO HCIIOAB30BATh M3BECTHBIC METOABI
pemenus ypasHenuii Happe-Crokca u
IIPEAAOKECHHBIN B [4].

Brrpaxenmne (18) sxoauT B ypasaenne Haspe-Crokca ¢ MHOKHTEAEM
L. CacpoBareapno, TypOyacan (11) Oyaer BAmATD Ha percHHE

, B TOM UHCAE, MCTOA,

ypaBHeHus, ecan Koaddurment (17) Oyaer mmers 3Havenue Oy, ~ 0.

Awnreparypa
1. MBanos b.H. Mup dusumgeckoit ruapoanaamukn. Ot mipobaem
TypOyAeHTHOCTH AO u3uku Kocmoca. Msa. 2-e. — M.

Eauropnaa YPCC, 2010. — 240c.

2. 3uasbepman I'.E. DaexrpuyectBo m maraernsm, MocCkBa, H3A.
"Hayxa", 1970.

3. Buabaep SIM. m Ap. Cropasounoe mocoOHe IO THAPABAHKE,
THAPOMAIIIIHAM U THAPOIIPHUBOAAM, H3A. '"'Bblcimas mmkoaa',
1976.

4. Xmeapauk C.J1. Vpasaenna Hasve-Crokca. CymiectBoBanue u
METOA ITOHCKA TIAOOAABHOTO peIleHHA (BTOPAs PEAAKIIHA).
Published by “MiC” - Mathematics in Computer Comp., printed
in USA, Lulu Inc., ID 9971440. Uspanas, 2011, ISBN 978-1-
4583-1953-1.

5. Xmeapnuk C.M. MexaHusM BO3HHKHOBEHHA M METOA pPacdera
TYPOYACHTHBIX TedeHHH. /AOKAAABI HE3aBHCHMBIX aBTOPOB,
ISSN 2225-6717, Ne 21, 2014, a TaKKe
http://vixra.org/abs/1404.0888, 2014-04-11.
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I'AaBa 5. DKcIIepUMEHTEI

CyIecTByIOT 3KCIIEPUMEHTEI, KOTOPBIE O€3 OrASAKM OTHOCAT K
BCYHBIM ~ ABHTATEAfIM, TOABKO IIOTOMY, 9TO HET IIPHEMACMBIX
oObAcHeHHI. MeXAy TeM HEKOTOpBIE N3 HHX MOMKHO OOBACHHUTDH
IIPEATIOAOKEHIEM O 3HAYUTEABHOW BEAHYMHE I'PABUTOMATHHUTHBIX CHA.
[ToapoOHee Takume OSKCHEPHUMEHTHI H HX MATEMATUYECKHE MOACAHU
OIIHCBIBAIOTCS HIDKE.
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MaBa 5.1. 3kcnepumeHTbl CamoxBanoBa

I'aaBa 5.1. DkcriepuMeHTHI
CamoxBaAOBa

OraaBaenwne
1. Berymaenue \ 151
2. Iepssiit skcriepument \ 152
3. Bropoit sxkcriepument \ 154
4. Poab rpaBrromarHuTHEIX cua Aopenna \ 156
5. Hexoropsle skcrieprMeHTAABHBIE OIEHKH \ 159

Awureparypa \ 160

1. Bcrynaenue

CaMOXBaAOB 3aAyMaA H BBITOAHHA CEPUIO HEOKHAAHHBIX K
VAUBUTEABHBIX ~ 9KCIIEPHMEHTOB, KOTOpPBIC, IIO-BHAUMOMY, MOKHO
OOBACHUTD B3aUMOAEHCTBHEM HEPABHOMEPHBIX TOKOB Macc [4-8]. Aas
aBTOPA 3TU 9KCIIEPHUMEHTHI IIOCAYKUAU CTUMYAOM K Pa3pabOTKe AAHHOM
TeMBI. AHAAUBHUPYS 3TH 9KCIIEPHMEHTBI, MOKHO OBIAO IIPEAITOAOKUTD,
YTO OHH COOTBETCTBYIOT ypaBHEHHAM MakcBeAAa AAfl IPaBHTALINML

MOKHO OBIAO YBHAETB, UTO HEPABHOMEPHBIE TOKH Macc J g CO3AaroT
HepEMEHHbIE  TIPABUTOIAEKTPHYECKYIO — HANPAKEHHOCTH L g T

IPABUTOMATHUTHYIO ~HHAYKIIIIO B g [Ipu B3aMMOAEHCTBHH  3TOM

HHAYKIIIH C MacCaMu M, ABIKYITIUMECS CO HEKOTOPOW CKOPOCTBIO V
BO3HUKACT IPABUTOMATHUTHASA CHAQ /\OPEHIIA.

Bakno ormeruts, uTO0 3PPEKTH OBIAM HACTOABKO 3HAYHTEABHBI,
YTO AAA UX OOBSACHEHHS B PAMKAX YKA3aHHBIX YPABHECHUN IPABHTALIIN
HEOOXOAUMO  OBIAO  AOIIOAHUTH  9TH  YPABHEHHSA  HEKOTOPHIM
SMIIUPHIECKHM K03 pUIIneHTOM 5 . Aaaee IOKa3pIBaeTCA, UTO IpU
TAKOM AOITOAHEHUU PE3YABTATH SKCIIEPHMEHTOB XOPOIIIO COTAACYIOTCH C
ypaBHeHHAM MaKCBeAAd AAA  IPABUTALINM, KOTOPBIE MBI  BBIIIIE
AoroBopuAnce HaseBate MIA-ypaBHeHIAME.

Heobxoaumo ormernts, uro (CaMOXBAAOB Takoe OOBACHEHHE
CBOHUX 3KCIIEPUMEHTOB.
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2. IlepBbIil 9KCIIEPUMEHT.

Paccmorpum sxcriepument CamoxsasoBa, onmcanasii B [1]. Apa
AFICKA ITOMEITIEHBI B BAKYYMHYIO KaMepy, pas0aAaHCHPOBAHEI (IIEPEKOCOM
ocel) © Bpamarorca B OAHY cropoHy. Ilpm stomM o00a Awncka
reperpeBaroTcs. TeXHIYIeCcKHe IapaMeTphl YCTAHOBKH TAKOBBL:

® MaTepUaA AMCKOB AAFOMIHHI

® AABAGHHE B KaMepe IT1a

®  IIAOTHOCTH AAAFOMITHUS P = 2.7t/ CM3
® TOAIIIMHA AMCKOB h ~ 0.09CM

® AWAMETP AMCKOB 2R =16.5cm
®  3a30p MEKAY AUCKAMHU d = 0.3cMm

® OmeHHE IO TOPIAM 0.05cm

® KOAHYECTBO OOOPOTOB f ~ 50/ cek

e Temmepatypa reperpesa (B [1] ckazaHo, YTO M3MEpPEHHOE Yepes
HECKOABEO MHUHYT IIOBBIIIIEHHE TEMIIEPATYPHI COCTABAAAO

50K)

byaem paccmarpuBath BparieHme AHMCKa KakK MAacCOBBI TOK. MokHO
ITOAATaTh, YTO 3TOT TOK OOPa3yeTcsA ABH/KEHHEM MAaCChl IO OKPYKHOCTH

BHEIITHEM IIOAOCHI AUCKA PAAIYCOM R=Tcm n pasmMepoM CEUCHUA

S ~0.3-2.5cm% ~7.5cm? . 1)
CkopocTb 9TON Macchl

v=27nR-f=2x-7-50~2200cm/ cex. )
CAeAOBATEABHO, MACCOBBIM TOK

Jo =8Spv~=T7.5-2.7-2200=44002/ cex . ?3)

DTOT TOK ABASCTCA IIEPEMEHHBIM M3-32 OMEHHA AUCKOB. B coorBercTBrn
c (1.2.4) sror TOK BBI3BIBACT IIEPEMEHHYIO AKCHAABHYIO (IO ocu OX

AI/ICKa) HMHAYKIIHUIO, CpCAHIOIO II0 ITAOIITAAH prra paAI/Iy'COM R 5

286U,

¢ CR @

AN

_2:£-7-107°-4400
¢ 3.10".7

Dra MHAYKIUA ABAAETCA IEPEMEHHON BO BpeMEHHU H3-3a OmeHuil. byaem
ITOAQTD, YTO KPYroBasd 4acTOTa STOH MHAYKIIMH PaBHA

~3£-1077 5)
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w~27f =314. ©

B coorsercrBmm ¢ (1.2.9), cmaa BHXPEBOro 3AECKTPHYECKOTO TOKA,
CO3AaBAEMOTO IIEPEMEHHBIM I'PaBUTOMATHUTHBIM ITOTOKOM,

n d(Dg
© "R di )
AN
_ho
Jo="7 ®

g€ R g-
B mamrem cayuae
O = 2p _ 2 -15
g =PnR" By = R~ -3-107 7, )

TAE ﬂ — k03P PHUIHEHT OCAAOACHHUA MHAYKIIHH HA YPOBHE BEAOMOIO
AMCKa (13-32 3a30pa). CAEAOBATEABHO,

_ nw 2
‘]ge —C?ﬂﬂ'R Bg (10)
AN
1.8-10".314 s B
W= g P8RS 3107 = 22107 oy

DTOT  9AEGKTPUYECKHII TOK IIOBBIIIAET TEMIEpAaTypy AuCKa. B
SKCITEPUMEHTE ITOKa3aHO, YTO TEMIIEPATypa AMCKA ITOBBICHAACH Ha

AT ~ 100 FpaAyCOB. PaCCMOTpI/IM SKBHBAACHTHOC HaHpﬂ)KCHI/IC
E, =JgeR, (11)
" 6yA€M IIOAAraTh, 9TO TaK IIOBBICUTH TCMIICPATYPYy AHMCKAa MOTAO OBl

manpsxerne E,. 13 (10a, 11) Haxoanm

-6
E,=&B107°. (12
[IpeAnonoxnm, 9uTO Takoe skBHBaeHTHOC Hampsikenme [, =200.

Toraa HaiAeM

gﬂzZ-IOS. (13)

SACCB é 3aBHCUT OT AABACHUA, a4 ﬂ 3aBUCHUT OT 3a30pa. HO/\araﬂ, 9T1o

ﬂ = 1/d2 u suas d ~0.3CM, naxoamm ﬂ ~0.01. Takum obpasom, ma

OCHOBAaHHHU SKCIICPUMCHTA CaMOXBaAOBa MOKHO TIPEAIIOAArATH, YTO IPH
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VKA3aHHBIX YCAOBHAX KOI(MDPUITHEHT IPaBUTALMOHHON IPOHHUIIAEMOCTH
pu Aasaennn 0.1 aTM paBeH BeAnInHE

§p(0.1)z2-1010. (14)

3. Bropoii sxcnepumeHT

Paccmorpum sxcniepumentsr CamMoxBaAoOBa, onmcanubie B [2]. Apa
AVICKA TIOMEITICHBI B BAKYYMHYIO KaAMEPY, Pa30aAaHCHPOBAHEL (IIEPEKOCOM
oceit). [IlepBelii w3 HuUX Bpammaerca IPUHYAHUTEABHO, a BTOPOM

PaCKpy4ImBaCTCA 32 CYCT BO3ACHCTBUSA TIEPBOTO. Yacrora f2 BpamieHus
BTOPOTO (HpI/I IIOCTOAHHON YACTOTE BpamieHus HCpBOI‘O) 3aBHCHUT OT
3230pa MEKAY AMCKAMI d U AABACHHA B BaKYYMHOI:I Kamepe p. Mosxno

IIOAATaTh, 9TO YaCTOTA BpaH_[CHI/IH BEAOMOTIO AMCKA

H(p.d)=fap(p): fr4(d). (1)

Samoh2

35

30

25

20

10

N

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
p

Puc. 1.

B sxcrrepumenTe mcCAEAYFOTCA 3TH 3aBUCHMOCTH.
3aBHCHUMOCTB YaCTOTBI OT AABA€HUA AaHa B [2] Ha pucC. 2, OTKyAd
HaxoauM pu d =0.2:
p=[0.1 ,0.3 ,0.5 ,0.7,0.9,1] (aTMm),
f=[24, 17, 8, 2, 0.2, €1,

154



MaBa 5.1. 3kcnepumeHTbl CamoxBanoBa

TA€ & — MaAasg BEAMYHHA, KOTOPYIO HE IIPEACTABAAETCA BO3MOKHBIM
OIIPEACAUTH ITO pe3yAbTaTaMm akcrepumenTta. Ha pmc. 1 mokasama sra
SKCIIEPUMEHTAABHAS 3aBUCHUMOCTD (KPYKKaMH) M (CIIAOIIIHOM AMHUEI)
AIIPOKCUMHUPYIOIIAA (PYHKIIHA B BHAE IOAMHOMAa C 5-F0 YACHAMU.
byaem mmoaaratse, uro

£(p.d=02)=f,,(p) £,,(0.2) @

B wactrOCTH, ITO armTpokcuMupyromIeil (OYHKIINHI HAXOAUM:

£,(0.1, 02)=25, £,(0, 0.2) ~35. (2a)

3aBHCHMOCTB YaCTOTBI OT PACCTOAHMA AaHA B |5, puc. 3], oTkyAa
HaXOAHM:
d=[0.15, 0.2, 0.25, 0.3] (cm),
f1=[24, 17, 6, 5] npu p=Ilamm,
£102=[30, 25, 12, 10] npu p=1.02amm .

Samoh4
45

40

35

30

25

20

15

10

0.6 018 02 022 024 026 028 0.3 0.32
p

Puc. 2.

Ha puc. 2 1mokasaHBI 3TH 3KCIIEPUMEHTAABHBIE 3aBUCHMOCTH
(Kpy’KKaMH), UX AIIPOKCUMHPYIOIUE (DYHKIUN (CIAOIITHON AMHHUEH)

BuAa d + b/ d 2 1 pyHKIIA
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2
fra(d)=1/d*. 3)
B mepBom npuOAMmKeHHH AAS AQABHEHIIETO OYAEM ITOAB30BATBHCA

cbynxrmeit (2). B wacrnocru, mpu d = 0.2 (cm) nveem:

f24(0.2)=25. (3a)

Asasns ymii f3,(p) 1 foq(d)

VaureBas (2, 3a), HAXOAUM:

fap(P)= 12(p.02) f24(0.2)=0.04 /5 (p.0.2). 4

B wactHOCTH, 13 (22) HaxOAKM:
£,,(0.)=0.041£,0.1, 0.2)=0.04-25=1, ®)
£,,(0)=0.04£,0, 0.2)=0.04-35~1.5, ©)

Hirxe B (11.3.7) mokasaHo, 4910
fzp(p)=w9-cf]%(p)- ®)

Takum obpasom,

&p(p)=~
M3 (9) caeayer, uro

p(0) | f2,(0)

£(0) | fap(p)

B nepBom skcriepumenTe okazaHo, 9TO
£,(0.1)~2-10'°. (11)
Cosmemnas (5, 6, 10, 11), moayuaem:

i [ [T
§p(0)~§p(0'1) m~2 10 \/T~2.5 10

Orcroaa HAXOAUM TPYOYIO OIEHKY I'PABUTALIMOHHON IIPOHHUIIAEMOCTH
BaKyyMa:

fzp (n)

©)

(10)

£~10" (13)

4. PoAp rpaBUTOMAarHUTHBIX CUA AopeHIIa
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B skcmepumenTax CaMOXBaAOBA BEAYIIIUHA AUCK YBAECKAET BEAOMBIN
auck. Hrxe mpeasaraercd OOBACHEHHE MEXaHH3Ma TAKOIO ABACHUAL
CaMOXBaAOB OTMEYAET, YTO CHAYAAAd BO3HHKAET BHOPAIINA BEAYIIETO
AWICKA, 4 3aT€M HAYMHAETCA BPAIIIEHIE BEAOMOIO AUCKA — AAE€E CM. pHC. 3.

Puc. 3.

BubGpanma AUCKOB OOBACHACTCA CACAVIOIINM OOpPa3soM — CM. PHC.
3. Beirrre, mpu aHaAn3e MepBOro 9KCIEPUMEHTA, IIOKA3AHO, ITO BEAYIIIHIL
AHICK IIPEACTABASET COOOIT IIEPEMEHHBIH MaCCOBBIH TOK (2.3) ¢ KpyroBoit

qacToToil (2.6). DTOT TOK MACCBI M, , ABFUKYILHIICS CO CKOPOCTBIO Vi,
CO3AAET TIEPEMEHHYIO TPABHMATHUTHYIO HHAYKITHIO B g (2.4), xoropas

HAITPABACHA IIEPIEHAUKYAAPHO MACCOBOMY TOKY BEAYIIIETO AMCKA, T.€. ITO
PAAIYCY AMICKA B ITAPAAAEABHO €TO ITAOCKOCTH — CM. 3aMKHYTYFO KPHBYIO
Ha puc. 3. Bekrop 210l MHAYKIINI HAa YPOBHE BEAOMOTO AMCKA ABHZKETCA
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CO CKOPOCTBIO V| OTHOCHTEABHO Macchl 1) BEAOMOro Amcka. [Ipu
3TOM BO3HHKACT TPABHTOMATHHTHAS CHAa /\OpEHIIA, ACHCTBYIOINASA Ha

MaCCY I’I’lz , HaHpaBACHHaH BCPTI/IKaAbHO 1 UMCIOIIIAaA BUA
. -
Fy=myv,B, - )

BbIH_IC, IpyU aHAAH3C IICPBOIO ISKCIICPUMCHTA, IIOKA3aHO, YTO MACCBI

My, M) ABAAIOTCA MACCOM OKPY/KHOCTH BHEIIHEH ITOAOCHI AMCKA

paauycom R = 7cM m pasmepom cedenmsa (2.1). Dra macca paBra

my =my =27RSp . 2
Cuaa [ manpasaeHa IEPIEHAMKYASPHO IIAOCKOCTH AMCKA M MEHAETCS
C YaCcToTOun f ~50/cex , BBI3BIBAfA BHOPAIIMIO BEAOMOIO AHCKA.

OueBHAHO, CKOPOCTH V) 3TOH BHOPAITMH IPOMOPIIMOHAABHA CHAC Fl ,
T.€.
vy =al, 3)
rAe & — HEKOTOpad KOHCTaHTA.
DTOH Ke CHAOH MOKHO OOBACHUTDL 'KOAeOATEADHBII XapaKTep
IIPOIIECCA OTTAAKUBAHHA 3KPAHA C HAPACTAHHEM AMIIAUTYABI KOACOAHHIT

(yrAa OTKAOHEHHS PAMKH), IIPH YCTAHOBHBIIECHCA YaCTOTE BPAILCHUA
Ancka', ato dpukcupyercs B skcrrepumerTax CaMOXBAaAOBa, OIMCAHHBIX B

[5].

Bpamaromiaa cmaa, AEWCTBYIOIIAA HAa BEAOMBIM AWCK,
OOBACHACTCA CACAYIOIIIM OOpa3oM — cM. pHuC. 3.. Paccmorpennas BbiIie

IPAaBUTOMATHUTHAA MHAYKIIHA B g (2.4), cozpaBaeMas BEAYIIIIM AHCKOM,
HAIIPABACHA IIEPIICHAUKYAAPHO MACCOBOMY TOKY BEAYIIIETO AHCKA, T.€. IIO
PAAHYCYy AMICKA M ITAPAAACABHO €r0 IAOCKOCTH. DTa MHAYKITHA ACHCTBYET
Ha BEPTHKAABHO BHOPHPYIIYIO MacCy M)  BEAOMOTO  AMCKa

rpaBuToMarHuTHOH craoi Aopenra (1.1.1):
_ 5
F2 —mzszg;_ @)

Dra cuAa HaHpaBACHa IO KACATEABHOM K OKPY)KHOCTI/I AYICKa, T.K.

HEPIIEHAUKYAIPHA HAIIPABACHUAM HHAYKITIHA B g (koTOpas

HATIPABAECHHA IIO PAAUYCY AUCKA) M CKOPOCTH V) (KOTOpas HAIIpaBAEHA

HCpHCHAI/IKyAHpHO IIAOCKOCTH AI/ICKa). BAaFOAap}I TOMY, YTO CKOpOCTI)
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V2 BI/I6paHI/II/I 1 MHAYKIIHA Bg HN3MECHAROTCA CI/IHXpOHHO, BCKTOp TOM

CHABI HE MeHAeT HampaBAcHue. (OUEBHAHO, CKOPOCTb BpAILCHUA
BEAOMOTO AMCKA IIPOIIOPLIMOHAABHA CHAE Fz, T.e. KOAHYECTBO €TI0
000poTOB

Jf2 =7, ©)

rAe ¥ — mexkoropad koHcranTa. O0beannas (1-5), moaygaem

/> =7’szng%= szg%aE =

2. ©6)

= ym,B, £0[m2leg § - ay| m, ¢
c c c

g

HOCKOAI)KY FpaBI/IMaFHI/ITHaH MHAYKISA Bg HpOHOpHI/IOHaAI)Ha

IPaBUMAarHUTHON IPOHHUIIAEMOCTH f (aro caeayer m3 (2.4, 2.5)), 1O

KOAHTYECTBO O60pOTOB BECAOMOIO AMCKA

fo=9-&%. @

T.€. HpOHOpLII/IOHaAbHa BEAMTYMHE é:z C HCKOTOprM KOB@@HHI/ICHTOM

IIPOIOPIINOHAABHOCTH. DTO COOTHOIIEHUE HCIOAB30BAHO BBIIIIE IIPH
aHAAM3€ BTOPOTO KcepuMeHTa — cM. (3.8).

