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BBenenue

OKCIIepUMEHTalbHasl CyJ0Basi THJPOJMHAMMKA 3apojauiack B XIX Beke ¢ NOSBICHUEM
IIEPBBIX ONBITOBBIX OacceliHOB. B Poccum mepBblii onbITOBBIM OacceliH oTKpbuicd B CaHKT-
[Terepoypre B 1894 1. IlepBoHauambHO OacceliHbl OBLIM MpeAHA3HAYEHBI TOJBKO IS
MCCJIEIOBAHMSI XOJJKOCTH, HO 3aTEM CTAJIU MOSBIATHCS OAaCCEMHBI C BOJTHEHUEM JIJISl UCCIIEI0BAaHUN
MOPEXOJHOCTH, a TaKke OacCeiHBbI sl HCCIeI0BaHUMN YIIPABIIEMOCTH U MAaHEBPEHHOCTH CYJIOB.

Oco0eHHOCTh MPUMEHEHUS OTIBITOBBIX 0aCCEHHOB B CyJOCTPOCHHUHU 3aKITFOYACTCS B TOM, YTO
OHHU SBJIAIOTCS HE TOJBKO M HE CTOJbKO HAY4YHOH J1abopaTopueil, rae pa3padaThIBatOTCsl HOBbIE
TEXHUYECKHUE PELICHHS, HO HEOThEMIIEMOW YacThIO MPOLIECCa CTPOUTEIHCTBA KOopaliiel u Cy/IoB,
0e3 KOTOpOif HEBO3MOKHO KOPPEKTHOE MPOEKTUpOBaHUs cyaHa. [Ipu s3Tom QyHKIUS «TIpOKaTHOMN
CTaHIMM» MOJIEJEN peanbHbIX IPOEKTOB CYAOB s OacceliHa SIBISETCS €ro OCHOBHBIM
npeIHa3HaYeHUEeM, U YK€ BTOPHYHOM, MOJYUHEHHOHN 3TOMYy, sABifeTcs (DYHKUHS MPOBEICHUs
HAy4YHbIX MCCIEI0BAaHUMN. YUUTBIBas TUTAHTCKUE pa3Mepbl 1 CTOMMOCTh COBPEMEHHBIX CYJ/IOB, B
CYIIOCTPOCHUH HEBO3MOXHO CO3JIaHUE «OMBITHOTO 00Opaslia CylHa»: Helb3s, KaK, HalmpuMmep, B
aBHAIIMM, CO3/1aTh 2—3 00pasiia, NpeHa3HAuYCHHbBIX TOJIBKO JJI UCTIHITAHUH.

OmmOku B OMpeeNieHud XapaKTePUCTUK XOAKOCTU U TpeOHOro BUHTA OYAYT CTOWTH
CYJIOBJIaJIENIbIlY B TEUEHUE KU3HEHHOT'O IIUKJIA Cy/IHA COTHHU ThICAY J10JIJIApPOB M3-3a OTPEOICHUS
0oJiee BHICOKOM MOIIIHOCTH, HEOOXOIUMOM JIsl TOCTHKEHUS CYAHOM 33JJaHHOW CKOPOCTH.

IMeHHO 1O3TOMY BO BCEM MHpE CYIIECTBYET Oojiee JecsiTKa OIBITOBBIX 0OacceiHOB,
HENPEpPhIBHO paboTaloluXx MO 3aKa3aM CYIOCTPOUTENbHBIX Bepdeill, a B KPYHIHBIX
CYIOCTPOHUTEIIBHBIX JIepKaBax OCHOBHBIE BeppH CTpEeMATCS 003aBECTUCh COOCTBEHHBIM
Oaccelinom. B xauectBe npumepa MmoxHO npuBectu Kopeto, rae, HeCMOTps Ha HAlIM4YKHe KPYIHOTO
yHHMBEpcalabHOro wucciaenoBarenbekoro neHrpa KORDI, umeromero npakTUYecKd MOJHBIN
KOMIUIEKC THAPOIMHAMUYECKIX YCTAHOBOK ISl 00CTYKUBaHUS CYJOCTPOCHUS, Takue Bepdhu, KaK
Hyundai, Samsung, DSME nmeroT coOCTBEHHBIE OIIBITOBBIE OACCEHHBI.

lNommanackuit  Oacceitn  MARIN  sBaseTcs npeaMeToM HAIMOHAIBHON  TOPIOCTH
Hunepnannos, n rocygapctBo oOecriednBaeT NEPeOBOM YPOBEHb INPOBEACHUS HCIBITAaHUM,
MIPUMEPHO pa3 B AecATuiieTre PUHAHCUPYS MOCTPOUKY HOBBIX IKCIIEPUMEHTANIbHBIX YCTAHOBOK.

JlesTeTbHOCTh OIBITOBBIX OACCEHMHOB YK€ OKOJIO BEKa KOOPAWHUPYETCS MexyHapoIHOM
KoH(pepeHmen onbIToBbIX OacceiiHoB (ITTC), koTopas oTcieXHBaeT U Aa€T CBOMM KOMHUTETaM
JUIsL IPOPa0OTKH U COBEPILIEHCTBOBAHUS METOJUYECKHE MPOLIETyphl MPOBEIECHUS UCIIBITAHUN U
MPOTHO3UPOBAHUS HATYPHBIX XapaKTEPUCTUK C y4ETOM MaciITaOHBIX 3()()EKTOB — HEKOTOPBIX
OTIMYMMA Oe3pa3sMEpHBIX XapaKTEPUCTUK, MOJYyYaeMbIX Ha MOJEIH, OT MX 3HAYCHUH s
HATYpPHOTO Cy/AHA. YTOYHEHHe MaciTaOHbIX 3¢ (}eKTOB Bceraa OblI0 OJHON M3 TIABHBIX Ienen
IIPOBEJICHUS HAYYHBIX UCCIIEIOBAaHUI B ONBITOBBIX OacceiHax.

Jns yaera macmtabHoro sddexta eme B 18 Beke Bunbsimom @pynom Ob1I0 MpeiiokKeHO
pa3enuTh CONPOTUBIEHHE KOpIyca Ha COCTABISAIOIIMNE — BS3KOCTHOE U  BOJHOBOE
comnpotuBieHue. C Tex Nop TOT NPUHIMIT MPAKTUUECKU 06€3 0COObIX U3MEHEHUH HCIIONIB3YeTCs B
IIPAKTUKE OMNBITOBBIX OAacCeHOB, UTO CIY)KHUT OCHOBAaHUEM Ul YIPEKOB CYJIOBBIX
THIPOMEXAHUKOB B KOHCEPBAaTU3ME.

OpnHako rHIpoMexaHHKa BCEr/la couyeTalla KOHCEpBAaTU3M (TO €CTh MPUMEHEHHE XOpOIIO
OTpabOTaHHBIX IKCIEPUMEHTATHHBIX METOJOB, OCHOBAaHHBIX Ha OYEHBb JABHO pa3pabOTaHHBIX
NPUHIIMIIAX) C HCIOJIb30BaHMEM HauOojiee TepefoBhIX JOCTHKeHuM Hayku. Hampuwmep,
MPOEKTUPOBAHKUE TPEOHBIX BUHTOB OBLIO B YMCIE MEPBBIX chep MHIYCTPUH, KOTOpas Hadala
MCIIOJIb30BaTh CHavajla PacyeThl C MOMOIIBIO JTOTapu(PMHUUECKHUX JHMHEEK M0 BUXPEBOM Teopuu, a
3aTeM, C MOSBJICHHEM KOMIIBIOTEPOB — BCE OoJiee YCIOKHSIIOMMUECS KOMITBIOTEPHBIE METO/IbI U
IPOrPaMMBI.

KomnbroTepHasi ruipoiMHaMuKa, HEMPEPBHIBHO pa3BUBasi CBOU METOJBI U IPUOOpETas Bce
0oJbIIMEe TEXHUYECKHE PECypchl AJIl pacueToB, HayMHAeT 3aHMMaTh BCE OOJbIlee MECTO B
IIPAKTUKE CYJOCTPOEHUS.



Jns cpaBHeHus B TabiMile NMPUBEICH MPOTPECC B Pa3BUTHUU METOJOB BBIYUCIUTEIHHON
TUAPONMHAMUKHA JUIS  PEHISHUS 3aJad  XOJKOCTH Kopabneit u cymoB B KpbuioBckom
rocynapctBeHHOM HayuyHoM IieHTpe (KI'HII) 3a mocneanue 40 ner.

Kak BuAHO W3 NpHUBEACHHBIX JAHHBIX, KOMIIBIOTEPHBIE METObI CYIIECTBEHHO MOTECHUIIN
9KCIIEPUMEHTAIBHYIO THAPOJIUHAMUKY, PACIIMPUB MOHUMAHUE MPOUCXOISAIINX BOJIU3H KOpITyca
KOpalJIsi MPOIIECCOB.

Ta6mmma 3.1. ComocraBiieHre YpOBHS Pa3BUTHUS PACUCTHBIX METOJIOB JJISI PEIICHUS PA3TUIHBIX
3axay xoakoct B 1970-x u 2010-x rogax

Cepemna 1970-x IT.

Cepenuna 2010-x IT.

Hauamno PasBHTHA PACHeTHRIX
MeTOI0B 17149 BOIHOBOH
OIITHMH3IAIMHA KOPITy COB.

PacueT BOTHOBOIO CONPOTHBISHHS HA OCHOBE TEOPHH HEBA3KOM KHIKOCTH J0BEIEH
10 YPOBHES PYTHHHOIO HECTPYMEHTA npendaccefHOBOMH oTpadoTKH 00BOIOB
(8 KTHLI — nporpayata SHIPWAVE).

Pa3BHTHe 114 IPOeKTHPOBAHHA
IPe0HBIX BHHTOB IePBBIX
OporpanMM paceTa BHHTOB

H KOMIBIOTEPHOTO
HHCTpYMeHTapHq. PasBuTHe
cepHi BHHTOB KAk OCHOBHOTO
HHCTPYMEHTa IPOeKTHPOBAHHL
BHHTOB.

KoMmproTepHO® HHIHBHIyATbHOS IPOSKTHPOBAHHE T4 KaKI0T0 CYAHA HA 0ase HOBBIX
MOKOTeHHH IPOrpaMM BHXpPeBOH TeopHH (BHXPeBad I0BePXHOCTD H IaHeIbHbIe MeTOIBI).
BEBeleHd! B IPAaKTHKY pacueThl BHHTOB RANS meTogaMH. JTOCTHIHYTA TOYHOCTE pacde-
TOB: BHXpeBble MeTodrl 1-2 % mo vmopy H 2-3 % mo MoMeHTY; RANS Metoasr 1-2 %
no ymopy H 3—5 % no MoMeHTY (IPH 3HAYHTEIBHO OOTBINNX 33TPATaX KOMIBIOTePHBIX
pecypcoB H BpeMeHH Ha MOATOTOBKY PActieToB, MO3TOMY PYTHHHOS IpoeKTHpPOBAHHS
OCyIIecTBIALTCA MeTOJaMH BHXPeBOIl TeOpHII).

B IpakTHEY IPOoeKTHPOBAHHA BHHIOB BBeIeHBI 0043aTeTbHEIe PACTILTE IPOIHOCTH
JomacTeil Mo MeTOIy KOHeUHBIX 37IeMeHTOB ¢ olpedeleHHeM HAaIPy3oK
THAPOIHHAMAYECKHM PacueToM.

RANS MeToIsI IPHMeHAROTCA HIH IPH HecTeI0BaHHH IPHETHIHATLHY HOBBIX
TeXHHUECKHX PellleHH, HIH IpH HeoOX0IHMOCTH JeTAIBHBIX HCCIe 0B AHHIH
THIPOIHHAMHYeCKHX IpoleccoB (KaBHTAIHA, BHOPAHH, BHXPH B IOTOKE, CELIBI

Ha OTJeIbHBIX ¥IeMeHTaX KOHCTPYKUHH H Ip.).

KasuTanng HCCIeOyeTCa
IKCIIEPHMEHTAIBHO, PACHETHRIS
MeTOIRI OCHOBAHEL HA IIPOCTERIX
A0CTPAKTHBIX MaTeMaTHUSCKHX
MOIeIdx.

VikecTo9eHHe TpeOOBAHMIl, CBA3AHHEIX ¢ IPOSBIeHHEM KABHTAITHH BHHIOB (CaHHTApPHBIX
TpebOBaHH 0 BHOPAIIHAM H PasBHBAeMBIX B HACTOMINee BPeMd 3K0I0TaMH TpeDoBaHmi
10 N0JBOIHOI IMVMHOCTH TPAHCIOPTHEIX CVI0B), 3ACTABHI0 VISIITE 0OIBIIOe
BHHMAHHe 00pb0e ¢ KaBHTalef 1714 BHHTOB He TOIBKO 00eBBIX Kopadiei, Ho

H TPRAIAHCKHX CYI0B, 9T0 IPHBLIO0 K COBEPIIeHCTBOBAHHIO 3KCIePHMeHTATBHbIX
TeXHOIOTHI H PA3BHTHIO PACUETHBIX MeTOJOB H3YUeHHT KaBHTALIHH.

Pa3pa00TaHsl H BATHIHPOBAHBI CYIIEPKOMIBEOTePHBIe TEXHOIOTHH THCIEHHOTO
MOJIeTHPOBAHHA KABHTAITHOHHEIX ABIeHH [2].

Hauano pa3BHTHY MeTOIOE
TeOPHH TPEXMePHOTO
MOTPAHHYHOTO CI0A A4
OIpeneleHHd HATYPHOTO
[oaA CKOpoCcTeH B AHCKe
rpedHOTrO BHHTA.

Pa3BHTHe MeTOJOE TeOPHH IOTPAHHTHOTO €104 0CTAT0Ch B IPOILIOM. BYpHEIH Iporpecc
RANS, LES, DES metonos. Henoassobadue nakeToB CFD mporpanu pacueTa BE3KHX
teuennii (STAR CCM+, Fluent, Ansys). Hagato o0paTHOH TeHISHITHH Pa3sBHTHA O0Iee
Jemessx H ckopocTHEIX CFD mporpaM, coeIHATH3HPOBAHHBIX 1714 KOHEPeTHBIX
OPAKTHYECKHX 331aT CYI0CTPOSHHS ¢ BOSMOKHOCTEIO 00TbINel cTARIAPTHIAIHNH Ipoecca
HOITOTOBEH HCXOIHBIX JAHHBIX, C 0TKA30M OT VHHBEPCATLHBIX AKSTOB IIPOTPAMM.

Pa3pa0oTKa cepHH Modelel
CYIOB KAK OCHOBHOTO
HHCTPYMEHTa 114 BeIDOpa
00BOI0B. PasBuTHE 00BOIOB
KPYIHOTOHHAKHBIX CYIOB

¢ OONBIIHM KO3 HIHeRTOM
oomei momHOTEL Cp (THIA
CYIepIaHKepOB) H Domee
CKOPOCTHBIX CPeIHeTOHHAKHEI
TPAHCIIOPTHBIX CYIOB.

Pa3puTHe pacueTHBIX MeT0J0B NPAaKTHUSCKH CB2I0 K HYIH OPAaKTHKY cO3JaHHA cepHil
MoJelel KoPITyCOoB, H K MHHHMYMY — c03JaHHe cepHI Moelefl BHHTOB, ITO 03HAUALT
PEBOIHMHOHHBIE H3MEeHSHHT B MeTONAX THIPOIHHAMHYECKOTO IPoeKTHPOBAHNA.
[Mepexon 0T MPOSKTHPOBAHHA 10 CePHAM K HHIHBHIVATBHOMY IIPOeKTHPOBAHHIO
KOPIYCOB H IPe0HBIX BHHTOB ¢ MIHPOKHM IPHMeHeHHEM KOMIBHTEPHBIX PACTIETOB
gBT4eTCA 3TANHBIM COOBITHEM B PAIBHTHHE CYIOBOH THIPOIHHAMHKH, CBEPIIHELINMCA
3a mocieJHHe 2—3 JecaTHIeTHI.

