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PaccmarpuBaeTcs muHaMMKa KaTamMapaHa ¢ YCTaHOBJICHHBIM Ha HeTo poTopoM CaBoHUYca U TPeOHBIM BUH-
ToM. PoTop Bpaiiaercs moja neiicTBMEM CTAllMOHAPHOIO MOTOKA BeTpa U MPUBOAUT BO BpallleHUE IPeOHOIM
BUHT, CO3MalONINii TATY. B KadecTBe yrpaBjieHMs ONMMCHIBAETCS YroJl Kypca KaraMapaHa OTHOCUTEIbHO
MOTOKa BeTpa. 3amaueil yIpaBlieHUs SABISETCS MepeBO LIEHTpa MacCc KOpITyca U3 HayaJbHOM TOYKHU B 3a-
JTaHHYI0 KOHEYHYIO TOUKY, PACIOJIOKEHHYIO CTPOTO BBIIIE IO TTOTOKY BeTpa. YCTaHOBJIEHA BO3MOXHOCTh
MPSIMOJIMHETHOTO TBMIKEHUsI TIPOTUB BeTpa. [IpoaHanu3upoBaHa 3aBUCMMOCTh CKOPOCTH KOpITyca Ha cTa-
LIMOHAPHOM PEXKMME IBYKEHUS TIPOTUB BETpa OT pagnycoB poTopa CaBoHMyca U TpeOGHOTO BUHTA.
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The dynamics of a catamaran with a Savonius rotor and a propeller installed on it is considered. Under the
action of a stationary wind flow the rotor rotates and transmit it to the the propeller, which creates thrust.
As a control, the angle of the catamaran’s course relative to the wind flow is considered. The control task
is to move the center of the masses of the hull from the starting point to a given endpoint located strictly
upstream of the wind. The possibility of straight motion against the wind is shown. The dependence of the
averege velocity in the stationary mode of movement against the wind on the radii of the Savonius rotor and
propeller is analyzed.
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Beenenne. Baxxnoii 3amaueii, crosineii nepea MeXaHMIeCKUMU U POOOTEXHUUECKUMM YCTPOMCTBAMM,
SIBJISICTCS TTepeMelllcHAE B TOPU30HTAILHOM ITIOCKOCTH. [1p1 5TOM B KaueCcTBe MCTOYHMKA SHEPTUU JIJIsT
TAKOTO MepeMeIeHUS ITPEeICTaBIAETCSI aKTyaIbHBIM UCIIOIb30BaHIE BO30OOHOBIISIEMOI SHEPTUH BETpa.

Krnaccuueckoe cpefcTBO IpeoOpa3oBaHusl SHEPTUU BETpa B MONE3HYIO (DOPMY — 3TO IIpUMEHE-
HUe MmapycoB. Ha mapyc, HaxoAsImuiicss B MOTOKE CPenbl, IEMCTBYET cuja J0O0BOI0O JaBJIEHUS, MO-
TUBUpYOLIas ABMXeHUEe. B cynoBoil HaBUraluy Imapyca Mo3BOJISIOT OpraHu30BaTh MepeMelleHre
B MPOU3BOJILHOM HalpaBJIeHUH, B TOM YMCJIe U HaMeHee OYeBUIHOM: HaBCTpeuy BeTpy. B mocnen-
HEM cjlydae BBIOMpPAIOT KypC CyIHa IO OCTPBIM YIJIOM K MOTOKY, a Ilapyca pa3BopauyMBaloT Tak,
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132 I'APBY3, KIIMMHWHA u np.

YTOOBI IMMPOSKIINS CUJIbI JaBJICHUS BETpa Ha €T0 HaIlpaBjieHHe OblIa OTpHIIATeIbHOM. TaKoi ImpuH-
LI JIEKUT B OCHOBE ABWKEHUS Tajcamu [1].

B 1922 r. Bo3HUKJIA e 3aMeHbl MapyCcoB BpalllaloliuMucs HuanuHapamu [2]. Ha kopmyce cyna-
Ha yCTaHaBJIMBAIOTCS HUJIMHAPUIECKHUE POTOPHI C BEPTUKAIBHOU OChlo BpaleHus. [1pu od6TekaHuu
Bpalllalolllerocs Tejaa B MOTOKE BO3Ayxa BO3HMKAET TaK Ha3biBaeMmas cujia Marnyca [3], neprieHan-
KyJIsIpHasi HallpaBJICHMIO TIOTOKA. DTa cuja IO BEJIMUYMHE MOXKET CYIIECTBEHHO IIPEBOCXOIUTH CUILY
ITaBJIeHUS, NEWCTBYIONMIYIO Ha HEMOABIKHEIN poTtop [4, 5]. Ilox geiictBueM GOKOBOI CHITBI KOpaOTh
C POTOPOM CIIOCOOCH TepeMeIaThCs IO 00JIee OCTPHIM YIVIOM K BCTPEYHOMY BETPY, 10 CPAaBHEHUIO
¢ KJIacCUYECKUM MapycHUKOM. B pabore [6] Ha ocHoBe ypaBHeHMiIT HaBbe-CToKca rmocTpoeHa mare-
MaTudeckKasi MOZe/Ib TaKOM CUCTEMBI, ITIPOBEJCH ITapaMeTPUIYECKUIl aHaIu3.