5. HexoTopble 3KCIIEpPUMEHTAABHBIE OIIEHKU
Anaans skcrepumeHTOB CaMOXBAaAOB2, PACCMOTPEHHBIX BBIIIE,
ITIO3BOASIET IIOAYYUTh rpyoyzo OIICHKY xoacburnmenra &

IPAaBUTAITMOHHON IPOHHUIIAEMOCTH:

12
E=107. (1)
Ora  BEAHMYHMHA  MOKET OBITH CHABHO  3aHIDKCHA, ITOCKOABKY

9KCIIEPUMEHTHI BBIIOAHAAUCH HIPU CPEAHEM BaKyyMe, 2 5 pacrer ¢
ymeHbIreHnem AaBaeHudA. [Ipu armocdepHOM AaBAeHHH «f =0, uro

OOBACHAECT ~ OTCYTCTBHE  BHAMMBIX  3(P@EKTOB  I'PaBHTAIIMOHHOIO
B3aMMOACHCTBIA ABIKYIITUXCS MacC.

I'paBurarmonHas  IIPOHHIIAEMOCTb CPEABI BXOAHMT TEIEPh B
ypaBHEHHE AAf POTOpPA IPABUTOMATHUTHON MHAYKIIMH TaKiKe, Kak
MATHUTHASl IIPOHHIIAEMOCTb CPEABI BXOAUT B YPaBHEHHE AAA POTOpA
MATHHUTHOM HMHAYKITHAH.

AAA BBIABAEGHHS  IIPUPOABI  YMEHBINEHHA IPABUTAIIMOHHON
IIPOHUIIAEMOCTH ~ BO3AyXa IIO  CPaBHEHHIO C  IPABUTAITMOHHOMN
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IIPOHHIIAEMOCTBIO BAKyyMa 3aMETHM, YTO MATHHTHAs IIPOHHIIAEMOCTH
3AEKTPOIIPOBOAHBIX MAaTEPHAAOB PE3KO YMEHBIIAETCA C YBEAHMYEHUEM
YACTOTH TOKA, CO3AAFOIIETO MATHHUTHOE TOAE (H3-32 IOABACHHUS TOKOB
Dyxo, SKPAHHPYFOIITHX MarHHUTHYIO HHAYKITHIO). MozxaO
IIPEATIOAOKHTE, YTO ITOA ACHCTBHEM IIEPEMEHHOIO IPABUMATHHTHOIO
IIOAAl  ABIDKYIIIMECA MOAEKYABI BO3AyXa BEAYT Ce€Of aHAAOIHYHO
CBODOAHBIM 3AEKTPOHAM B IIPOBOAHHKE IIOA ACHCTBHEM ITEPEMEHHOIO
MATHHUTHOIO ITOASl — B BO3BAYXE COBAAFOTCA TPABUTALIMOHHBIC ''MACCOBBIC
toku Pyko", osKpaHHpPYIOIHE IPABUMATHUTHYIO HHAYKIHIO. B Takom
CAyYae MOKHO IIPEATIOAOKHTD, YTO IPH HHU3KUX CKOPOCTAX ABHKCHUA
MACC AKe B aTMOCEpe MOIYT HAOAIOAATHCA 3HAYUTEABHBIC 3D EKTEL

Awnreparypa
L Ipusieuanue:
DNA-Ne - AoKkAaABI HE3aBICHMBIX aBTOPOB,
ISSN 2225-6717, http:/ /dna.izdatelstwo.com/

1. Camoxsanros B.H. Maccoanrammdeckoe m MaccoBapHAITMOHHOE
B3aumoAercTeue ABmxymuxcsa tea. DNA-13, 2009 — C. 110-
159.

2. CamoxsaroB B.H. KsaapymoapHoe wnsAydeHne BpaIlarOIIIXCA
macc. DNA-14, 2010 — C. 112-145.

3. CamoxBaros B.H. CunaoBoe AelictBHE MaCCOBaApHAIIMOHHOIO
usAydenus Ha TBepAbie Teaa. DNA-15, 2010 — C. 175-195.

4. Camoxsanros B.H. VccaeaoBaHne CHAOBOTO ACHCTBUA U OTPAKCHHSA
KBAAPYIIOABHOI'O H3AYYEHHA BPAIAFOIIMXCA MACC OT TBEPABIX
tea. DNA-18, 2011 — C. 165-187.

5. Camoxsaro B.H. Cuaosbie acpdexrsr mpu MaccOAMHAMHYECKOM
B3anMOAeHcTBUN B cpeaHem Bakyyme. DNA-19, 2011 — C. 170-
181.

6 Camoxsasos B.H. MccaeaoBanue u n3amMepeHre BEAHYNHBI CHAOBBIX
acpdexroB pu MaccoAnHamMHIeCKOM B3anMoAeiicTBun. DNA-
24,2013 - C. 113-131.

7. Xwmeapnumk CJH. FEmme 00 9KCIIEpEMEHTAABHOM —YTOYHEHUU
MAaKCBEAAOIIOAOOHBIX ypaBHeHHI rpapurarmm.. DNA-25, 2014,
a Tarxe http:/ /vixra.org/abs/1404.0089, 2014-04-11.
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I'aaBa 5.2. Koaeco Aabparo Kocra

"Most HeOOABImAs paboTa IIPHHECET UM
(MCKATEASM BEYHOIO ABHIATEAS) IIOAB3Y: MM
HE IIPUACTCA CIIACATHCA OETCTBOM OT KOPOAEH
U IIPABUTEACH, HE BBIIOAHHB OOCIIaHus"

Aeornapoo da Bunuu

Coaeprxanne
1. Beeaenue \ 161
2. He crmmacaacs 6erctsom. ..\ 162
3. Pasbanancuposannsie koaeca \ 162
4. Ocuosnas uaes \ 164
5. OnpeaeaeHue rpaBUMarHUTHON cuABL Aoperma \ 165
6. MaTtemarimaeckast MoAeAb koaeca Aabao Kocra \ 166
7. KoamgectseHnsie onenkn \ 169
8. Hexoropsie cpaBuenms \ 170
9. Texmoaorus \ 171
[Ipuaoxenue 1. ABrKeHIE T€AA IO OKPYKHOCTH ITOA ACHCTBHEM
cHAH Tshxectn \ 172
1. Apmxenne mapuka BHyTpH TPyO9aTOil OKpyxkuOCTH \ 172
2. ApmkeHwue mapuka BHyTpH AePOPMUPOBAHHOMN TPyOUIaTOI
okpyxuocrtu \ 173
3. AmHampnka ABIKEHHA IMAPHKA BHYTPU AePOPMUPOBAHHON
Tpybuaroit okpyxuoctn \ 175
4.  VMOyAbc  CHABIL IIpU  ABIUKCHHH  IIAPHKA  BHYTPH
AecbopmupoBaHHOI TpyOUaTOil OKpyxkHOCTH \ 176
[Tpuaokenue 2. ABIKEHME IPy3a I10 BEPTUKAABHON CcTyIeHbKe. \ 178

Awnreparypa \ 181

1. BBepaenue

MsBecTHO, 9TO PabOTA CHABI THKECTHU IO IEPEMEIICHUIO TEAA 11O
3AMKHYTOH TPAEKTOPHH PaBHA HYAIO.

B [1] umraem. OcymiectBuB MHOKECTBO HOIBITOK ITOCTPOCHUSA
BEYHOTO ABHTaTeAd '"ACOHAPAO IIBITETCHA IIOHATH, IIOYEMY ABHIATCAN
PAaSAMYHBIX CHCTEM HE padOTaIOT, YTBEPIKAAET HEOTBPATHUMOCTH
CVIIICCTBOBAHMA KaKI/IX—AI/I6O IIPpUYINH, BHyTpCHHC HpI/ICYIJ_[I/IX "u
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MaBa 5.2. Koneco Anbao Kocta

Mermaromux padbore adpdexros” Ero mocaepoBareAn, OCHOBBIBAsACH Ha
€ro aBTOPHUTETE, ''HCIIOAB3VIOT IIPUHIIUI HEBO3MOMKHOCTH BEYHOIO
ABHTATEAS YK€ KAK TBEPAO YCTAHOBACHHBINW 3aKOH HPUPOABI".
[Taprokckas akaAeMUs, OTTAAKUBASCH OT MHCHUS 3THX IIOCACAOBATEACH,
TOXKE HE IIPEABABHAA CTPOTOE AOKA3aTEABCTBO  HEBO3MOMKHOCTH
CYIIIECTBOBAHMA BEYHOTO ABurateAs. [laproxckas akaaemums "XOTeAa Kak
ayarre:  "takme paboTH  (TBOPIIOB BEYHOIO ABIDKCHHS) CAHIIIKOM

PACTOYHTEABHBI: OHU YK€ pPaspylINAM OYEeHb MHOro cemeil. Yacter
CAyYaH, KOTAA MEXaHHK, KOTOPBEI MOI OBl 3aHATb AOCTOHHOE MECTO,
PACTpavHBaA HA 3TO CBOIO CAABY, BPEMA 1 TAAAHT' .

Ho  mexammkm  He  MOIYT  yTOMOHHTCH, T.K.  IIPHHIIHII
HEBO3MOKHOCTH BEYHOIO ABHIATEAf HE TBEPAO YCTAHOBACHHBIN 3aKOH
HIPUPOABL. MHOIOKpaTHBIE ITOIBITKA IIOCTPOCHHA BEYHOIO ABHIATEAS
IIPEAIIPUHAANCh B TedyeHHn croAetuil [2] m mpoaoaxarorca. Ho onm
AHIIb ITO3BOASIFOT, KaK IHCAA /\ACOHAPAO, YIBEPHKAATH HEOTBPATHMOCTH
CYIIECTBOBAHHUA KAKHX-AMOO MEINAIOIUX IPUIUH. AOKa3aTeABCTB
CYIIIECTBOBAHMA TAKUX IIPHYNH HET U 3aKOH COXPAHEHUA SHEPIUU TyT HI
IIPHYEM.

2. He crracaaca 6ercrsom...

MsBecTHa HCTOPHA YCIEIIHOTO HCIBITAHUA BEYHOIO ABHTATCAS
Opdepuyca [3]. PuuancupoBas pabOTy U BO3LAABAAA ' HIPHEMHYIO
KOMHCCHIO", BKAIOYAIOIIYIO H3BECTHBIX y4eHBIX, rpad Kapa, koroperit
TAKKE CYUTAACA OAHHM H3 BEAYIIHX VYCHBIX CBOETO BpPEMEHH. TpyAHO
peAcTaBuTh, uto Opdepuyc B3fACA OOMaHYTH TAKOIO YEAOBEKA. DTO
KOKETCA MHE MeEHee BEPOATHBIM, dYeM ycremrHoe wucosrranne. He
npurrock Opdepuycy crmacatbea OerctBoM OT rpadpa, HE BBIIOAHUB
oberranus.

3. PazbasaHCHpPOBAHHBIE KOAECA

CpeAr IIPOEKTOB BEYHOIO ABHIATEAA PACHPOCTPAHECHBI T.H.
pasbaaancuposanublie kKoaeca. Kak ykazano B [3], "BrepBble KOHCTPYKIIHA
13 pa3sOAAAHCHPOBAHHBIX ~ KOAeC ~ Obiaa  ommcaHa — Mapkusom
Bopuecrepom. M3 ommcanms caeayer, 9T0 9TO OBIAO KOAECO C ABYMsA
obopamMn — OAMH BHYTpH Apyroro. K obopam ¢ IoMoImpro crpyH
IIPUKPEIAAIOTCA THPU TAKUM OOPA3OM, UTO IIPU ABHKECHUH BHU3 OHH
CMEIIAFOTCA B CTOPOHY BHEIIHEIO O0OAQ, a IIPU ABIDKCHHN BBEPX — B
CTOpOHY BHyTpeHHEro." ABTOPY HE YAAAOCh HANTH OIIMCAHHUE 3TOTO
KOAeCa, HO B [4]. IPHBOAATCA OIMCAHUA HECKOABKHX ITOAOOHBIX
YCTPOMCTB.
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MnaBa 5.2. Koneco Anbao Kocrta

Puc. 1.

Msr paccmoTpuM caMoe BIedaTAftornee u3 Hux. B [5] ommcan
rpaBUTAIIMOHHBINE MOTOPp AAbAO Kocra. Ero KOHCTPYKIIMIO MOKHO
IIPEACTABUTD B CACAYIOIIIEM BHAE — cM. puc. 1. I'pyssl, ykpenaeHHsle Ha
CIIHIIAX, BpAIArOTCA BOKpyr obmeit ocum. B toukax A un C rpyser
HePEMEITIAIOTC BAOAD criulbl B Touku B u D coorsercrBenno. Takum
00pa3om, IpU IEPEMEIIEHNN BHH3 (CIIPaBa) IPY3bl BPAIIAIOTCHA IIO

paanycy Rj, a mpu mepemereHun BBepx (CIIpaBa) IPy3bl BPAILAIOTCSH IO
paanycy Ry < R| — 510 moxoxe Ha TO, 9TO IIpeAAO)eHO Mapknsom

Bopuecrepom — cm. BeITIIE.

Koaeco ycraHOBAGHO BEPTHKAABHO, HMeeT Amamerp 18 M m
COAEPAHT 230 CAOKHBIX MEXAHHU3MOB AAfl IIEPEKAFOYCHHSA ITOAOKEHUA
IPy30B — CM. pHC. 2. AeTaAM MAIIHHBI ITIOAPOOHO OIIHMCAHEI B ITATCHTE
[9]). HeckoABKO BHACO-POAHUKOB pabOTHL yCTpOICTBA IpuBeAeHEL B [10].

3ameTHM, 9TO 3AECh, TakKe, Kak u 'y Mapknsa Bopuecrepa, umeercs
"koaeco ¢ AByMs obopamm — OAMH BHyTpH Apyroro. K oGoaam
IIPUKPEIAAIOTCA THPH TAKUM OOPa3oOM, YTO IIPU ABMKEHHH BHH3 OHH
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MaBa 5.2. Koneco Anbao Kocrta

CMEIIIAFOTCS B CTOPOHY BHEIITHETO ODOAQ, a IIPH ABHUKCHHU BBEPX — B
CTOPOHY BHYTPEHHETO."

Erte 0AHO yCTPOHCTBO HMOAOOHOTO THIA IIPEAAOKHA AMHUTpPHEB
[11]. IToapoOHOe ommcaHme 3TOrO yCTPOMCTBA M HECKOABKO BHAEO-
POAHKOB €ro padOTH IpHBeAEHHI B [12].

AT

4. OcHOBHAA UAEA

B raaBe 3 mokasano, YTO CHABI TAYKECTH MOIYT COBEPIIATH paboTy.
[Ipn sTOM aBTOP TOPMKECTBEHHO 3aABAAET, YTO IIPU3HAET 32aKOH
COXpaHEHUsA SHeprun (IIOHUMAfA, OAHAKO, YTO 3TO aBTOPY HE ITOMOZKET).
Aaaee MOKasBIBACTCS, YTO ITOT 3aKOH HE IIPOTHBOPEYUT BO3MOMKHOCTH
ITOCTPOEHHUA BEYHOIO ABHIATEAf, HCIIOAB3YFOIIEIO CHABI 3€MHOIO
nputskeHnd. Ilpm 3TOM, €cTecTBEHHO, YMEHbBITAETCA KHHETHYECKAs
sHEprufd 3eMAH, HO 3Ty IPOOAEMY aBTOP UTHOPHPYET (TOUHO TaK JKE, KK
€e UTHOPUPYIOT KOHCTPYKTOPBI THAPOCTAHITHIL).
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5. OmnpeaeseHue TPaBUMArHUTHON CHABI

Aopenmna

B TAaBC 1 IIOKAa3aHO, YTO rpaBI/IMarHI/ITHaH CHUAA AOpCHHa,
ACﬁCTByfomaH OT MACChI ml Ha MaCCY m2 , OHPCACAHCTCH Bpra)KCHI/ICM

BHAA (3AeCh U AaAee ucoabsyercs cucrema CI'C)

F, =5 B B Juana] o

3
r
TAE

. P 2
xoapurmentk, = e (2

IUH - cM” o™’
e G~7-107° > = > | - TPABUTALIOHHAA IIOCTOAHHAA,

r T - CeK

ecx3. 1010 [CM/CCK] - CKOPOCTh CBETA B BaKyyMme,

L é: - FpﬁBI/IMﬂFHI/ITHaH HpOHI/IL[aeMOCTI) CpeAbI,

® 7 - BEKTOpP, HAIIPABACHHBIN U3 TOYKU M, B TOYKY M, ,

® Vv, V, - CKOPOCTH MacC M, u M, COOTBETCTBEHHO.

Puc. 3.
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Baxuo otmMeTHTD, 9TO 9(P(DEKTH B YKA3AHHBIX BBIIIIC SKCIICPUMEHTAX
HACTOABKO 3HAYUTEABHBI, YTO AAf UHX OODBACHEHHA B pPaMKax
MAKCBEAAOIIOAOOHBIX ~YPABHEHHH IPABUTALINA HEOOXOAHMO BBECTH

kosdduresT I'DABUMATHUTHOU IIPOHUITAEMOCTH CPEABI f

(aHaAOTHYHBIH KO3 MHUITMEHTY MATHUTHOH IIPOHHUIIAEMOCTH CPEABI [ B
saexrpomarnerusme). Oanako smauerme kosdurmenta & w3 o1HX

I—)KCHCPI/IMCHTOB MOXHO OII€CHUTH BECbMA HpI/I6AI/DK€HHO.

6. Maremarmueckasa MOAEAB KoAeca AABAO

Kocra
Paccmortpum puc. 3, rae HOKazaHBI ABa Ipy3a B KoAece AABAO

Kocra. B aamHOM cayuae ckopoctu Vv, v, B ¢dopmyae (1) - arto

AMHEIHBIE CKOpPOCTH BpareHusa r1py3oB. Beiaeanm B dopmyase (1)
BBIPAJKCHHE

E:Gx@x;)), 3)

a=v,, b=v,.

TAE

B HpaBOfI CHCTEME ACKAPTOBBIX KOOPAHHAT 3TO BBIPAKCHUC IIPUHHUMACT

BUA
a, @xry - byrx} a, (bzrx _bxrz)
E: a, Q)yrz _bzry}ax@xry _byrx) : )
b, b, )-a G br)

I'pyser Bpammarorca € OAMHAKOBOM CKOPOCTBIO B IPOTHBOIIOAZKHBIX
HarrpasAeHHAX. [Toatomy

‘a‘ = WR,, b‘ = wR, (5)

TA€E Rz, Rl - PaAHYyCBI IIOAYOKPYXKHOCTEH, () - yrAoBasg CKOPOCTb.

OO0o3HaunM eIe paAMyC-BEKTOPHI TIPY30B M, u M, Kak I, W T,

COOTBETCTBEHHO. Toraa

F=r—1. ©)
T.K. rpy3BI BPAIAIOTCA B OAHOM IIAOCKOCTH, , TO
r.=0,a =0,b =0 7

C y4gerom 2TOro moAydaem:
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a, @xry - byrx )

E =|-a, (bxry —byrx)

0
HAT
fi :D[ay, —ax] D=Q)xry —byrx) ®)
AHaArornvHO,
for =D, s —bx] D, = —(axry - ayrx) (8.1)
Aanaee Haliaem
Af f_ f_ Day - Dzby
=f. —f = 9
7| =Da, + Db, ¥

s puc. 3 caeayer, 9To
ZAOm, = ¢, LAOm, = @,

a, =R, cose,b. = wR, cosp,,

a,=oR sing,b, =-wR,sing,,

Ta = RlI__Sin(Dn COS(”lJ,

r, =R, |§in @,, COSQ, J (10)

r=r —I’b_ (11

a

O0603HAYNM:

3
Ay =Af [l (16)
W3 (1, 3) caeayer, ato
AF = kgmlm2AfL , (17
Mo:KHO HOAararb, 9TO 3Ta CHAA ACHCIBYET Ha IIapy 2KECTKO
CBA3aHHBIX (OOOAOM U CIIMIIAMI KOAECA) MACC /M, U M, U IPUAOKEHA K
LIEHTPYy OTpe3ka ' - cMm. Touky Z Ha puc. 3. Paauyc-BeKTOp 9TOH TOYKH
rz =\ + rb 2 : (20)
Haiiaem mpoekmmro AF, oroii cuasr AF  Ha KacaTeApHYIO K

OKPY)KHOCTI/I paAI/cha r,. Omna pﬁ.BHa CKaAﬂpHOMy ITOM3BEACHUTO STOM

cuAwl Ha opT K Bexropa, IepIIEHAUKYAAPHOro paauycy 7, | T.e.

AF. = AF QK. @

Ecan
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r,= I{”zxa Yy J 22)
r

K, = Erzy, szy al (23)

Taxum obpasom Moxer OBITh HaifiaeHa cmaa (21). Oma cospaer
KPYTAIIIH MOMEHT

TO

M =AF|r|. (24)
VaureBas (21-23), naygaem
M. :M@Erzy,rzx]. (25)

Macca m, nepememraercs o Ayre @, paamyca R, - cm. puc. 3. IIpu
5TOM OHa B3aUMOACHCTBYET C MACCOH M1, KOTOPAs TAKAKE IIEPEMELIACTCS 110

Ayre @, paamyca R,. PaccrosiHEE MEKAY HHUMH OCTACTCA IIOCTOSHHBIM:
‘I” ‘ =const. AaunHa BEKTOpa OZ TaKKE OCTACTCA HOCTOSHHBIM:
‘VZ‘ =const . Tlpn srom mMomeHT (25) TaKKe OCTACTCH ITOCTOSHHBIM:

M = const - cm panee. B Bepxmeii Touke macca M, HEPEXOAHT HA

OKPYKHOCTD pasmyca R, ("Bepxmmii npsuxok"), T.c. IPHHEMAET POAb MACCHL

m,. B o1OoT MOMEHT Macca, ABHDKYIIAACA IIO OKPY/KHOCTH paamyca R,

BCAECA 32 OBIBIIIEN MaCCOU m,, HPI/IHI/IMaeT pOAb MacCChl M, U T.A.