BedeTcd pa3spadoTia MHOTOKPHISPHATBHOH CYIIEPEOMIBIOTEPHOR TEXHOIOTHH
ONTHMH3AIIHH TPe0HOT0 BHHTA, pa0OTAKIIETC 33 KOPIOVCOM CYIHA.

BakneHmmmM, peBOIOIMOHHBIM [IAroM JUIsSl SKCIIAHCUU KOMITBIOTEPHOW THIPOIMHAMHKI
SBUJIACH pA3padOOmMKa Memooo8 pacyema NOMOKO8 GA3KOU IHCUOKOCMU MemoOOM peuleHus
ypaenenuti Hasve — Cmoxca 6 npubnuscenuu Peunonvoca (RANS wmerompl wnm, B
HecTanroHapHoi moctaHoBke, — URANS metonsr). [laxke cnemnuanucramM cTano Ka3aThCs, YTO
pacUeTHBIMH METOJaMH MOJKET OBITh COCYHMTAaHO a0COJIOTHO BCE, €CIM OYAyT HOCTaTOYHO
MOIIIHbIE KOMITBIOTEPHBIE PECYpPCHI (TaK Ha3bIBAEMbIE CYNEPKOMITBIOTEPHI C UX BO3MOXKHOCTSIMU
MapaUIeIILHBIX BBIYMCICHUH). DTO TOCTYKWIO MPUIMHON packoyia B psAAax THAPOJIHHAMUKOB.
Kaxk Hu cTpanHO, 601bIIas YaCTh U3 HUX OTCTAUBAET HOBBIEC MO3UIIUN — «COCUUTATH MOXKHO BCE».



JIrobast xadenpa B YHHBEPCHTETE, HE HMEIOIIEM KPYIHBIX 3KCIIEPUMEHTAIBHBIX YCTaHOBOK,
MPOEKTHBIE TPYIIbl Bepdeil W KOHCTPYKTOPCKUX Oropo, o03aBedmmecs COOCTBEHHBIM
BBIYUCIIUTEILHBIM IIEHTPOM — BCE OHH HPOSBIISIOT 3aUHTEPECOBAHHOCTh, BHIAT BO3MOXKHOCTh
3aKpBITh pacdyeTaMd BCE TEXHUYECKHE BOIPOCHI M, HE CIUIIKOM YIIyONssich B MPOOIEMbI
TOYHOCTH MU OOJIACTH NMPUMEHEHHS UCIOJIb3yEeMBIX MOJEJICH W MPOrpaMM, MPOBOJST PEIICHHE
3a/1a4, KOTOPBIC PaHbIle 0E3yCIIOBHO 3aKa3bIBAIKMCH OBl JJIsi SKCIICPUMEHTAIILHOTO PEIICHUS B
OMBITOBBIX OacceiiHax. B TO e BpeMs HM3BECTHO, YTO JJIsi BHEAPEHHS HOBBIX PaCUCTHBIX
WHCTPYMEHTOB HCCIIEOBaHUS TpeOyeTcsi pa3paboTKa M BCECTOPOHHSISI BaTWAANNS TEXHOJOTUN
NPOBE/ICHUSI PACYCTOB, KOTOPYIO KpailHE CIIOKHO BBINOJHHTH, HE UMes JOCTymna K
COOTBETCTBYIOIIEH IKCIIEpUMEHTaIbHOU 0a3e [1].

VY4eHble ONBITOBBIX OACCEWHOB CTPEMSTCS COXPAHUTh CHUCTEMHBIM MOAXOJ M TOTOBHI K
IUIAHOMEPHOMY BHEJPEHUIO U BAJIMJALIMY COBPEMEHHBIX PaCYETHBIX METOJIOB, B IIEPBYIO OYEPEb
nyTeM KOMOMHUPOBAHUS PACUETHBIX U SKCIIEPUMEHTAIBHBIX METOUK, 00ECIIeYnBasi TEM CaMbIM
yriyoiaeHue B GU3UKy U3ydaeMbIX MPOLECCOB U, Onaroaps 3TOMY, — YBEJINYEHHUIO TOYHOCTH U
MOBBILICHUIO YPOBHSI PEIIAEMbIX TPUKIAJHBIX 3a/au.

JlanHas npo6iiema XxapakTepHa HE TOJBKO AJISi OTEYECTBEHHOIO CYJAOCTPOCHHUS. Y UUThIBAs
CUTYAaI1IO, CJIOKUBIIYIOCS] B MUPOBOM KopadenbHOM ruapoauHamuke, kKoHpepenuus [TTC B 2014
I. TOCBATWIA OOJNBLIYI0O YacThb CBOEr0 BPEMEHU PACCMOTPEHHUIO B3aMMOOTHOLICHHUH
AKCIEPUMEHTAJIbHOW U KOMIIBIOTEPHOM ruapoanHaMuku (OyaeM B AajbHEHIIEM B HACTOSIIEH
CTaThe MPHUACPKUBATHCS MEKIYHAPOIHO TMpHU3HaHHBIX abOpeBuatyp EFD (Experimental Flow
Dynamics) u CFD (Computational Flow Dynamics) cooTBeTCTBEHHO).

ITpoBeneHHBIE CUMIIO3UYMBI 110 KOMIIBIOTEPHOM I'MIPOJUHAMUKE, & TAK)KE AaHATUTHYECKAs
paborta komuteToB ITTC, B TOM unciie u cnenuaibHo co3nanHoro komurera no CFD, mo3onummn
IIPOAHAIM3UPOBaATh coBpeMeHHOoe cocTossHue CFD u cnenaTh BBIBOJBI U MMO3ULIUAX, 3aHUMAEMBIX
CFD u EFD B coBpemeHHOW cynoBoi rujpoauHamuke. B Poccum cymiectByer cBOM ONBIT
pasButuss CFD M npuMeHeHus pacyeToB B IPOEKTUPOBAHMM Kopalied M cylnoB. AHanu3y
3apy0ex’HOr0 U OTEUECTBEHHOr'O OMbITa U ompeneieHuio coBpeMeHHbix no3uuuii CFD u EFD
MOCBSIIEHBI Hay4dHbIe cTaThk [1-15].



1. JkcnepuMeHTAIbHbIE HCIILITAHUS CYy/HA

11 He.]'ll/l M 33/1a4d HCNbITAHUMA MOPEXOIHBIX KAY€CTB Cy/10B

BoszHuKkIas TeicsueneTrs Haza KopadelbHas THIPOJUHAMUKA TPYAaMUA MHOTOYHCIICHHBIX
YUEHBIX MpeBpaTHiachk B 3(PQPEKTUBHBII TEOPETUUECKHUM ammapar, [MO3BOJISIIOIIMM yCIEUTHO
MPOTHO3MPOBATh XapaKTepUCTUKHU Kopabmns. OmHako K koHIy XIX CTOJIETHSI TEOPETHYECKHE
METOJIbl OKa3alluCh HENOCTAaTOYHO A(PGEKTUBHBIMU U MOTPEOOBATIOCH MPUBJICUEHUE JAaHHBIX
AKCHEPUMEHTAIBHBIX HCCICAOBAHUM 11 YTOYHEHUS PE3YJIbTAaTOB, IOJYYEHHBIX PACUECTOM.
Nmenno moatoMy, cienys uaesm otia u ckiHa ®pyna (Aurmms), HaBunma Teinopa (CLIA)
u Ommiis beprena (®panuus), BO MHOTUX CTpaHax Hayaldd CO3/1aBaThCsl OIBITOBBIE OACCEMHBI.
I'maBHas 3amava, KOTOpas CTaBWIACH NEPE] ATUMHU SKCHEPUMEHTAIbHBIMU YCTAaHOBKaMU, —
ONpeJIeJICHUE COMPOTUBJICHUS JBUKEHHUIO KOpIyca Cy/aHa. JTU OacceilHbl CTaaud OCHOBOM st
MOCJIEIYIOLIErO CO3/IaHNsl HAYYHO-UCCIEA0BATENIbCKUX [IEHTPOB B PA3JINUHBIX CTPaHaX.

Oco0eHHOCTh IPUMEHEHUS ONBITOBBIX 0aCCEHHOB B CyJOCTPOCHHUHU 3aKIF0YAETCS B TOM, YTO
OHH SIBJISIFOTCS HE TOJILKO M HE CTOJILKO HAayYHOH JIaOOpaTopueil, rie pa3padaThIBAlOTCS HOBBIE
TEXHUYECKHUE PELICHUs, HO HEOThEMJIEMON YacThIO MPOLECcCca CTPOUTEILCTBA Kopabiel u cyioB,
0€e3 KOTOpOil HEBO3MOYKHO KOPPEKTHOE MPOEKTUPOBaHUs cyaHa. [Tpu sTom pyHKIIUSA «TIpOKaTHON
CTaHLUU» MOJENIel pealbHbIX NPOEKTOB CYIOB JUii OacceiiHa SABISETCS €ro OCHOBHBIM
npeIHa3HAYeHUEM, M YK€ BTOPUYHOM, MOTYMHEHHOW ITOMY, SIBISETCS (YHKLIHUS MPOBEACHUS
HAy4YHBIX MCCIENOBAaHUMN. YUUTBIBasg THTAaHTCKUE Pa3MeEpbl U CTOMMOCTb COBPEMEHHBIX CY/OB, B
CYJIOCTPOCHUH HEBO3MOXHO CO3/IaHUE «ONBITHOTO 00pa3lia CylHa»: Helb3sl, KaK, HalpuMep, B
aBUallMHU, co31aTh 2—3 o0pa3la, NpeAHa3HAYCHHbIX TOIbKO AJIS UCIIBITAHUM.

Metonpl MaTeMaTH4eCKOro MOJEIMPOBAHMS HE IO3BOJISIIOT BO BCEX JETANAX OIUCATh
CJIOKHBIE THUIPOJMHAMHUYECKHE IPOLECCHl B3aUMOACUCTBUSA CyIHA C OKPYXKAIOWIEH CPENoH,
0COOEHHO B TeX CIydasX, KOTJa CYLIECTBEHHYIO POJIb UIpaeT BA3KOCTh KHUIAKOCTU. Ilo 3TOM
npuyurHe GU3NUECKU MOJIENIbHBIN AKCIEPUMEHT SBIISIETCS HEOTHEMIIEMOM YacThIO UCCIIEA0BaHUN
MOPEXOJIHBIX KauecTB Kopadis. C ero noMoIbio OCyIecTBISIOTCS:

® [pOBEpKa U KOPPEKTUPOBKA TEOPETUUCCKUX PEIICHHIHA,

e pa3paboTKa MPAKTHUYECKUX CIIOCOOOB pacyeTa, MPOrHO3UPOBAHUE U
ONTUMU3ALMS XOJKOCTH U YIIPaBIIEMOCTH, TUHAMUYECKOW OCTOMYMBOCTH
¥ MOPEXOTHOCTH.

Jns aToii nenu HeoOXoauMa dKCIIepUMEHTalIbHAs 0a3a, BKIIIOYAKOIas KaKk YHUBEpCalbHbIE,
TaK W YHUKaJbHbIE CHEIMAIM3UPOBaHHbIE JabopaTopHble YCTaHOBKM. K HHMM oOTHOCSATCA
ONBITOBBIE ~ OAacceilHbl, THAPOJOTKH, UUPKYISLUOHHbIE W  IITOPMOBBIE  OacceilHsl,
a’poIMHAMHUYECKHE U KaBUTALIMOHHBIE TPYObl, KABUTAIIMOHHBIE U JIEJIOBbIE OacCeiHbI, TOJUTOHBI
JUISl UICTIBITAHUM CAMOXOJIHBIX MOJIENEH.



1.2 LHean 1 321244 MCNBITAHUI MOPEXOAHBIX KavyecTB cya10B. HayuHnbie u
IKCIJIYATAUMOHHBIE UCTILITAHUS.

OcHOBHOII Yenblo MOPex0OHbIX UCNbIMAHUL SIBISIETCS UCCIIEI0BAHUE MOPEXO0/IHOCTHU CYyJIHA,
T. €. TeX ero KauecTB, KOTOpbIE OMPEAEIAIOT MOBEACHHUE CyIHA HAa BOJHEHHH. OOBIYHO CUUTAIOT,
9TO MOPEXOAHOCTh CYAHA XapaKTepU3yeTcss OOpPTOBOM, KUJICBOW W BEPTUKAIBHON KadyKOW U
BBI3BAHHBIMH €I0 YCKOPEHUSIMU KOPILyCa, CHI)KEHHEM CKOPOCTH U XOJIKOCTHIO Ha BOJHEHHH,
pPBICKaHHEM, 3IMBAaHHEM W 3a0pBI3TUBAHMEM Many0 W HAJACTPOCK, CIIEMUHIOM W OTOJICHHEM
OKOHEYHOCTEH, MPOYHOCThIO KOpIyca M OTHCNIbHBIX €ro KOHCTPYKIUH, BO3MOKHOCTHIO
UCIIOJIb30BAaHUsI TEXHUYECKOTO0 O0OpYJOBaHUS CyAHA MPH JIBHKCHUHM HA BOJTHCHUH, a TaKKe
o0u1eil mpucrnoco0IeHHOCTHIO CYAHA K TUIABAHUIO B IITOPMOBBIX YCIOBUSX. [1ociednee c8oticmao
onpeoensemcs 2epMemuiHOCmbIO BHYMPEHHUX nomewjenut, B03MONCHOCBIO
bOecnpensimcmeenHo2o CoO0OWeHUsT MeHCOY HAOCMPOUKAMU U OMCEKAMU CYOHA 8 WMOPMOBYIO
10200y, CIMeNneHvlo 3auWUWeHHOCU NEPCOHANA HA OMKPLIMbIX NOCMAX U MOCMUKAX OmM 6empad,
0021c05 U Opbvi3e.

B HaCTOAIICC BPEM HATYPHBIC UCTIBITAHUS ABJIAKOTCA OCHOBHBIM HCTOYHUKOM I/IH(I)OpMaI_[I/II/I
0 MOPEXOJHOCTH CyAOB B PCAJIbHBIX YCJIIOBHUAX IINIABAHUSA KW IMO3BOJIAIOT PCIIATh CICAYIOIINEC
3aJa4du:

® OIEHUTh MOPEXOJHOCTh CYAHA C TOYKH 3PEHUS COOTBETCTBUS €r0 MOPEXOIHBIX
Ka4yeCTB IIPOCKTHBIM JJAHHBIM U BBISIBIICHUS HEJJOCTATKOB, CHIKAIOLINX MOPEXOAHOCTH;

® MOJYYHTh CPABHUTEJbHbIe MaTepuUaabl A OHeHKH 3(PPeKTHBHOCTH
KOHCTPYKTHMBHBIX pelleHuid, HaNpaBJICHHBIX Ha IIOBBIIICHUE MOPEXOJAHOCTU H
obecrnieueHre HOpMAIbHOU AKCIUTYaTalluK cyaHa pu [InaBaHuM Ha BOJTHEHUH;

® MOJYYHTh 3IKCHEPUMEHTAJIbHbIE [aHHbIE, KOTOpPble MO3BOJIST HPOBEPUTH U
YTOUYHHUTBL METOJbI pacuyeTa u MpecKa3aHusi MOPEXOJAHOCTH MPOCKTUPYEMBIX CY/IO0B
Ha HEPETYJISIPHOM BOJIHEHUU;

e  OUEeHUTH 3PPEeKTUBHOCTDH M IKCILNIYATAIMOHHBbIE KAYeCTBA YCIOKOUTeIeH KAUKH;
OIIEHUTH PHEKTUBHOCTh U IKCIUTyaTAI[MOHHBIE Kaue€CTBA CHCTEMbI aBTOMATHYECKOTO
yIpaBIeHUS U 3aIIUTHI TIABHOTO ABUTATENsI IPU BO3ACHCTBUU KaYKU CYTHA;

e omnpegeJuTh  TEeXHHMYECKHe  MOKAa3aTeJd  CyJA0BOro  o0OpyIOBaHMS M
ABTOMATHYECKHX CHCTEM YNPaBJEHHsI, KOTOPbIC MOJABEPKCHBI BIUSHUIO KAYKU U
BOJIHEHHUSI.