BmecTe ¢ TeM M3BECTHBI CXEMBbl, PEAIU3YIONINE CTPOTo MPSIMOJMHENHOE NBUXKEHUE HaBCTPEUy
IIOTOKY 3a CYET S3HEPTUM 3TOro Imoroka. st BomHbIX cymoB B 70-e ronbl XX B. ObLUIM UCIIBITAHBI Be-
TPOIBUTATENIN, COCTOSIIINE M3 KOMOMHAILINY TIpOTeJIIepHONM TypOMHEI 1 TpedHoro BuHTa [7]. B [8]
IIOCTpOCHA MaTeMaTU4YecKask MOAe/Ib KaTaMapaHa C BEeTpOABUTaTeIeM, IIPOBEACHO YMCIEHHOE MOIe-
JINPOBAaHUE YCTAHOBUBIINXCS PEKUMOB IBIDKEHMS IIPOTUB BETpa U OIpeAcsieHbl ITapaMeTphl, 00e-
CIeYnBalolIe HAaUBBICIIYIO CKOPOCTb.

OTMeTHM, YTO BO3MOXHOCTD IepeMeIlleHUs TIPOTUB BeTpa 3a CUeT IHEPTrUu BeTpa Obljia ycTa-
HOBJIEHA He TOJbKO JJISI BOIHBIX Cya0B. Tak, B padboTe [9] mokazaHO, YTO KOJIECHOE TPAaHCIOPTHOE
CpeACTBO, OCHAIIIEHHOE B KauyeCTBE MPHMBOAA TOJbKO IOPU30HTAIbLHO-0CEBOM BETPOTYPOMHOIA,
CITOCOOHO TIepeMeIaThcss CTporo MpoTuB BeTpa. B [10] mpuBomoM 11T BeTpOMOOMIIS BBICTYIA-
eT BeTpOyCTaHOBKa KojebaTeabpHoro tuita. KoiebaHus BeTpOonIpMeMHON MIaCTUHBI MHUILIMUPY-
I0T BpallleHUe BeayIuX KoJjiec. B cTaThe BBHIIIOJHEH MapaMeTpUYeCKUil aHalIu3, B X0[Ie KOTOPOro
OIMCAHBI 3aBUCUMOCTH CpelHell CKOPOCTH YCTPOMCTBA Ha TEPUOINYECCKUX PEIISHUSIX OT Itapa-
MeTpoB Moaenn. IlepeMeneHne maralIiero amnmapara ¢ IpoIe/UICpHOI BeTPOTYpOMHOI 00CYyXK-
nanoch B paborte [11]. boutn onpenesieHbl YyCA0BUS CYIIECTBOBAHUSI CaMOIIOAIEPKUBAIOIIETOCS
MIEPUOANIECKOTO peXrMa IBMKEHHS, IIPM KOTOPOM KOPITyC aIlliapara nepeMelaeTcss HaBCTpe-
9y MOTOKY. BO3MOXHOCTh OIMCaHHOTO MepeMelleHus IS IIaraloliero amniapaTta IIoATBepXKacHa
9KCIIEPUMEHTAJILHO.

JJ1s1 TpaHCIIOPTHBIX YCTPOMCTB B Ka4eCTBE MCTOYHMKA CUJIBI 1 MOMEHTA Hapsay ¢ IpoIleliiep-
HBIMU TypOMHAMU MIPEICTABISICTCS YMECTHBIM MCIIOJIb30BaHKNE POTOPOB C BEPTUKAJIBHOI OCHIO Bpa-
meHus. B kadecTBe moceAHUX MOTYT CITYKUTh TypouHbl CaBonmnyca unu Jdapwe [12, 13]. [1pu aTom
OCHOBHBIM IIPEUMYILIECTBOM SIBJISIETCS OTCYTCTBUE UYBCTBUTEIHLHOCTH BETPOIIPUEMHOTO YCTPOMCTBA
K HallpaBJieHUIO BeTpa. B HayuyHOI TUTepaType M3BECTHO MHOXECTBO PabOT, MOCBSIIICHHBIX MO-
JIIeTMPOBAHUIO TIOBEACHUS TaKMX TYpOUH B MoTtokKe. Cpeln HUX OTMETUM cTaThlo [14], B KoTopoii
MpOBeeHa KCIIepUMEHTaIbHAs UAeHTU(UKALIUSA KO3(pPUIIneHTOB (heHOMEHOJIOTUYECKONM MOAEIN
a’poAMHAMMYIECKOTo Bo3AelicTBus Ha potop CaBoHuyca. IloydeHHEIE pe3yaIbTaThl NIeHTU(MUKAITAN
IIPUMEHEHBI [IJI UCCIIeA0BaHNS TUHAMMKY KOJIECHOM TeJIeXKKH, C YCTAHOBJICHHBIM Ha HEe POTOPOM
CaBoHHUycCa B poJIM CUJIOBOIO IpuUBoAa. B 4aCTHOCTH, MPOIEeMOHCTPpUPOBAaHA BO3MOXHOCTb JBUXKE-
HUSI TeJIEXKKU HaBCTpeUy BETPY 3a CUET SHEPTrUM BeTpa.