60 T 55

50 /

a
£ >
>
L 20 5
5 & -
£ 0 in /
X © 40 /
5 P4

35

40 -30 -20 -10

35

2 30 \\
= >
> 30 N
s = 25 N\
& 25 X \
: 20 \
15 15
330 340 350 360 20 25 30 35 40
Puc. 4.
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MOKHO IIOKa3aTh, 9TO BHU3Y KOAeCA (TAC IIPOMCXOAHT 'HEKHHNA
LPBEKOK') CO3AAETCA TAKOM 7K€ MOMEHT H TOTO K€ IIPOTHBOIIOAOKHOTO
3HAKA.

Ha puc. 4 mokasansl pe3yAbTaTsl 00I1Iero pacuera. [Ipu atom

e B mepsom oxme moxasansr poekrmn cuabr (21): AF - BBepxy,

sy
AF.. _ puuay.

X
e Bo Bropom oxne moxkazan roaorpad Bekropa cuawl (21) B BuAe

AF, =AF_ +j-AF .
e B Tperpem okHe IOKA3aHBI IIPOEKIINH BekTopa (22): ¥, - BBEPXY,

I, - BHU3Y.

e Bo derBeprom okHe IOKasaH roaorpad Bekropa (22) B BHAE
n=r,tjen,

AHAAOTMYHO MOKHO paCCMOTpCTb CHABI, ACI‘/‘ICTBYIOU_[I/IC HpI/I
ABIKCHUU prSOB 110 BEPTHKAAHN — CM. IIPUAOKCHHC 2.

7. KoanmuecTBeHHBIE OIIEHKU

B mpmvepe |r|~48, |n|=41 mpu R =45 R =50 @
cucreme CI'C), a CHABI 1 MOMEHTBI CHA PACCUUTAHBI IIPU YCAOBHH

K, =kgmm, =1. (31)
[pur arom MOMmeHTHI paBHBI BBEpXy M =~ ZOOO[I[I/IH'CM] U BHH3Y

M s~ —ZOOO[I[I/IH-CM]. MowmenTt Aef/iCTByeT B TEYECHUU BPEMCHU
Tl ~ 0.05[Cel<]. CAeAOBaTEABHO, B BCpXHCfI TOYKE HAa KOHCTPYKIIHIO

Aﬁfl CTBYCT MOMEHT CHABI

(FAt), = K o, M T /R, ~ 2K ,,, [nun - cexc ] (32)
rae koadpdurmeHT K am Tpebyer ompeaeacHuA. B nmpmaoxenun 1.4

ITOKA3aHO, YTO KAKABIH I'PY3 B TAKOM KOHCTPYKIIHH AASl HEIIPEPBIBHOTO
BPAIIEHNA AOAKEH ITOAYYATH HMITYABC CHABI

(FAt) =~ 2500[ i - cex]. (33)
CAGAOBaTCAbHO, AN HOAY‘ICHI/IH HCHpCprBHOFO BpaH_lCHI/IH 34 CUYCT CHA
AopeHua AOAKHO CO6AIOA2.TI)CH yCAOBI/IC

(FAt), =2(FAt) (34)

AN
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Ky = 2500. (35)

OrneHUM AASL 9TOTO CAydas 3Hauenue kodbdurmenta & . [ycrs maces

m,=m = 500r . Toraa u3 yeaosuit (31, 35) naitaem
2500 = k, 500 (36)
HUAHU

kg =0.01.

Aanee us (2) Haifiaem

éz:kgcz/G:O.Ol(?).lol()%m_g ~10% o)

DTa BEAWYHHA COBITAAAET C TOH, KOTOPAfA IMOAYYEHA ITPH aHAAH3E
uneprmonpa Toaumma B raase 5.3. Ilpwer Takom smauernmn & (1o

ITOPAAKY ~ BEAHYMHEI)  IIPEACTABAGHHOE  OOBACHEHHE  ABASACTCA
ITPAaBOMEPHBIM.

B paccmorpenrom mpumepe yroa @, = /6. CaeaoBateabHO, 32

OAHH ODOPOT B3aMMOACHCTBYIOT 12 ITap MacC B MOKHO IIOAArath, 9TO
KpyTamit Moment M~ ZOOO[IH/IH . CM] ACHCTBYET IIOCTOAHHO. Takum

00pasoM, BO3MOJKHA KOHCTPYKIIHA, B KOTOPOI ABVDKEHHUE

HIPOMUCXOAHNT 324 CUET DHEPIUHU IPABUTAIIMOHHOIO IIOAH.

8. HekoTopble cpaBHEHHA

Bripodem, aHAAOTHYHO PAcCMOTPEHHOM IPABHTAIIMOHHON 3aAade
ABIZKEHHSA MACC MOKHO PACCMOTPETH TOYHO TAKYIO 7K€ 3aAa9y ABM/KEHUSA
TKEABIX OACKTPUYECKHX 3aPAAOB, TA€ HE BO3HHUKHET BOIIPOCA O
IIPABOMEPHOCTH ~ MAaKCBEAAOIIOAOOHBIX ~ VPAaBHEHMI — IPABUTAINN U
3HaYeHUN KO9(PHUIIMEHTA IPAaBUMATHITHOH IIPOHUIIAEMOCTH CPEABL

CpaBuum cuABl \OpeHIIa IIPH B3aUMOACHCTBHM MAacC M 3apPAAOB.
Berie mpuseaera cmaa AopeHIia, ACHCTBYIOINAs OT IIEPBOIO TeAd HA
BTOPOE, B BHAC

2 —
FLg:kg%'EXEX’”:H’

&G

TAE kg =-=—-. Amasorngno, cura AOpeHIa, AEHCTBYOIIas OT IEPBOTO
C

SQPHAQ. Ha BTOpOfI, HUMCCT BUA!:

2 -
FLe:ke%.EXEXF]]’
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H .
TAC ke = _2 CA@AOBaTCAbHO CHAA AOPCHHQ FLe’ ACHUCTBYIOIIIAsd Ha
c

3apsAABL, OTHOCHTCA K cuae Aopenma F) Lg > ACHCTBYIOIIICH Ha MAcChl (pH
TEX 7K€ CKPOCTAX M PACCTOAHMAX), KaK
2
F Le _ keq __H 1
- 2 2
F Lg k gm k gC m
[pusmvas (=1 u k g = 0.01 (xax moxasawo BeITE), HAXOANM:

2

2

Fre —1079 L

Fiq m
CpaBHHM 5TO C OTHOIIICHHEM CHA IIPUTHKCHH:

FPe — (1/8)]2

Fpg sz .
IMpn e=1u G~ 7-107% maxoam:

2

izl(ﬂ 9

Fpg m

— 19 _ =7 _ 26
Ecan FLe_FPe’ TO FLgIO —FPgIO A FLg —Fpglo .

Takum 0OpasoM, ecAn IIpH kg =0.01 ycAoBus  (paccrosHuA U

CKOPOCTH) TAKOBBI, U9TO AAf _ABYX 3aPAAOB CHAA /\OpPEHIIA pPaBHA CHAC

26
mpuTmKeHus, 1o aAd ABYX Macc craa Aoperra B 1077 pas Goabire cuabr

OPUTAKEHUA. DTO  O3HAYAET, YTO KOHCTPYKIIHSA, HMCIIOAB3YIOIIAA
SHEPIUIO I'PABUTAMOHHOIO IOAA M OCHOBAHHAA HA I'PABUTOMATHUTHBIX
curax AopeHma, 3HAYUTEABHO 3(P@EKTHBHEE TAKOHW K€ KOHCTPYKIIUH,
OCHOBaHHAf HAa MATHHUTHBIX CHAaX /AOpeHIla — TO4YHEE, ITOCAEAHIOIO
HEYETO U IIBITATHCA PEAAM3OBATE.

9. TexHoAorus

Te 18 M, kotoprre aAemouCTpHpyeT Aabao KocTa, 00bAcHAIOTCH, TIO-
BHAIMOMY, Pa3MEpPaMU IIEPEKAFOYATCACH — OHH CAOJKHBIE, a4 IIOTOMY
6oabrae. Kpome TOoro, OHE CAOMKHEIE, 2 TIOTOMY TPEOYIOT ITIOCTOAHHOTO
IIOAPEIYAHPOBAHUA, ITO YCAOKHACT IKCIIAYATAIIUIO.
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ITpuroxenmne 1. ABmkeHnue Teaa mo

OKPY>KHOCTHU HOA ACHICTBHEM CHABI TAXKECTH

3aech paccMaTpHuBaeTCa HEKOTOpPas HACAAI3UPOBAHHASL
KOHCprKHI/IH, 9KBHUBAACHTHAS KOACCY AAbAO Kocra. AAH TAKON
KOHCTPYKIIHH MOXKHO IIOCTPOUTDH CTPOIYIO MATEMATHICCKYIO MOACABD.

1. ABmxeHne nrapuka BHyTPH TPyOUaTOM

OKPY>KHOCTH

Paccmorpum mmmapoBoe teao Becom P, koTropoe ABHKETCA IIO
’KECTKOHM TPyOKe, CBEPHYTOH B OKPYKHOCTH — cM. puc.l. OkpyxHOCTD
pacImoAOKeHa B BCpTI/IKaAI)HOI/I ITAOCKOCTH.

Puc. 1.

Haiiaem cuay F, AeHiCTBYIONITYTO Ha TEAO TIO KACATEABHOII:
F=Pcosa=xP/R.
MomeHT 3TOM CHUABI
Mp=FR=xP.
Byaem cumrath MOMEHT TOAOKHTEABHBIM, €CAM OH HAIPAaBAEH IIO
gacoBol crpeake. HaliaeM cmAy AaBAeHmA N , AEHCTBYIOIIYIO HAa
OKPY:KHOCTD IO PAAHYCY:

N =Psina=-yP/R.
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CuAa TpeHHs TeAa 110 OKPY/KHOCTH
T =kN=—kyP/R.
e k - koapdurment Tpenus. MomeHT 5TOM cHABI
Mr=1TR= —kyP .
B 126A. 1 ykasaner pOpMYyABI AAS IIEPEINCACHHBIX CHA H MOMEHTOB B 4-X
KBAAPAHTAX.

Tabaumna 1.

1 2 3 4
F=xP/R F=xP/R F=xP/R F=xP/R
MFZXP MFI)CP MFI)CP MFI)CP
T =-kyP/R T =kyP/R T=kyP/R | T=-kyP/R
Mp=-kyP | Mp=kyP | My =kyP | My =—kyP

2. ABrokeHme mapuKa BHyTPU Ae(pOpPMUPOBAHHOM

TPyO4ATON OKPY>KHOCTH

Temepp IIPEATIOAONKHM, UTO IMAPHK ABIHUKETCA BHYTPH TPYOKH,
n300paKkeHHON Ha prC. 2 (TA€ ITOKA3aHA TOABKO OCEBAs AMHHS TPYOKH I
HECKOABKO IIOAOKEHHH Imapuka). [lokasana TOABKO BepXHAA IOAOBHHA

TPyOKH. DTa TPpyOKa COCTOHT M3 Tpex wacrteil: Ayra 'ad' paamycom R,

ayra 'bq' paanycom Ry m orpesox AB ("crymenbka"), pacroaormeHHbIit

IIOA YTAOM (0 K TOPHU3OHTAAM.

A

C

I
I
|
H12=R2-R1 |

a

)
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B TabA. 2 ykazambl (DOPMYABI AAA IIEPEYHUCAECHHBIX BBIIIE CHA H
MOMEHTOB B 4-X KBAAPAHTAX AAA TAKOH A¢(DOPMHPOBAHHOI TPYOKH.

Tabaumna 2.
1 2 3 4
) [ [ )
2’ 2 2’ 2’
F = xP/R, F = xP/R, F =xP/R, F =xP/R,
MFI)CP MFIXP MFIXP MFZXP
T=-kyP/R, | T=-kyP/R, | T=-kyP/R, | T=—kyP/R,
My =—-kyP | My =kyP My =kyP My =—kyP
A =(—k)PRy | A4y =(—Kk)PR, | 4, = Ay =
(-1-k)PR, (-1-k)PR,
dvi=g- dvy=g- dvy=g- dvy=g-
(cos @ de) cosp \dp |(cose \dp (— cos @ jdw
—ksing ) v | \+ksing)v, |\+ksing)vy |\—ksing)vd
2 2 2 2 2 2 2 2
Vik = Vio _ Vak = V20 _ Y3k V30 _ Var ~Vao _
2 2 2 2
ng(l_k) ng(l_k) gRl(_l_k) gRl(_l_k)
Cymmapras pabora CHABL  THAKECTH, BBIIIOAHAEMAs MOMEHTAMH,

ACfICTBYIOLLII/IMH Ha H_IapI/IK HpI/I ABMKEHHIHM ITO KBaA,paHTy 1, paBHZl

0
4, = I(MF +MT)d(0=
/2

0 0 (x—
P - =P d
e M=

/2

0 .
o [(cosp— —sing—
A, = PR = PR
! 2'[’”2(ksin(ojd¢ 2ﬁ/2(kcos¢) J

AHAAOTUYHO BBIYHUCAACTCA pabOTA, COBEpIIaeMas Ha KBaApaHTax 2, 3, 4 —
cM. TaOA. 2. Bea pabora, coBepriaemas Ha IIOAYOKPYHKHOCTAX,
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Ao =A1 +A2 +A3+A4
4, = 2P((R2 - R )— 2k(R1 +R, ))
Ha crynenske coBeprmraercs padbora

A, =(1-k)P(Ry — R )/sing.
Bcea pabora, coBepriraemas CHAOIT TAKECTH,
A=A, +24,
Ormeram  caeayroree.  KoadpdurmenT TpeHHS — CKOABKCHHSA

k=0.1; 0.5=0.25. Koabdmumenr TtpeHns kaueHns pOAHKA

paauycom 7 pasen k= f / r,rae f =0.5mm npu xavenmn craam mo
craan [6] Bcan ¥ =20mm , o k =0.025.

3. AmHaMIKa ABYDKEHHUA MIAPUKA BHYTPH
Ae(POPMUPOBAHHOM TPYyOUATOI OKPY>KHOCTHU
Haiianem m3MeHeHHE CKOPOCTH ITapHUKa HA 3AEMEHTE AAMHBI ds

OKPY/KHOCTH B IIEPBOM KBaApaHTe 3a cuer cua Fl, 17. Vmeem:
F+T F+Tyds F+T1 R
1+h,, _f+hds _R+H R,

m m v m v

dvy = adt =

VaureBas TabA. 2, ToAygaem:
v _XP/R, —kyP/R, -&da:gx_ky-da,
m Vi Vi

x_ky-da

dvi=g

Vi
dv, :gé—kﬁRzz —x? )7;2
1

: d Va
dv; = g(cosp —ksm¢)—¢), mpraem @ =| —, 0 |.
V] 2
AHAAOTHYHO BBIYHUCAACTCS IIPUPAIIICHIE CKOPOCTH HA KBaApaHTax 2, 3, 4
— oM. TaOA. 2. Ha AByX CTyITeHBKaxX HMeeM:

dv, = _chos(go).dt’

m
dvs = —kg COS((D)%, npudeM h= ‘O, R2 - Rl
Vs
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TAE (P - YTOA HAKAOHA CTYIIEHBKH K TOPH3OHTAAM.

IIponnTerpupyem BEHIpaKEHHE AASl CKOPOCTH IIEPBOTO KBAAPAHTA!

Vik 0
lfvldvl = [gR,(cosp—ksingp)p,
V1o /2
Vik vz 0
L —gR,| (~sinp-kcosp),
Vio 2 /2
2 2
Yk ™Vio _ gR, (1 —k).

AHAAOTHYHO BBIUYUCAACTCA IIPUPAIICHHE KUHETUYECKOH SHEPrHH Ha
KBaApaHTax 2, 3, 4 — cm. 1a0A. 2. Ha crymenpkax nmeem:

Ry—R,  |vek 2 Ry—R
Vskv dv _ _kg ZIdlh v kV_S _ _kg 2 lh
0 sing 7,2 sing|,

b

Vs

2 2
Vsk ~ Vso _ _kg (R R )
= 2 1)
2 sin ¢

B srux (popMyAax HpI/IH}ITO AOIIYIIICHHUEC O TOM, ITO CTYIICHbKa HC

HM3MEHAIOT AAUHY IOAYOKPYKHOCTH.
HOCKOAbe KOHCYHAA CKOPOCTh HAa HCKOTOPOM YYIACTKC COBITaAACT
C HAYAABHOM CKOPOCTBIO Ha CAEAVIOIIIEM VYACTKE, M3 IIPEABIAYIIHX
Ci)OpMyA MOXKET 6I)ITb HaﬁACHO H3MCHCHIC CKOpOCTI/I Ha BCeH pr6KC 3a

OAMH O60pOT Av. HOTCPH KIHETHYECKON 3H€pFI/H/I HpI/I 3TOM paBHa

2
—(v, — A
AW — Vi (Vb2 Vb)2 |

4. IMIIyABC CHABI IPHU ABIDKEHUM HIAPUKA BHYTPH

Ae(POpPMUPOBAHHOU TPYyOUATOI OKPY>KHOCTH

B xoaece Aappo Kocra Bce rpysel (B Hamreil cXeme —IApPHKH)
BPAIAIOTCA C YIAOBOM CKOPOCTBTIO (¥ BOKpyr T. '0'. Beie Oprao

HANACHO H3MEHEHNCE KHHETUYECKOH 3HEPTHU AW . B aannom cAydgae
pa60Ty AAAl COXPAHEHHA KHHETHYCCKOM JHEPTUH ITTAPHKA KaKOM-ATOO

BHEINTHMI HCTOYHUK SHEPIHH AOAKEH A0GaBAaTh Beamumny AW 3a
KaKABIH 000poT mapuka. IIpeArroaoxum, 910 3Ta 3HEPrHA BHOCHTCA

HpI/IAO)KCHI/ICM B HCKOTOprﬁ I/IHTepBaA BpCMCHI/I MOMEHTA CHUABI F ° At .
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DTOT MOMEHT CHABI YBEAUYHBACT YIAOBYIO CKOPOCTb. Ecam moment
CHIABI IIPHUKAAABIBACTCS K IIAPUKY B T. 'b', TO

F-At=m-Avy, (1)
TAC

Avy =R, -Aw,. )
BTa BEAMYIMTHA MOXKET 6bITb BBIYMICACHA HPI/I AaHHOM IIO CACAyI—OLT.[CI‘/‘I

dopmyae:

AW =\, +Avb)2—v§)/2 3)
AN
AW
2—2:(a)b+Aa)b)2 —a)g @
R
AN
Aw, =\/a)§+2AW/R22 — . ®)
W3 (1, 2, 5) maxoanM: ‘
F-At=mR, (/a)g + 2AW/R22 — @, . ©
Sharik2
0.35
0.3
0.25 \

AR

Fdt

0.05
\\\\
0
0 2 4 6 8 10 12 14 16 18 20
omegaB
Puc. 3.
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EcAm MOMEHT CHABI IIPEBBIIIACT YKA3AHHYIO BEAHYMHY, TO YIAOBaf
CKOPOCTh OYAET BO3PACTATh, 2 €CAU MOMEHT CHABI MEHBIIE YKA3aHHOM
BEAUYHHBI, TO YIAOBasg CKOPOCTb OYAET YMEHBIIATHCA U B KAKOH-THO
MMEHT Imapuk ocraHosutca. Ha pme. 3 mokasama  3aBHCHMOCTB

F-At= f (a)b ) IIpu pacuere npUHATO, ITO
P =5[H], R, =0.44[m],R, = 0.5[m],c0 =10[1/cex],k = 0.025.

HPI/I 9TOM HMITYABC CHABI AOAYKCH OBITD paBeH

F - At = 0.025[H - cex] = 2500] nuH - cex]

ITpusroxenune 2. ABu>keHHe rpy3sa 1o
BEPTUKAABHOM CTyII€HBKE.

PaCCMOTpI/IM CAyYan, KOTIAa TIpy3 M, Bpamacrcd C YrAoBOH

CKOPOCTBIO 6(), a IPy3 M, ABIDKETCS IIO BEPTHUKAAM CO CKOPOCTBIO Vl .

Toraa

la|= @Ry, b=[0,1,,0] )
T K. Ipy3BI ABIKYTCA B OAHOM IIAOCKOCTH, , TO

r.=0,a =0,b =0, @)

C yuerom atoro us (4 — cM. pasaea 0) moAydaem:
ay (_ vl rx )
S = _ax(_vlrx) €)
0

HAU
fm:Dan, ax] D=vr,. 4)
CaepoBaTeAbHO, OT M, Ha M, AcHCTByeT cuAa (4). AHaAOTHYHO,
PACCMOTPHUM CAY9Yail, KOTAA IPY3 71, BPAIIAETCA C YTAOBOM CKOPOCTBIO
(), a TPy3 M, ABHAKETCA 110 BEPTHKAAU CO CKOPOCTBIO Vs . Toraa
bl=wR,, a= [0,v,,0]. 5)
TO U3 ((4) — cM. pasaeA 6) mOAyIaeM:
vw.r, —br,
S =—0 : ©)
0
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CaeaoBaTeAbHO, crAa (6) HAIIPABAEHA ITO TOPHU3OHTAAU OT M, HA M, 1O
TOPH30HTAAW M HA ABIZKCHHE ITO BEPTUKAAN HE BAHACT.

Brirmre npuHATO AOHyINIEHHE O TOM, YTO CKOPOCTH ABHKEHHSA 11O
cTyreHpKe mocrosHHo. Ha camom AeAe 9Ta CKOpPOCTh M3MEHAECTCA AQKe
IIPU  TOCTOAHHOM YIAOBOH cKopocTu. PaccMoTpum 3TOT BOIpOC
moApoOHee - cM. puc.4. HafiaeM ckopocTs ABMKEHHS TeAa Ha OTPE3KE
"ac". OGo3HaunM:

y ='ga'= Zaob, y, ='ga'= ZLaoc, u;='ul'= Lbao,

u,='u'= Zabo, u,,='u22'= ZLaco.

Puc. 4.

Permras TpeyroapHuk "0aB", HAXOATM:
2 2
d =|R? + RZ —2R, R, cos(y)

sin(uz): sin(}/)

Uy =m—y—u,.