B 3aBucuMOCTH OT Ha3HA4YCHUS pas3iinyar0oT JBa THIIA MOPEXOIHBIX HUCIIBITAHMI
NpHEMOCAATOYHBIC (3KCI[J1yaTaIII/IOHHLIe) n cnenuajabHbIC (Hay‘leIE).

IIpueMocAaTOUYHBIM HCTIHITAHUSAM, KaK MPABWIO, MOJBEPraloT TOJOBHBIC CyJa CEpHH.
OCHOBHOMH 1LIETIBbIO ATUX UCTIBITAHUM SIBIIIETCSA IPOBEPKA MOPEXOHOCTHU CYAHA U €70 COOTBETCTBUS
crieni(PUKaMOHHBIM TPeOOBAaHMAM, YKa3aHHBIM B 3aJJaHWM Ha MPOEKTUpOBaHHE. VcmbITanus
MPOBOJAT B MEPHUO/] C/IaYu CyJHA 3aKa3YMKY WM BO BpeMs MEPBBIX HKCILTYyaTAlIMOHHBIX PEUCOB
CyJHa.

Cl'[eI[I/Ia.]'[LHLIe MOPCXOAHBIC HUCHBITAHUA BEAYTCA C paA3JIMYHBIMU UCCIICAOBATCIBCKUMHA
oeisiMy, U IMO3TOMY IporpaMma M METOJbI IPOBCACHUSA OTUX HUCIIBITAaHHI MOT'YT CYIICCTBECHHO
OTIIMYAaTBCA OT MNPUCMOCHATOYHBIX HUCIIBITaHHUI Y3KOLCJICBOTO HA3HAYCHUA. CHCLII/IaJ'ILHBIC
HCIIBITAHUA Yall€ BCCTO0 MPOBOAAT BO BPEMA SKCIICAUITHOHHOTO ITJIaBaAHUA BI)I6paHHOl"O 00BbeKTa
HJIM KaK HUCHbITaHUWS, BBIIIOJHACMBIC HCCICAOBATCIIIMU BO BPEMSA OKCIUTYyAaTallUOHHBIX peﬁCOB
CyaHa, 4YTO JOJIPKHO OBITH BKJIFOUEHO Cya0BJIaaCIbLIEM B peﬁCOBOG 3aaHUC KaIlluTaHy.



[TapameTpbl, XapakTepU3YIOIIHME MOPEXOJHOCTh CYyJIHA, 3aBHUCAT HE TOJBKO OT
KOHCTPYKTUBHBIX JJIEMEHTOB KOPITyca, apXUTEKTYphl U (HOPMBI OOBOJIOB CyqHA, TEXHHUYECKHX
XapaKTEPUCTUK MPOITYIHCUBHOTO KOMILJIEKCA M 00OPYAOBaHMS CYJHA, COCTOSHUS €TI0 Harpy3KH,
HO U OT YCJOBHUU IUJIABAHUS, KOTOPBIE OMPEACIISIIOTCS CUJIOW BOJHEHHS U BETPA, BEIUYMHOU U
HaIlpaBJICHUEM CKOPOCTH CyJIHA, TEMIEPaTypoil 3a00pPTHOM BOJBI W BO3ayxa M T. A. [loaTomy
00BEKTUBHOE OIPE/ICIICHUE YCIOBUH TUIABaHUs U B IIEPBYIO OUEPEb COCTOSHUS MOPS U BETpa —
BOKHEUIIIUN ATall MOPEXOIHBIX HCIBITAaHUH, 0€3 KOTOPOro HEBO3MOXKEH aHAIHM3 IMOJYYCHHBIX
pe3ynbratoB. KpoMe TOro, onpeaeneHue 3JIEMEHTOB BOJTHEHUS M BETPA UMEET CAMOCTOATEIIbHOE
3HAYCHHE, TaK KaK HAKOTUICHHE W CUCTEMAaTH3aIMs TaKUX JIAHHBIX CIIOCOOCTBYIOT PacIIMPEHUIO
MPEJICTABICHUIA O PEATbHBIX YCIOBUSX IUIABAHUS CYAOB, YTO HEOOXOIUMO CYIOCTPOUTEIISIM.

Habnronenust mokassiBaloOT, YTO peabHOE MOPCKOE BOJHEHHE M BbI3bIBa€Mas UM Kadka
CyIHA XapaKTepU3YIOTCS OTCYTCTBHEM KaKOW-THMOO BUIAMMON 3aKOHOMEPHOCTH B W3MEHCHUH
aMIUTUTYIBI ¥ TIEPHOJIa CIEAYIOUIUX JAPYT 3a JAPYyroM KojeOaHWN M MPEICTaBISIOT THITUYHBIC
IIpUMEpPBI CydanHbIX npoueccoB. Kak u Beskuil cirydaiinelii [Iponecc, Mopckoe BOJIHEHUE U
Kauyka CyJHa MOTYT OBITb ONHCAHBI TOJIBKO B BEPOSITHOCTHOM cMbIciie. Iloatomy mpu
WCCIICIOBAHUU MOPEXOJHOCTU CYIOB IIMPOKO NPUMEHSIOTCS METOAbl MaTEeMaTHYECKOU
CTATUCTUKH M TCOPUHU BeposAsTHOCTEH. HeoO0X0MMMOCTh HCITOIB30BaHMS BEPOSITHOCTHBIX METOJIOB
CJIETyeT YIMTHIBAThH HE TOJIBKO TP aHAIIN3E PE3YJIbTATOB MOPEXOTHBIX UCIIBITAHUH, HO U Ha OoJiee
PaHHUX CTaAMSIX PAOOTHI MPH MOATOTOBKE K MOPEXOIHBIM HUCITBITAHUSIM.

Mopexoonvie ucnvimanus — 3TO KOMIUIEKCHAs Ollepalysi, B KOTOPOH y4acTBYIOT OOJIbIINE
KOJUIEKTUBBI JIIOACH, MOpPCKHE CyJa, a B KayecTBe OOECIEUMBAIOIIUX CPEICTB MOTYT OBIThH
WCIIOJIb30BAaHbI CaMOJIET» U OeperoBbie paauocTaHiMu. Bo m3bexaHue HENpPOM3BOIUTEIHHBIX
MaTepuaibHBIX 3aTpaT M BPEMEHU MOPEXOJHBIC HCIBITAHUS JOJKHBI OBITh TIIATEIBHO
CIUIAaHUPOBAHBI, XOPOILIO TMOATOTOBJIEHBI M OMNEPATUBHO TPOBeACHBL. [lpu mOATrOTOBKE
MOPEXOHBIX HCIBITAHUI Ba)KHO MPABHJIBHO BBIOPATh PaiioH M BpeMsi MPOBEACHUS UCIIBITAHUM.
[Tnomane s riyOMHA akKBaTOPUH JOJKHBI COOTBETCTBOBATH pa3MepaM M CKOPOCTH cyaHa (cM. §
4). IIpoaomKUTENbHOCTh MCTIBITAHUM, 3aBUCSINAs TJIaBHBIM 00pa3oM OT OKUJAHUS BOJIHEHUS
3aJIaHHOM CWJIBI, JIOJDKHA OBITh TIO BO3MOXXHOCTH MHUHHUMAJIBHOW. [l BBIMOJHEHUS 3THX
TpeOoBaHUIl ClieyeT MCIOJIb30BaTh JaHHbIE O TMOBTOPSIEMOCTH BOJIHEHHUS B IMPEIOJiaraeMoM
palioHe UCTIBITAaHHM. Y CTAaHOBJICHHYIO HA OCHOBAHWH MHOTOJIETHUX HAOJIOIEHUM TTOBTOPSIEMOCTh
BOJIHEHUSI MOKHO pPaccMaTpHUBaTh KaK BEPOSITHOCTb BCTPETUTH BOJIHEHUE OINPEICICHHOW CHIIbI

B Oynymiem [55].

2. UcnbiTanue ABUIKCHUSA CyAHA

DKCMEPUMEHTATBFHOE HCCIEAOBAaHUE JIBIDKCHHSI KaKOro-HMOyAb Tella OTHOCHUTEIBHO
MOKOSIIIIEHCS )KUIKOCTH BO3MOXKHO JBYMsI CIIOCOOaMH: MOXHO 3aCTaBUTh TeJO ABUTAThCA B
MOKOSIIEHCS KUAKOCTH WA, HA00OPOT, MOKHO 3aCTaBUTh HaOeraTh Ha HEMOJBH)KHOE TEJO
pPaBHOMEPHBIA TMOTOK XUAKOCTU. [lepBbIii crmoco0 OCOOEHHO MPUTONEH Al HMCCIEIOBAHUS
JIBIDKCHUSI Tl B BOJIC W HCIOJIB3YETCS TMPU HUCIBITAHUU MOJIEIEH CYIOB B CHEIHATBHBIX
TUAPOJUHAMUYECKUX KaHaJIax.

[Tpu nccienoBaHuu Mojenel cy0B 0co0oe 3HaUeHHE UMEET COXpaHEHUE MOoA00HS BOJIH,
BBI3BbIBAEMBIX JBUKEHHUEM MOJIEH U CYJIHA B HAType. 7151 3TOM 11en CKOPOCTH IBUKEHUSI MOJIENN
U Cy/IHAa B HAaType JOJDKHBI OTHOCUTHCS JIPYT K APYTY KaK KOPHU KBAJPAaTHBIC U3 JJIMH MOJIETH U
CynHa B HaType (Tak Ha3bIBaeMblil 3akoH monobus Ppyna; cormacHo § 13 ra. Il anusel BomH
MIPOTIOPITMOHABHBI JITTMHAM MOJICNIH M Cy/IHa B HaType). OTHOBPEMEHHOE COOIOZICHUE TTOA00HS
B OTHOIIIEHUY TPEHUSI HEBO3MOXKHO, TaK KaK I 3TOT0 HE0OX0IUMO, YTOOBI 1t 000UX JBUKCHUN
OBLIM OJMHAKOBHI yKciia PeifHosbAca, YTO HECOBMECTUMO C COOJIIOJEHHEM 3aKOHA MOJ00us B
OTHOIIEHUH BONH. [loaTOMYy OT coOmMIOaeHUsS MOAOOUST B OTHOLICHUH TPEHUS MPH UCHBITAHUU
MOJIeJIel CYJIOB IPUXOIUTCS OTKA3bIBATHCS. [|J1s1 TOTO 4TOOBI 00YCIIOBIEHHBIE TUM OIIMOKH OBLITH
MaJIbl, MPUMEHSIOTCS BO3MOXKHO OOJIbINIKE TIO pa3MepaM MOJIETH.


http://scask.ru/m_book_phis9.php?id=6
http://scask.ru/b_book_e_phis.php?id=154

B MOpckoii TEXHHKE UCIIBITAHUE ABUKEHUSI CYIHA - 3TO T'MAPOAMHAMUYECKOE UCTIBITAHUE,
BBITMIOJIHSEMOE C MOJENISAMH Cy/Ha C IIeJIbI0 CIyCKa HOBOToO (TMOJHOPa3MEpHOro) CyAaHa MU
YTOYHEHMSI KOHCTPYKLUHU CyAHA Ui YJIy4dIIEeHHMs] €ro XapakTepucTuk B Mope. Mcnbitanus
MPOBOASATCS B KOpaOelIbHOM MoJeidbHOM Oa3zuHe miH "OykcupoBouyHoM TaHke'". CylllecTBYIOT
pa3IMyYHbIE TUIIBI UCTIBITAHUM: MOJENIb MOKET OYKCOBATh IO MPSAMOM UM KPYTOBOM TPAEeKTOPUH,
1 MOXET MOJABEpPrarbCsi OCKWUIAIUAM. CHIlbl, JEHCTBYIOLIME HA CYIHO, U3MEPSIOT C IIOMOIIbIO
JuHamoMmerpa. McnblTaHuss MOTYT NpPOBOJIUTBCS B € OOIIEH KOHCTPYKUMEH WM C Y4ETOM
XapaKTepUCTUK rPeOHOTO BUHTA.

2.1 O01IMe moJ0KeHus

XoOkocmpio Ha3BIBAIOT CIIOCOOHOCTH CyaHa [BUTATBCA C 3aJIaHHOM CKOPOCTBIO IIpHU
B(b(l)CKTI/IBHOM HUCIIOJB30BAaHHMM MOIIIHOCTH SHCPFCTHHCCKOﬁ YCTaHOBKH. 3T0 MOPEXOOHOC
KauyeCTBO B 3HAYMTCIBHOM CTCIICHHU OMnpeacisICT SHCPreTUUCCKUE 3aTpaThbl, COIMYTCTBYIOIIHC
OKCIUTyaTalluu CyJiHa, a CJICA0BATCIIBHO U SKOHOMUNYCCKHUC ITOKA3AaTCIIU ITOCIICAHCTO.

Ha mo6oe Teno, ABmKyleecs B JKUIKOCTH, ACHCTBYET Cuia CONMpOTHUBIIEHUSA. UTOOBI ee
IIPEOOJIETh, K TETYy HEOOXO0IMMO MPUIIOKUTD MOJIE3HYIO TATY — YCHIJIME, PABHOE 110 BEJIMYMHE U
MIPOTUBOIOJIOKHOE 10 HarpaBieHuto. [Ipu aTom OyneT obecrieueHo yCTaHOBUBILICECS IBIKEHUE,
T. €. IPSAIMOJIMHENHOE € TOCTOSTHHOM CKOpOCThI0. IMEHHO Takoe ABM)KEHUE SIBIISETCS MPEIMETOM
U3YYEHHUS B KYPCE «XOAKOCTBY.

VYcerpolicTBO, peaHa3sHAYEHHOE ISl CO3JAHUs MOJIE3HOW TSTH, HAa3bIBACTCS JABUKHUTEIIEM.
TakuM 00pa3oM, XOJKOCTh BKJIIOYAET JBa pa3fesia: COMPOTHBICHUE CPEbl ABMKCHUIO CYAHA U
JABUXXUTCIIN. Ocra"HoBuMCsS Ha IEpBOM U3 HHUX, KOTOpBII;'I HN3y4acT 3aKOHOMCPHOCTH
GbopMUPOBaHUS CHUIIBI COMPOTHBIICHUS, ONpenensiomue ee (akTopbl, BIUSHUE YCIOBHMA
AKCIUTyaTallH Cy/IHa.

Cuna conpoTHBJIEHHUs, AEUCTBYIOIIAs HA JIBUXKYILEECS CYAHO, 3aBUCUT OT CKOPOCTH €ro
nepeMelleHHs], XapaKTepUCTHK cyaHa (ero pa3smMepoB U (DOpPMBI) M XapaKTEPUCTHUK CPEAbl
(pu3nyeckux CBOMCTB JKUJIKOCTH: €€ IUIOTHOCTU U BSI3KOCTH). BOJBIIMHCTBO CYIIECTBYIOLIMX
CyJIOB HA/IBOJHBIE; OHHU UCIBITHIBAIOT CONPOTHUBIIEHUE CO CTOPOHBI BOJBI U CO CTOPOHBI BO3AYXA.