Konctpykiiuss BogHOro cygHa ¢ poropoM CaBoHMYCa, KOTOPBI BBICTYIIAET CUJIOBBIM IIPUBO-
oM, ObLIa TIpeioXkeHa B mateHTax [15, 16], a Takke onrcaHa B myonukauuu [17]. B yactHoCTH,
YTBEPXKIAeTCsl, YTO KOHCTPYKIIMS TTO3BOJISIET IBUTAThCS IIPSIMO TIpOTUB Betpa [17]. OmHako Ha maH-
HBIII MOMEHT B JIUTEpaType He paccMaTpUBalach MaTeMaTUYeCcKasi MOAE/Ib TAKOTO 00BeKTa, He OBLIO
IOJIy4YE€HO OLIEHOK JIJISI XapaKTEPUCTUK €ro IBMXKEHMSI.

Hacrostiiast ctaths ImocBsIlieHa MaTeMaTUYECKOM MOIEIM KaTaMapaHa C YCTaHOBJIEHHBIM
Ha Hero poropoM CaBoHmyca. OmpenesieH Auara3oH IIapaMeTPOB, IS KOTOPOro BO3MOXHO Op-
raHU30BaTh IIPSIMOJIMHENHOE OIBUKEeHME POTUB BeTpa. IlocTaBneHa 3amadya BhIOOpa yIIpaBACHMUS
KypCOM ABMKEHUSI KaraMapaHa, KOTOpoe obecIieurBaceT ero HalcKopeiilliee mepeMelleHe B 3a-
TaHHYIO TOYKY, PAacIlOJIOKEHHYIO BHIIIE IT0 IIOTOKY BeTpa. HecMOTpsI Ha TO YTO IBMKEHUE I10 PSI-
MOl IPOTUB BeTpa MPOUCXOAUT MO KpaTyaulleMy MyTH, BpeMsI IiepeMelleHUsI B 3a1aHHYI0 TOUKY,
PAaCIIOJIOKEHHYIO CTPOTrO BbIIIE TTO0 HAIlpaBJIeHUIO BeTpa, OyleT MUHUMAJIbHO NPpU KOMOWHAIIUN
IBIDKCHUH IO HEKOTOPEIMU YIJIAMH K BETPY. DTO OOBICHSIETCS BIUSIHUEM OOKOBOIl CUJIBI, Heii-
CTBYIOILIEH HA POTOP.

1. Onmucanue MaTeMaTHYECKOI MOe/IM U MOCTAHOBKA 3a7a4u. PaccMOTpuM NpsIMOJIMHEHOE TBU-
JKEHHUe MJaBaTeJIbHOro KaTamapaHa, cHaOXeHHoro potopoM CaBoHuyca [12], B cTalluOHAPHOM MO-
TOKEe BeTpa. MexaHndeckasl CUCTeMa COCTOUT M3 IBYX ITOILUIABKOB, 00pa3yIOIIMX KOPIIYC, a TaKXKe
YCTaHOBJICHHBIX Ha HeM poTopa CaBoHuyca 1 rpedHoro BuHTa. ['pedbHOM BUHT U potop CaBoHMyca
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MOAEJIMPOBAHUE JTMUHAMUNKHN KATAMAPAHA 133

CBSI3aHBI MEXIY CO0OM MPSAMOIi Iepenadeii, T.e. OMMH 000pOT poTOpa Ipeobpasyercs B OOUH 000pOT
rpedbHoro BuHTa. CricTeMa HaXOOUTCS B CTALIMOHAPHOM TOPU30HTAIbHOM ITOTOKE BO3IyXa, CKOPOCTh
Kotoporo paBHa V. [lox geiictBuem BeTpa porop CaBoHMYCa HauMHAET BPALAThLCs, TiepeaaBas 3TO
BpallleHue Ha rpeOHOol BUHT. [ peOHOI BUHT CO3[aeT TONIKAIOIIYIO CUITY, KOTOPasi UCIIOIb3YeTCs s
JBIDKEHUS KaTaMapaHa.

BBeneM HEMOABIIKHYIO CUCTEMY KOOpauHAT Oxyz TakK, YTOOhI och Ox Oblia HampaBjeHa IPOTH-
BOITOJIOXKHO CKOPOCTH BeTpa, och 07 — BepTUKAIbHO, a ochb Oy A0MoJHAIa Obl CUCTEMY 0 TTPaBOM
Tpoiiku. CxeMa KataMapaHa IpelcTaBjieHa Ha puc. 1, a.