Paamyc "oc" Bparmaercs ¢ yraoBoii ckopoctsro @ . [Toatomy
7, =t.

Permrast TpeyroapHuk "oac", HAXOAMM:
Uy =TT=Y, ~ U,

d,=R Sin(ﬂ/z )/Sin(uzz )>
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Ry, =R Sin(ul )/Sin(uzz )

Cxopocrs Teaa Ha oTpeske "aB"

_d@)
dt

CKOpOCTh IPHOAMIKEHIA TEAA K 9TOMY OTPE3KY IO OKPY/KHOCTH PaAHyCa

R, paBHa V, =R, a CKOPOCTb YAAACHUS OT HEIO IO OKPYKHOCTH

paamyca R, paBma V, = @R,. B Toukax "a" u "B" ckopoctn msmensror

CBOM 3HAYEHUSA B PE3YABTATE YIIPYIOIO yAApa, T.€. O€3 IIOTEPH SHEPIUM.
Ha puc. 5 nokasausr dpyuknun ,, d,, Ry, vV or Bpemenn (s

okHax 1-4 cOOTBETCTBEHHO).

CKOPOCTB ABIKEHHS TEAQ IO OTPE3Ky "aB" CyIecTBeHHO OOABIIIE
CKOPOCTEHl ~ ABIKECHHA IIO OKPYKHOCTSM. [losroMy  Bblme  MbI
PACCMATPUBAAK B3AUMOAEHCTBHE TEAQ, IOAHUMAIOIIEIOCS 10 BEPTHKAAT
CO CKOPOCTBIO V, U TEAQ, ABHIKYILETOCS 110 OKPYKHOCTH CO CKOPOCTBIO

v, =0R, uru v, = oR, .

0.08 0.2
0.06 - — 0.15
’
0.04 ; 0.1 /
0.02 , 0.05 P
0 0
0 002 004 006 0.08 0 0.02 004 006 0.08
1.15 25
1.1 2
(_/—/'/
1.05 1.5
1 1
0 002 004 006 0.08 0 0.02 004 006 0.08
Puc. 5.
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I'aaBa 5.3. Mlaeprmona Toaunna

OraaBAenme
1. Beaerue \ 182
2. Maremarudgeckas MOAEAD SKCIIepuMeHTOB ToAdmHa \ 183
3. KoamgectseHnsre onenku \ 187
4. Boamoskusre moandukarmm \ 190
5. Beoasr \ 193
Awureparypa \ 194

1. Beeaenune

3arapka umHeprimompa ToawmHa cyrmectByer modrtu Bek. Hinke
ITOKA3bIBACTCA, YTO OHA MOJKET OBITH PEIICHA C IIPHBACUYCHHEM OOIIEH
TEOPHH OTHOCHTEABHOCTH. AaeTci METOAMKA pacdera HHEPIIHOMAA.
[IpearararoTcsi KOHCTPYKTUBHBIE MOAM(DUKAITHH.

Tepmur "maepumomA" U ero KoHCTpykiuro mpuAymasr B.H.
Toaunmr B 1930 roas. B [1] mpuBoamTcs moapoOHOe —ormcaHme
MHEPIIHONAA M 3KCIEPHMEHTOB ¢ HuM. FlHeprimoma aeMoHCTpHpyeT
OesonopHoe AmxeHue. Ilpusnannas pusmdeckas MOAEAb OOBACHACT
3TO ABAGHHE cHAAMH TpeHnA. OAHAKO H3BECTHBI MHOTOYHCACHHBIE
SKCIIEPUMEHTHI, HE IIOATBEP/KAAIOIIINE TAKOE OOBACHEeHHE [2, 7.

[IpeAAOXKEHBI pa3AHYHEIE TCOPUH AASl OOBACHEHHA 3TOTO ABACHUSA
[3]. Ho omm ortBeprarorcsi cOBpeMEHHOM HAyKOM H3-32 TOIO, HYTO
©E30II0PHOE ABHKEHHE OOBIMHO CYHTACTCA HEBO3MOMKHBIM B CHAY TOTO,
YTO OHO HAPYIIAET TPEeTHH 3aKkOH Hprotoma m caeayrommit u3 Hero (B
MEXAaHUKE) 3aKOH COXpaHeHHA umIyAbca. [locaeaHmii asasercs Hoaee
oomuM  AAA  (PU3HKH  3aKOHOM. B 3AEKTPOAMHAMHKE 3TOT 33aKOH
VIUTBIBAET TAKKE HMIIYABC 3ACKTPOMATHUTHOM BOAHBI M IIO9TOMY
HMMITYABCEI MATEPHAABHBIX TEA, B3AUMOAECHCTBYIOIIUX C BOAHOM, B CYMME
OKa3BIBAIOTCA He paBHBIMH HYAIO [4]. Hampmumep, B [5] paccmarpuBaercs
B3aUMOACHCTBHE SAEKTPHUYECKHX 3aPAAOB, UM AOKA3BIBACTCA, YTO IIPH
5TOM BO3MOKHBI CAYYaH, KOTA2 HAPYIITAETCA 3aKOH COXPAHHA UMITYAbCA B
MexaHuke. B [6] ommceBaroTCA OCHOBAHHBIE HA 3TOM YMO3PHUTEABHBIC
SKCIIEPUMEHTEI, KOTOPHIE AGMOHCTPHPYIOT OE30IIOPHOE ABHKCHIC.
Takoe ABMKEHHE BO3MOKHO OAAroAaps CyIIECTBOBAHHIO CHA /\OpeHIIA.
Takpe CHABI OTCYTCTBYIOT B MEXaHHKE M IIO3TOMY M3 3aKOHA COXPAHEHUsA
HIMITyABCA B MEXaHUKE CACAYET TpeTuil 3akoH Hprorona.
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B raaBe 1 paccmarpusarorca MI'M- ypaBuenms rpasuramum. I3
ocuoBHbIX ypaBueHuii OTO caeayer, 910 B cAaOOM I'PaBHTAIIHOHHOM
IIOAE€ IIPH MAABIX CKOPOCTAX, T.. Ha 3EMAE, MOMKHO ITOAB30BATBHCHA
MaKCBEAAOIIOAOOHBIMU YPABHEHUAMH AAf OIMCAHUA TPABHTAIIMOHHBIX
B3aUMOAECHCTBHH. DTO O3HAYAET, YTO CYIIECTBYIOT TI'DAaBHTAIIMOHHEIC
BOAHBI, HMEIOIINE  IPABUTOIAEKTPHUYECKYIO  COCTABAAIOIIYIO  C

HaHpH)KCHHOCTI)}O E g U TPABUTOMATHHUTHYIO COCTAaBASAIOINYIO C
HHAYKHHCﬁ Bg . Ha Maccy m » ABIDKYIITYIOCS B FpaBI/IMaFHI/ITHOM IIOAE

CO CKOPOCTBIO V, ACHCTBYET IPABUTOMATHHUTHAA cHAa AopeHma (aHaAOT
n3BecTHOH cuAbl Aopenra). OTCIOAA CAEAYET, YTO B IPABHTAIIMOHHOM

moAe 3eman Tperuii 3akoH HproToHa MoxkeT HapyImatbcs (Takike, Kak U B
3AEKTPOMATHHTHOM ITOAE).

Hrmke moxaseBaercs, 9ro (DYHKIMOHHPOBAHHE HHEPIIMOHAA
ToAunmna Aerko OOBACHACTCA IIPH ydeTe I'PABUTOMATHHTHON CHABI

Aopemnra. Kpome Toro, skcepumenTsl TOAYHHA ITO3BOAAIOT YTOYHHUTD
3HaveHue KoadduimenTa 5 , & AAHHAsA TEOPHA IO3BOAAT IIPEAAOKUTDH

IIOAE3HBIC MOAI/Iq)I/IKaL[I/H/I I/IHCPLII/IOI/IAQ..

2. MaremaTtnueckasa MOAEAB 3KCIEPHMEHTOB
Toaunna

I/IHCPHI/IOI/IA COCTOUT M3 ABYX IPy30B M, uU M, HA pblYarax,

VCTAHOBACHHBIX Ha IIOABIKHOM mAatdpopme - cm. puc. 1. I'pyssr
BPALIIAFOTCA HABCTPEYy APYI APYIy C H3MCHSAFOILCHCH  YIrAOBOI
CKOPOCTBIO (YITO OOECEYNBACTCA IIPHUBOAHBIM MEXaHU3MOM). ABHIATEAD
nueprmopa BrArodaercs Ha ygactke CA (ot 330 ao 360 rpaaycos), a
TOPMO3 HHEPIIMOMAA BKAIO4aerca Ha ydactke DB (or 150 ao 180
rpaaycos). [lpm 3TOM CKOPOCTH TIPY30B MaKCHMAAbHA, KOIAA OHH
PACIIOAOKEHBI B OKPECTHOCTH TOYKA A, M MHUHHMAaAbHA, KOTA2 OHH
PACIIOAOKEHBI B OKPECTHOCTH TOYKU B.

ITo TIPEAITOAOKEHHIIO aBTOPA IPUYNHA YCKOPCHUSA 3aKAIOYACTCA B
TOM, HYTO ABIUKYIIHMECS IPY3bl B3aUMOACHCTBYIOT MEKAY COOOI
rpaBumMarHuTHeIMUA - cuAamMu  Aopenma.  Cumaa  Aopenma  obpatHO
IIPOIOPIINOHAABHA KBAAPATY PACCTOAHUA MEKAY rpysamu. Ilostomy osra
CHAQ IIPUHMAMACT CYIIECCTBCHHOE 3HAYCHHUE TOABKO B TOUkax A m B, rae
PACCTOSIHHEE MEKAY Ipy3aMi MHHHMaAbHO. Kpome toro, cmaa Aopenma
IIPOIOPIINOHAABHA IIPOU3BEACHHIO CKOpocTell rpys3os. Ilosromy cmaa
Aopenma B T. A (TA€ CKOPOCTH BEAHKH) HAMHOIO IIPEBBIIIACT CHAY
Aopenmia B 1. B (rae ckopoctu maabr). Aasee, HalIpaBAGHHE CHABI
AOpeHIIa 3aBUCHT OT TOTO, COAMKAFOTCA HAH YAAAAFOTCS Tpy3bl. Caeayer

183



Masa 5.3. UHepumnouna TonymHa

eIre OTMETHTh, YTO IIPH PABHOMEPHOH CKOPOCTH ABIIKCHUS IPY30B B
okpectHoctu Touek A m B cymmapmeii mvoyaec cua  Aopemra,
ACHCTBYIOIIINX CIIPpaBa U CAEBA OT 9THX TOYEK, ObIA OBI paBeH HyAro. Ho
TOAYHH IPEAYCMOTPEA PE3KOE M3MECHEHHUE YCKOPEHNH MMEHHO HMCHHO
B 9THX TOYKAX, YTO CO3AAET OTAMYHBIA OT HYASl CYMMAPHBIH HMITYABC
cuar Aopenma. B pesyaprare ABHIKEHHE HHEPIIMOMAA CTAHOBHTCH
IIPEPBIBUCTEIM — CHAHBIH PBIBOK B T. A M CAaOBIN, HAIIPABACHHBIH B
ODOpaTHYIO CTOPOHY PHIBOK B T. B. AaAee aTi mporieccsl aHAAHSHPYFOTCH
KOAUYECTBEHHO.

Puc. 1 (T1.vsd)

B raase 1 IIOKA32aHO, YTO CHAQA AOPCHHQ, ACﬂCTBymmaH OT MaCCBI
ml Ha MaccCy mz, OHPCACAHCTCH BprZDKGHI/IGM BHIAQ (SAGCB H AaA€e

ncrioabsyerca cucrema CI'C)

F, = @ E X E X ;]bmna], M)

rAC
. =9 2
xoacppummentk, = R (2
IMH-cM°  CM®
e G~7-10° —= ~ | - rpaBHTAIHONHAS TOCTOAMHAS,
r I - ceK

184



aga 5.3. UHepunona TonymHa

c=3- 1010 [CM/CeK] - CKOPOCTDb CBETa B BAKyyME,

° 5 - TPABUMATHUTHAA IIPOHUIIAEMOCTD CPEAFI,

® /' - BEKTOP, HAIIPAaBACHHBIN U3 TOYKU M, B TOUKY /M, ,

® V,, V, - CKOPOCTH MACC /M, u M, COOTBETCTBEHHO.

CKOPOCTI/I Vi, V, - 9TO CKOPOCTH B3aHMMHOIO IICPEMCIICHHA MaACC, HC

3aBHCAIIHE OT CKOPOCTH CHCTEMBI, C KOTOPOH CBA3aHBI MAacChl. B marrem
CAy4ae — 3TO AMHEIHBIC CKOPOCTH BPAIIlCHUA IPY30B Ha maatdopme, HE
3aBHCAIIIE OT CKOPOCTH IAAT(POPMBI — cM. puc. 1.
Beraeanm B dpopmyae (1) Berpaxerue

f=laxbxr)), o
rAe

a=v,, b=v,.
B mpaBoii cucreme AeKapTOBBIX KOOPAHHAT 9TO BBIPAKEHHE IIPHHHMACT
BHA

ay @xry —byr, )— a,(b,r, —byr.)
f=la, @yrz —bzry}ax @xry —byrx) : O]
a,(b,r —byr, )- ay @yrz - bzry)

F12 F21

1O
Puc. 2 (T2.vsd)
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I'pyser  Bpamarorca € OAMHAKOBOM CKOPOCTBIO B IIPOTHBOIIOAKHBIX
HarpasAeHuAX. [loatomy

‘a‘ = wR, b‘ =R ©)

e R - asuma peraara, @ - yraoBad ckopoctb. OOo3HaYHM erre
PAAUYC-BEKTOPBI IPY30B M1, U M, KaK 7, U 7, COOTBETCTBEHHO. Toraa

F=r—h. ©)
T.K. Tpy3Bl BpAIIAIOTCA B HAPAAEABHBIX ITAOCKOCTAX, MEHKAY KOTOPBIMHU

COXpPaHACTCA paCCTOHHI/IC d, U YyTABI OTKAOHHMA MACC OT BEPTHKAAHU

PaBHEL, TO
r,=0,r.=d, a =0,b =0, 0
C Y9E€TOM 3TOTO IIOAYYIAEM:
J— ay
f==br|—-a,| ®)
d
Hac 6YACT I/IHTCPCCOBaTb BCPTI/IKaAbHaH COCTaABAAFOIIIAA 9TOM CHABI
f,=bra,. )

W3 puc. 1 caeayer, ato
ZAOm, = —p, LAOm, = ¢

a. = wRcosp,b. =—wRcos,
a, = wRsin@,b, = wRsin g,

v, = RI_— sing, cos ga,OJ,

r, =R |§in @, Ccos go,OJ, (10)
CAeAOBaTEABHO,

r=r,—r = [— 2Rsin go,O,d], (11)

|| = \/k2R sing) +d? J (12)

M3 (9-11) maxoanm:
fy =—wRcos go2a)R2 sin’ Q= —2w°R? COS(psin2 @, (13)

3 . 3
S = fy/|r| =2w’R’ cos @sin’ ¢/|r| . (14)
M3 (1, 3) caeayer, uro BepTUKaAbHAA Ipoekua cuAbl (1)
£y, =k mm, f,,. (13
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B cuay cummerpun Ha 11AaTOpMYy ACHCTBYIOT ABE TaKHE CHABI OT
AByX prBOB, T.€. Ha HAaT(popMy BAOADB €€ OCHu HpI/I BpaI_HCHI/II/I FPYSOB
HABCTPEYY B KAKABIIT MOMEHT ACHCTBYET CHAR

F =2k,mm,f, (16)

BBIYHCASCMAs AAf  9ETBEPTOro kBaApaHTa (rAe Haxoaumres 1. C).

AHAAOTUYHO, IIPH BPAILICHUH IPY30B "B pasAer’ ACHCTBYET CHAQ
F,=="2k,mm,f,., 17)

BEIYHCAAEMAS AAA IIEPBOTO KBaApaHTa (TAe HaxoanTes T. H).

CyMMaprIIZ I/IMHyABC 9TUX CHA paBeH HYA}O HpI/I OAHMHAKOBBIX
CKOPOCTAX BpamieHus 'HaBcTpedy' u 'B  pasaer’’. DTO IMPaBHAO
CODAFOAACTCA U IIPH HEpaBHOMEPHOM BparieHuu. OAHAKO, €CAH 3TH
ckopocru "HaBcrpedy' u "B pasaer” pasAHYHBL, TO HX CYMMapHBII
IMIIyABC HE PAaBCH HYAIO H ITAAT(POpMa OYAET ABHTATBCA (BICPEA HAU
Ha32A). DTO ABHKECHHE ABAACTCHA OE30IIOPHBIM, T.K. AAfl CHABI /AOpeHIIa
HE CYIIECTBYET IPOTUBOAECHCTBYIOIIEH CHABI.

3. KoaAmyecTBEHHBIE OIIEHKHA
PaccMoTprM  3IIFOPY  YTAOBBIX CKOPOCTEH TIpPy3a M,, KOTOPYFO

peaansyer koHcTpyknua Toaunna [1] — em. puc. 3. 3aech mpeacraBaeHA
pasBepTKa OKPYKHOCTH U3 puc. 1 ¢ TemMu ke OOO3HAYCHHAMH TOYCK U
ykasanmem yraoB. Ha ywactke CA ABHraTteAb pasroHA€T IPy3bl OT

YJTAOBOI CKOPOCTH (), AO YJTAOBOH CKOpPOCTH @,, a Ha ydactke DB

BKAFOYACTCA TOPMO3.

DI iB @O i A

330 O 30 150 180 330 O;
360 360

Puc. 3 (T3.vsd)

Paccmorpum Ha puc. 3 BeiaeacHHbiE yuactok CAE. Ha yaactke

CA rpys m, pasronserci OT CKOPOCTH () AO CKOPOCTH @@, C

yckoperuem & Bpemernom wnutepsase t=0,7, a ma yuactke AE -

ABIKETCA C ITOCTOSHHOM CKOPOCTBIO a)2 Ha BpCMeHHOM I/IHTﬁpBaAC

t=1,,T,. Ha puc. 4 u puc. 5 mokazaHsl Pe3yAbTATHl MOACAUPOBAHIUSA

9TOIO HpOHCCCﬁ — ITOKa3aHbI CPYHKLII/II/I
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ot)y=w, +¢-t,

o) =g, +e1°/2,

F F(9), F(9)]- cm. dopmyas (14, 15, 16),

F(t) - dyukuus, pasmas F(¢) Ha BpeMEHHOM HHTEPBAAE

t=0,7,, n pasaas F,(¢)Ha BpPEMEHHOM HHTEPBAAC

t=1,,T, ; mOKa3aHBI TOABKO BEPTHKAABHBIC IIPOCKIIHH ITHX
CUA.
ITpu atom uraTepBaasr 1}, I, ompeaeasirorca popmysamm:
2 _
e T2+ 0T, =279,
o, T, =2r—-¢@,.
Ha mepBoix 71pex rpadmkax BpemeHHoi wuaTepBaa f=0,T]
COOTBETCTBYET ABIKeHHIO Ha ydactke CA, a CAGAYIOIINI BPEMEHHOM

nutepsan ¢ =1;,T, coorBercTByeT ABIKEHUIO HA yaacTke AE.
Buano, uro cuasr Fi(¢#) u F,(¢) HAIpaBACHEI B IIPOTHBOIIOAOKHYIO

croposny (cM. okaO 3) 1 |F2 ((0)| > |F1 (¢))| (cm. okHO 4). OAHAKO HHTEPBAA

I,,T, < rTl Cymma ummyasc cua F,(¢) n F(f) paBHa BeAnunne

5 7,
AS =ij(z)dz+jF2(t)dt >0
0 Ul
1 ACHCTBYET Ha CBSI3AHYIO IAPy IPY30B /M, WU MM,, U3MCHAA CKOPOCTH
maatrdopmer. Togmree,
AS=M -Av,
rae M — macca maatdpopmer ¢ Tpyzamu, AV - IpHpAIEHHIE €€ CKOPOCTH
3a cuer ummyabca AS. YV 3TOro BMIIyAbCa eCTh IIPOEKIHsA Ha OCh 'oy'. B
AaapHermeM Ha ydactke DE maardopma ABHIKETCA €O CKOPOCTBIO,
M3MEHEHHOMN 9THM HMITYABCOM.
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Tabaumna 1.

BapmanTer: 1 2 3 4
Puc. 4 | Puc. 5 Puc. 7 | Puc. 8

m 100 500 500 500

M 500 5000 | 5000 | 5000

d 0.5 1 1 1

R 30 30 30 30

?, 330 330 330 330

o, 3 1 1 2.7

& 100 3 3 -3

& 10723 | 10723 | 10723 | 10723

T, 0.08 0.35 0.35 0.22

T, 0.05 0.26 0.22 0.35

o, 11 2 2.7 1

AS, 8.7 1.37 1.37 1.73

AS, 10.1 1.57 1.73 1.38

AS -1.4 -0.2 -0.36 | 0.35

oS 0.9 0.87 0.79 1.26

Av -4.3 -39 -71 69

Takum O6p a30M, HpI/I AAHHBIX HapaMeTp ax I/IHCpHI/IOI/IAa

m, m,, @, &, R, M ’ d u 3HAYCHUU IPaBUMATHUTHOI

IIPOHUITAEMOCTH BO3AYXa IIPpH aTMOC(i)CpHOM AABACHHH gb MOXHO

OIIPEAEAUTh HMIIYABC CKOPOCTH HAATOpMBI AV Ha KaKAOM 0DOpoOTE
rpy30B. [Ipu 5T0M MMyABCHI BEIMUCAIOTCSA 11O (DOPMYAAM

I T
AS, = | F()dt, AS, = [F,(tdt, AS = AS, +AS,, oS = AS, /AS,.
0 L
PesyAbTaTsl pereHns cBeACHHI B Ta0A. 1.