Boga — mnpakTudecku Hec)kMMaeMas JKUIKOCTb, €€ IUIOTHOCTh MOJKHO CUMTaTb HE
3aBHUCSILIEN OT AABJICHUS U TEMIIEPATypPhl U, KaK Y’Ke TOBOPHIIOCH BBILIE, IPUHUMATh paBHOU p - 1
/M% 1715 ipecHoi 1 p - 1,025 /M3 11 Mopckoii Bobl. B 0TiIHYHE OT MIOTHOCTH KHHEMATHUECKAS
BA3KOCTb JUIsl NIPECHOM M COJIEHOM BOJABI NMPAKTUYECKH OJMHAKOBA, OJHAKO OHA 3aBUCUT OT
TEMIIEPATYPHIL:

A O 48121620
10° Vv, m%/c....... 1,57 1,39 1,24 1,11 1,01.

B Hamell crpaHe npu pacdeTrax CONpPOTUBIEHHUS CYAOB TEMIEpAaTypa BOABI CUHUTAETCS
paBHOIA t = 4 °C, KuHeMaTHYecKas BS3KOCTh TIPH 9TOM cocTasnseT v = 1,57 x 10~®m?/c.

W nnoTHOCT, 1 KHHEMATHYECKas BSI3KOCTh BO3/[yXa 3aBUCAT OT TEMIIEPATYPHI U JIABJICHUS.
[Ipu atmochepHoM naBnennn u Temieparype t - 15 °C 3Tu BenHuuHBI MPUHUMAIOT 3HAYSHHUS P -
1,23 kr/m3, Vv = 1,44 x 10 M%/c, KOTOpBIE M UCIIONB3YIOTCA B PACUETAX COMPOTHBIICHHMS.
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B HecoBnmaneHun temneparyp BOJABI M BO3yXa HET NIPOTUBOPEUNSI— IMPAKTUYECKH BCETa
OHM HE OJIMHAKOBBI. B TO e BpeMsl KOHKpPETHbIE 3HAUEHHUS TEMIIEPATyp, 3aKJIaJbIBacMbIC B
pacueTsl XOJKOCTH, MMEIOT IPUHLUINAIBHOE 3HAYEHUE — OHHU I03BOJISAIOT COINOCTABIIATH
pEe3yJbTATHL, OIYYEHHBIC B PA3IMYHBIX HAYYHBIX J1A00PATOPUSIX, KOHCTPYKTOPCKUX OIOPO U T. 1.

[To naBHel Tpamuu B MOPCKOM (hI0Te I U3MEPEHHsI CKOPOCTHU MPHUHATA CIEIHaIbHAs
eIMHUIIAa — Y3€J1, KOTOPBIH PaBeH OJIHOW MOPCKOM MHJIe B 4ac. B cBOrO ovepe/ib, MOpCKask MUJIS
cocraBmsieT 1852 M, uro paBHo [" 3emHoIi ayru o Mmepuanany T. o. 1 y3 = 1852/3600 = 0,514 m/c.
JJ1st CyZ0B BHYTPEHHETO TUIABaHHSI CKOPOCTh OOBIYHO U3MEPSIETCS B KMJIOMETpax B yac (KM/4).
2.2 Pe:kuMbl IBMKEHUS CY/10B.

Bee cuibl, pelicTByrolMe Ha ABIDKYILIEECS CYIHO, MOTYT OBITh NMPHUBEICHBI K TJIABHOMY
BEKTOPY M TJIABHOMY MOMEHTY, KOTOpBIE pacloyiaralorcs B quamerpaibHoi rmiockoctu ([IT).

[Tocnennee oOBSCHSAETCS TEM, UYTO KOPIYC CHUMMETpU4eH oTHocutenpHo I, a nBukeHue
yCTaHOBHBIIIEECH.

T
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Puc. 3.1. Cuiibl, 1elicTBYIOIINE HA CYAHO

Cxema cuii, IENCTBYIOIUX Ha CyIHO, IpUBecHA Ha puc. 3.1. BepTukanbHas cocTaBisomas
[JIaBHOTO  BEKTOpa —  cujia  nojjepxkaHus R: ypaBHOBemIMBaeT  CWIIy  TSDKECTHU
cynHa G, ropu3oHTanbHas — CUJIa CONPOTUBIECHUS Rx — B CBOIO ouepelb, YpaBHOBEIINBACTCS
CO3/71aBacMOM JIBWJKUTENEM MoJie3HON TAroul 7. I'maBHbI MOMeHT M ypaBHOBemuBaeT nudde-
PEHTYIOIIME MOMEHTHI, BO3HMKAIOIIUE BCJIEACTBHE TOro, 4YTO BepTUKaibHble (i1:uC)u
ropusoHTanbHbIe (Rx 1 Tk) CHITBI TPOTHBOIIOJIOKHOTO HAMIPABJICHUS B OOIIEM Cllydae JCHCTBYIOT
BJIOJIb PA3HBIX JINHUI.

[Ipn HEBBICOKMX CKOPOCTSX IBHMKEHHS CHUJIA TOJJAEPKAHUS MPAKTUUYECKH IOJHOCTHIO
olpenieNnseTcsi THAPOCTATUKOM, TOCcaKa CyIHa OCTaeTcs TaKou ke, Kak U 0e3 Xoa.

[To Mepe yBenuueHHst CKOPOCTH BCE OOJIBIIYIO POJIb HAUMHAIOT UTPATh THAPOAUNHAMUYECKUE
CHIIBl. 3a cyeT WX BKJIaJa B CHJIy MOAJEpXKaHHUA BOJOM3MEINAIONIMA 00BEM M oOcajka
YMEHBILAIOTCA, CYJIHO IOJBCIUIBIBAET, NMpuoOpeTaeT XxoaoBoi auddepent. JlanpHelmmid poct
CKOPOCTH JIBMKE€HUS IPUBOJUT K TOMY, YTO KOPILYC IIPAKTHUYECKH ITOJIHOCTBIO BBIXOAUT U3 BOJIBI
U CYAHO HAuMHAeT CKOJb3UTh MO ee moBepxHocTu. [Ipm 3TOM ruapocTaTudeckue Cuibl
IIOCTEIIEHHO yMEHBIIAIOTCA 1O HyJIs, a CWIa TSDKECTH CyJHAa YPaBHOBELIMBAETCS
TUJIPOJMHAMUYECKON CUIION OAAEPKAHUS.

B cooTBeTcTBUM ¢ MPUPOION IEHUCTBYIOIINX HA CYJHO CWJ MOJJIEPKAHUSA U XApaKTEPOM
U3MEHEHUS XOJO0BOM IOCAAKHU PA3NMYAOT TPU pEeXUMa JBIMKEHUA: IUIABAHUE, IEPEXOMHBIA U
rvccupoBanre. Kak yka3sIBaIOCh BBILIE, PEXKUM JABUKEHUS ONPEAEISIETCS CKOPOCThIO. OJTHAKO
B Pa3MEPHOM BHJI€ CKOPOCTb MOYKET XapaKTE€pPU30BaTh PEXUM IBHIKECHUsS JIUIIb KOHKPETHOIO
cynna. IloaTomy B kadecTBe Oe3pa3MEpHOro KPUTEPHs UCIOJIb3YeTCs] OTHOCUTEIbHASI CKOPOCTh
— yncino Opyaa Mo BOAOU3ZMEIIECHHUIO, 3aMChIBAEMOE CIETYIOLIIM 00pa3oM:



Fr, = v/\fgi“lD/p g (3.1)

rjie V — CKOpOCTh JABWXKEeHHS M/C; § - 9,81 Mm/c? — yCKOpeHue cBoOOoIHOTO maneHus; D —
BOJIOM3MEIIEHUE (Macca) CyaHa, T; P — IUIOTHOCTb BOJBL, T/M-.

B (3.1) Benmuunna D/p = fv BeIcTymaer B pojii HEKOTOPOTo 000OIIEHHOTO JIMHEHHOTO
pasmepa, KOTOpbIH B CUIIy HEM3MEHHOCTH Macchl cyaHa (D - const) Takke ocTaercs
HEU3MEHHBIM IIPU BCEX PeKUMax ABMKeHUA. Yncio @pyna B TpaJuLIHOHHON 3aIIUCH

Fr=v//gL (3.2)

3[1ECh UCIIOJIB30BAHO OBITH HE MOKET — POCT CKOPOCTH MPHUBOAUT K YMEHBIIICHUIO
norpyxeHsoro V o0bemMa Kopryca, COOTBETCTBEHHO CHIUYKAFOTCSI M €0 CMOUYEHHAs TTOBEPXHOCTh
Q u uHa L neiicTByromeit BaTepauHuK, KOTOpasi GUTypUPYET B KAYECTBE XapaKTEPHOTO
pa3mepa B (3.2).

Pexum nmaBanus Ha6JHOI[aeTC$I ITPU HEBBICOKUX OTHOCUTCIIBHBIX CKOPOCTAX JABUKCHUSA
yCJi0BUs, OIIPCACIIAOIINE €TI0, MOKHO 3alliMCaTh B BU/IC

G=1V, Fr,<1,, (3.3)

T7ie y = pg — yJeNbHBINA BEC BOJIBI, kH/M3; V — 00BbeMHOE BOIOU3MEIIEHHE cynHa 0e3
xoma (V= 0), M.

B MEPEXOAHOM PCIKUME YBCININBACTCA OTHOCUTCIIbHASA CKOPOCTh ABUKCHU,
COOTBETCTBCHHO U3MCHACTCA YCJIOBHUEC PAaBHOBECH A BEPTUKAIIBHBIX CHUJILL

G=vV,+R ; 1,0 < FrD < 3,0, (3.4)

riae Vi < V— norpyxeHHslil 00beM Kopityca; Rr; — ruipoauHaMudeckas cuia
TOJIeP KaHusI.

Pexum TJIIMCCUPOBAHUA — CKOJIBIKCHUS 11O ITOBEPXHOCTU BOJAbI — HACTYIHACT IIPU
BBICOKUX OTHOCHUTCJIbHBIX CKOPOCTAX U XapPaKTCPUIYCTCA YCIIOBUAMU

G=R,; Fr,>30. (3.5)

Brixony Ha peXuM IIIMCCHPOBAHUS B 3HAUUTENIBHOM CTENeHU criocoocTByeT AuddepeHt Ha
KOpMYy, BO3HHMKAWOIIMK €me B MEPEeXOAHOM pexume. JlanpHEeHmMH pocT CKOPOCTH
COIIPOBOKIAETCS yMEHbIIEHUEM Yyria Jud¢epeHTta U CHUKEHHEM CMOYEHHON HOBEPXHOCTH
KOpITycCa.

[Tpu GoaBIIMX OTHOCUTENBHBIX CKOpocTsAX Frp >> 3 HauMHaeTCs pUKOLIETUPOBAHUE, KOT 1A
CKOJIbJKEHUE 110 BOJIE UepeayeTCs ¢ MoajeTaMt (Kak IMIOCKUI KaMeHb, OpOIICHHBIH MapajiebHO
MOBEPXHOCTU BOjbI). [10100HBIN peKUM MOXKET HACTYIUTh Y BHICOKOCKOPOCTHBIX CHOPTHUBHBIX
cynoB. [[i1st Toro 4To0BI HE JOMYCTUTH OTPHIBA UX KOPITyca OT BOABI, IPUHUMAIOTCS CIIELUAIbHbIE
MEpBHI.



I'panunel MEKIy peXXKMMAaMH JOCTATOYHO YCJIOBHBI; KAYECTBEHHOTO M3MEHEHUS XapakTepa
JBYDKEHUS TIPU TOCTHXKEHUHM COOTBETCTBYIOUIMX OTHOCHTENBbHBIX ckopocted (Fro= 1,0 u Fro =
3,0) HE MPOUCXOTUT.

OcHoOBHasi 4aCThb COBPEMEHHBIX KOpalJiel U CyJJOB MOPCKOTO (pJIOTa JBHKETCS B PEKUME
MJIaBaHUs, WX Ha3bIBAIOT BOJAOM3MENIAlONMMU. B 3Ty kareropuio, Hapsiay C MNpPOTyJIOYHON
BeCeIbHOHN J0aKOW BopousmenieHuemM D = 0,5 T u peunsim Oykcupom D= 20 1, BXOIAT camblie
KpYIHbIE BOGHHBIE KOpabmu — ynapuble aBuaHocupl CIIIA (manpumep, «OHTepnpaiiz», D - 91
000 T) u camble KpyIHBIE Cyna (HampuMep, CBEPXKPYIMHOTOHHAXKHBIN TaHkep «barumtyc», D =
630 000 T).

[lepexoaHbIil peXUM XapaKTEpPeH JJISl HE OYCHb OOJBIINX, OTHOCUTENHFHO OBICTPOXOIHBIX
cynoB u kopabneil. Tak, HanpuMep, 3HAMEHUTBIE PYCCKHEe MUHOHOCIBI Tuna «HoBUK» nBUTANNCH
B 3TOM PEXHME; COOTBETCTBYIOIEE MaKCUMaJIbHOU ckopocTy uucio @pyna Frp = 1,8. bausku
HUM B 9TOM IUIAaHE U COBpeMeHHBIe ¢perathl (Tada. 3.2). B pexxumMe rimccupoBaHUs TBHKYTCS
BBICOKOCKOPOCTHBIE KaTepa, OTHOCAIIMECS K cynaM ¢ AuHamuueckuM nojaep:xanueM (CUIID). K
TOMY K€ KIJIACCy OTHOCSITCS U Jpyrue OBICTPOXOIHBIE TPAHCIOPTHBIE CPEICTBA, Y KOTOPHIX B
pacuyeTHOM pEeXHUME JIBUKEHUS CUJIA TSKECTH CyJHA YpPaBHOBELIMBAETCS JMHAMMUYECKOH CHIION
nojaaepkaHusi. ITo — cyaa Ha moaBoAHbIX KpbUibsix (CIIK), cyna Ha Bo3aymHo# noaymike (CBIT)
u cyna — skpanoruiansl (COII). Bece CAII — cpaBHuTEIbHO HEOOIBIINE CY/1a, BOJOU3MEIIEHUE
KOTOPBIX Ha ceroAns He mpeBbimaeT 500 T. 3To 0OBICHIETCS TeM, YTO 32 CKOPOCTh MPUXOAUTCS
OUYEHb JIOPOro IUIATUTh — 3HEPro3arpaTbl CTPEMUTEIBHO BO3pPACTAIOT C YBEIMYEHHUEM YHCIIA
O®pyna. Tak, B Tab11. 3.2 1715 HEKOTOPBIX CYI0B U KOpadIieii MpuBeIeHbl OTHOCUTEIbHBIE CKOPOCTH
— Frp u cooTBeTCTBYIOIIME UM 3HAYEHUSI SHEPTOBOOPYKEHHOCTH, WIN YIEJIbHOW MOIIHOCTH, T.
C. MOIIHOCTH, MPUXOJAIICHCS Ha TOHHY BojousMmenieHus Vs~ Ps/D (Ps— MOIIHOCTh TiIaBHON
SHEPreTUUecKol ycTaHoBKH, JY; D — BogousmenieHue).

Tabnuua 3.2 XapakTepuCcTUKU HEKOTOPBIX CY/I0B

CyaHo Bopgousmewe- Ckopoctb Vs,y3 MouwHoctb OTHOCUTENbHAA DHEpProso-
HueD, T 3Y,Ps,KBT ckopoctb Frp OpyKeHHOCTb Vs, KBT/T

HaBano4yHoe 230 000 12,6 13900 0,270 0,061

KoHTelHepo- 77100 24 42000 0,605 0,545

BO3

YpapHbin 80000 35 220 000 0,88 2,70

aBuaHocel,

Naccaxupckuin | 41500 36 177 000 1,00 4,25

naiHep

MHorouenesoit = 3 320 29 32000 1,23 9,64

¢dperat

MwnHoOHOCeL, 1300 37 22000 1,80 17,0

«HoBuk*

Fnuceupytowmnin = 70 45 4600 3,60 66

KaTep

CyaHo Ha 330 62 25000 3,86 76

NoABOAHbIX

KPbINbAX

CyaHo Ha 220 69 11200 4,61 51

BO34YLUHOM

noayLiKe

Ha ocHoBanuu ananm3a qaHHBIX Ta0JI. 3.2 MOXHO NMPUUTH K BBIBOJTY, YTO CO3/IaHHE
BBICOKOCKOPOCTHBIX KpYNHOTOHHaXHBIX C/[I1 — 3a1aua Ha cerogHAIIHNUNA JEHb COBEPILIEHHO
HepeasbHas. [loaTBepxaeHnEM TOMY CITyKUT U ipumep 3.1.