Bynem cumTaTh, 4YTO MOILJIABKM KaTaMapaHa pa3HECEHBI MeXAy co00il Ha TOCTaTOYHO OOJIBIIIOE
pacCTOSTHHE, YTO MPEISITCTBYET ONPOKUIBIBAHMIO KOpITyca U 00eCeYnBaeT YCTOMYMBOCTb BEPTU-
KaJIbHOI OopHeHTaluu ocu potopa CaBoHMYca Jaxe ITOoJ BO3AeHCTBUEM BeTpa. Jlajee cuMTaeM, 4To
OCbh POTOpPA BepTUKAJIbHA M KaTaMapaH COBepIlaeT MIocKomapaiebHOe ABMKEHUE B TOPUZOHTAITb-
Hoii riockoctu (puc. 1, 6). ITpu 3TOM cpenu Kiacca BO3MOXKHBIX ABUXKEHUI OrpaHUYUMCST paCCMO-
TPEHHUEM JIMIIb TeX, IIPU KOTOPBIX KOPITYC ABMKETCS BIOJb CBOCH MPOAOIBbHOM ocu. [l pealbHbIX
CYIOB 3TO YCJIOBUE MOXHO 00eCIeuynTh 100aBleHUEeM K MOoTUiaBKaM KUJIEBOW CUCTEMbI, KOTOpast
HUCKITIOYaeT UX CMeIleHNe B 60KOBOM HalpaBJeHUU. YTOJI MEXIY IPOIOJIbHON OChl0 KaTaMapaHa
u ocblo Ox — yroia Kkypca — o6o3HauumM . Jlasee cunraem, 4To 3HaUYeHNE 3 KyCOUYHO-TTOCTOSTHHO
B Mpoliecce IBVXKEHUS 1 BHICTYMAET B KAUECTBE YIIPaBJICHUS B pacCMaTprUBaeMoOil CCTEMe.

IIycTb LIEHTPBI Macc poTopa U IpeGHOrO BUHTA PACITONIOXEHBI HA MX OCSIX BpallleHUs. 3aIluileM
BbIpaKeHWE JJIs1 KWHETUYECKOM SHEPTUU CUCTEMBI:

T = %(muz +(J, +Jw)(o2). (1.1)

(@) ©)

o

2
| >

Hanpageppe BeTpa

0=

\ Harnpasnenue nsuxenus

Puc. 1. Karamapan ¢ poropom CaBoHmyca

3nech M — macca Bceil CHCTEMBI, ¥ — BeJIMYMHA BEKTOpa U CKOPOCTH Kopiryca, J, — MOMEHT
nHepLuyu poropa CaBOHMYCa OTHOCHTEIbHO €ro OCH BpalleHus, J,,— MOMEHT UHEPLUU IPeOHOTO
BUHTA OTHOCHUTEJILHO €r0 OCHM BpallleHUs, 0 — BeJIMYMHa YyTJI0BOU cKopoctu potopa CaBoHHMyca
U TpeOHOro BUHTA.

OnuireM cuIIBl, AeiicTByIOIINe Ha cucTteMy. Ha KopIryc kKaTaMapaHa cO CTOPOHBI KUIKOCTH IIpU
IBVDKCHMH OEHCTBYET CHJIa BSI3KOTO TPEHMUS —k|u|L7 . Ha nomactu poropa meicTByOT a3ponrHaMude-
CKMe CHJIBI CO CTOPOHEI TToToKa BeTpa. [1o ananornu ¢ padoroii [14] 6yneM cumTaTh, UTO 3TO BO3IEH-
CTBME CBOIUTCS K CHUJIE JIOOOBOTO COITPOTUBIICHUS Fd, 0OOKOBOI1 cuiie F, U MOMEHTY M 4 OTHOCUTEJIBHO
OCH pOTOpa, MPUYEM CHUJIA Fd HarpaBjieHa TIPOTUB BO3AYIIHONW CKOPOCTH Va potopa (T.e. CKOPOCTH
OCH pOTOpa OTHOCUTEIEHO HAOETraloIero IMoToKa), a Cujia F, — TepIeHIuKYJIsIpHO eil. [ pebHOIl BUHT
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134 I'APBY3, KIIMMHWHA u np.

co31aeT ToJIKaroliyo cuiy 7,,, HarmpaBJieHHYIO BIOJIb IIPOIOJBHOM OCH Kopiyca, U MOMeHT M, oT-
HOCHUTEJIbHO OCY BUHTA. BhlllleykazaHHbBIC CHIIBI 1 MOMEHTHI UMEIOT CJICIYIONIYIO CTPYKTYypy [18, 19]:

Fy = Peayic, (1) F = P0av2c, () m, = P Rvic,, (1) (12)
_ 24 -\, _ 25 .
I, =p, v DKy (j), 0, =p,Vv DKy (]) (1.3)

3nech p,— MJIOTHOCTb BO31YyXa, P,,— TUIOTHOCTb BOJIbI, R — paauyc poTopa, S, = 4R — XapakTep-

2 2
Hasl TUTOIIAb TIOTIEPEYHOTO CEYEeHUsT POTOpa (curTaeM ero KBaapatom), V, = \u” +v° + 2uvcosf —

BEJIMYMHA BO3IYIIHO! CKOPOCTH poTopa, V = ® / 2T— yrjioBasg CKOPOCTh TPEOHOrO BUHTA, BHIYMC-
JIeHHasl B 000opoTax B ceKyHay, D — nuameTp rpeOHOro BMHTA.