AHAAOTHIHO MOMKHO HCCAECAOBATH IIOBEACHHE MHEPLINOUAA B T. B.
Ho ckopocru rpysoB B okpectHOCTH T. B 3HaumreAbHO MeHbIIE
ckopocTH 1py30B B okpectHocTH T. A. I[Tostromy cuabr Aopenma B 1. B
3HAYUTEABHO MeEHbIEe cuA ApeHma B T. A — HHEPIHOHUA IIOAYYAET
OOABIIION HMIIYABC B T. A M MAABIA IPOTHBOIIOAOKHO HAIIPaBACHHBIN
HAMITyABC B T. B.
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12 400

10 r— 280 /

fi(t)

omega(t)
oo
‘

360
/ 340 //

4 / /
2 320
0 005 01 015 02 0 005 01 015 02
2000 1500
3
1000 : = %
J = 1000 o
g [ TS = o
= .‘g
' N 500 :
-1000 g b ° \
[ ]
-2000 0L — e =
0 005 01 015 02 320 340 360 380 400
Puc. 4 (subaldo5.m, mode=9)
25 400
380
> < 360
£
o
3401-
320
0 4 06 08 0 02 04 06 08
40 25
20

20

-
[¢;]

ﬂ..oool [ P

%2005 ¢ oo o

F(t)

o

K S

; N
-*QI o W o

-F2(fi), F1(fi)
IS

.
//'
/

40 oL awet
0 0.2 0.4 0.6 0.8 320 340 360 380 400

Puc. 5 (subaldo5.m, mode=10)
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4. Bo3amosxHBIE MOAU(DUKAITIN

B ommcamum umHeprmonmaa  AGKAAPHUPYETCA, YTO  ABHIATEAD
BBIKATOYaeTcs B T. A — cMm. puc. 1-3. Paccmorpum Temeps IoBeacHIE
HMHEPIIHONAA, KOTAA ABHTATCAB BbIKATOUaeTca B T. B — cpaBau puc. 3 u
puc. 6. Ha puc. 7 mpuseaeHsl u B TaOA. 1 IPHUBEACHBI PE3YABTATHI
perrenus. B aTOoM cAydae rpyssl BpaIaroTcs ¢ IOCTOAHHBIM YCKOPEHHEM

&, mabupas ckopocts or W, =W, B 1. A p0 W =W, B 1. E.
CpaBHEHME BapHAHTOB 2 M 3 IIOKa3bIBAET, UTO HMIIYABC CHABI B
ITOCACAHEM CAYYAE€ 3HAYUTEABHO IIPEBBIIIACT IMITYABC CHABI B BADHAHTE

2.

PaCCMOTpI/IM CIIIC ITIOBEACHHE I/IHCpL[I/IOI/IA,a, €CAI prSbI

Bpama}oTc;[ C IIOCTOAHHBIM 3aMEAACHHEM (_ 8), YMCHbIIIaA CKOpOCTb

or Wy =0, 1. A po Wy =0, B 1. E. B sarom Bapuante 4 umuyabc

CHABI HMEET Ty JK€ BEAHYHHY, HO IIPOTHBOIIOAOKHBIN 3HAK IIO

CPaBHEHUIO C UMIIyABCOM CHABI B BapuaHTe 3 — cM. puc. 8 u Ta0A. 1.
VYuTeIBasg BBIIIECKA3AHHOE, MOKHO IIPEAAOKHUTH CAEAYIOIIYEIO

AMATPAMMY BKAIOYCHHA ABHTaTteAs — cM. puc. 9. I'pyssr pasronsarorTcs Ha
yaactke CE ¢ yckopemmem & um Topmosarca Ha yuactke DF ¢

3AMEAACHUEM (_ & ) IIpu stom B 1. A m B rpyssr cosaaror

OAHOHAIIPABACHHBIC HMITYABCHI (HarrpaseHHbIE 10 AB — cm. puc 1), t.e.

IPY3BI CO3AAIOT IIOAE3HBIH HMITYABC B 0OOUX TOUKAX cOAmxenus A u B.
Takum 00Opa3oM, €CAH IIpeaAaraemas Teopus BEpHA, TO

3P PEKTUBHOCTD HHEPITHOUAA MOKET OBITH CYIIIECTBEHHO ITOBBIIIICHA

M3MEHEHIEM BPEMEHHON AMATPAMMEL BKAIOYCHHA ABUTATEAS.

[}

D. B @ i A
330 0; 30 150 180 330 O

Puc. 6 (T6.vsd)

191



Masa 5.3. UHepumnouna TonymHa

3 400

25 /. 380 /

/ / 360 /
340 /

fi(t)

omegal(t)

320
0.6 0.8 0 0.2 0.4 0.6 0.8
40 25 v
A
20 3 20 e
R /, = 15 o8
= 0 . = H -\
L ° = 3
vl x f
off N r
-20 % ]
r 4 5 / 2 i
40 -
0.2 0.4 0.6 0.8 320 340 360 380 400
Puc. 7 (subaldo5.m, mode=12)
3 400
380 e
> < 360 /
IS /
o
340 /
320
0.8 0 0.2 0.4 0.6 0.8
40 25 T
o
20 -~ 20 5»:
j’* = :
— ° o 15 I °
= 0 * = <%
.r EN:/ 10 $
-20 ¥ -

-40 0 H ey |
0 0.2 0.4 0.6 0.8 320 340 360 380 400

Puc. 8 (subaldo5.m, mode=22)
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C A |E D B |F C A

330 O; 30 150 180 210 330 O
360 360

Puc. 9 (T9.vsd)

5. BEIBOABI

WMrak, 1OA ACHCTBHEM TIPaBUTOMATHHTHBIX CHA /\OpeHIia
nHepruuonp ToAdYmHA MOMKET COBepIIaTh OE30IIOpHOE ABMKEHHE (YTO
00cyxAaA0Ch BO BBeAeHHH). OAHAKO AAfl 9TOIO AOAMKHBI COOAFOAQTHCH
OIIPEACACHHBIE COOTHOIIEHHUA MEKAY CKOPOCTAMU BpaIlleHHA Ha
PA3AHYHBIX YYACTKAX OKPYKHOCTH BpareHusA. TOAYHHY YAAAOCH HANTH
3TH COOTHOINIEHUA U PEAAH30BATh UX B CBOEIH KOHCTPYKITHH.

IIpeasaraemas TeOpHsA ITO3BOAAET PACCUNTATH 3TH COOTHOIIECHUSA
IIPEABAPHTEABHO. DTUM (DAKTOM MOKHO BOCIIOAB30BATHCH AAS IIPOBEPKHU
TEOPUH: CCAU HMHEPHUOMA OYAET ABHIATHCH\HE ABHIATHCA TOYHO B
COOTBETCTBHH C PACYETOM, TO 3TO MOMKET CAYKHTH AOKA3aTEABCTBOM
cupaBeAAuBOCTH Teopuu. Kpome Toro, Teopus IO3BOAAT IPEAAOKHUTDH
ITOAE3HBIE MOAMU(HKAIIIN HHEPIHUOHAA. [IpoBepka 9TONH BO3MOKHOCTH
ITO3BOAHT IIPOBEPHUTH CIIPABEAANBOCTH TCOPHH.

TouHoe 3HAYEeHHTE égb noka He m3Bectno. Ho HpI/I ACﬁCTBymmeM

NHEPLHHUOHUAC MOXKHO PCIIUTH O6p9.THYIO 3apavdy 1 HATHA é:b’ a 3aTEM

IIPOCKTHPOBATH APYTHE HHEPIIHOMABDL.

Cuabl AopeHIia, Kak H3BECTHO, HE COBEpIIArOT paboty. OAHAKO,
BAHAHUE TIPABHTOMATHUTHBIX CHA /AOpEHIIA IPUBOAUT K TOMY, HUTO
IOABAACTCA ~ KHHeTmdeckas — oHeprusa — maatdopmer.  OdeBHAHO,
HCTOYHUKOM 9TOH SHEPIHH ABASCTCA SHEPIHsA BHYTPEHHEIO ABHIATCASL.
DTO MOAODHO TOMY, KAK MCTOYHHKOM AOIOAHHUTEABHOI 9HEPIHUHU IIPU
ABITKEHHH IIPOBOAHUKA C TOKOM B MATHHTHOM IIOA€ (IIOA ACHCTBHEM
CHABL AMIIepa, ABAAIOIIEHCA CACGACTBHEM CHABL /\OpEHIIA) ABAACTCHA
3ACKTPHYECCKAS SHEPIHAL.
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MueprmonaA ABIKETCA 1O HMHEPIUH ITOAyYas ITEPHOAMYECKN
nmuyAbc cua Aopenmna. [Tosromy ero, mo-mpexHeMy, MOKHO HA3BIBATH
MHEPIHUOUAOM (XOTH HE CHABI MHEPIIHMH ABASFOTCH ABIUKYIIIIMU CHAAMHU).
Ero m caeayer Ha3bBaThb HMHEPIIMOHMAOM, IIOCKOABKY 9TO Ha3BaHHE
IIPOAEP/KAAOCH OKOAO BEKA.

Brpodem, amaAOrmYHO pacCMOTPEHHON I'PaBHTAIIMOHHON 3aAade
ABIZKEHHSA MACC MOKHO PACCMOTPETH TOYHO TAKYIO 7K€ 3aAa9y ABH/KEHUSA
SAEKTPUYECKUX 3apAAOB (TA€ HE BO3HHMKHET BOIIPOCA OO HCTOYHHKE
SHEPIUH U BO3MOMKHOCTH O€30IIOpHOTrO AzkeHus). B [6] paccMoTpena
OoAee CAOMKHAS KOHCTPYKIIHA C BPAINAFOIIUMUCA 9ACKTPUYCCKUMMU
sapsAaamu. Vimes B BHAY BBIIIIEH3AOKEHHOE, MOKHO B HEH 3aMEHHUTDH
SAEKTPUYECKHE 3aPAABI MaccaMu — cM. puc. 10. Dtu Maccsl BparmaroTcs
HEIIPEPBIBHO U PaBHOMEPHO. TOraa IMOAYIHTCA KOHCTPYKIIHA, KOTOPYFO
B OTAHYHE OT HHEPIUOHAA ToAdnHa (TA€ IPY3BI ABHIKYTCA B IIAOCKOCTH)
MOZKHO Ha3BATh TPEXMEPHBIM HHEPIIHOHAOM.

Puc. 10 (DwePoluokrugnostiZaradow.vsd)

Awnreparypa
1. Toaunmn B.H. HWuepmoua. Ilepmp, Ilepmckoe xumIZKHOE
H3AATEABCTBO, 1977.
2. ZKurasos B.A. Hexoropeie akTyaAbHBEIE BOIIPOCH OE30IIOPHOIO
ABITKCHUS,
http:/ /second-physics.ru/lib/articles/zhigalov_issues.pdf
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I'AaBa 5.4. HeoOpraubim
domran

B Amramm ycramosaen HeoObrambni onTan 1], KOTOpBIH
IIPEACTaBAACT COOOI BOAOBOPOT B IIPO3PAYHOM ITMAHHAPE - (DOHTAH-
BoaoBopot "Xapubaa" — cm. puc. 1. Ecrp nybaukarus [2] u o Apyrom
HCKyCCTBEHHOM BOAOBOPOTE, MEHEE BIICYATASFOIIEM, HO KOHCTPYKTHBHO
6oaee mpospaunomM. Ha puc 2 rmokasan s1oT BOAOBOPOT B CTaKAHE U €IO
koucTpykima. Ha puc 3 moxasam mporecc popMHUPOBaHHUA ITOrO
BoAOBOpOTa. B [2] ommceBaercd, dYro B BOAOBOPOT BCACHIBAETCA
ITOBEPHOCTHBIH CAOI — ITAACTHKOBBIC IIAPHKH HMAM MACASHHAS ITACHKA.
MO:KHO yKa3aTh U HA IPHPOAHOE ABACHHE, HAITOMIHAIOIIIEE HEOOBIIHBIIN

donTan [3] — CM.EHC. 4.

- e

]

Puc. 1.

HackoAbKO H3BECTHO aBTOpPY, TAKHE KOHCTPYKIIHH W ABACHHA HE
HMEIOT CTPOTOTO MaTeMaTH4ecKoro ormcanus. B raase 4.5 mpeasoxena
MaTEMATHIECKas MOAEAD IIOTOKA BOABI B BOPOHKY H u3 TPyOsL. [Ipu sTom
HCIIOAB30BAAUCH MIII -ypasuenus. Bsaumoaeticrsue MEKAY
ABIDKYIIIFIMUCS MaCCAMU BOABI OIHCHIBAAOCH I'A-cuaammu. Aaapuefirme
PACCY/KAEHUA AaHAAOTHYHBI IIPUBEACHHBIM B TAaBe 4.5.
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maBa 5.4. HeoGblYHbIN poHTaH

1 — craxkas

2 = MMEDPO3JIEKTPOABUIATEE
3 — sKeCTAHOM JMCK

4 — IIACTHROBLIN TyOyC

5 — CHIMKOH

6 — HOJMOOHAA CEAPEA

7 — nposojia

8 — KIeMMBL

0 B r
Puc. 3: a — crakaH ¢ IpecHOI BOAOH, O — IIOAKAFOYCHIE ABHIATEAS U

ITOSIBACHIE BIUXPEBOM BOPOHKH, B — HEIIOAHASA BUXPEBAsA BOPOHKA, I —
MOAHAS BUXPEBASA BOPOHKA
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MaremaTigeckasi MOAEAb HEOOBIYHOIO (POHTAHA ITOAHOCTBIO
COBIIAAA€T C MOACABIO IIBIABHOTO BHXpA — cM. raaBy 4.1, pasaea 7.
CoBmapaeT Takike M BBIMUCAHTEABHBIH asroputm. Ha puc. 4 moxasamsr
dyukmmu - y(z), y'(z), R(z), obosmavenmbie kak x, x/, R n
HadiaeHHBIe 1pu npu AauHbBX @ =1.5, z, =30, b=-500. Oyukus

ITOKa3aHa OTACAHO Ha PHC. 5 AAd cpaBHeHHA ¢ puc. 1.

Cpasumsas puc 1 u prc. 5, MOKHO 3aMETHTb CXOACTBO PEAABHOH U
MoOAeABHON dopm  HeoObrIHOro (ouTaHA. CACAOBATEABHO, MOKHO
VIBEP/KAATb, YTO YPAaBHEHUA TIPABUTOMATHETH3MA ITOATBEPIKAAIOTCA
sKkcrepuMeHTaAbHO. IIpm  9TOM  TIOATBEp:KAAETCA  CYIIIECTBOBAHIE
3HAYUTEABHBIX 110 BEAHYHHE TIPABUTOMATHUTHBIX CHA M ITOTOKa
IPAaBUTOMATHHTHOM SHEPTIHH.

10 \ 10 \ 10
9 9 9
8 8 8
7 7 7
6 6 6
N N N
5 5 5
4 4 4
3 3 3
2 2 \ 2
1 ‘ 1 1
-20 0 20 0 5 10 0 5 10
X (x1) forFig13nowTest, mode=4, rez=4 R
Puc. 4.

e e e &
i gl

Puc. 5.
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Awnreparypa
1. http://www.mirkrasiv.ru/articles/fontan-vodovorot-haribda-
charybdis-sanderlend-velikobritanija.html
2. bompaapos M.H., Casuues B.V. VckyccrBeHHBIN BOAOBOPOT 1
€ro IIPHMEHCHIE,
http://bond1958.narod.ru/publikacii/pot_11_2010.pdf
https:/ /www.voutube.com/watch?v=fmMV Gil0sXg
4. Xmeapnuk C.J., HeoObraueni poHTaH U IPaBUTOMATHETHU3M.
Aoxraaer HezaBucumbix aBTOpos, ISSN 2225-6717, Ne 38, 2015,
a Taxke http://vixra.org/abs/1507.0049, 2015-07-08.
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MnaBa 5.5. Buxpb Tennopa

I'aaBa 5.5. Buxps Teiiropa

OraaBaerune
1. Beeaenue \ 200
2. MatemaTtmdaeckas Moaeab \ 201
ITpuaoxkenue 1\ 205
Awnreparypa \ 206

1. BBepaenue

Hroxe paccmarpuBaerca TEOPETHYECKOE OOOCHOBAHHE BUXPS
Tetiropa. Ilpeararaemas MaTeMaTHIECKasd MOAEAD ITO3BOAAET IIOCTPOHUTD
CTPYKTYPY TEUYCHHA MEKAY IIHAUHAPAMH, TAC BOSHHKAIOT IIPABUABHO
‘{CpCAyIOH_[HGCH BI/IXPI/I C HpaBbIM U AECBbIM BpaH_[CHI/ICM nu C ocAaMu,
[TAPAAACABHBIMH ~ HAIIPABACHHIO OKPYKHOHM CKOPOCTH  BPAIIAOINEroCs
LUAAMHAPA.

Z

A

R~
R

Puc. 1.

A
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maBa 5.5. Buxpb Tennopa

B [1] onmceBaeTcs kaaccudaecknii skcrepumenT Teraopa — cM. pHC.
1, rAe ITOKA3aHBI ABAa IIMAMHAPBI U BA3KAS KHAKOCTD B 3230P€ MEKAY HHMH.

Buemanii nuAauHApP ¢ paanycom R, = R, +d HermoaBrKeH, a BHYTPCHHUI
LIIAMHAD C paauycoM R, = R, BpaIuaercs m TeM CaMBIM CO3AACT OCHOBHOC

teuenue U,.

I1pu HEKOTOPOI CKOPOCTH BPAILEHHSA B 3a30p€ ""MEKAY LIHAUHAPAMU
BOBHMKAIOT IIPABHABHO UCPCAVIOIIHMECS BHUXPU C IIPaBBIM M ACBBIM
BPAILICHUEM ¥ C OCAMH, IAPAAACABHBIMU HAIIPABACHUIO ~OKPYKHOM
CKOPOCTH BPAIIAIOIIErOCH IUARHAPA". DTH BUXPH KATATCA 110 OKPYKHOCTI
U HE IIEPEXOAAT C OAHOH OKpyxHOCTH Ha Apyryio. B [1] ommcesarorcs
PA3AMYHBIC SKCIICPUMEHTAABHBIC HCCACAOBAHUSA TAKOIO TEYCHHA, HO €ro
MATEMATHYCCKAA MOACAD OTCYTCTBYET. BHANMO, e HEBO3MOKHO ITOCTPOHTD
HA OCHOBC M3BECTHBIX YPaBHEHHUE IHMApOAMHamuKi. Huske mpeasaraercs
MATEMATHYCCKAA MOACAD TAKOTO TCYCHUSA, IIOCTPOCHHAS B IIPEAITOAOKCHHIN,
9TO, KPOME HM3BECTHBIX MACCOBBIX CHA, B TEKYIICH JKMAKOCTH BO3HHKAFOT
IPABHTOMATHHTHBIC ~ CHABI, CYIICCTBEHHO  3aBHUCAINHE OT  CKOPOCTH
ABEDKCHUS.

2. MaremarnuyeckKkasa MOAEAD
B xomcrpyknmm  Telaopa  CyIIECTBYIOT — MACCOBBIE  TOKHL
O06osmaunM ux naorHoctu kak J,, J, i J,. Dt MaccoBble TOKH

CO3AQFOT IPAaBUTOMATHUTHBIE HAIIPAKEHHOCTH H,, H . H._.

[TAOTHOCTH MaCCOBBIX TOKOB M TPAaBHUTOMATHUTHBIC HAIIPAKECHHOCTH
AOAKHBI YAOBAETBOPATE MIII-ypaBHEHIAM AASl CTAITMOHAPHOIO CAydYad,
KOTOPBIE HMEET MECTO B HAIeH 3aAade. OTH YpaBHEHHA AAfl B
IUATHAPHIECCKIX KOOPAUHATAX 7, (0, Z HMMEIOT BHA (cM. (2.6.1-2.6.5) B

raase 2):
oH

Hr+8Hr+l. ¢,+8sz0, @
r or r Op 0Oz

oH
1 oH, 04, =J, )
r O0p 0Oz
OH, OH
—1-—2=J,, 6
0z  Or 7 ©
H, OH
Ao My LOH, _ ;g %

roor r 0p 7
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MnaBa 5.5. Buxpb Tennopa

J & 14, aJ.
+—L - — 4+ ==
r or r O0p 0Oz
AAH COKpaH.[CHI/IH 3aII1MCH B AaAbHCﬁ]lICM 6YACM HpI/IMCHHTb CACAYIOH_II/Ie
0003HAYCHUS:
co =cos(ap+ yz), )
si =sin(ap + yz), (10)

TA€ &, } — HCEKOTOPBIE KOHCTAHTHI. B TIPUAOKCHUN 1 IIOKa32HO, YTO

0. ®)

CYILECTBYET PeIlIeHUE, HIMEIOIIEE CACAVFOIIHUIL BHUA!

J,.=j.(r)o, 11
J = J,(r)si, (12)
J..=j.(r)si, (13)
H,.=h(r)o, 14
H,.=h,(r)si, (15)
H_.=h_(r)si, (16)

rae j(r), h(r)- mekoropsie (pyHKIMM KOOPAUHATHL 7. B ipuaoxkennn 1
ITOKa3aHO, YTO VKAa3aHHOE perreHue 5-tu ypaBHeHuid (4-8) ¢ 6-ro
neusBecTHbMU  (pyakimavu  j(7), h(r) moxer ObrTb HAHACHO HpHU
AarnOM (ymKITIHI ], (7).

Oymkrim j, (1) onmceiBaeT Maccosbie TOKH. B paccmarpusaemoit

KOHCTPYKITUH 3TH TOKH BO3HHKAFOT ITOA ACHCTBHEM H3-32 CHA BA3KOCTH.
DTH CHABI PACIIPEACAEHBI IO PAAUYCY H 3TO PACIPEACAECHUE 3aBUCUT OT
TOTO, KAKOW U3 ITMAMHAPOB BpAITAETCA, YBACKAA BA3KAM TPEHHEM
OAm3AexKarue cAod BOABL. (OYEBHAHO, CKOPOCTH BpAIICHHA OYAET
YMEHBIIIAThCAA B CTOPOHY HETIOABHZKHOTO ITHAHHAPA.