Ilpumep 3.1. O1IecHUM MOIITHOCTh MEXaHUYECKON YCTAHOBKH U €€ MacCy, HEOOXOIMMBbIC
IUTSL TOTO, 4TOOBI HaBamouHoe cyHO Bogon3menienueM D - 230 000 1 (cm. Tabi. 3.2) qBuranoch
B PEKUME TIIUCCUPOBAHUS.

Ornpenenum 3anackl TOIIMBA, 00€CIIeUYNBAIOIIKNE NaTbHOCTD TiaBanus 5= 16 000 muis. [Ipumem
Fro = 3,5, vs = 65 kBT1/1, Haiinem TpeOyeMyro MOIIIHOCTh SHEpreTudeckoil ycranosku (JY):

P, = D x v =230 000 x 65 = 15 000 000 xBr.

[TpuHuMas 17151 OLICHKH yIeTIbHYI0 Maccy Yy = 40 Kr/KBT, 94TO COOTBETCTBYET
COBPEMEHHBIM MapOTYPOUHHBIM U JU3EIIBHBIM YCTAaHOBKAM OOJIBIIION MOIITHOCTH, OIIPEIEITHM
Maccy OV

M, =y, - P, = 40 x 10~ x 15 000 000 = 600 000 .

[TpunsB yaenbHbIi pacxoxa Torumsa (r * 0,2 kr/kKBT 4 u paccuntaB CKOPOCTH IBHXKEHUS CyIHA

v=Fr,gyD/p =3,5/9,8x3230000,/1,025 =85 m/c =165 y3 =310 km/s,

OIIpCACIIMM 3aI1aC TOILIMBA, HeO6XO,Z[I/IMLII71 JIA TIPSO A0JICHU A SaHaHHOﬁ JaJIbHOCTH I1JIaBaHUA:

M_=qP-t=q, Ps-(5/v)=0,2x10"x15000 000x16 000/165 =
=290000T.

Takum oOpa3om, cymmapHas macca DY U 3amacoB TOIUIMBAa HOYTH B 4 pa3za JOJDKHA
HPEBBICUTH TIOJIHOE BOJAOU3MEIIEHUE pacCCMaTPUBAEMOI0 CYy/IHA.

2.3 OCHOBHBIE COCTABJISIIONINE COMPOTHBJIEHUA

W3 kypca rugpoMexaHuKy U3BECTHO, UTO MTPH YCTAHOBUBLIEMCSI ABM)KEHUU B O€3rpaHUYHON
UICAIBHON JKUAKOCTH TEJIO HE HCIHBITHIBAET CONPOTUBJICHMS — TMapajiokc Ouinepa —
1’ Anambepa. Cuiibl BSI3KOCTH TP 3TOM OTCYTCTBYIOT, JaBJIEHHE B HOCOBOM M KOPMOBOM
OKOHEYHOCTAX OMHaKoBbI (puc. 3.2, a). Ecnu Teno npubin3uTth K cBOOOTHON MOBEPXHOCTH, Ha
NocieAHe BO3HUKHYT BOJIHBI, paclpeaesieHue JaBiIeHUs BAOJIb Tela H3MEHHMTCA (puc.
3.2, 6), OSBUTCS CWJIA, HANIpaBJeHHAs B CTOPOHY, MPOTUBOIMOJIOXHYIO CKOPOCTH,— BOJHOBOE
conpotuBnenue Rw. [Ipu aBukeHUU B BA3KOM KUIKOCTH Ha TEJE CO3/IA€TCs MOTPAHUYHBIN CIIOM,
JUHUM TOKA OTTECHSIOTCA OT IIOBEPXHOCTH, COOTBETCTBEHHO B KOPMOBOH OKOHEYHOCTHU
CHIWDKaeTCs AaBjieHue (puc. 3.2, ) — TEJ0 UCTIBITHIBAET BA3KOCTHOE COMPOTHUBIICHHE Ry.

B cBoto odepenb, 3T0 CONMPOTUBIEHHE MOXKHO MPEACTABUTH COCTOSIINM U3 ABYX YacTel —
COIpOTHUBIIEHUS TpeHUs Rr u popmbl Ryp — 3a cuer Tpanchopmanuu 3Mopsl AaBICHUH.

Ha ocHOBannM H3I0KEHHOTO COIIPOTUBJIICHHUE CYJHA, KOTOPOC ABHKETCA, IMEPCCCKad
CBOGOI[HYIO IMMOBCPXHOCTH BOJAbI, MOXXHO 3alIUCATh B BUIC

R =R=R,+R,=R.+R,+R, (36)

(B maympHEWIIIeM WHJIEKC X B 0003HAYECHUHW COTIPOTUBIICHUS Oy/IeM OIyCKaTh).



Puc. 3.2. ConpoTuBiieHHE IBIKEHUIO TeJA: d - B OE3rpaHNYHON HeaTbHON KUKOCTH; O
— BOJIM3M TIOBEPXHOCTH B U/ICATLHOH JKUJIKOCTH; 8 — B O€3rpaHIMYHON BSI3KOHU JKUIKOCTH

Hcnonp3ys n3BECTHYIO U3 THAPOMEXAHUKH (POPMY MPEICTABICHHS CHII JHHAMUYECKOM
MIPUPO/IBI, 3aMHILEM OOIIYI0 (POPMYITY COPOTUBIICHUS:

R=C-R-20—-Q 3.7)

rae C — ko3¢ UIUEHT MOJTHOTO CONPOTUBIIEHUS CyAHA; (2 — IJIOMAAb €T0 CMOYEHHO
MMOBEPXHOCTH.

OueBUIHO, YTO N0 aHAJOTHH ¢ (3.6) U KOAPPHUIHUEHT MOJHOTO CONPOTUBIEHUS MOXKHO
IPEJICTaBUTh B BUJE CYMMbI COCTaBIISIONINX

C=C,+C,=C,+Cp+C, (38)

rae C, Cyp, Cy cOOTBETCTBEHHO KOA(PPHUIIMEHTH CONPOTHBIICHHS, TPEHHS, (POPMBI, BOTHOBOTO U
BA3KOCTHOTO.

Cunbl BSI3KOCTHON IPUPOJIBI OIPEAEIISAIOTCS YnucioM PeliHombaca

Re=oL/v (39)

— KPpUTEPUEM JUHAMHUYICCKOT'O HO)IO6I/I${, XapaKTEPUIYIOIIUM COOTHOICHUC BA3KOCTHBIX U
HHCPIUOHHBIX CHUIJIL.

BOHH006pa3OBaHI/Ie, a CJICJO0BATCIIbHO, U BOJTHOBOC COIIPOTUBJIICHUE, 3aBUCAT OT OTHOIICHUA
HWHCPIHUOHHBIX U T'PABUTALIMOHHBIX CHJII, T. €. OT KpUTCPUA AUHAMHUYCCKOI'O HOI[O6I/I}I — YHCla

O®pyna [em. (3.2)]. Toraa ko PpULIMEHTH COMPOTUBIEHUS MOKHO MPEACTaBUTh B BUJIE

C=f(ReFr); C,=f(Re); C.=f(Re);
C,,=/f(Re); C,=f(Fr). (3.10)



Beipaxxenne (3.10) 3ammcaHo B TPEATNONOXKEHHH CHPAaBEJIMBOCTH THIIOTE3BI O
HE3aBUCUMOCTH OTACIBHBIX COCTABJIAIOIIUX. B cooTBeTcTBUM C 3TOM THIIOTE30M BI3KOCTH
KUJKOCTH HE OKa3blBa€T BIMUSHHUS Ha IPOLIECCHl BOJIHOOOpa30BaHUS, a MOCIEAHHE, B CBOIO
o4ucpeab, HC BJIMAKOT HAa BA3KOCTHOC COIIPOTUBIICHUC. CTpOI‘O TOBOpA, JaHHAs TUIIOTE3a HEC
OTBEYaeT JIEHCTBUTEIBHOCTH — B3aMMHOE BIIMsAHHUE MMeeT MecTo. OnHako aisi OONbIIMHCTBA
CyJIOB OHO HAaCTOJbKO MaJl0o, YTO MMEET TOPAJOK IMOrPEUIHOCTH COOTBETCTBYIOIIUX
9KCIIEPUMEHTOB M pacueToB. Jlomyckaemass TMIOTE30H HECTPOroCTh C JIMXBOH OKymaercs
CYHICCTBCHHBIM YIIPOIICHUEM OSKCICPUMCHTAJIBHBIX H TCOPECTHUYCCKUX MCTOJOB HU3YUYCHUA
COTPOTUBIICHUS.

/e
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\
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Puc. 3.3. Cocrasisitomye conpotusienus: 1 — cyaHo; 2 — Mozenb

Jlomnst coCcTaBISAIOUMX CONPOTUBIEHUS Pa3IMYHON PUPOJIBI 3aBUCUT KaK OT (JOPMBI Cy/IHA,
TaK W, B 3HAYUTEIHHO OOJIBIIEH CTENEHH, OT CKOPOCTH ero ABMKeHUs. [Ipyu HeBBICOKMX uHMciIax
®pyna (Fr <0,20) npeobiagaet BA3KOCTHOE COMPOTUBIIEHNE, C POCTOM OTHOCUTEIBHON CKOPOCTH
BOJIHOOOpa30BaHUE CTAHOBUTCA Bce 00Jiee MHTEHCUBHBIM, COOTBETCTBEHHO BO3PACTAIOT BOJIHOBOE
COTNPOTUBIIEHUE U €ro poib B obmem Oamance (puc. 3.3). Kosddumment Bs3kocTHOTO
COIIPOTHBIIEHUSI OT CKOPOCTH 3aBHCUT CJIa00, HE3HAUUTEIbHO YMEHBUIAACh C €€ POCTOM.
Bceneactsue pa3nuuus B unciax PeliHonbzca (cM. § 3.3) cooTHoeHne Mex 1y KoddduirenramMmu
BSI3KOCTHOT'O ¥ BOJIHOBOTO COITPOTHBIIEHUS Y MOJIETH U HATYPHOTO Cy/JIHA HE OJJMHAKOBO.

BoNBIIMHCTBO MOPCKUX TPAHCIOPTHBIX CYIOB MPOEKTUPYETCS TakuM o0pa3oM, YTOOBI
OTHOCHUTEJIbHAs CKOPOCTh WX JBIDKEHUsS He TmpeBbimana Fr * 0,25+0,30, xorma BenmuumHa
BOJIHOBOTO  CONPOTHUBJICHHS  HE  fABIsIeTcss  upe3MepHOod.  OrpaHuyeHuUe  CKOPOCTH
BOJIOM3MENIAIONINX CYJOB M KOpalieil, BhI3BAHHOE YKa3aHHBIMH BBHINIE MPUYUHAMH, YaCTO
HA3BIBAIOT BOJIHOBBIM 0apbepoM.

VBenuueHue pasMepoB CydHa IIpU HEU3MEHHOM CKOpPOCTHU [IBUKCHHA IIPUBOJUT K
CHHMIXXCHHIO YHCJia CDpyna ", COOTBETCTBCHHO, BOJTHOBOT'O COIIPOTUBJICHUA. B sToMm nmane KPYIIHBIC
CyZa UMCHOT ONPCACIICHHBIC IPCUMYIIICCTBA IICPEC 0oJlee MEIIKUMH.



2.4 BSI3KOCTHOE CONPOTHBJIEHHUE.
TCJ'IO, ABUIXKYLICCCA B 663I‘paHI/I‘-IHOﬁ KUIKOCTH, HUCIBITBHIBACT TOJBKO BA3KOCTHOC

COIIPOTHBIICHUE. B HanOOJbIIEH CTENIEHN K ATOMY MPHOIMKAIOTCS BBICOKO JICTSALINA CaMOJIET,
MOJIBOIHAS JIOJIKA Ha 00bIoi rioyoune. Toraa Bmecto (3.7) u (3.8) MOXKHO 3amucaTth

C=CV =CF +C'I"P . (31 1)

IIpn 3TOM DIpakTUYECKH BCE NOTEPU DHEPIUU IPOUCXOAAT B IIOIPAHUYHOM CIOE — B
IPUMBIKAIOIEH K MOBEPXHOCTH T€JIa OYEHb OTPAaHUUYEHHOM 00JIaCTH, TJIe CKOPOCTH U3MEHSIOTCS
OT HYJIS 10 CKOPOCTH HaOEraroIero noToxa.

IIpy HEBBICOKMX CKOpPOCTSX, KOrja 4ucio PelHonbaca HE IpEBBIIAET HEKOTOPOTro

kputnueckoro 3HadeHust (Re < Rekp), pexuM TedeHHs] B MOTPAaHUYHOM CJIO€ JIAMUHAPHBIM.
KoadduiuneHT conpoTuBieHus TpeHus MIaCTUHBI IPU 3TOM

C,o =1,328/+/Re. (3.12)

JUist CyZOB M MX MOJIEJIEl XapaKTepHbI JIOBOJIBHO BBICOKKE uncia Peiinonnaca (Re = 108 -
10'° — cyna; Re = 106 - 107 — mozenu), CyIecTBEHHO MPEBBINIAOIINE KPUTHIECKOE 3HAUCHHE,
KOTOPOE JJIsI TUIACTHHBI

Re, = 2,5-10° (3.13)

TakuMm oOpa3om, Ui XOJKOCTH OCHOBHOM MHTEpEC MPEACTAaBIISIET 3aKPUTUUECKUN PEXUM
Te4eHUs, TypOyaeHTHBIN. [Ipy 3TOM TONIIMHA TOTPAaHUYHOTO CIIOS /TSl TUTOCKOM TITACTUHBI MOYKET
OBITH HailJIeHa C TOMOIIBIO 3aBUCUMOCTHU

d/L=0,217Re™"/, (3.14)

a KO3(I)(1)I/II_[I/I€HT CONIPOTUBJICHHUA TPCHUA OIIPCACIICH 11O OIHOM U3 CJICAYHOLIUX (1)OpMy.]'II

IIpanarina — nuxTrHra

_ 0,455 _
Fo = W (3.15)
WJTA MAJIPUJICKOM
v 0,075
FO ——(lg Rc~2)z' (3.16)

[Ipy wuHTepecylOmMX HAC 3HA4YeHMsX umcen Peitmompaca (Re > 10°) pacuerst c
ucrnonp3oBaHueM obOeux 3aBucumocteir (3.15) u (3.16) naroT (QakTUYECKH OIMHAKOBBIC
pe3ynbTaThl. B oreuecTBeHHON mpakTHKe npuMeHnsieTcs popmyna [Ipanatns — nuxTunra.



B HOCOBOI 9acTH Ka)kIOro Tejla UMEETCsS Y4acTOK C JaMUHAPHBIM IOIPaHUYHBIM CIIOEM.
Ero mnpoTsKeHHOCTb .I' OHpeAeiseTcss pPaBEeHCTBOM MECTHOro uwucina PeliHombpaca ero
KPUTHYECKOMY 3HAUYEHUIO:

Re = vx/v = Re_. (3.17)

Bnusinue 3toro yyactka Ha KO3(p(GUIUEHT BS3KOCTHOTO COMPOTUBJICHUS HE OAMHAKOBO Y
cynHa u ero mozenu (cM. npumep 3.2). B cBsI3M ¢ 3TUM IpU MOJEIUPOBAHUM MPUHUMAIOTCS
CHelHallbHbIe Mephl, CIIOCOOCTBYIOIIKME OoJjiee paHHEMY NEpexo]y JIAMUHAPHOIO TEYEHUS B
MOTPAHUYHOM CJI0€ B TypOysieHTHoe (cM. § 3.3).