®yukiuu Cy,C;,C,,— 6e3pasMepHbie KO3hDMUIUEHTHI TOG0BOIO CONMPOTUBIEHMUSI, GOKOBOI CHIIBI
1 MOMEHTa, ACHACTBYIOLIMX Ha POTOP, COOTBETCTBEHHO. APTYMEHTOM 3TUX (DYHKUMIA BBICTYIIAET TakK
Ha3bIBaeMasi OBICTPOXOIHOCTh A = R® Va_l. DT QYHKUMU allIpOKCUMUPOBaHbI B [20] MHOrowieHa-
MU Ha OCHOBE 3KCIIEpUMEHTAJIbHBIX JaHHBIX [IJISI pOTOpa, MpUBEAeHHBIX B [19], 1 MMeIOT caeaylollee
npeacTaBieHue (puc. 2):

Cp(X) = —0.11807 +0.480% — 0.50° + 0.25% + 0.26; C4 (X)) = 1; €, (1) = 171 - 0.35.

C) A C) A

-V

Puc. 2. I'paduku asponnHammdecknx KoadbuimeHToB mist poropa CaBoHMyca

i ¢ o6k
0.4

0.2

: ‘ : > 0 05 I 15
0 03 I \ls\ >

Puc. 3. Xapakrepuctuku rpe6HOr0 BUHTa cepun B4-85

<Y

K7, KQ — 0Oe3pa3MepHble KOA(M@MUUIMUEHTHI TITM 1 MOMEHTA TpeOHOT0 BMHTA, KOTOPbIE allpOKCH-
MUPYIOTCS 10 pe3yJIbTaTaM CepUITHBIX 9KCIIEPUMEHTOB B OITBITOBEIX OacceliHax [ 18]. ApryMeHTOM 3THX

(byHKIIMI BBICTYIIAeT OTHOCUTE/IbHAS TIOCTYIIb j = Tu(®F,, )_1. IToBeneHue yHKIIMIA YKa3aHO Ha puc. 3.

B pamMkax HacTosmieil pabOThl OTpaHUYMM OOJACTh MCCIENOBAaHUS OMANAa30HOM 3HAYCHUIMA
0 < v <600 06/MuH, MOCKOJBKY (opmyibl (1.3) cpaBeIMBBI TOJBKO B 3TOM MHTepBaje. Toraa,
npeHeoperasi MOTePSIMU B PEAYKTOPE M COSAMHUTEIbHBIX y3J1aX, MOXHO 3alucaTh YpaBHEHUS IBU-
KE€HUS B CJIEIYIOIIEM BUIE:

Mu =T, — F;cosa + F;sina — ku?,

. (1.4)
J,+J,)o=M,-0,.
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3mech sint = Va_lv sin? | cos+ = Va_l(v cos? + u). 3anumeM (1.4) Gosee MoapoGHO:

. 4 P RA i
Mu =n—2pwm2r‘fKT (j) 2 Vz(Cd (X)V(:()Is/ﬁ_cl(x)v?nﬁj—kuz,

a a
p R
2

(1.5)

) 8
(g +Jy)o= Vazcm (7“) pwo) rSKQ( )

Paccmotpum 3amady mepemMelieHus IeHTpa Macc KOpIryca 1o IMPOU3BOJIbHON TPaeKTOPUM U3 Of-
HOU TOUKH, Jiexkaliell Ha ocu Ox, B IPYyrylo Ha 3TOM Xe ocu, boJiee yaaJeHHYI0 OT TOuKu. I1pu 3ToM,
KaK YIIOMSHYTO BBIIIe, OyAeM cUMTaTh yrpaBieHueM yroj Kypca 3. IlpenmnonaraeM, 4To yroma 3 Me-
HSIETCSI MTHOBEHHO U MpeHeOperaeM BpeMeHeM NEePEeXOIHbIX MPOLIECCOB, CBI3aHHbBIX C U3MEHEHVEM
yIia Kypca (CumTaeM, 9YTO BpeMsI BhIXOIa CHCTeMbI Ha CTAIIMOHAPHEINA PEeXUM IIPeHEeOpEesKMMO MaJlo
10 CPaBHEHMIO CO BpEMEHEM IBMKEHHsI Ha CTallMOHApHOM pexume). MTtak, TpedyeTcs: onpeneanTh,
KakK MEHSITh yToa 3 BO BpeMsl ABUXKEHUS, YTOObl 32 MUHUMaJIbHOE BpeMsl TMePEeBECTU LIEHTP Macc
KOpIlyca U3 Ha4aJIbHOM TOYKM B KOHEUHYIO, PACIOJIOXEHHYIO 10 OTHOILIEHUIO K HaYaJIbHOM BBIIIIE
10 HanpaBJIeHUIO BETpa.

2. JIBwkeHne MPOTHB BeTpa. B paMKax MmocTaBjieHHOM 3aJauM OTAEJbHO PACCMOTPUM BO3MOXK-
HOCTb IIepEeMEIIeHIsI KOPITyca MEXIY 3alaHHBIMUA TOYKAMMU I10 TIPSIMOIA.