Mbr HE OyAEM aHAAH3HPOBATH 3TU CBA3H, 4 IPEAIIOAOKHUM, ITO B

obrmmem cayuae dbynkmms j,(7) NMEET CAEAYFOTITII BHA:
j(p(r):a+br, 17
rae a, b —usBecrubie kKoapduLIEHTHL.
ITpumep 1.
Ha pumc. 2 (mode=4) mnokasamsr rpadpmkn  QyHKIMHA
7.0y J, (1), j.(r), h.(r), h,(r), h.(r) B 3asope xomcrpykmum. Dtm
PYHKIIMI  BBEIMUCAAIOTCA HWTEPATHBHO IIPH AAaHHBIX o =4, y =063,

paamyce mposopa R, =0.9, R, =1 wn dymxmm j (r)=-03+r. B
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maBa 5.5. Buxpb Tennopa

mepBoil KoAoHke mokasansl ynkimu A, (r), h,(r), h.(r), a Bo Bropoit
KoAOHKe nokasausl pymktmn j, (), j,(r), j.(r). Bmecre ¢ dynxmmeit

J.(r) myHKTEpPOM ITOKa3aHA (DYHKIIHS

Jo =2sin(yr), 18)
a Bmecre ¢ . (7) yHKIMEH IYHKTHPOM II0Ka3aHa (DYHKIIHA
Ju = E2-(1=cos(z7))-25-(r=0.9)). (19)

Buano, uro j.(r)= j . (r), j.(r)= j,(r). CAeaOBaTEABHO, CYLLIECTBYET

TaKOe perreHne ypapHeHui (4-8), Ipu KOTOpOM

J.(2)=j, () cos(ago+;(z), (20)
J.(r) % j,(r)sin(ag+ z2). @
- cm. Takxe (9-12).
0.02 0
0 = 2

\

-0.02 i

-0.04 -6
0.

0.1 0.7
/‘ \ 0.68 //
0,05 0.6 »

N_| T o064 //

hf

0.62
0
0.9 0.95 1 0.9 0.95 1
0.01 4

\

hz

0
-0.01 \\ /| of - 2
0.02 \—/ 2

0.9 0.95 1 0.9 0.95 1
r Fig=2 (TokPotok14a.m)

ITpumep 2.

Ha puc. 3 mpm ycaoBuax mpumepa 1 IOKAa3aHO IIOAE TOKOB

L(r)+J_(r), B BEPTHKAABHOM CEYEHHH 3230pa KOHCTPYKITHH. Buamsr
HpaBI/IAbHO qepeAy}omHec;{ BI/IXPI/I C HpaBbIM Hn AEBBIM BPHHICHI/ICM. BTO
caeayer us3 (20, 21). VI3 puc. 3 caeayer, 94TO MacCOBBIE TOKH, T.€. CTPYH
KUAKOCTH COBEPIIAIOT B 3a30P€ KPYIOBbIEC ABI/KCHIIS.
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0.1 T

0.08 1 4

0.07 r ) )

0.06

0.05

A
0.04

0.03 3 !

0.02 -\L \ “
0.01 ‘

0 10 20 30 40 50 60
Fig=3 (TokPotok14a.m)

FI]‘

90 100

Puc. 4.

ITpumep 3.
OcnoBuoe Teuenme U, mpespamaer KpyroBble — ABHKECHUSA

’KIAKOCTH B ABHUKGHHE IIO CIHPAAHM C OCBIO — OKPYKHOCTBIO,
IIPOXOAAINIEH IO IIEHTPAABHOM AMHHH Kpyrosoro 3azopa. Ha pwmc. 4

204



maBa 5.5. Buxpb Tennopa

IIOKA32HO BEKTOPHOE IIOAE TOKOB (;r(r) +J, (r)] B OTPE3KE TAKOH
crupasn. DTOT OTPE3OK COOTBETCTBYET YIACTKY TOPOUAAABHON CIIHPAAH
Ha puc. 1. BexropHoe moae 1moka3saHo TOABKO AASl OAHOTO PAaAHYCa 9TOTO
topa. Cumsis NyHKTHPHAS AMHNAA U300pPaKacT TOP C 3TUM PAAHUYCOM, 4
KgaCHaH INYHKTAPHAS ~ AMHHSA ~ OOBEAMHAET  KOHIIBI  BEKTOPOB

L(r)+J_(r) , mcxoasdiux U3 cuHeil AUHUH.

XapakTep pPacCMOTPEHHBIX ABMKEHUI COOTBETCTBYET ABIKEHHAM,
HAOAFOAAEMBIM B 9KCIIEPUMEHTaX — cM. puc. 1. CAeAOBATEABHO, MOKHO
VIBEPHKAATD, ITO BUXpH Teliropa OOBACHAIOTCA I'PABUTOMAIHETH3MOM.
BAnsHIE rpaBUTOMATHHTHBIX CHA BO3PACTA€T C YBEAMYEHHEM CKOPOCTH
AsroxeHus. [ToaTOMy IIpm MaABIX CKOPOCTAX HAOAFOAACTCA AAMHHAPHOC
TEYECHNE, HO C YBEAMYEHHEM CKOPOCTH CYIIECTBEHHYIO POAb HAYHMHAIOT
Urpath TIPAaBHTOMATHUTHBIE CHABL [loaBaderca TypOyaertHOCTE. C
AAABHEHIITUM  YVBEAMYEHHEM  CKOPOCTH  9TH  CHABl  HAYHHAIOT
IIPEBAAIPOBATH M BO3HUKAIOT YIOPAAOYCHHBIEC BUXPH.

ITpuaorxenue 1

Paccmarpusaerca pemrenue ypasuenui (3.4-3.8) B BuAe pyHKITHIT
(3.11-3.16). Aaaee IpOU3BOAHEIE TIO ¥ OYAE€M OOO3HAYATH IITPUXAMI.

N3 (3.4) maxopum:

]()co+](r)co+]()a-co+jz(r);(-00:0 M
.

2O i+ 2k jryx=0. ®
s (3.5, 3.6, 3.7) Haxoamw:

hr(r)+h()+ )a+;( h(r)=0, 3

Loh )= h, 007 = 5,0} @

—h (W = (r) = j, (). ©

W3 (3.8) maxoaum:

h() h()+—h(r)a J.(r). ©)

Wrak, moayueno 5 ypaBHeHuii (2-6) ¢ 06-10 HEH3BECTHBIMH

dyaxumavu  j(r), h(r). Tlostomy oany wn3 QYHKIOHI MOMKHO
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OTPEAEAUTD TTPOM3BOABHO. Mer onpeaeanm dymkmmo (7). B stom
CAyYaE AATOPHTM PEIIEHNA STUX YPABHEHHUI HMEET CACAYFOIIHI BHA:
1. VcramaBaumsaem mHadaspnbie (pu 7 =0) HyAeBBlE 3HAYECHUA
BCEX MepedancAeHnbrx hynkmii, kpome j,(r).
2. Onpepaensiem dyrkimro j, (7).
3. U3 (2) maxoanm:

Ji(r)= ——J’",Er) LD =0, a)
jr:jrold+jr"dr‘ (8)
3. 3 (3) maxoanm:
h
o=t oo by ©
roor
h.=h,, +h -dr. (10)
5 U3 (5) maxoaum:
B(r)==j, () =h( ). an
h.,=h_,+h -dr. 12)
6. M3 (4) maxoanm:
h,(r)= (h.(alr—j.0)x- (13)
() =@l r)alr=j, ) x- (14)

7. 13 (6) maxoAnM:
1
—h (). (15)
r
8. IlepexoAnM K 11. 2 ¢ HOBBIM 3HAYEHUEM IIEPEMEHHOMN F .

jz(r)=h;(r)+m+
P

Awnreparypa
1. I Iauxtuar. Teopus morpanmanoro caos. Msa. "Hayka",
Mocxksa, 1974 (cm. ctp. 480).
2. Xmeapank C.J. Marematudeckas MoAeAb BHXpA Teraopa.
AoKAaAbl HezaBHCHMBIX aBTOPOB, ISSN 2225-6717, Ne 306, 2015,
a Taxxe http://vixra.org/abs/1511.0248, 2015-11-25.
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I'AaBa 5.6. DdPpexrt Panka

Oraasaenne
1. Beaenne \ 207
2. MINI'-ypasuenus tpyost Panka \ 208
3. O6aacts TpyOH € 3aBuxpureseM \ 210
4. T'rapkas o6aacts TpyOsr \ 211
6. IToroku sueprun \ 212
[Mpuaoxenne 1\ 214
Awnreparypa \ 216

1. BBepaenue

Bmecto BBeAGHHS IIPHBEAEM HECKOABKO OYEHB KPATKHUX ITHTAT M3
BBeACHUA K crathbe 'yroaa [1], KoTopsie €MKO XapaKTEPH3YIOT COCTOSHIE
ACA C HAYIHBIM OOOCHOBAHHEM 9TOr0 apexra.

Wssecmen spgpexm Panka, saxarwvarwmutica 6 mom, 4mo 6 6uxpesvix
mpyGKax 00cmanouno npociol ceoMempu npoucxooun pasdeseriue nomoxa :asa Ha
06a, 00un U3 Komopeix — nepugepuiineii — uMeens meMnepanypy  6ulude
meMnepanyypel  Uex001020 2asa, a 670POl — YeHIPAAbIHBILL — COOMEENICIIBENHO
Hiowce. Dmom Igpgexm 6v1eng0um eufe bosee CHPAHHBIM, €aU YUechImy, Um0 ...
apxumedoser cuavr 0oncHsr Gorau vz npusecmu K "ecnavimurn' 6 yenmpe suxpsa
bosree eopanezo casa. Dpgpexm memnepanyprozo pasoesenus 2azos bein obrapyrcert
Panxom 6 19321 e.... HMumencusroe sxcnepumenmansrioe u  meopemueckoe
ucenedosarue 020 Ipdexma ... He npexpamaenca u no ced dens. Texruuecxas
npocimonia IPPexnia  cmuMyAUpPosaia axKmusHocms usobpemanmenced. ... Cnexmp
paj'paﬁomaﬂﬂbzx U NPUMEHAIUUXCA YEIHPOUCINS ... UPe3BBIYAUHO WUPOK, a UX
BO3IMONCHOCHIN 6NEHAMAAIOWH. . .. Um0 dce Kacaemcs nonsimox Haumu Heocnopumoe
Hayunoe  obvAcHeHue  camomy  dPgdekmy, 7m0 ny6auKayun  Ha - IM)  7eMY
npodosscaromea 0o cux nop. lax, 3a nocaednue 15 saem ... (danee 1yyon yxaswieaem
21 nybaukayuro — cmamvu, ouccepmayuu, Knuzu ). ... Budumo, ece empe 1ie naioerno
makoe obvAacHenue spgpexma Parxa, xomopoe Gvrao Ger npusnarno beccnoprsim.
Dppexm Panxa aeazemen "neoncudanmnsim asaenuem", npupoda xomopozo "o cux
nop  npedcmasagenica 3azadouroll’, no  Muenur  8edyuux  CHEYUANUCINOE 110
apoounamure 6UXpesvix mederul.

Aaanee I'ymoa [1] paccmarpuBaer —CyIINECTBYIOINME —TEOPHH,
IIOKA3BIBACT UX "BHYTPEHHUE HEAOCTATKH M IIPOTHBOPEYUS B OIMCAHUN
9KCICPUMEHTAABHBIX AAHHBIX', 4 AdA€E IIPEAAATACT COOCTBEHHYIO
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MnaBa 5.6. OpdekT PaHka

teopuro. OAHAKO APYTOH aHOHHMHBII aBTOP B [2] OTMe9aeT HEAOCTATKI
U 3TOH TEOPHUH, A TAKKE HECKOABKHX APYIUX.

ABTOp He Oepercs OOCYKAATh IIPUBEACHHBIC BBIIIIC BBICKA3BIBAHIISA
U IPUBOAUT UX TOABKO AAfl TOTO, YTOOBI IIOATBEPANTH HEOOXOAUMOCTH
IIONCKA HOBOIO TEOPETHYECKOro obocHoBaHusa sddexra Panmxa. U
IIPEAAOKHUTD (KAaK BOAHTCA) CBOIO TEOPHIO, OOBACHAIOMYIO 3PdeKT
Panka ¢ mpuBAeYeHHEM COBEPIIIEHHO HHOM 00AacTH (PU3UKH.

Tor xe aHOHHUMHBIH aBTOp B [3] dopMyAnpyer odeHb rAyOOKOE
HAOAFOACHUE:

Tpaduyuonnas cudpodunamura easHo ucxooum u3s 7020 nocH)Iama, 4mo
ecrmecrseriol  @Popmoil  suxcerius HcUOKocmel U 2a308  A6AAENICA  AAMUHADHOE
meueriue, a mypOYACHIIHOCIIb PACCMAanpusaenica Kax ezo Hapyuierue, 6v136ammoe nmem
U UM ozparuueruem ezo «60600b». O0Hako, uexo0s u3 mozo pakma, 4o
mederue, Obi6uee AAMUNAPHEIM 6 OMHOCUIIENBHO Y3KOM Karaje, Hpu yoateruu
0ZpanuUUBamUX €20 CHIEHOK U COXDPaHeHuu  npexcHel  cKOpocmu - HauuHaem
3ABUXPAMBCA,  JNO2UMHO  SAKATOUUNID, Y10  UMENHIHO _6UXDesoe _rederie A6/9e116A
«ecmecmsenony  (DoPMot  0BUNCeHUL HCUOKOCHIE U 24308, a AAMUHAPHBIM  OHO

CIRANOBUIICA BBIIYHCOCHHO — KaK pa3 100 6030elcmeueM SHeunux ozpanuderiusi!
Aocmamouro  e3eqammyme ta @opmyay wucaa Peirnoavdca — obupenpusnaririozo
Kpumepus AamMunapocmy. uau nmypoyaeHmHocmy nomoKda, — npu HeUuIMeHHoul

CKOPOCIIY NOMOKA OHO Daciiént nponopyuonansio ouamempy mpybst, a smauum,
meueriue cmarosumea boaee mypoyaermmnsim. B ysxoi mpybre muamasca ¢ bonrvuoil
CKOPOCIILIO  JCUOKOCIS  JaMutiapha, a 6 besopexcriom oKeare Oaxce Mediersle
THCUCHUA  CONPOBONCOAIONICA  B00060POMAMY U  3ABUNXDPEHUAMY —— IHAKUMU  JHe
MeEONEHHBIMUy MAA0SAMENIHBIMIU U DESONACHBIMU, KaK U NOPOOUSUIULUE UX NOTOKU.

DT10 yrBepKACHHUC O "nepsuurocmu mypbysennnozo 0susnmenus" TOMKE
OyAeT 0OOCHOBAHO B IIPEAAATACMOM TEOPHUH.

2. MIII'-ypaBHeHus Tpyon1 Panka

3AECh MBI PACCMOTPHM TOABKO IPAMOTOYHYIO TpyOy Pamka — cm.
puc. 1 [1], rae

1 — nuAnBEApHYeckas TpyOa,

2 — 3aBUXPHTEADB AAA TTOAQYH KUAKOCTH HAH Ia3a IO KACATEABHOM
K OKPY’KHOCTH TPYOHL,

3 — BXOAHOH ITOTOK,

4 — ApocceAb, PasACASIONINIT OOIIMI ITIOTOK Ha IICHTPAABHBIN
HOTOK 5 ¥ BHEIIHUK TOTOK 0,

7 — 00AACTD TPYOBI C 3aBUXPHUTEAEM 2,

8 — 006AACTD TAAAKOIN ITHAUMHAPUYIECKOH TPYOBI (PAaAKas OOAACTD),

¥, @, Z —IHMAMHAPHYECKHE KOOPAHHATHL
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).

L N/
P

A
\
N

8
Puc. 1.

OcHoBHaA 33Aa9a COCTOUT B TOM, YTOOBI OOBACHHUTB, ITOYEMY
BHYTPCHHAS 9HEPIUA LIEHTPAABHOIO IIOTOKA b5 CYIIECTBEHHO
MEHBIIIEC BHYTPEHHEH 9HEPIHH BHEIITHETO ITOTOKA 0.

B 1pybe cymectByror maccoBbie TokH. OOO3HAYNM HX IAOTHOCTH
KaK s Sy I D MACCOBBIE TOKH CO3AQIOT

MarHUTOIPaBUTAIIMOHHbIE HanpsikenHoctn H,, H . H_. TlaorHOCTH

MAaCCOBBIX TOKOB M HANPAKEHHOCTH AOAKHBI YAOBAETBOpATH MIII-
ypaBHeHHAM. AAfl CTAIIMOHAPHOIO CAydYas, KOTOPBIH HMEET MECTO B
HAITIEH 33Aa9e, 3TH YPaBHEHHA B IHAHHAPHYECKHUX KOOPAMHATAX
r, @, z nmeroT BUA (cM. (2.2.1-2.2.5) B rAaBe 2):

H, 0H, 1 0H, oH.
+ +—- +

- =0, ©)

r or r O Oz
oH

1 oH, ©H, =J, 4)
r O0p 0Oz
OH oOH

L——==J_, 5
0z  or v ©
H, 62 0OH
_W+_¢’_l.%:]z, ©

L — - +—==0. ®
r or r Op 0Oz

MOKHO ITOAAraTh, 9YTO IIOAC ABASCTCA OAHOPOAHBIM BAOAD
BEPTUKAABHON ocu OZ . B nmpuaoxennn 1 moxasaHo, 910 B 5TOM cAydae
cucrema ypaBHeHHIT (3-6, 8) MOMKET MMETh CACAVIOIIIEE PEIIeHIE:
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MnaBa 5.6. OpdekT PaHka

a . 1

Jr.=—3]¢rcos(aqp)—5Jwr, ©9)
J,-=Jjrsin(ap)+J 1, (10)

J. =h, (=’ [2)os(@p)+ J... (11)

a .

H, .= Eh‘”r sin(ag), (12)
H,.=h,rcos(ap) +%, (13)

_ 1 . 2 . 1 2 14

H, ——ijr sm(a(p)—EJwr . (14
rAe a, j,, h,, J - J_, - HEKOTOpbIE KOHCTAHTBI, OIIPEACAACMBIC

KOHCprKHI/ICI;‘I H BXOAHBIM ITOTOKOM.

3. O6aacTe TPYOBI C 3aBUXpUTEAEM

B sroit obaactm MOKHO OHPCACAI/ITI) MACCOBBIII TOK J(PU Kak

BEAHYNHY, IIPOIOPIHOHAABHYIO BXOAHOMY IIOTOKY 3. MaccoBblil TOK

J,, MOXKHO  OIPEACAHTH  KAK  BEAHYHHY, IIPOIIOPIIMOHAABHYIO
MacCOBOMY TOKY J,, 1 IIOCTOAHHYIO BAOAD AAMHBI 3TOI 06AaCTH (B CHAY
TOTO, 94TO 912 AAMHA MaAa). Hakorern, nmpn aannom J ) 1o (3.11) moxuO

maitu  J,. Urak, He BAaBasAChb B ACTAAH BBIYUCACHHUIH, MOKHO

VTBEP/KAATH, ITO Ha BBIXOAE 9TOH OOAACTH CYIIECTBYET MACCOBBIM TOK
3.11), HarIpaBAEHHBIN BAOAB OCH OZ .
bl
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Jr

pE OB R Lo B8

LI R S —

Puc. 2

4. I'napkas o6AacTb TPyOBI

Mrak, Ha BXOAE TAAAKOH OOAACTH CYIIECTBYET MACCOBBIH TOK
(3.11), mamrpaBAEHHBII BAOAB OCH OZ , 2 MACCOBBIH TOK C IIAOTHOCTBIO
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MnaBa 5.6. OpdekT PaHka

J ,, orcyrersyer (J,, =0). Ilpn srom mo (3.9, 3.10, 3.11-3.14) moryr
Obrre maiiaenet J,, J,, H,, H,, H_, nockoabky ns (3.11) mssecrmsr
J.=a, h,, J,. IToAaras, 4ro KOHCTaHTA J, TAKKEe U3BECTHA,

paccMoTpuM ITOAydeHHOe perrenme. Ha pumc. 2 mokasamer rpadpukum

dbysrmwit - J,, J,, J, cootserctsenno mpu a =6, j, =1, h,=1,

J,=0,J,=20.

5. IloToxu aneprun
[TaoTHOCTD IIOTOKA IPaBUTOMATHUTHOM SHEPIUH —
IPaBUTOMATHUTHEBIN BekTOp [loiirTrara
S=ExH, ™
IA€ TIPABUTALIMOHHAS HAIPSKEHHOCTh [E  CBfi3aHA € IIAOTHOCTBIO
MaCCOBOTO TOKA TAaKKe, KaK SACKTPHYECKAfd HAIPMKEHHOCTb CBA3aHA C
ITAOTHOCTBIO DAEKTPHYECKOTO TOKA, T.€.
E=p-J, ©
A€ 0 - COIPOTHBACHHE MACCOBOMY TOKY, BBI3BAHHOE BA3KOCTBIO
xuAxkoctu. Cosmernas (1, 2), moayaaem:
S=p/xH. 3)
Bekxroproe npomsseaenne (3) B HMAMHAPHYECKHX KOOPAMHATAX
HMEET BHUA!

S! JH, —J.H,
S’:E:JxH= S, |=|J.H,~J.H,_ | )
p st | |sm,-0.8,
[Tpu ussecruerx J, H wmoxuo maittn S'. Ha puc. 3 mokaszanbt
rpacduku pyuknuii (4) opu o =2. Ha puc. 4-6 nokasaner rpadpuku
dyuxmit IA_S',',, S, SZ'J cootsercrenno mpu @ =6, j, =1, h, =1,

J,=0,J,=20.
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3

Puc.