Ilpumep 3.2. OueHuM JUIMHY JIJAMUHAPHOIO Y4acTKa B HOCOBOW OKOHEYHOCTH cyaHa «Hxenep»

U €ro MO/IeJICH, BBITIOJIHEHHBIX B Maciitade M1= Ly/Ly = 1:100 u my= 1:25. Cxopoctu

JIBIDKEHUSI COOTBETCTBEHHO paBHBI L = 10 m/c; vm1 = 1 m/c; vmi = 2,0 M/c; KHHEMaTHYECKas

BA3KOCTH BO BcexX ciydasx v = 1,1-10 © m?/c.

[punumas Rekp ® =2,5 x 10°, HalizieM ATMHY TaMHHAPHOTO Y4acTKa B OOIIEM BUJIE:
x,=Vv-(Re_/v)=275-10""/v.

Tornma nus cyana

x,=275-107%»m; x/L=159- 102%.

Jl1s moaenen

m, = 1:100; L,=173w;
x=275-10""n; x /L = 15,9%;
m,=1:25; L,,=692w;

x,=138-10"»; x/L=20%.

Takum 00pa3oMm, y HaTypHOTO CyIHa OTHOCHTENBHAs JUIMHA JAMHUHAPHOTO YYacTKa
COCTaBJIIET COTBIC JOJU TPOLEHTa U PEKHUM €ro OOTeKaHWsT MOYKHO CUUTAaTh MOJHOCTBIO
TypOyJeHTHBIM, a Y Masoi Mozaenu (M1 = 1 : 100) morpaHu4HbIN CIOW CMELIaHHBINA: B HOCOBOM
OKOHEYHOCTH Ha 16% JJIuMHBI OH JIaMUHApHBIA, a Ha OCTAJbHOM NPOTIKEHHOCTH —
TypOyJIE€HTHBIM.

ToyHoe ompeneneHue OTIENbHBIX COCTABISAIOUIMX BS3KOCTHOIO CONPOTUBJICHUS Tela
NPOM3BOJILHOW (OPMBI — 3aja4ya, Ha CETONHSANIHWN JI€Hb HE Halle[Ias OKOHYATEeILHOTO
paspernieHus. [ mpakTUYECKUX LesIed MCIONIb3yeTcsl JOMYLIeHHE O TOM, YTO CONPOTUBIICHHE
TPEHHUsI KOpITyca Cy/IHa PaBHO TAaKOBOMY Yy SKBHMBAJCHTHOW IJIACTUHBL. B KauecTBe mociemaHen
NPUHUMAETCS YCIOBHAs MJIACTUHA, JAJIMHA U IJIOLIA (b KOTOPOH COOTBETCTBEHHO PABHBI JUTMHE U
IUTOIIAAN CMOYECHHOW MOBEPXHOCTH CYIHA M KOTOpAas ABIDKETCS C TOH e CKOPOCTHIO, YTO U
CyqHO. BpInonHeHHe yka3aHHBIX YCIOBHH oOecreuuBaeT paBeHCTBO uucen PeifHonbaca y
OKBHUBAJCHTHOW IUIACTUHBI M CyIHAa (WJIM MOJENHN), a CIEAO0BaTeNIbHO M KOA((HUIMEHTOB
COTIPOTUBIICHUS TPEHUS, KOTOPHIE MOTYT BBIYUCIATHCS 110 popmynam (3.12), (3.15) wnum (3.16). B
COOTBETCTBHUH C 3aBHCUMOCTHIO (3.7) OyAyT paBHBI U BETUYUHBI COMPOTHBIICHHS TPEHUS B TIETIOM.
[Ipenmonaraercst Takxe, 4TO W CyJOBas NMOBEPXHOCTh, M SKBHUBAJECHTHAS IJIACTHHA SBISIOTCA
THJIPOMEXaHUYECKH, WM TEXHUYECKH, TTIAJAKUMH, T. €. X IePOXOBATOCTh HE3HAYUTEIhHA U HE
OKa3bIBa€T BIUSHHMS Ha XapaKTEePUCTHKH MOTPAHUYHOTO CJIOSl, KOTOpbIE W ONpPEIENSIOT
COIIPOTHUBIJICHUE TPESHUS TUTACTHHEI.



BBenennoe nomymieHne o paBeHCTBE KOX(D(UIIMEHTOB CONMPOTHBICHUS TPEHUS CyIHA U
SKBHUBAJICHTHOM IUIaCTUHBI, CTPOro roBOps, HC OTBCUACT ﬂeﬁCTBHTeHLHOCTH. TpeXMepHOCTB
KOpIIyca, MPHUCYIIHE eMy MIPOI0JIbHAS M MONepeyHast KpUBU3HA MIPUBOIAT K YBEINYECHHUIO STOTO
compoTtuBieHuss Ha 3—6%. Ha mpakTtuke yka3zaHHYIO 100aBKY OTHOCAT K CONPOTHBICHHIO
¢dopmel. PacueTel mpu 3TOM CYyIIECTBEHHO YHPOIIAIOTCS, a MX IMOTPEIIHOCTh OCTaeTcs B
MMPUECMIJICMBIX IIpEACiax.

B cBs3u ¢ Tem 4ro yncia PeitHoubca y CylHa U €10 MOJIEIN HE OJMHAKOBBI, Pa3JIMYatOTCS
y HUX U IIapaMeTpbl IOrPaHUYHOTO 108 (CM. pumMep 3.3).

Ilpumep 3.3. Haitnem ko3()PUIMEHT CONMPOTHBICHUS TPEHUS W TOJIIUHY MOTPAHUIHOTO
CJI0S1 B KOPMOBOM OKOHEYHOCTHU cyAHa «Hx)eHep» u ero Mmoaenei. MlcxoaHple JaHHbIE — TE XKe€,
yto U B npumepe 3.2. PexxuM TedyeHHs BO BceX ciydasx OyleM CUYUTaTh IOJTHOCTBIO
TypOyJIEHTHBIM.

s cynna no (3.9) onpenensiem pacueTHoe uuciio PeiiHonbaca:
Re=uol/v~=10-173/1,1 - 105 =157 - 105,
amno (3.14) u (3.15) HaxoAUM TONIIUHY MOTPAHUYHOTO CIIOS
8/L = 0,217 Re "7 = (,0105; & = 1,82 m
1 KO3(QPUITUCHT COTPOTHBIICHUS TPCHUS SKBHBAIICHTHOM TIJIACTHHBI
Cq = 0,455/(lg Re)™** = 1,49 -1072.

COOTBGTCTBYI-OH_II/IG BEJIWYHUHBI A1 MOJEIIECH COCTABSAT:

mpum,=1:100 Re=1-173/1,1-10"%=1,57- 105,

8/L=0,0283; &6=00489wm; C,=4,12-107

npum,=1:25 Re=20-692/1,1-10°=126- 10
8/L=0021;, 8=0,145m; C,=290-107

ComnocraBiss pacCUUTaAHHBIC BEJIMYUHBI, MOXKXHO HprITPI K CJICAYIOIIUM BBIBOAAM.

1. Kak k03¢ HuireHT conpoTUBIICHUS TPEHUS, TAK M OTHOCUTEJIbHAS TOJIIMHA TOTPAaHUYHOTO
CJI0S1 y CyJTHA BCErJa MEHBIIIE, YEM Y MOJEIIH.

2. B mecte pacnonoKeHus JBUKHUTENS MONEPEYHbIN pa3sMep I'MAPOJMHAMHUYECKOrO Ciena
cynHa (T. €. yABOEHHas TOJIMHA MOTPAaHUYHOTO CJIOSI B KOPME) MMEET OAMH MOPSAOK C
JMaMeTPOM IpeOHOro BUHTA, OOJbIIAS YaCTh IJIOMIATN JHUCKA KOTOPOTO HAXOIUTCS B 3TOM
cnene. Tak, nus paccMarpuBaemoro cyaHa «uxenep» npu auamerpe BuHTa D - 6,42 M (cMm.
1. 4) npubau3uTenbHo 70% III0IIaau ero AUCKa MOTPY>KEHBI B CITYTHYIO CTPYIO Cy/IHA.

CBOMM BO3HMKHOBEHHEM COIIPOTHBIIEHUE (POPMBI 00513aHO MepepacipeeieHUI0 JaBIeHUN
B KOPMOBOM OKOHEYHOCTH CYJHA, NPOUCXOMAIIMM W3-3a HAJIMYMs IOTPAHMYHOIO CJOS.
Paznuuaror Tena XOpomo- M II0XxooOTekaemble. Y MEpBBIX OCHOBHAs JOJS B BA3KOCTHOM
COTPOTUBIIEHUU ITPUXOJIUTCS HA COMPOTUBIIEHUE TPEHHUS, Y BTOPBIX — HA COIPOTUBIICHUE (POPMBI.



Kak npaBuiio, Koprmyc cyZiHa OTHOCUTCS K IIEPBOM KaTeropuu Tel, CONPOTUBIEHUE (HOPMBI
y Hero He npeBbimaer 15—35% BsA3KOCTHOTO. XapakTep M3MEHEHHsI CONPOTUBIECHUS (POPMBI B
byHkuuM OT umcia PeliHonbAca TakoW ke, Kak M Yy CONpoTHBJIeHUs TpeHus. [locnmegHee
0OCTOSATENILCTBO MO3BOJISET MPEACTABUTH KOI(D(UIIMEHT BA3KOCTHOT'O COMTPOTHBIICHHS B BUJIE

C,= C (1+k), (3.18)

rae k = Cyp/Cm — ko3ddummeHT Gopmal.

Tounoe onpexnenenue kodddummenta GopmMbl BOZMOKHO TOJBKO CPEICTBAMU JTOCTATOYHO
TOHKOTO 3KCIepuMeHTa. [IpUOIMKEHHO 3TOT KOIPPHUIUEHT HAXOAAT C TIOMOIIBIO SMIHPHUSCKUX
3apucumocrteit ['pan- Busa (B/T < 3):

k=187 - 8/(L/B)’ (3.19)

i BaranaGe (1u1st cy/10B ¢ HOTHBIMUA OOBOJAMH):
k=0,017+208/[(L/B)* -B/T). (3.20)

KoaddunmeHT popmbl, Kak 3TO U CIIEAyeT U3 €ro HANMEHOBAHUS, B 3HAUUTEIILHON CTEIICHA
ompezensercs ob6Bomamu cyaHa (5,L/B, B/T), 0 KOJIMYECTBEHHOW €ro BeIMYMHE JaeT
npejacTaBieHue npumep 3.4.

Ipumep 3.4. Paccuntaem ko3¢ puipents! Gopmsl 1iist cyana «VHxeHep» 1 HaBaJo4HOTO (Tadd.
3.2). Jlns mocieHero MOMOJHATEIbHO u3BecTHO: L = 291 M, B -50 M, I'- 18,3 M, 8-0,85.

Hns «Urxenepay» mo (3.19) umenu
k=187-6*/(L/B)*= 18,7 - 0,619%/6,13* = 0,190,
JUTSL HABAJIOYHOTO CY/IHA TIO

k=0,017+208/[(L/B)*-{B/T]=0,017+20-0,85/((291/50)* - y50/18,3] =

Conpotusnenue GopMbl II0X000TEKaEMbIX Tel MOXKeT gocTurath Bcex 100% — mpumep
TOMy TIACTHHA, MOCTAaBIEHHAs TOTEpeK ITOTOKa, y KoTopoit mpu Re = 108 xooddurment
comnpotuBienus cocrasisger Cy = Cyp = 2,0. Ta e 1macTuHa, pacroyioKeHHas 10 MOTOKY, —
uaeanbHOE XOopoumo oOTekaeMoe Teno; IpU ToM ke uucie PeliHonbaca ee BA3KOCTHOE
CONPOTHBJIEHUE Ha Tpu nopsaka Hike: Cy - Cro = 2-1073, a Cyp =0.

Taxum 06pazom, kpome (PopMBbI TeIa Ha CONPOTUBIICHHUE CYLLIECTBEHHOE BIUSHUE OKa3bIBAET
U €r0 OPUEHTAIUSI OTHOCUTEIBHO BEKTOPa CKOPOCTH HAOEraromero noToka.

[MnoxooOTekaemble Tela MOTYT HMMETh (PUKCUPOBAHHYIO JIMHHIO OTPhIBA TOTOKA U
nepemMeraronrytocs. K nmepBoil KaTeropur OTHOCATCS BCE Tela C OCTPHIMU KPOMKaMU: TIJIACTUHA
MONEPEK MOTOKA, KOHYC U LIMJIUHJIP, OCH KOTOPBIX COBMA/IAI0T C HAIlpaBIeHUEM CKOpocTH. OTHaKO
HWIMHP, TOBEPHYTHIN Ha 90°, — mpumep Tena ¢ nepeMenarnieics JMHUER OTpbhIBa.

CynmoBsle Kopmyca, Kak MPaBHIIO, HMEIOT JOCTAaTOYHO Oojbinoe ymmuHenue (L/B > 5,5) u
OTHOCSITCSL K XOpOIIIO 00TEKaeMbIM TeJaM, CONPOTHBICHUE (POPMBI y KOTOPBIX HEBEIUKO (CM.



npumep 3.4). B ciayyae MeHbIIEro YUIMHEHHUS U MOJHBIX 00BOIOB MHOTA HE yaaeTcs nu3dexarb
OTpBIBA ITOTOKA, YTO OTPULIATENBHO CKa3bIBAETCS HA CONIPOTHUBIICHUH.

HazaBoanas yacth kopmyca # 0COOEHHO HaICTPOUKH BOJAOU3MEIIAIONIUX CY/I0OB OTHOCATCS K
TEJIaM TJI0X000TEKaeMbIM, Y HUX MPEBATUPYET CONPOTUBICHUE (POPMBI.

2.5 BosiHOBOE CONMPOTHUBJIEHHUE.

[lepememasich 10 CBOOOJHON TOBEPXHOCTH BOJIBI, CYIHO TeHEpuUpyeT BOJHBI. Ha wux
CO3JIaHHEe U MOAJCPKAHNE 3aTPAYNBACTCS YHEPT U, KOTOPas OTOUPAETCS y IBUKYIIETOCS CyTHA.
DKBHUBAJICHTOM 3TOH SHEPTHU W SIBJISICTCS BOJIHOBOE CONMPOTUBIICHNE. ETo BenMunHa 3aBUCHT OT
¢dopmbl Kopmyca, 0cOOEHHO B OKOHEUHOCTSIX. J{J1s1 KOHKPETHOTO CyIHAa BOTHOBOE COTPOTUBIICHUE
WHTCHCUBHO BO3pAacTaeT ¢ POCTOM CKOpocTH. HeoOxomumoe yclioBHe BOJHOOOpa30BaHUS —
HaJIn4yue CBO6OZ[HOI>1 IMOBCPXHOCTU, COOTBCTCTBCHHO TCJIO UCHBITHIBACT BOJITHOBOC COIIPOTUBJICHUC
TOJBKO TPU JBW)KCHUM BOJIW3W OSTOH MOBEPXHOCTH. lIpM BBICOKMX CKOPOCTSX JIBUKCHUS
CBOOOJIHAasI TIOBEPXHOCTh HE ycmeBaeT aepopMupoBarbes, B 3ToM ciydae (Fr—oo) BonHOBOE
COIIPOTHBIICHUE OTCYTCTBYET.