2.1. YpaBHeHUs cTaliMoHapHOTO IBIKeHus. HaiineM HemomBIKHbBIE TOUKM cHCTeMEI (1.5) B ciy-
yae B = 0. YpaBHeHUs IPUHUMAIOT CIEAYIONIMIA BUIL

p,m° [ Rh(u +v)? . 2ku’ _ Ky (/)
8pwr;} o o’ Cqn)”
P R°h (u+v)* Ko (J)
16pwrvf o’ Cn(t)

Q2.1)

3ajanum napamMeTpbl CUCTEMBI CIIEAyIOIMUM o0pasoM: p, = 1 Kr/M3 , P,y = 1000 Kr/M3 , 1, = 0.07 M,
R=10.195Mm, k=0, v=>5m/c. (BbiOOp reomeTpriecKx pa3sMepoB poTopa 1 IpeOHOro BUHTAa 00YCIOB-
JIEH YMCJIEHHBIM MTOJ00POM C 1IeJIbI0 BO3MOXKHOCTH OCYIIECTBIICHMS PeXXMa ABVIKECHMS IIPOTUB BETpa. )
Ha puc. 4 nzobpaxeHa njaoCKOCTb CKOPOCTEN U, ®, Ha KOTOPOIl UMCIIEHHO TIOCTPOESHEI 1B KPUBHIE,
COOTBETCTBYIOIINE pelIeHUsIM ypaBHeHMIt (2.1). Touka nepecedyeHsT STUX KPUBBIX OTBEYACT CTAINO-
HapPHOMY PEXMMY JBIKCHHUSL. CTpCJIKaMI/I YKa3aHO Ka4€CTBEHHOE MoBeieHne (Da30BbIX TPAEKTOPMIA:
Ha KPHBOIi, COOTBETCTBYIOLICH YPABHEHHIO u =0 (o =0), crpesK BepTUKAIBbHBI (TOPU30HTAIBHBI).
3HaKN YCKOPEHUH U, ® B KaKIOU U3 4eThIpeX o0J1acTeil, OrpaHMYeHHBIX OCTPOCHHBIMU KPUBBLIMU,
MMOKA3bIBAIOT, YTO HAWMIEHHBIN CTALIMOHAPHBIN PEXUM SIBJIIeTCS MpUTSATrMBaoiM. COOTBETCTBYOIIEE
KayeCTBEHHOEe HallpaBJicHHe (Da30BBIX CKOPOCTE MOKa3aHO Ha PUC. 4 IIyHKTUPHBIMU CTPEIKaAMU.

p=0

, pax/c
70+

— =0
®»=0

1 0 1 5 u,mlc
Puc. 4. Kpusble, oTBeyalolye craluoHapHeIM pemenusaM ¥ = 0, & = 0 ga $a30Boii 10cKOCTU
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B nanHOM ciIygae mmapaMeTphl CUCTEMBI ITOHOOPaHBI TaK, YTO TOYKA MEPECCUCHMST KPUBBIX JIEKUT
B obnactu u > 0. Takum oO6pa3oM, pexkuM ABIKCHUS KaTaMapaHa B HaIlpaBJIeHUM, IIPOTHUBOIIOIOX-
HOM CKOPOCTHU BETpa, MOXET ObITh peaIi30BaH.

OTmeTuM, 4TO TpU cTapTe U3 cocTossHus 1mokos (v =0, ® = 0) kaTamMapaH HaYMHAET CMELIAThLCS
B “OTpMLATEIbHOM” HampaBjleHUM (BJIeBO Ha puc. 1, 6). IIpu 3ToM yrjoBas CKOPOCTh pOTOpa MO-
HOTOHHO BO3pacTaeT, 3a CUeT YeT0 YBEeJIMUMBAETCS TSATa rpeOHOro BMHTAa. Kak TOJIbKO JOCTUTAeTC S
OajlaHC BEJIMYMH CUJIBI TATU 7, U CHJIBI JIOOOBOTO CONPOTUBIEHUA F;, YCKOPEHME KaTaMapaHa CTa-
HOBUTCS HYJIEBBIM, ITOCJIE YE€TO CKOPOCTh ¥ HauMHAeT Bo3pacTaTh. JlajabHelilnee NBIKeHIE IIPUBOIUT
K BBIXOIY Ha YCTAHOBUBIIMIACS PEXMM C IOJOXUTEIbHBIMUA CKOPOCTSIMU ¢ 1 0. COOTBETCTBYIOIIECE
U3MEHEHUE ¥ U » TTOKa3aHO Ha puc. 5.

2.2. MccnenoBaHue 3aBUCMMOCTU CKOPOCTM KaTaMapaHa OT IapaMeTpOB CUCTEMBbI. 3aUKCHUPY-
€M TTapaMeTphl, yKa3aHHbIE B pa3d. 2.1, ¥ onpeae M OoNTUMajIbHbIe 3HAYECHUs pa3MepoOB I'PeOHOTO
BUHTAa 7, U poTopa CaBoHMyca R ¢ TOYKU 3peHMS JOCTVKEHMS HAUBBICILEN CKOPOCTH ABMKEHUS.

Ha puc. 6 moctpoeHbl 6MdypKaLIMOHHEBIE AMarpaMMBbl, OTPaKalollie 3aBUCUMOCTD IIPUBEICHHOMN
CKOPOCTH KopItyca (4 / V) ¥ YIJIOBOM CKOPOCTH Bajla Ha YCTAHOBMBILIEMCS PEXKMME OT paguyca rpe6-

HOro BHUHTA r,,.

u, M/c o, pan/c

0.5 -l

201

0 10 20 30 40 e

-1.O0F 0 10 20 30 40 £, ¢

Puc. 5. 3aBucuMocTb CKOPOCTH KOPITyca U YIJIOBOI cCKOpocTu poTopa CaBoHMYyca OT BpeMeHU

® pan/c

<R
w
<

Wil — 30} e,

0.10

0.05

0 3 0.06 0.08 0.10 0.12 0.14 "V

Puc. 6. 3aBucumoctu 4 / vt ® ot r;,

v o, pan/c

25

0.14+ ® e . et

0.12F ¥ 20+ Ces
0.10F . .