213



MnaBa 5.6. OpdekT PaHka

CpeAHIOIO IO KAKAOH OKPYMKHOCTH IIAOTHOCTH IIOTOKA SHEPIUI

[ [ 1A
0b03HAYUM KaK I:Srmid, Somids Semia J Ha puc. 4 mokasamsr rpadpuku
dynknmit l._S" S’ A\ J B 3aBHCHMOCTH OT PaAnyca Ipu o =6
YHKIT rmid omid > zmid paamy p -V

j,=L h,=1,J,=0,J, =20.

6

x 10
0 e
T
E 2
1%
4
0 5 10 15 20 25 30 35 40 45 50
x 107
0 Soesssions
000000,
o Meas®e?,
e -1 "%, 0. 0q
-2
0 5 10 15 20 25 30 35 40 45 50
x 10°
0
je) s
g€ 5
) NM
-10

0 5 10 15 20 25 30 35 40 45 50
R (RankeFig=55)

Puc. 4.

N3 a1uX rpadpuKOB CACAYET, UTO IIOTOKH SHEPIUU B IIEHTPAABHOMN
obaacTH (IIpH MAaABIX paauycax) OAu3ku K HyAro. [Toroku smeprum Srmid
u Sfmid pacxOAyIOTCA Ha TEIIAOBBIEC IIOTEPH B COIIPOTUBACHHHU PO, T.C.
Ha BA3KOE TpPEHHE. OTH IOTEPU U  OIPEACAAIOT TEMIIEPATYPY
LIEHTPAABHOTO U BHEIITHETO IOTOKOB. OTCIOAA CAEAYET, ITO

BHYTPEHHsAA 3HEPIusA IIEHTPAABHOIO IIOTOKA 5 CyIlIeCTBEHHO

MeHBbIIIe BHYTPEHHEI dHEePIruy BHEIIHETO ITI0TOKA 6.

ITpnaosxenne 1.

PaccmarpuBaerca  pemenne  ypasuenmit  (3.3-3.6, 3.8). M3
dpHU3IIECKUX COOOPAKEHHH ACHO, YTO TOAE AOAKHO OBITH OAHOPOAHBIM
BAOABb BEPTHKAABHOM OCH, T.e. AOAKHBI OTCYTCTBOBATH IIPOMU3BOAHBIC 1O

apryMeHTy Z, H, cAcAoBaTeAbHO, ypaBHeHHA (3.3-3.0, 3.8) AOAMKHBI OBITH
IIEPEITUCAHBI B BUAE!
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H. 0H, 1 oH,
+—L4+—- =

0, ©)

r or r@go_

1A, _y. ©
r o
OH
_ z=J, 3
o 0 ©)
H 0OH
_‘/’_,__’P_l.aH’ :JZ’ @

r or r 0@
J, &, 1,

g 0, 1V, ©)
roor r 0p

[Tpearroaoxmm, aTO

H,.= h.rsin(ap) ©

H(p~ = hgar COS(CZ@) + H(Wr (7)
Ws (1, 6, 7) caeayer:

Brsin@) |y sinap)-yarsinfap)=0. ®
CAEAOBATEABHO,

hr = hwa/z . (9)
W3 (4, 6, 7) caeayer:

+h, cos(ap)+ 2H,, —ha cos(ap)=J.. (10)
M3 (9, 10) caeayer:

J, =h¢(1—a2/2):os(agp)+Jm, (11)

J.,=2H,. (11a)
[Ipearoaoxum, Aaree, 9TO

J,.=jrcos(ap)+J, r, (12)

J,-=Jrsin(ap)+J,r. (13)
W3 (5, 11, 12) caeayert:

M-F j, cos(ap)+2J,, + J,& cos(ap)+ Jpo =0, (14
CAEAOBATEABHO,

Je==J,a)2. (15)

Jow==J )2 (154)

ITpearroAoxum, 91O, ITO

1, . 1
H, = —ijrz sm(a(p)—EJwrz. (16)
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MnaBa 5.6. OpdekT PaHka

M3z (12, 15, 15a) caeayer, 9TO BBITOAHAIOTCA ycAoBuA (2, 3), KOTOpEIE
IIPUHUMAIOT COOTBETCTBEHHO BHA!

Wrak,

861-;; = —%j(pr2 cos(ag), 17)
OH . .
» =—Jj,rsin(ap)—J,r, (18)
J.=-2; Ly
= —ijr cos(ap) ) ol (12)
J .= Jjrsin(ap)+J 1, (13)
J. =h, (=’ [2)os(@p)+ J... (11)
a .
H, .= Ehwr sin(ag), (6)
J_r
H,.=h,rcos(ap) + ; , ©)
H. :—%j(ﬂr2 sin(a(p)—%]wrz. (16)
Awnreparypa

. I'ymoa A.®@. Ddbdexr Panka. Veruexu dbusmdeckux Hayk, Tom

167, Ne 6, 1997

. Ycrpotictsa Ha acbdexre Panxa,

http://khd2.narod.ru/whirl/ranque.htm

. TypOyaenTHOCT M CAOXKHOE  BHXPEBOE  ABIKEHUE,

http:/ /khd2.narod.ru/whirl/whirldyn.htm

. Xmeapauk CH. O Teoperumgeckom obocHOBaHuu 3ddexra

Panka. AOkAaAbl He3aBHCHMBIX aBTOPOB, ISSN 2225-6717, Ne
36, 2015, a Taxxe http://vixra.org/abs/1511.0206, 2015-11-21.
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naBa 6. MNpoeKTbl 3KCNEepMMEHTOB

I'AaBa 6. HPOCKTBI SKCIICPUMCHTOB

Ha ocHoBe  BBIIICH3AOKEHHOTO — IIPEAAATAIOTCA  HPOECKTHI
HEKOTOPBIX ~ SKCIIEPHIMEHTOB, KOTOPBIE MOTYT —IIOATBEPAUTH  (MAM
OIIPOBEPIHYTB)  IIPCAAATACMYIO  TEOPUIO.  [IpeAAararorcs — TakKe
SKCIICPHIMECHTBHL, KOTOPBIE MOTYT ITOCAYKHTD IPOTOTHIIOM
IIPOMBIIIIACHHOTO TEXHUYECKOTO YCTPONCTBA.

ABTOpP € YAOBOABCTBHEM IPUHSAA OBl YIACTHE B IPOBEACHHUHU TAKUX
sKcIIepuMEHTOB. OOPAIIATHCS € IPEAAOKECHHIAMHE 110 aAPECY:

solik@netvision.net.il
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naBa 61. O6HapyXeHue rpaBUTOMarHMTHOM MHAYKLMU

I'aaBa 6.1. OOHapyKeHHE

IPaBUTOMATHATHOU UHAYKIIUHA

OraaBaenue
1. Bpamenue nopucroro 3apszkeHHOro KoAbma \ 218
2. Bpamenne maccusaoro ancka \ 219
3. Dkcrrepuments \ 220
3.1. VIamepenne rpaBUTOMATHUTHOM MHAYKITAN \ 221
3.2. VIamepenue rpaBUTAIIMOHHON IIPOHUIIAEMOCTH \ 222

Awnreparypa \ 223

1. BpamieHue mopucToro 3aps>KeHHOI'0 KOABIIA

B [1] paccmarpuBaercs BpaIArOIMUICA —3apAKEHHBIM  AHCK,
BO3OY/KAQIOIIIME ~ MATHUTHOE IIOA€. DHXEHBAAbA  HA3BIBACT  OTH
BpAIlafOIIuecsd 3aPAABI  KOHBEKIIMOHHBIM TOKOM. Ero askcmepmment
IIO3BOAAIET  VIBEPKAATb, 9TO  OOBIYHBIA  9ACKTPHYECKHII  TOK,
KOHBEKIIMOHHBII ~ TOK, BPAITAFOINEECH  JACKTPUYECKOE IIOAE |
BPAIIAFOIIUIICA 3aPAKEHHBIN AUCK OAMHAKOBO BO30OY/KAAFOT MAIHUTHOE
TIOAE.

Vmest B BHAY 9KCHEPHUMEHT DHXEHAABAQ, PACCMOTPHM KOABIIO CO
cpeaHuM paamycom R, cAeAaHHOE W3 TOPHUCTOTO METaAAd U
dAEKTpHYeCcKH 3apaxeHHOE. (OUYEBHAHO, 3apAABIl PACIOAATAFOTCA Ha
OBepXHOCTAX IOp. [IpHOAMKEHHO MOKHO IIOAAraTh, YTO ITAOTHOCTH
PACIIPEACACHHSA  32aPAAOB IO  OKPYKHOCTH  KOABIIA  OIIMCHIBAETCA
dyHKIIHEH BHAA

p() = po - (1+sin(49)), 0
TAE
Po - KOHCTAHTA,
@ - YTAOBas KOOPAUHATA,

A - aauna "BOAHK", 3aBUCAINAS OT CPEAHETO PACCTOSHUSA MEKAY
IIOPAMH.

Ecan mpmBecTHm KOABIIO BO BpaIlleHHE C HEKOTOPOM YIAOBOM

CKOPOCTBIO @, TO @(f) =@ NAOTHOCTD PACHPEACACHUS 3aPSAOB IO

OKPY/KHOCTH KOABIIA CTAHET (DYHKIIMEH OT BpemeHn [ BHAA

218



naBa 6.1. OGHapyXeHue rpaBUTOMarHMTHOM MHAYKLMU

p(1) = po - (1+sin(Aar)), ©

ToK, TeKyIIInii 110 KOABILY,

= p, - Aw-cos(Aat). ©)

DTOT TOK CO3AA€T MATHUTHBIH IIOTOK, IIEPHEHAUKYAAPHBIH ITAOCKOCTH
KOAbIA. CpEAHAAl IO IIAOINAAM KOABIIA MATHUTHAS HHAYKIHA 3TOrO
rotoka onpeaeadercs B cucreme CI'C dpopmyaoii Buaa

B()—M 4

CAeAOBATEABHO, CPEAHSAA IO ITAOIIAAM KOABIIA MAarHUTHAS MHAYKITUA
BPAIAFOIIETOCH 3aPAKEHHOTO IIOPUCTOIO KOABIIA

B(t) ~ 2p, A -cos(Awt)/(cR). 5)

2. Bpamenne MacCCHBHOTO AMICKA
[To amarOrmm MOMKHO YTBEP/KAATH, YTO BPAIAFOINECECA IIOPUCTOE
KOABIIO CO3AAET MACCOBBII TOK
dm(?)
Jo (t)=—F—"=~m, - Aw-cos(Llax). ©)
CpeAHA IO IIAOIIAAM KOABIIA I[PABUTOMATHUTHAA HMHAYKIHA 3TOIO
notoka omnpeaeaderca B cucreme CI'C dopmyaoii Buaa (cm. B raase 1
dopmyay (1.2.4)):
. 268,
g : )
cR
Toraa m3 (14a) maifiaeMm, YTO 3TOT TOK CO3AAE€T IIEPEMEHHYIO
I‘paBHTOMaI‘HHTHyI—O I/IHAYKL[I/II—O

B, =~2m,Gwl -cos(Lat)/ (cR). ®)

CAeAOBATEABHO, MOMKHO YTBEPKAATb, YTO BpPAIAFOIEecs IIOPHCTOE
KOABIIO CO3A2€T TPAaBHTOMATHUTHYIO HHAYKIHiO (8). OdeBHAHO,

BPAIIAIOIIUICA CITAOIITHON AUCK U3 ITOPUCTOTO MATEPHAAA TOKE CO3AAET
IPABUTOMATHUTHYIO HHAYKIIHIO. Takum 0OpasoMm, BpaIIAFOIIUAMCA
IIOPUCTBIA AMCK CO3AQ€T T'PABUTOMATHUTHYIO HHAYKITUIO. DTO
VTBEP/KACHHE SKBHBAACHTHO CACAYIOIIIEMY:
BPAIAOIIMAICA IIOPUCTBIA AMCK ABAAETCA
IIOCTOAHHBIM I'PABUTOMATHUTOM

OTCrOA2 CACAYET, 9TO BPAIIAFOIIHECH ITOPUCTBIC AMCKH, OYAYYH

FpaBI/ITOMaFHI/ITaMI/I, AOAKHBI IPUTATUBATHCA MAM OTTAAKMBATBHCA.
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naBa 61. O6HapyXeHue rpaBUTOMarHMTHOM MHAYKLMU

ITockOABKY AFODOM MaTepHaA HE ABAACTCA CHAOIIHBIM, TO 3TO
YTBEPKACHHE MOKHO PACIPOCTPAHUTH HA AFOOON Amck. OAHAKO ero
IPABUTOMATHUTHEIE CBOMCTBA OYAYT CA200 BHIpaKEHEL (OTCIOAA CACAYET,
YTO BPAINAIOIINECA AMCKH, OYAYIH TIPABUTOMATHUTAMH, AOAZKHEI
IIPUTATUBATBCA HAH OTTAAKHBATBCA. Takme SBACHHA HaOAFOAAFOTCHL
Borpoc 0 B3auMOAEHCTBHE BPAIAFOIIHXCA TEA IIOAPOOHO PacCMOTPEH
OTKHHBIM B [2, 3|, TA€ IPEAAATACTCA TAKKE TEOPHs, OOBACHAIOIIAA ITO
ABACHIE C APYTUX ITO3HITUIL.

Eme pas moauepkaem, 910 3(PQEKT HPUTHKCHUS \OTTAAKABAHIS
BPAIIAIOIIUXCA AUCKOB AOAKEH IIPOABAATHCA HAHMOOAEE SAPKO, €CAU

AUICKH ~ SIBASIFOTCA ~ IIOPHCTBIMH HAHM, B OOAce OOIIEM CAydae,
HEOAHOPOAHBIMH. HeOAHOPOAHOCTD MOKET OBITH CO3AAHA HEIIAOCKOH
KoH(uUryparue AuckoB. VIMEeHHO Takas HEOAHOPOAHOCTb AHCKOB OBIAQ
peaamsoBaHa B akcrrepumentax CamoxsaroBa — cM. raasy 5.1.

Haxonen, addexr mpursxeHns\OTTAAKHBAHUS _BPAIIAIOIIIXCS
AVICKOB ~ AOAKEH  OBITH ~ 3HAYUTEABHEE B  BAKyyME, ITOCKOABKY
IDABUTOMATHUTHAA HHAYKIIHA IIPOIIOPIIHOHAABHA TI'PAaBHTOMATHHTHOI

HpOHI/ILIaCMOCTI/I g, KOTOpaH pCSKO BOSpaCTaCT C YMCHBIIICHHUCM

aTMOCEPHOTrO AABACHHA — CM. TAaBy 5.1.

3. OxcnepuMeHTHI
Ha OCHOBC BBIIIICU3AOKEHHOTO MOXKHO BBIIIOAHHTDH
SKCIIEPHUMEHTHI, KOTOPBIC IIO3BOAAT
® BBIYHUCAUTH TPAaBUTOMATHUTHYIO HHAYKIIUIO PA3AUYIHBIX AMICKOB
B 3aBUCHMOCTH OT CKOpOCTI/I BpaH_ICHI/IH 1 AABACHUA,

® BBIYUCAUTH TPAaBUTOMATHUTHYIO IIPpOHNUIIAEMOCTD § B

3aBHCHUMOCTH OT AABACHUIL.

[Ipexae Bcero, OTMETHM, ITO AASl H3TOTOBACHUSA IIOPUCTHIX AUCKOB
CYIIIECTBYET OOABIIIOE PA3HOOOpA3UE IIOPHUCTBIX MATEPHAAOB — CM.,
Hanpumep, [4]. AepeBAHHBIE AUCKU TAK/KE ABAAIOTCA ITOPHCTBIMH, 2 U3
HIOX HaHOOABIIEH IIOPHCTOCTBIO OOA3AACT AyOOBBIH AMCK. Apyroit
CIIOCOO H3rOTOBAGHHSA IIOPUCTBIX AHMCKOB — H3IOTOBACHHE ITAKETa
OAMHAKOBBIX ~ TOHKHX  AHMCKOB, HepQOPHPOBAHHBIX  MHOKECTBOM
orBepcTHii. B makere Takme AHMCKH AOAMKHBI  OBITb  CABHHYTBI
OTHOCHUTEABHO APYT APyra Ha HEKOTOPBIH MaAbIi yroA. CACAaHHBIH TeM
HAU HHBIM CIIOCOOOM IIOPHUCTBI AMCK IIPH BPAILICHHH CTAHOBUTHCA
IIOCTOSHHBIM IPABUTOMArHUTOM.
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naBa 6.1. O6HapyXeHue rpaBUTOMarHMTHOM UHAYKLMU

3.1. M3mepeHne rpaBUTOMATHUTHOU MHAYKIIUH.

Ha puc. 1 mokasana msmepuTeAbHas yCTAHOBKA, A€ 1 - AWCK, 2 -
3AEKTPOMOTOP, 3, 4 — TpyOKa, 5 — mapuup, 6 — Hacoc, 7 — pesepsyap, 8 —
BOAQ.

Awck 1, BpammaeMerii 3A€KTPOMOTOPOM 2, IPEACTABAAIOT COOOM

IPABUTOMATHHT € TIPaBUTOMarHUTHON wuHAykimedr B,. Hacoc 6
IIPOKAYMBAET BOAY 8 M3 pe3epByapa 7 IO TPyOke 3, cO3AaBasg TEM CaMbIM
MAacCOBBIH TOK J, .

Ha mnposoanuk — 1pybky 3 ¢ wmaccoeeim TOKOM J, B

IPABUTOMATHUTHOM ~ TIOA€ €  TPaBHTOMATHUTHON — HHAyKImed B,

AeticTByer rpapuromMarauTHas cuaa Amuepa (cMm. (1.2.20) B cucreme CH):

1
Fog =27 o8B, ©)

Dra cHAa ACHCTBYET HAa OTPE3OK TPYOKH 3, PACIIOAOKEHHBIN HaA
auckom 1. [TTapHUPEL 5 TO3BOAAIOT TPYOKE 3 OTKAOHHTBCA B IIOAOKECHIE

4. VTOA OTKAOHEHHSA () ITO3BOASET OIIPEACAUTH BEAUYHHY CHABL F,

ag *
MaccoBsiii  TOK Jg B 32TOM 3KCH€pI/IM€HT€ TOXKE M3BCECTCH.
CACAOB&TCABHO, I/I3MCPCHH2.H TAKIM o6pa30M CHIAQA Fag ITIO3BOASACT

HAWTH IPABUTOMATHUTHYIO MHAYKITHIO

B,=c-F,/J,, (10)
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3.2. M3smepeHne rpaBUTAITMOHHOM IIPOHUIIAEMOCTH.

Ha puc. 2 mokasana maMepHuTeAbHAsA YCTAHOBKA, TAE 1, 2 — AMCKH,
3, 4 —9AEKTPOMOTOPHI, 5 — IIPyKHHA, 6 — KOPIIyC.

Amck 1 ¢ 9AGKTPOMOTOPOM 3 IIPEACTABAAIOT  CODOM
IPaBUTOMATHAT A, a AUCK 2 C 9AEKTPOMOTOPOM 4 - rpaBuTOMarauT B.
I'paBuromarHnT A 3aKpemAeH Ha AHE Kopmyca 0, a rpaBHTOMArHUT B
ITOABEIIICH Ha IIPYKUHE 5 K KPBIIIIKe Kopiryca 6.

[Ipu BKAIOYEHHH TIPAaBUTOMATHHUTOB OHHU IIPHUTATUBAIOTCH HAU
OTTAAKHBAIOTCA B 3aBUCHMOCTU OT HAIIPABACHUA BPAIIECHUA AMCKOB.
CuAa IPUTHKCHUS \OTTAAKABAHUS BBIUUCAACTCA B 3aBHCUMOCTH  OT

aammer L nipysussn 5 waw ot paccrosiams Z mesmAy Anckame 1 o 2.

SRRt
TlsTetetetetetetrettet
o]

iieielololeleleieioiols !

HSMCPCHHQH TaKHM o6pa30M CHAQ F HPOHOPL[I/IOHQ,AI)Ha

ITIPOM3BOAHON dB g / dz , T.e.

ng
F(z)=k , (11)
'z
rae k — mekoropsiii koadpdunment. ITOCKOABKY TIpaBHTOMATHUTHAS

MHAYKIIHSA Bg MOKET OBITh H3MepeHa B sKkcnepumente 3.1, To

koapdunment k moxer ObITh HaliAeH 110 dopmyae (11), T.e.
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ng
k=F(z) , 12)
dz

rpaBHTOMaFHHTHaH IPOHHUITAEMOCTD é: IPpOIIOPIHOHAABHA

IPaBUTOMATHUTHOM MHAYKIITMH B, re.

¢ =4qB,, (13)

rae koauimeHT ¢ ompeaeaserca pasmepamu Aucka. Hampumep, aad
KOABIIA 9TOT Koapdurmert Moxker Obrre HaviaeH u3 (7). M3 (11, 13)

CAeAyeT, 9710
dé(z
F(z) = kg %e®) .
dz

CACAOBaTCAbHO, OKCIICPUMCHT ITO3BOAUT HANTH 3aBUCUMOCTD

‘f(Z):éJ‘F(Z) 'dZ. (14)

AelcTBUTEABHAA I'PABUTALINOHHAA ITPOHHUIIAEMOCTb IIPH  AAHHOM
AABACHUH P

s(p)= hm quJ‘F(Z) dz , (15)

z—0

I'paBrrarmonHas IPOHUIIAEMOCTD BAKyyMa

¢0)=Tim (g(p)) (16)

p—0
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I'aaBa 6.2. I'paBuranmumonnoe
KOAECO

Coaepxanne
. Beeaenne \ 224
. Ipnunurmaapnas cxema \ 224
. Boirmoanenwe skcriepumenta \ 226
. PeaAbHbIE KOHCTPYKITHT \ 227
. I'paBuromarauraas cuaa Aopenna \ 229
. Koncrpyxnms \ 229
. MaremaTrraeckast Mmoaeab \ 231
. MaTemaTrmaeckoe MOAEAUPOBAHIE \ 234

o N B S B S N S

1. BBeAeHnue

B raaBy 3 AokasbBaeTcs, YTO HCTOYHHUK TI'PAaBUTAIMOHHBIX CHA
MOJKET COBEpPIIATh PabOTy M 3TO HE IPOTHBOPEUNT 3aKOHAM (DHUSHKIL
MHorHE AABHO IPEAAOKECHHBIC KOHCTPYKIIHH MOKHO OOBACHHTH C 9TUX
mosunnit. OAHAKO OHH HE SABAAIOTCA BEYHBIMU ABHIATCAAMH IIPOCTO
IIOTOMY, YTO ITOCTYIIAIOIlas IPABUTALIMOHHAA SHEPIUsA MCHBIIIE PaOOTHI
CHA TPCHUSL.