Dmropa pacnpeesicHus JTaBICHUN BIIOJIb KOPITyca MMEET JBa NMUKA B OKOHEYHOCTSX H
BIIQIMHY B cpenHeit yactu (cM. puc. 3.2). bin3ocTh ¢cBOOOIHOM TOBEPXHOCTH TPAHCHOPMHUPYET
9Ty KapTHHY, XOTd KW HC MCHACT €€ Ka4CCTBCHHO. Hepena;[bl AaBJICHUS TMPUBOJAAT K
BEPTUKAJIBHOMY TEPEMEICHUIO BOJBI, [0 MEpPe MPOXOXKICHHS CyIHA >KUIAKOCTh HAYMHACT
K0J1e0aThCsl — 00Pa3yrTCS CYI0BBIC BOJTHBIL.

[To nnuHe xopryca HaOJIOIACTCs JIBa NHKA JABJICHUS — B HOCY M KOpMe, 00a ciyxar
BOJIHOOOPA3yIOIIMMHU IICHTPAMH, COOTBETCTBEHHO CO3/IAFOTCSI M JIBE TPYIIIIBI KOPAOSITbHBIX BOJIH
— HOCOBasi U KOpMOBasi. J[aBJieHUs] B KOPMOBOI OKOHEYHOCTH BCET/Ia 3HAYUTEIILHO MEHbIIIE, YeM
B HOCOBOHW (cM. puc. 3.2, 6, 6) — 3TO OTKJIAJBIBACT OTIEYATOK HA KOPMOBYIO TPYIIITY BOJIH,
KOTOpasi MEHEEe BBIPaKEHA, YeM HOcOBas. [IpW JBIKEHHH B YCJIOBUSX HEOTPAHHUYCHHOTO IO
nIyOuHe U mupuHe (hapBaTepa Kakaas TpyIna BOJIH, B CBOIO 0Yepe/lb, COCTOHUT U3 JIBYX CHCTEM:
pacXOASIIIUXCS U MOMepedHbIX (puc. 3.4).
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Puc. 3.4. Cxema BoTHOOOpa30BaHus MU ABUKEHUU Cy/IHA HA TIIYOOKOM BOJIE

Pacxopsiimecss BOJHBI HMMEIOT OTHOCHTENBHO KOPOTKHE TI'peOHH, pacrojiararomuecs
CUMMETPUYHO 10 JIEBOMY U IpaBoMy 60pTam u cocTasisitomue ¢ JI1 yromn, KoTopsiit HE 3aBUCUT
OT CKOPOCTH JIBMKECHUS U JITISl BCEX CYJIOB U3MEHSETCS B OUeHb y3KUX mpeaenax: 23 = 36-40°.

Ecnu uepes cepeaunnbl rpedHEN 3TUX BOJIH MPOBECTH JIMHUIO, TO oHa cocTtaBuT ¢ 11 yrom B
= 18-20°. BHyTpm OTOro yria pacmojararoTcsi TIONEepeYHbIe BOJIHBI, TPEOHU KOTOPBIX
nepneHaukysipabl K JI1 cynna. HaGmronatens, Haxoaduuiics Ha nanxyOe, BUJUT 3aCTHIBIIYIO
KApTHHY BOJIH, IOCKOJIBKY OHU PAacHpOCTPAaHSIOTCS CO CKOPOCThIO IBMXKEHHUs cyaHa V. HocoBas
norepeyHass BOJIHA BO3HUKAET HECKOJBKO TMO03aau (OPIITEBHS M HAUYMHAETCS BEPIIMHOM,
KOpMOBast HAYMHACTCHA BH&}II/IHOﬁ nepea axTePUITCBHEM.



ITpOTsAKEHHOCTD NMONEPEYHBIX BOJIH BO3PACTAET MO MEPE YNAJIEHUS OT MECTa 3apOKICHUS,
a HMX BBICOTA COOTBCTCTBCHHO YMCHLIIACTCHA, ITOCKOJILKY OCTAaCTCA HEM3MEHHOM OHECpIU:,
3aTpayeHHass Ha BOJIHOOOpa3oBaHME. XapakTep IOCJIEIHEro ONpPeNeNseTcs OTHOCUTEIbHOU
ckopocThio. [Ipyu HeBbICOKMX yucnax Ppy Ja OTMEYAKOTCS MPEUMYIIECTBEHHO PaCXOASLIUECS
BOJIHBL. C pOCTOM CKOPOCTH BCE O0JIee 3aMETHBIMU CTaHOBSITCS IIONIEPEYHbIE BOJIHBI, ”HTEHCUBHO
BO3pacTaeT U BOJIHOBOE CONpPOTUBIICHUE. [IyTH pacxoasimuxcs BOJIH HOCOBOM M KOPMOBOM I'PYIIII
HE [1ePECeKaroTCsl, COOTBETCTBEHHO HE HaOI01aeTes U uX B3aumojeiictBus. MHade o6cTout aeno
C BOJIHAMHU TIOIICPCUYHBIMHU. W3Bectnas w3 KypCca THUAPOMCXAaHUKH 3aBUCHUMOCTb MCKIAY
CKOPOCTBIO ¢ M JUIMHOW X CIIPaBeUINBa U Il KOPAOEIbHbIX BOJIH:

A=2nc?/g=2m?/g, (3.21)

T. €. JUIMHA TONEPEUYHBbIX BOJIH OMNPENEISAETCS CKOPOCTHhIO JBMXKEHUA cyAHa. [loCcKoNbKy
paccTosiHue MEXKy BOJIHOOOPa3yIOIIUMU HEHTPaMU MPaKTUYECKU HEU3MEHHO, TO B 3aBUCUMOCTHU
OT CKOPOCTH JABHXEHHUS HOCOBas IOMEpPEYHAash BOJIHA MOXKET MPUUTH K MECTY 3apOxKICHUS
KOPMOBO#M BepIIMHON 1100 mMoaomBoil. B mepBoM ciydae BbICOTa BOJH PE3YJIbTUPYIOLIECH
CUCTEMBI YMEHBIIIUTCS, OYJCT HIMETh MECTO OJIATONPUSATHOE B3aUMOICHCTBUE (MHTEPDEPCHIIHS).
Korna BepuinHbl monepeyHsIx BOJH HOCOBOM M KOPMOBOM TpYI HaJOXKAaTcs APYT Ha ApYyra,
BBICOTA TCHEPUPYEMOW KOPITYyCOM CHUCTEMBI KOpaOeIbHBIX BOJIH BO3PACTET, YBEIMYUTCS U
BOJIHOBOE COMPOTHUBIIEHHE — B 3TOM Clly4ae HaOIo1aeTcsl HebaaronpusTHas uHTepdepeHIus.

B cBs13u ¢ N3710’KEHHBIM, 3aBHCUMOCTH KOA(h(PHUITMEHTA BOJTHOBOTO COITPOTHRIICHHS OT YUCiIa
®pyna HE SBISAETCS MOHOTOHHOW; TaM, rie HUHTepdepeHIrs HeOIaronpusiTHas, MOSBIISIOTCS
MECTHBIE TOpOBI, a T1ie OnaronpusTHas — BraauHbl. [Iog00Has KapTHHA B HAUOOJIbIIEH CTEIIEHN
MPOSIBIISICTCSL Y CYJIOB TIOJMHBIX oOpa3oBanmid. [lonokeHne BHajauH W ropOOB MPAKTHYCCKH HE
3aBHUCUT OT (OpMBI KOpIyca U ompeaensiercs Toiabko BelpakeHnuem (3.21). Tak, mus
BOJIOM3MEIIAIONINX CY/I0OB HEOJIAronpusATHbIE CKOPOCTH UMEIOT MecTo npu uuciax Opyma Fr =
0,22; 0,25; 0,30 u Fr = 0,50, xorna ko3pPUIHEHT BOTHOBOTO COMPOTHBICHUS IOCTUTAET
a0COJIFOTHOTO MaKCUMyMa; JaTbHEHIIINI pOCT CKOPOCTH MIPUBOANT K €r0 yOBIBAHUIO.

Koad¢uiimeHT BOTHOBOTO COMPOTHBICHHUS 3aBHCUT OT (POPMBI KOpIlyca, OCOOCHHO B
OKOHEYHOCTSIX. Y OTHOCUTEIHHO OBICTPOXOJHBIX BOJOM3MEHIAIONINX CYIOB C OCTPBIMHU
00pa30oBaHUSMHU BOJIHOBOE COMPOTHUBIICHHE MPAKTUYECKU OTCYTCTBYET, BIJIOTH 10 Fr = 0,20, y
cpemHecKopocTHBIX — 110 Fr = 0,15, y THXOXOIHBIX CYJ0B IMOJHBIX 00Bo1I0B — 110 Fr - 0,10.

[Tpy nBWXEeHUM cyaHAa NOJ CBOOOJHON MOBEPXHOCTBIO XapakTep BOJHOOOpa3oBaHUS
KayeCTBEHHO OCTAeTCsl TaKUM k€. TeopeThuyecku BOJHOBOE COIPOTUBIIEHUE MCYE3AET TOJIKO B
0e3rpaHUYHON KUJIKOCTH, T. €. Ha OecKOHEeYHO OoibiIoil riyouHe. OJHAKO MHTEHCUBHOCTh
BOJTHOOOPA30BaHUs CYIECTBEHHO CHMXKACTCS C POCTOM MOTPY:KeHHs N, 4TO MO3BOJISIET C
JIOCTAaTOYHOM ISl TMPaKTHYECKUX Iedaed TouyHocThio npuHuMarh Cw = 0 Opu BBHINOJIHEHUH
YCIIOBHH:

h/L= (1,1 Fr - 0,15),

koropoe crpaseuBo npu 0,15 < Fr < 0,70 1. e. B nnama3oHe, MepeKphIBAIOIIEM CKOPOCTH
JIBIDKEHUS BOJOM3MEIIAIONINX CYZ0B. BomHOOOpa3oBaHne BO3HHMKAET HE TOJBKO Ha CBOOOIHOM
IMMOBEPXHOCTHU BOJBI.

AHaJIOrU4YHOE SBJICHUE IMPOUCXOJUT U IIPHU ABUKCHUH TEJIa BOJIM3U T'paHUIBI pasjgcia IByX
HC MCPCMCIINBAIOIIINXCA )KHI[KOCTCfI paBJ’II/I‘-IHOI\/'I IJIOTHOCTH, HAIIPUMCP MOpCKOf/'I BOAbI pa3H0171
COJICHOCTH HUJIU TEMIICPATYPHI. Takoe ABUXKCHUC COITPOBOXKAACTCSA MOSABJICHUEM BHYTPCHHUX BOJIH
H, KaK CJICACTBUEC, YBCIMUCHHUCM COITPOTUBJICHUS 34 CUHCT BOJIHOBOH €T0 COCT&BJ’ISIIOH.ICI‘;I.



2.6 JlomotHUTEIbHBIE COCTABJISIIONINE CONMPOTUBJIECHMUSI.

BykcupoBoYHasi MOIHOCTH Cy/IHA. B Teme BhIIIE NI1a pedb O BIA3KOCTHOM U BOJHOBOM
COIIPOTHBIICHUH, KOTOPhIE OTHOCST K OCHOBHBIM COCTABJISIIOIINM, TOCKOJIBKY OHHU MPEBATHPYIOT
B oOmiem OanaHce compotuBieHus cynHa. OgHaKo, KpOMe NEPEUHCICHHBIX, HMEIOT MECTO U
JPYTUE COCTABISIONIME COMPOTHBIICHUS, HA3bIBAEMbIC JOMOJHHUTEIbHBIMH. K HHM OTHOCST
COIIPOTHUBIICHUE IIEPOXOBATOCTH, BHICTYNAIOIINX YacTeH M BO3/YIIIHOE.

3aBucumoctu  (3.15) wm (3.16) cnpaBemnuBBl I ompeneneHUs  KodpdUiImMeHTa
COIIPOTHBIICHUS TPEHHsSI TEXHWYECKH TJIAJKOW IUTacTHHBI. I[lOBEpXHOCTH KOpmyca cynHa
TpeOOBaHUSAM TaKOW TJIAJKOCTH HE OTBEUaeT — OHa o0iamaer mepoxoBarocThio. [locnenHior
NPUHATO pa3JesaTh Ha Be kKareropuu. K ol1elt, nim pactpeeneHHO H, IIepoX0BaTOCTH OTHOCST
HEPOBHOCTH, XapaKTEpPHbIC NPAKTUYECKA ISl BCEH MOBEPXHOCTH, BBI3bIBAEMBIC Kak
OCOOCHHOCTSIMM MaTepuaja Kopiyca (cranb, JEepeBO, JKene300eToH, IiacTMmacca), TaKk |
TEXHOJIOTUEH ero o0paboTKH M OKpacku. K MeCTHOW IIepOXOBAaTOCTH OTHOCST CBapHBIC INBHI,
3aKJICIOYHBIE TOJOBKH, TIIyXHe BBIpe3bl W HUIIH. lllepoxoBaTocTH 00OMX THUIOB HECKOJIBKO
U3MEHSIOT XapaKTep TEUYCHUS JKUAKOCTH B IMOTPAHUYHOM CJIOE, a CJICJIOBATEIIEHO U BA3KOCTHOE
CONpOTUBIIEHUE, yBenuuuBas ero. OcHOBHasg noyigs B 3ToM Impouecce (1o 70% u Ooiee)
NPUHAJISKUT OOIIECH IEpPOXOBATOCTH.

Hns KOJIMYECTBEHHOMN OLICHKM  pacHpeiesieHHON HIEPOXOBATOCTH BBOJIAT
CpE/IHEKBAIPATUUHYIO BbICOTY OyropkoB Ke. Eciin 3T Oyropku JiexxaT riry0OKo B JIAMUHAPHOM
H0/ICTIOE TIOTPAHUYHOTO CJIOSI, T. €. BBIMOIHIETCS YCIOBHE Ko« Sv TO 11epOX0BATOCTh MPAKTUIESCKU
HE OKa3blBaeT BIMSAHUSA Ha BA3KOCTHOE CONPOTHUBIIEHHWE, IOBEPXHOCTb CUMUTAETCS
TUAPOJUHAMUYECKHU TJIAJIKOM.

[TapameTpbl MOTPAaHUYHOTO CJIOSI ONpPEAENAIOTCA YUciIoM PeifHoibjca, YTO MO3BOJISIET B
YCIOBUM THUAPOJUHAMUYECKON TIJIaJKOCTH IOBEPXHOCTH TOJIUHY JAMUHAPHOTO MOJCIOS
51 3aMEHHUTh Ha ATOT KPUTEPUN JAMHAMHYECKOTO MOM00MsS. MHOTOUYMCICHHBIE HMCCIIEIOBAHUS
MIOKa3aJIM, YTO €CJIM UMEET MECTO COOTHOIICHHUE:

(ky/L) Re < 100, (3.22)

TO IIEPOXOBATOCTh HE UBMEHSIET COMPOTUBIICHUS, T. €. IOBEPXHOCTD SBISETCS TUAPOTUHAMUYECKH
TJIaaKOM.

Wmes cratucTudeckue JaHHbIE IO CPEeIHEKBaIPaTUUHON BbICOTE OYTOpPKOB, XapaKTEpPHBIX
JUIS TIOBEPXHOCTEH pa3IMYHbIX CY/I0B U UX MOJEJEH, MOKHO J1elaTh BBIBOJBI O BIMSHUU OOLIeH
IIEPOXOBAaTOCTU HA BA3KOCTHOE CONMPOTHBIIEHUE. Tak, HapuMmep, s MOBEPXHOCTU CTAJbHBIX
CBE)XEOKpAIIIEHHBIX CYJOB CpEIHEKBaJpaTU4YHas BBICOTa OYrOpKOB MOXXET HPHUHUMAThCS
paBHOit Ks = 402103 MM, a nams Mopeneif, HW3TOTOBJEHHBIX U3 JepeBa, HapapuHA WIH
nnactuka Kg ~ (4+8) ¢ 10~ Mm. TIpu 3TOM MOBEPXHOCTH MOJENHU SABNAETCS TUAPOAMHAMHYECKH
TJIaJIKOM, a Cy/IHa — MIepOX0oBaToi (cM. mpumep 3.5).