0.08 - .
0.06}, e 10+
0.04 %o
0.02+ o

R,m

.
R,m 0

0" 015 020 025 030 035 040 045 005 020 025 030 035 040 045

Puc. 7. 3aBucumMoctu # / v ® ot R
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YucneHHO GBUIO ONPENEIEHO, YTO IBVKEHUE IPOTUB BeTpa ocymecTBUMO 1pu 0.04 M <r, <0.15 M.
B ykazaHHOM nMaIa3oHe CYIIECTBYET TOJIbKO OAWH PeXUM (YCTOWYUBHIN), HAa KOTOPOM KaTamMapaH
IUTBIBET IIPOTUB BeTpa. Eciu pammyc rpe6GHOro BUHTA CIMIIKOM Mall, TO pa3BUBaeMasi UM TOJIKAIOIast
CMJIa HE TIPEBOCXOIUT CUJIbI BCTPEUHOI'O JIOOOBOIO COIPOTUBIIEHUS, TIO9TOMY KaTaMapaH IBUKETCS

o HarpasieHuto Betpa. [1pu r,, ~ 0.045 M pe3ynbTupytowas cuia, AefCTByoLIas Ha CUCTEMY, PaBHA

HYJTIO, BCJIEAICTBHUE YEro pa3roHa KaTaMapaHa He IPOUCXOAUT. YBEINUCHHUE #,, IPUBOIUT K POCTY CKO-
pPOCTH KOpITyca M YIJIOBOI CKOpocTH Bayia. Hanbosbliiee 3HaYeHUe MPUBEISHHON CKOPOCTH KOpITyca

u/v TIp1 IBUXKEHUU NPOTUB BeTpa cocTasisdeT 0.147 u gnocturaercs nipu r,, =0.087 m.

Ha puc. 7 npu GUKCUPOBAHHOM 7, IOCTPOEHBI OM(PYpPKALIMOHHBIE AMAarpaMMBbl, OTpaxaloulre
3aBUCUMOCTb IIPUBEACHHOM CKOPOCTU Kopityca (4 / V) 1 YIJIOBOI CKOPOCTH Bajla OT paauyca poTtopa
Casonwnyca R. I1pu majabHeiIeM U3I0KEHUH B LIEJIIX YIPOIIEHUS CUUuTaeM, 4To R 3a(pMKCUPOBAHO
u paBHo 0.195 m.

[TonyyuBIasicss CKOpOCTb IBVKEHUS IIPOTUB BeTpa IOYTHU B 3 pa3a HIKE, YeM IPU HCITOIb30-
BaHUM CXEMBI KaTaMapaHa, B KOTOPOI MPUBOIOM BBICTYIIAeT TOPU3OHTAIBHO-0OCEBasi TYpOMHA MpoO-
nesutepHoro tuma [8]. OmHako ojig KatamapaHa ¢ poTopoM CaBOHUYycCa PeXXUM IBUKEHUS IIPOTUB
BeTpa SABJISICTCA €AMHCTBEHHBIM M MPUTATUBAIOIIMM, T.€. BBIXOJ HA HEro obecreyeH Npy 3aJaHuu
HYJIEBBIX HauaJIbHEIX YCIOBUI (M3 COCTOSIHMS ITOKOsI). B To ke BpeMsI KaTamapaH ¢ IIPOIIeJIJICPHOMI
BETPOTYPOMHOI XOTSI U CIIOCOOEH MOTEHLIMAIBHO Pa3BUTh CYIIECTBEHHO 00JIce BHICOKYIO CKOPOCTb,
HO [IIJISI 3TOTO eMY HeoOXOaUM HeKOTOPHIN HAayaJIbHbII pa3roOH, TaK KaK 001acTh MPUTSLKEHUS COOT-
BETCTBYIOILIETO PEeXMMa OTAeJeHa OT Hy/s. IloMrMO 3TOro HeIZOCTaTKOM CXEMBI C IIPOIEJIEPHBIM
BETPOABUTATEJIEM SIBJISIETCSI HEOOXOAMMOCTD MOIACPXKAHUS Kypca IBMKEHUSI CTPOTro IIPOTHUB BETpa.
[MosToMy, McXoas U3 MPaKTUIECKUX COOOpakKeHMI, UCIIOIb30BaHNUE CXEMbI KaTaMapaHa ¢ POTOPOM
CaBoHunyca MOXET ObITb O0Jiee TIPeaANOYTUTEIbHBIM.