B raase 5.2 aaerca obocHOBaHHE PabOTOCIIOCOOHOCTH KOAECA
Aappo Kocra u ero pacger. Boasirme pasmepsl yCTpoOHCTBa, KOTOPOE
aemoucTpupyer Aapao Kocra, OOBACHAIOTCA, TO-BHAIMOMY, pPa3MepaMu
IIEPEKAFOYATCACH — OHM CAOMKHBIE, 4 ITOTOMy Ooabrme. Kpome Ttoro,
OHH CAOJKHBIC, 4 IIOTOMY TPEOYIOT IIOCTOAHHOIO ITOAPEIYAUPOBAHUS,
YTO YCAOKHACT HKCIIAYATALIHIO.

Hrpxe mpeaAaraercss 3HAYHTEABHO MCHEE CAOMKHAA M KOMIIAKTHAS
KOHCTPYKIIHS.

2. IlpumHiinnmaspHasA cxeMma

HpI/IHHI/IHI/IaAI)HyIO CXCMY KOAECa MOKHO HPCACTaBI/ITb B BI/IAC,
rmokazagHoM Ha puc. 1. OHO mpeacTaBAfeT COOOM TPYOKy, B KOTOPOIt
ABIDKYTCS TPY3BL. DTH I'PY3bI HAHU3AHBI HA CIIMIIBL, 4 CIIUIIBI 3AKPEIIACHBI
Ha BTyAKC TaK, YTO yFAbI MC)KAY Ka)KAOfI Hapof/l CITHIT paBHbI Me)KAy
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Maga 6.2. 'paBUTaLMOHHOE KOJleco

coboii. B Tpybke ecth mpopesb, IMO3BOAAIOIIAS CIHUIIAM BPAIIATHCA 110
OKPY/KHOCTH.

Cuapr  AopeHria BO3HHKAIOT MexAy rIpysamua ml m m2,
ABHUTAFOIIHIMECS C PA3HOH CKOPOCTBIO IIO OKPYKHOCTH M '"crymeHbke'.
Pesyaptupyrormas stux cua sparmaet rpys ml — cm. puc. 2.

Puc. 2 (Aldo7.vsd).
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Puc. 3 (Aldo8.vsd).

Menee caomxuas KoHMHUIYpAIHA TPYOKH IIOAPOOHEE ITOKa3aHa Ha
puc. 3. BuaHO, 9TO OHAa COCTOMT M3 TPEX YACTEH OKPYKHOCTH U
IPAMOAMHEIHOIO CONPMKEHUA., DTOT BAPHAHT OTAHYACTCA TEM, UTO B
HEM OTCYTCTBYET HIKHUH IIPAMOAMHEHHBIH "ckadoK".

Ectp pacderasie OPMyABL, HO AAfL HX IIPHMEHECHHUA HEOOXOANMO
BBILIOAHUTB, 110 KpalHEH Mepe, XOTA OBl OAMH 3KCIIEPHMEHT, YTOOBI
IIOAYYHTD TOYKY OTCYETA.

3. BelmoAHEeHUE 3KCIIEPUMEHTA
IIprmveprbIE pasMepsl KOHCTPYKITHH (B CM):
R1=100, R2=90, R1=80, H=5, S=5
Bec rpysa onpeaeaserca amamerpom TpyoOKn
KoangecTBO crimir — MAKCHMAaABHO BO3MOKHOE.
LenTp Bparenus crmil — 1. Z
CkopocTh BpallieHUA — MAKCHUMAABHO AOIYCTUMAsA IIO JCAOBHAM
IIPOYHOCTH

KoHcTpykina AOAKHA PacKpydHBaTbCA OOPATUMOM MAITIHHOMN
IIOCTOAHHOIO TpPOKa B pexume Asurateasd. Ilocae aAocrmxenns
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OIIPEACACHHOHM  CKOPOCTH  MAIIMHA  AOAKHA  IIEPEKAFOYATBCA B
I€HEPATOPHBIN PEKUM H ITOAKAIOYATBCA K IACKTPHIECKOH Harpyske. 1o
BpEeMEHH PaOOTHI B TEHEPATOPHOM PEKIME M BEAUIHHE HATPY3KH MOKHO
OIIPEACAUTh BEAHMYHHY KHHeTHYeckoM sHeprumm El, 3amacemnonn
MOMEHTY TIEPEKAFOYEHUA (IO 3aKOHAM 3SAEKTPOTEXHUKH). JTy Ke
BEAHYHNHY MOKHO OIIPEACAHUTH IIO CKOPOCTH BpAIleHHA B MOMEHT
mepekArodeHnsa (o 3akoHam Mexanmka) E2. Ecam  mpeneOpeus
TPEHHEM, TO, COOTBETCTBHH C 3aKOHOM COXPAHEHHSA SHEPIHH, AOAKHO
osrre, E2=FE1. Ecan ke B pesyaprare skcrepumenrta okaxerca E2<E1,
TO 9TO OYAET O3HAYATh, YTO CYIIECTBYET AOIOAHHTEABHBIN HCTOYHUK
3HCPFI/II/I.

Konedno, BEYHEINI ABHUTATEAb C IIEPBOHM IIOIBITKA CO3AQTh HE
yaactca! Ho Takme mamepeHHs TO3BOAATH ITOHATH, €CThb AWM HAACKAA.
CAGAYeT OKHAATD TaKAKE, 9TO 3TOT AOMOAHUTEABHBIH UCTOYHUK SHEPINUH
OYACT IPOABAATHCA TEM CHABHEE, 9EM BBIIIIE CKOPOCTH BPAILEHUSA, UTO
TaKiKe IIPOBEPACTCH IIPU YKA3AHHON OPTraHU3AIMN SKCIIEPUMEHTA.

Ba>xsno ormeTnTB, YTO B _BaKyyMe (MAHM IIPOCTO B KaMmepe C
IOHIDKEHHBIM  AaBA€HHUEM) 3(P@PEKT AOAKEH YCHAUBATHCH
MHI'OTOKPATHO.

4. PeaApHBIE KOHCTPYKIIUU

TpyOky caeaatp CAOKHO. MOKHO HIPEAAOKUTH  APYIVIO
KOHCTPYKITHIO — CM. pHC. 4.

Koncrpyknna mokaszana Ha puc. 4. ViMeeTca ABe AOCKH CO ITIEABIO
(cm. slot) B Buae, ITOKa3aHHOM Ha BBIIIIE Ha puC. 3. V KaKAOW U3 HUX €CTh
BHYTPEHHAA 9acTh 2 U 4, B KOTOPOH Bparaercst ock 5, u "Bucarmas’ Ha
HOAIIMIHUKAX 3TOH ocu. Ecrb BHemHsaa Jactb 1 u 3, OXBaTHIBAXOIIAS
IIEAb, U IPHUKPEIACHHAA K OOIIEH craHmHe ckobamu 6 (Ha puc. 4
ITIOKa3aHBI BOCEMb CKOO 0). AOCKH pa3ABHHYTBI Ha paccrosHme A (CM.
clearance). I'pyssl IIpPEACTaBAAIOT COOOH IHapel 7, dYepe3 KOTOPHIE
npoaera crmma 9, 3akpermaennad Ha ocu 5. OHH MOIYT BpamaThCs
BOKPYT CITHITB 9 M CKOAB3HTD 110 Hell. Mx amamerp D>A. ITostomy onn
HE IIPOBAAMBAIOTCA MEKAY AOCKAMH, 4 CKOAB3AT IIO KpafAM IleAd. Bausy
IT0Ka3aH paspe3 KoHcTpykmuu 1o BB. Buamer meas u ckoOwr 6. Erme
HIDKE IIOKa3aH TOT »ke paspe3 ¢ mmapamu 7. Ha 1mape moxaszamo
oTBepcTre 8 AAf crinmibl 9.

Ha paspese mokasan map 7 Ha crmrie 9, JKeCTKO 3aKPEIIACHHOM Ha
ocu 5. BuarO oTtBepcTHE 8, B KOTOPOM CKOAB3HUT crimia 9.

BmecTo AOCOK MOMKHO CAEAATH H3OTHYTHIE IIOAOCHI, 3aKPEIIACHHBIC
HA HEIIOABHKHBIX CITHIIAX.
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Section

along BB
without ‘

the ball
- AN E— Section
‘ / D\\ . / along BB
= (&

without
the ball

Puc. 4 (Aldo9.vsd).

Apyroii BapmaHT KOHCTPYKIMHU IIPEACTaBAAET COOOI AEHTY,
TAaKKE UMEIOIIYIO (POPMY, IOKa3aHHYIO HA puC. 3. I'py3pl IpHKpPEIACHBI
K KOHIIAM CHHII (TAKKE 3aKPEIACHHBIX Ha BTyAKe). OAHAKO B 3TOM
CAyYae IPy3Bl HE IIEPEMEIIAFOTCA ITO CIIHIIE, 2 CIHIBI IIEPEMEIIAOTCH
BHYIPH BIYAKH (11O ee paamycy). LleHTpOoOeKHbIE CHABI IIPHKHMAIOT
IpPy3sl K AeHTE. [Ipu 9TOM OHH ABHIKYTCA TAKKe, KAK M BHYTPU TPYOKI.
AAf yMCHDBIICHHSA CHA TPEHHSA TIPY3Bl BBIIOAHAIOTCA B BHAC
IITAPUKOIIOAIITHITHIKA, 3aKPEITACHHOTO Ha BUAOYHOM KOHIIE CITHIIBL.

Hirxe paccmarpusaeTcsa pacyeT KOHCTPYKITHH.
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5. I'paBumarauTHaA cuaa AopeHra
B TAaBC 1 IIOKAa3aHO, YTO rpaBI/IMﬂFHI/ITHaH CHUAA AopeHua,
ACﬁCTBYmmaH OT MACChI ml Ha MaCCY m2 , OHpCACAHCTCH Bpra)KCHI/ICM

BrAA (3aech ucroarsyrores cucremsl CI'C u CH)

E:@Exgx;]‘, (1)

{&II/IHaZF'CM\Cz]B CI'G; E‘TZKF'M\CZ:LB CU; 1 gue = 105 H}
TAE

2 3 2 3
| IMH-CM cM l H-™Mm M
* G~7-10° — = - |=7-10"| ——= - -
r I - CeK KT KT - CEK

I‘p ABUTAIITMMOHHAA ITOCTOAHHASA,

o ¢~3-10"[cm/cex]=3-10*[m/cex] - ckopocts cBera B Baxyyme,

o 5 - TPABIMATHATHASA IIPOHUIIAEMOCTb CPEAFL,

® 7 - BEKTOp, HAIIPABACHHBIM U3 TOYKU M1, B TOUKY M, ,

® YV, V, - CKOPOCTH MACC M, U M, COOTBETCTBEHHO.

e xoapdurmeHT

&G em _ M
k, == — =107 —|. ©)
r KT

Bano ormernts, 9T0 9P PEKTH B YKA3aHHBIX B 9KCIIEPUMEHTAX
CamoxBaroBa (cM. rAaBy 5.1) HACTOABKO 3HAYHUTEABHBI, YTO AAfl HX
OOBACHEHHS B PAMKAX MAKCBEAAOITOAOOHBIX YPABHEHHH I'DaBUTAIIHH
HEOOXOAUMO BBeCTH KOIMMOUITHMEHT TPABUMATHUTHOU ITPOHHUIIAEMOCTHA

CPEABI 5 (aHAAOTHYHBIH KOI(P(PUITHEHTY MATHUTHON IIPOHUIIAEMOCTH

CpeABl 4 B aaekTpomarHeTnsme). OAHAKO 3HAYECHHE Kos(pcpnumeHTa 5

M3 3THUX SKCHCPHMCHTOB MOKHO OIICHUTDH BECbMa HpI/I6AI/I}KCHHO.

6. Koucrpykmmsa

Koaeco mokazano nHa puc. 3. OHO IpeAcTaBAsfieT OO0 TPYOKy, B
KOTOPOM ABIGKYTCS IPY3Bl. DTH IPY3bl HAHM3AHBI HA CIIHIBI, 2 CITHITBI
32KPEITAEHBI HA BTYAKE TaK, YTO YTABI MEKAY KaKAOM ITAPOM CITHI] PABHBI
MeKAY COOOH. B TpyOke ecTs mpopesH, ITO3BOASIOIIIE CIIUIIAM BPAIIATCA
IO OKPY?KHOCTH.

Bepxmnssa gacts aTOro Koaeca 1mokasaHa Ha puC. 5, 2 Ha puc. puc. 6
ITOKa3aHa 9aCTh 9TOr0 (PparMeHTa.
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Maccer B 3TOH KOHCTPYKIHH AEHCTBYIOT APYI Ha APyTa CHAAMU
rpaBuMarHuTHeIME  cuAamu  Aopenria.  CumaoBoe  B3anMOACHCTBHE
BPAIIAIOITUXCA MACC TAKOBO, YTO CHABI HAIIPABAEHBI IIEPIIEHAUKYAIPHO
BekTOpy cKkopoctu. [loatomy maccel, ABHKYIIIEECA IO OKPY/KHOCTH,
HCIBITBIBAFOT CHABI, HAIIPABAECHHBIE ITO PAAHYCY. DTH CHABI HE BAHAIOT
HA CKOPOCTb BpareHus. VckArouenmem fBAAETCA CAyYall, KOrAa macca
COBEpIITAET CKAYOK IO CTyHeHbKe BBepX. CHABI, ACHCTBYIOIIHE HA HEC,
IIEPIIEHAUKYAAPHBI CTYIIEHBKE M HEITOCPEACTBEHHO BAMAIOT Ha CKOPOCTH
BpAIIEHUA.

ITOCKOABKY CKa9OK COBEPIIIAETCA C OOABIION CKOPOCTBIO 3a MAAOE

BpEMA, APVIHME MACCBhI HC VCIIEBAIOT CVIIIECTBECHHO WM3MCHUTH CBOC

moAoxkeHne Ha _okpyxkHOocTH. [lostomy wmoxkHO moaAarate (Ipm
BEIYHCACHUSAX), YTO MACCA, IIOAHUMAIOIIAACA IO CTYIICHBKE, HCITBITBIBACT
CHABI CO CTOPOHBI ABYX APYIHX MAacC, CABHHYTBIX OTHOCHTEABHO
AAHHHOW MAaCCBHI Ha JTOA () M HE MEHSIOIINX CBOE IIOAOKEHHE — CM. PHC.
5. Ilpu 3TOM CHAY, TOAKAIOIIYIO €€ IIEPIEHAUKYAAPHO CTYIICHBKE,
MOJKHO HE YIHTHIBATD.

Puic. 5 (AldoMyl.vsd)
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Puc. 6 (AldoMy2.vsd)

7. Maremarnuyeckasa MOAEAD
Cuaa, AeHicTByIOIasg CO CTOPOHBI MACCHI M1, Ha Maccy m
onpeaeAderca 1o gopmyae (1), kKoTopad B AAHHOM CAYYA€ IIPUHUMAET

BHIA
2
E=kg’F Vxbixrl o)

h

3aech (em. taxke puc. AldoMy2.vsd)

v, = @R, @
v, =V, cos(9), ©)
v, =V, sin(g), ©)
|r1| = \/hz + R} —2hR, cos((p), )
n=rsin(,) ®
r, =h—R cos(p,) ©
2 2 2
cos(, )= %, (10)
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R +rr—h?
cos(;/1 )— 2’;h . (11)
1

Briaeanm B cpo MyAe (3) BEIpaKeHHe

f E X1 ]] (12)
B HpaBOI/I CUCTEME ACKapTOBbIX KOOPAI/IHaT 3TO Bpra)KCHI/IC HpI/IHI/IMaCT
BUA

Vy lerly _vyrlx)_ Vz(vlzrlx _lerlz)
ji = Vz Vlyrlz _vzrly)_Vx(v]xrly _vly,/ix) :
V (vlzrlx -V rlz )_V (vlyrlz _vlzrly)

T K. TpPy3BI ABIZKYTCA B OAHOM ITAOCKOCTH, TO

V5, v,
fi=10
0
AN i
5= Fu =V, —v,n,) (13)

O06o3HAYNM CHAY

o =16 14
AAf OIIpeAeACHHA CKOPOCTH HAHAEM AAMTEABHOCTD CKAa9Ka
At=Ap/w, (15)
rAe A@ << @ - yrOA HAKAOHA CTYIIEHBKH. 1€AO ABHKETCA IO CTYIIEHBKE
AAMHOM (R2 - R1) C HOCTOAHHBIM YCKOPEHUEM
— 2(R2 — R1)
Ar®
CaeAoBaTEABHO, CKOPOCTD TEAA HA BHICOTE /I paBHA
2(h—R . 17)
Cuaa (14) npu (17) Berancaserca B nporpamve aldonew?2.m. Ha

(16)

3AEMEHTE AAUHBEL dhi ACHCTByeT crAa (flo -dh), CO3AAFOIIAA KPYTAITUI
MOMEHT (h' flo'dh)- Ipu nosopore wa yroa A@ sror moment

coseprmaer padoTy (A§0° h- fi 'dh). CAeAOBaTEABHO, CyMMapHasd

paboTa CHABL, ACHCTBYIOICH Ha TEAO BO BCE BPEMS ABIDKCHHSA IIO
CTYIICHBKE,

R2
A = Agojm (f,y -h-dh). (18)
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Amarormano Boramcaserca pabora A, cuawr f,, HA TOIT Ke CTyITeHBKe.

Paborer A, 4,, A= (Al + Az) BEIYHCAAETCA B IIpOIrpamme

aldonew3.m.
Paccmarpusaa (3) coBmectno c (14), samewaem, 9TO peasbHasd
paboTa OTAMYAETCH OT BEIYUCACHHBIX BEANYHH Ha KOaddunnenT

k, =k,m*. 0)
[Tostomy o011 paboTa 3TUX CHA AAA BCEX TPY30B 32 OAUH 00OpPOT

A, =k N +4,). 1)
CAeAOBATEABHO, MOIIIHOCTD YCTPOICTBA

P=A4w= kaNa)(A1 + Az). 22)

Kosdppurmenr k, B cucreme CI'C, xak caeayer us (2), umeer

PasMEpPHOCTD PaOOTEL

2 28 2
k,=k,m* =107"&-m*[r-cm] (23)
a B cucreme CH
2 -27 2
k,=k,m” =10""&-m [kr - m]. (24)

ITpn 3TOM BEAUYHUHEBI AI, Az, A= (Al + Az) ABAAFOTCH

Oe3pasMEpHBIMU, HO IIPU UX BBEIYUCACHHH AAHHBI H CKOPOCTH AOAJKHBI
OBITH IIPEACTABACHBI B OAHOIT M TOH 7K€ CHCTEME N3MEPEHHH.

5 5

x 10 x 10
2 2
1 1
0 0
-1 -1
0 50 100 1 1.05 1.1 1.15 1.2
F(R1) F(z)
5 6
x 10 x 10
2 2

-1 -2
0 0.1 0.2 0.3 0.4 0 .5 1 1.5

F((;Iﬁ) F(fi)

T
ﬁ

Puc. 7 (aldonew.m)
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8. MaremaTryecKoe MOAEAMPOBAHUE
MOACAI/IpOBaHI/IC BBIIIOAHEHO B IIPOTPaMMe aldonew3.m.

ITpumep 1.

Onenum  3mavenwe koadbdurmenta &. s moaeanposamms
CAEAYET, YTO Az(A1 +A2)z105 mpu N =6 u ®=100. Aas Toro,
9TOOBI TIpH 9TOM MOIHOCTh Obira paBHa 1000 Br, Aoaxen Obrth

koapurmeHT

- P 1000
“ A-No 6-10°-100

[pu M = 1KT u3 (24) maxoamm: & =~ 2-10% . Dra Beandmma cpasHIMa C

2-107*

TOM, KOTOPAs IOAYYEHA IIPU aHAAU3E HMHEPIIUOUAA TOAYMHA — CM. IAABY
5.3. Ilpn Takom 3HaveHHH é: IIPEATIOAOKEHIE O PabOTOCIIOCOOHOCTH
IIPEAAATAEMOI KOHCTPYKITHH ABAACTCS IIPABOMEPHBIM.

AAA MOBBIIIEHUA YKOHOMUYHOCTH KOHCTPYKIIUH €€ CAEAyeT
pa3MecTuTh B BAaKyyMHOI Kamepe. DkcnepumeHTbl CamoxsaroBa

1
cM. raaBy 5.1) mokaseiBaroT, uyTo B Bakyyme & ~ 210"
y ’ Kyy

ITpumep 2.
AAfl KoAeca AABAO PaCcUeT BBIIIOAHEH B IIporpammve aldonew.m.
Tam npu
N=236;
R1=9;
z=1.05;
fi=2*pi/N;
dfi=fi/10;
omega=0.1;
m=100;
ksi=10425;
ITOAYIEHO
F=1.6
ka=10"-27*ksi*m"2=1
P=ka*N*F/omega=3786 BaTT
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