3. OnTumasnbHblii yroa Kypca. PaccMoTpum 3amavy o BeIOOpe Kypca ABUXEHUs 3, IPU KOTOPOM
JOCTUTAETCs] MaKCMMaJTbHAsI IIPOEKIIMsI CKOPOCTH KOPITyCa Ha CTAllMOHAPHOM peXUMe IBUKEHUS
Ha HalpaBjieHUe TPOTUB BeTpa. [jist aToro npu kaxaoM 3HayeHuu B B nmanasone B € [0, ©/2) Haii-

IIeM F,,, KOTOPBIii o0ecrieyrBaeT Haubobliee 3HaYeHNe MTPOSKIMHU U COS B/V IIpUBEIEHHOI CKOPO-

CTU Ha HalpasJieHHe, IIPOTUBOIIOJIIOKHOE HanpasjieHuIo BeTpa. [Ipu onTuManbHOM 7, BBIYUCIUM
3HaYCHUE MPOCKIINY IIPUBEICHHON CKOPOCTH HA 0ch Ox. Pe3yabTaThl YMCICHHOIO MOACIMPOBAHUS
MpeacTaBlieHbl HA puc. 8, a.

(a) ©)

Puc. 8. 3aBucruMocTb NpoeKIIMU CKOPOCTH KOpITyca Ha och Ox OT Kypca

OkasbIBaeTcsi, IMPSIMOJIMHEHOE IBMIKCHNE IIPOTHB BeTpa He 00eCIIeYMBaeT HAUBBICIIYIO CKO-
pocTb nepemeltieHus1. ONTUMAIpHOE C TOUKU 3PEHUsT MAKCHUMM3alMK TTPOEKIIMU CKOPOCTH KOopItyca
3HaueHMeE COCTaBIsAET By, ~ 43 (BbLIeNeHO Ha puC. 8, a). COOTBETCTBYIONIAS IPOEKIIUA CKOPOCTH
Ha 30% BbIllle, YeM TIpu NpsiIMOJIMHEHOM Kypce B = 0. Bce neyo B ToM, YTO Mpu IBUKEHUM BIOJb
Ox GokoBag cuna, aelicTBylolas Ha potop CaBoHMyca, IepIeHIUKYJIsIpHa CKOPOCTU KOpITyca U TMo-
STOMY HE BJIMSET HAa CKOPOCTh mnepemenieHus. Curyamnus MeHsercs npu sHadeHusx  # 0. Korma
KOPITyC IBVXETCS TIOJ YIJIOM K BETPY, IPOEKIUST OOKOBOM CHJIbI HAa HaIlpaBjieHUEe BETpa OTIMYHA
oT HyJid. M XOTS OTKJIOHEHUE Kypca YBEIMUMBAET OOIIUIA MyTh, CKOPOCTh IepeMEILeHUs TIPU 3TOM
MOXET OBITh 3aMETHO BHILIE ITO CPABHEHMIO C ABMKEHHEM ITPOTUB BEKTOpPa CKOPOCTU BeTpa. MTak,
JUIS TIepeMELeHUST MEeXAY 3adaHHBIMU TOYKAMU, PACIIOIOXEHHBIMU Ha ocu Ox, 11e1ecoo0pa3Ho UC-

IMOJIB30BaTh CJIEAYIONIYIO CXeMYy M3MEHEHHUS YIJIa Kypca: MOJOBUHY ITyTU IBUTATHCS IO YIJIOM 43
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K HaIlpaBJIEHUIO BeTpa, IOCJIe Yer0 U3MEHUTh KypC U IBUTAThC MOJ CUMMETPUYHBLIM YIJIOM B KO-
HEYHYIO TOUKY (puc. 8, 0).

3akmodenne. PaccMoTpeHa fuHaMMKa KaTaMapaHa, IIPUBOIOM KOTOporo sBisieTcsa potop CaBo-
HHMYca C ITPeOHBIM BUHTOM, B CTAIMOHAPHOM T'OPHU30HTAJIbLHOM IIOTOKE BeTpa. ABpOAMHAMUYECKOE
BO3ACHCTBHE Ha POTOP U TUAPOIUHAMUYECKOE BO3IEiiCTBUE HAa TPeOHOM BUHT ONMMCAHO HA OCHOBE
KBa3MCTaTUYECKOM MOIEIIN C IIpUBJICUCHNEM SKCIIEpUMEHTAIbHbBIX TaHHBIX. HaiineH nuama3oH ma-
paMeTpoB, TP KOTOPBIX BO3MOXEH PeXXUM IBMXKEHMS KaTamMapaHa IPOTUB BeTpa 3a CUeT SHEPIUU
BeTpa. [TocTpoeHbl 6UGypKALIMOHHBIE JUATPAMMBI, OTpaXkKalolIKe 3aBUCUMOCTh CKOPOCTH Ha TaKMX
pexXuMax OT paauyca IpeOHOro BUHTA U paauyca potopa. McciaemoBaHo moBeaeHUe KaTaMapaHa IIpu
pa3nu4HOM yriie Kypca. [locTpoeHo onTuMalibHOE YIIpaBJieHUE YIJIOM Kypca, IIpM KOTOPOM 3a MU-
HUMaJIbHOE BpeMsl IIPOUCXOIUT IIepeMellleHre KOPITyca B 3aJJaHHYIO TOYKY, PACIIOJIOXEHHYIO BBIIIIE
0 HampaBJIeHUIO BETpa.
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