Ilpumep 3.5. OnipeienuM COCTOSIHHE MTOBEPXHOCTU cyaHa «HXKeHep» U ero MojIenu B MaciuTabe
my =1 : 25, eciu mst HUX cooTBeTcTBeHHO M3BecTHO (Ko/L)e =2,3 « 107, (Ke/L )u=9 - 107, v¢=10
M/c, Vs = 2 M/c, a uucna Peitnonbica — cm. ipumep 3.3.

s cynua:
(k,/L)-Re=23-107-1,57 - 10°=3,6 - 10? > 100.

Js moaenu:

(k. /L) -Re=9-107-1,26 - 107 = 11 < 100.



Takum 06pa3om, MOBEPXHOCTH MOJICTTH THAPOIUHAMHYCCKH TIIaKas, CyJHa — HET.

Posb 31eMeHTOB MECTHOM IIEPOXOBATOCTH MPOSBISETCS IBOSIKUM 0O0pa3oM: C OJIHOM
CTOPOHBI, OHH 00JIaAat0T COOCTBEHHBIM CONIPOTUBIICHUEM, a C APYTOi — B MPUIICTAIONIEM paiioHe
U3MEHSIOT XapaKTep TeUeHUs! B TOTPAaHUYHOM CJIOE.

TouHOe ompeneneHue CONPOTHUBIICHUS  IIEPOXOBATOCTH  CyAHA  COINPSIKEHO  CO
3HAYUTEIBHBIMH TPyIHOCTSAMH. Kak mpaBmiio, B MPaKTHYECKUX pacueTax Mo aHAJOTHH ¢ 0OmIen
bopMyI0i1 CONPOTUBIICHHS UCIIONB3YIOT BHIPAYKEHUE!

R, = C, (pv*/2) Q, (3.23)

rae C, — k03 GUIUEHT COMPOTUBIICHUS MIEPOXOBATOCTH, ONPEACIIEMbIN MO CTATHCTHYCCKUM
JAHHBIM.

B oOmem OamaHce CONPOTHBIIEHHE IIEPOXOBATOCTH COBPEMEHHBIX MOPCKHX CTaJIbHBIX
cynoB o0brgHO He mpeBbimaeT 10—15%, mosTomy HeOosbIIasi MOTPEMIHOCTh B ONpPEACICHUN
BenmuuHbl C4 HE TIPUBOAUT K CKOJIb 3aMETHOMY HMCKQXCHUIO OKOHYATEIBHBIX PE3YJIbTaTOB.
OpHako cieyeT OTMETUTb, YTO 3TO OTHOCHTCS K CONPOTHBIICHUIO CBEKEOKPAIIEHHOTO KOpITyCa,
T. €. K YCJIOBUSIM CIAaTOYHBIX MCIBITAaHUH. B mporecce skcruryarauy J1aKOKpacOYHOE MOKPHITHE
YaCTUYHO pa3pylIaercsi, OOIIMBKA CyJHA IIOJBEPTaeTCcsi KOPPO3UH, O00pacTaeT MOPCKUMH
opranu3mMamu. VHTEHCHBHOCTH OOpacTaHHs 3aBHCUT OT COJICHOCTH M TEMIepaTypbl BOJBI,
CKOpPOCTH JIBIXKEHHS CyJHA U BPEMEHH €TI0 CTOSHOK B MTOPTaXx.

[llepoxoBaToCTh ~ MOBEPXHOCTM  3HAYMTENBHO  BO3pPAcTaeT,  COOTBETCTBYIOIIAS
COCTABIISAIONIAsl COMPOTUBIICHUS MOXET CTaTh COIOCTABHMOW C OCHOBHBIMH. /{71 CHMKEHUS
BPEIHBIX IMOCIEICTBUII KOPPO3UH M 0OpacTaHMsl BCe Cyla PEryJSpHO MPOXOAAT JOKOBAHUE, B
npolecce KOTOPOro UX MOBEPXHOCTh OUMIIACTCS U OKpammBaercs. [lepnoInyHOoCTh JOKOBaHHS
(omuH-1Ba roa) ycraHaBiuBaercs IlpaBuwiamu Peructpa B 3aBHCHMOCTH OT THIIA CyZIHA, €rO
pa3MepoB, palioHa IJIaBAHUS.

K BBICTynarommm 9acTsiM OTHOCSAT BCE DJJIEMEHTHI, BBIXOSIINE 332 OOBOJBI KOpIyca H
UMEIOIINE pa3Mephl, COOCTABUMBIE C TOJIIMHON MOTPAHUYHOTO CJIOSl. ITO — TpeOHbIE BaJbl,
KPOHIITEHHBI U BBIKPYKKH, CKYJIOBBIC KU, pyau. CONMPOTUBIICHUE dTUX KOHCTPYKIIMH UMEET B
OCHOBHOM BSI3KOCTHYIO TIPUPOJIY U OMPEIENSIEeTCS CI0XHBIM B3aUMOJICHCTBUEM MOTPAHUYHOTO
CJIOSI KOpITyca M BBICTYMAIOIIUX YacTeid. i onpeneneHns 3TOro CONPOTHUBIICHHS Yallle BCEro
npuberaroT K SKCIIEPUMEHTABHBIM METOZaM: IPOBOAST UCTBITAHUS KaK OTJENIbHBIX JIEMEHTOB,
TaK W MOJIEJel Cy/JOB C BBICTYyMAalOMMMU 4YacTaMu U Oe3 Hux. O0a crmocoba HE JUIICHBI
HEJOCTaTKOB: B TMIEPBOM HE YUMTHIBACTCS B3aMMHOE BIHSHHUE, BO BTOPOM B CHIIY pa3d4yus B
yuciiax PeliHONIBIcCA HE MOACITUPYETCS COOTHOIICHHWE pa3MEpPOB BBICTYMAIONIUX YacTeH W
TOJIIIUHBI TOTPAHUYHOTO cIosl. [ToCKONMBKY ISt MOPCKHX TPAHCHIOPTHBIX CYJOB COMPOTHBICHUE
BBICTYMArONINX yacTed He mpeBbimaeT 2— 10%, ero 00bIYHO PacCUMTHIBAIOT MO (hopmyre:

R,,= C,,(pv?/2) Q, (3.24)

rae Cip— kK03 UIMEHT COTPOTUBJICHHSI BBRICTYAIOIINX YacTeH, MPUHUMAEMBIH 10
SMIUPUYECKUM JAHHBIM B 3aBUCUMOCTH OT Pa3MepOB Cy/IHA U KOJINYECTBA IPEOHBIX BUHTOB.

Jlns BeicokockopocTHbIX CZUIT conmpoTuBieHNE BBICTYNAIOIIMX YaCTEW MOXKET CYILIECTBEHHO
NIPEBBIIATh YKAa3aHHbIE BbIIe mnpeaensl. Tak, Hampumep, s CII K B pacueTHOM pexume
JBUKEHHSI BCE COINPOTUBIICHUE, 3a HCKIIOYEHUEM BO3AYIIHOIO, - CYTh COINPOTUBIICHUE
BBICTYMArONIMX yacTei (cm. § 3.5).



HanBoaHas yacTh KOpIIyca CO CTOPOHBI BO3/yXa TaKyKE MCIBITHIBACT COMPOTHBIIEHUE. Ero
OpUpoJia BSI3KOCTHAs, a TIIOCKOJBbKY HAJCTPOWKH, Kak MPaBWIO, OTHOCATCA K TelaM
II0X000TeKaeMbIM, IpeodiagaeT compotusienue (Gopmel. Hambosee H0CTOBEPHBIH IyTh
OIpENICIICHUsI CONPOTHBIICHUS BO3/JyXa — IMPOAYBKAa MOJEIM HAIBOJHOH YacTH Kopiyca B
a’poJMHAMHYECKON TpyOe. B MpakTHYECKMX pacdyeraXx €ro MOXKHO YYHTHIBATh BBEJICHHEM
n00aBKH.

R, = C,, (pv?/2) Q, (3.25)

rae C — ko3¢ GULIMEHT COPOTUBIIECHHS BO3/4yXa, ONPEACIIEMBbIii 10 CTaTUCTUYECKIM
JTAHHBIM.

KoaddumenT Bo31ylIHOro CONpoTUBICHUS, ONIPeIeIsIeMbli 10 pe3yIbTaTaM NPOJAYBKH
MOJIEJIeH CYJIOB B a9POAMHAMHUYECKUX TPYOaxX, MPAKTUYECKH HE 3aBUCUT OT CKOPOCTH BO3IYIIIHOTO
notoka. OCHOBHOE BIIMSIHME HAa HETO OKa3bIBAIOT (pOopMa HaIBOJAHOM YACTH CY/IHA, PACIIOIOKEHUE
HAJICTPOEK, PYOOK, CYJIOBBIX YCTPOICTB M MaTyOHOTO 000PYAOBaHMUSL.
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CymiecTBeHHOE BIIMsSHNE Ha KO3()PUIIMEHT BO3YITHOTO COMPOTUBIICHUS IPU JBUKEHUN
OKa3blBACT HAIIPABIEHHE IIOTOKA BO3JAYyXa OTHOCUTEJIBHO JUAMETPAIBHOM IUIOCKOCTH,

ONPENENAEMOE YIIIOM (X, KOTOPBIH MOKHO HAHTH 1O (popmyie:
: vy
sina, =—sinay
V8

Ha puc.97,6 npuseaena 3aBucuMoctb Cry o X g » TIO3BOJISIONIAS CIENATH BHIBOJ] O TOM, YTO

HauOoJIbIIee 3HAYEHNE KOOQPUIMEHT BO3AYIIHOIO CONPOTUBIIEHHS UMEET Npu O, = 25-+30°,
OOBsCHSIETCS 3TO HEBBITOJHBIM PACIIOJIOKEHUEM HAJICTPOCK M PYOOK C TOYKH 3pEHHS HX
00TeKaHus MOTOKOM Bo3atyxa. [lpu (¥ ¢ , GNM3KUX K HYIIIO, HAICTPOUKH ¥ PyOKH SKPaHUPYIOT IPYT
Jpyra, B pe3yiabTaTe 4ero BO3AYIIHOE CONPOTHBIEHHE HECKONbKO cHibkaercs. Koaddumment
BO3/yLLIHOrO CONPOTUBIICHNUS IIPH yriax O, 6onee 90° mpuHIMaeT OTPHULATENbHOE 3HAUCHHE, T.€.

Run coBmagaer ¢ HanpaBieHUEM JIBIKeHUS cyaHa. OqHaKO Jake MPH MOMYTHOM BeTpe (CBBIIIE 5
-6 0ayuIoB) CKOpPOCTb Cy/IHa CHI)KAETCS M3-3a BO3PACTaHMs COMPOTHBIICHHS Ha BOJHEHUH,
KOTOpPO€ TPOUCXOAMUT BCIEACTBUE YXYAILIECHUS OOTEKAaeMOCTH KopIyca CyAHAa TpHU Kadke,



OTpaXXEHUS BOJIH OT KOPITyCa M B3aMMOICHCTBHSI HAOETAIONIMX BOJIH U CO3/[aBaeMbIX cyTHOM. [Ipu
BCTPEYHOM BeTpe K03 (HUIIMEHT BO3AYIIHOTO COMPOTHBIICHHS TPOMBICIOBBIX cynoB Cin = 0,7+
1,1.

JInsi MOPCKHX TPAaHCIIOPTHBIX CYIOB COIIPOTHUBIICHUE BO3/yXa cocTaBisieT He Oonee 0,5—
1,5% momHOro, 4YTO WMEeT OJMH MOPSJOK C MOTPEHIHOCTHIO  PACYeTHOro  JHOO
9KCIIEPUMEHTAIBHOTO OITPECIICHNs MOCIEAHEro. B CBiI3M ¢ 3THMM yKa3aHHAas COCTABISIOIIAS B
psne cimydaeB BooOmie He yduThiBaeTcs. OJHAKO M 371eCh HE 00XOAUTCS 0e3 HCKIIOYCHHM:
CONPOTHBIIEHUE BO3/yXa PE3KO BO3PACTAET B YCIOBHSX IITOPMOBOTO BeTpa, a ;uit CBI'l moxer
OBITH MPEOOJIATAIONTIM U B OOBIYHBIX YCIOBUSX.

2.7 BykcupoBoYHOe CONPOTHBJIEeHHE H OYKCHPOBOYHAS MOIIHOCTD CY/IHA.

Cymmupysi BCe pPacCMOTpPEHHBIE BBIIIE COCTaBISIOLIUE, TOJy4yaeM OYKCHUPOBOYHOE
COINPOTUBIIEHUE B LIEJIOM:

R=R,+R,+R,+R,+R,+R,, (3.26)

Crporo rosops, B (3.26) ¢GurypupyroT HE BCE COCTaBISIOIIME CONpPOTHUBIEHMS. Tak,
HarpuMep, y CyZIoB BeCbMa MOJIHBIX 00B010B (5 > 0,8) MokeT HaOIIOAATHCS COMPOTUBIICHUE OT
paspylleHus HOCOBOM MNOINOPHON BOJIHBI Rm, a Takke HMHIYKTHBHOE compoTuBieHue JI(,
OOBSACHSIOLIEECS] CO3JaHUEM JIBYX MHTEHCHBHBIX BUXPEH B HOCOBOM OKOHEUHOCTH. Y MHOIHMX
OBICTPOXOJHBIX CYIOB Helb3sl MpeHeOpeub OpbI3roBbiM comnpotuBieHueM; CBII coiicTBeHHa
cnenuduyeckas COCTaBIAOMA — HMITYJIbCHOE CONpOTHUBICHHWE. Boobme Bce 53Tu
COCTaBJIAIOLIME UMEIOT MECTO JJIS JII000r0 Cy/iHA, OJJHAKO OOBIYHO MX MOXHO HE YUMUTHIBATh Oe3
yiiep0a A1k TOYHOCTU PacCUETOB.

ByKCHpOBOYHBIM COIIPOTHBIIEHUE Ha3bIBAETCSI IOTOMY, UTO €CJIU OBl CYIHO OYKCHUpPOBAJIOCH,
TO K TPOCY HEOOXOAUMO ObLIIO OBl IPUIIOKUTH UMEHHO TaKOE YCHIIHE.

Jnis oGecrieueHus Cy/IHY 3a/laHHON CKOPOCTH JABMKEHMS HY>KHO 3aTPAaTUTh OIPEJICIEHHYIO
MOJIE3HYI0 MOIIHOCTh P, KOTOPYIO 10 aHaJOTMU C CONPOTHBJICHUEM TOXE€ HAa3bIBalOT
OYKCHUPOBOYHOM:

P.-R-v. (3.27)

E

C yuetoMm o061eit popmMyiibl conmpoTuiieHus (3.7) MOKHO 3anucath B BUJE:
pv’ P oy
PE=CT'Q'U=CE'Q‘U ¥ (328)

OTKy/Ia CIeAYeT, YTO OYKCUPOBOUHASI MOITHOCTH BO3PACTAET MPOMOPIIMOHATHEHO KaK MUHUMYM
TpeTheil cTeneHn ckopocTu. Kak MUHUMYM — MOTOMY 4TO KO3(()UIIMEHT TOTHOTO
conpotusiieHus: C, B CBOIO OYEpElb, PACTET C yBEJIIMYEHUEM CKOPOCTH (TouHee, uncia Opyna).

MomHocTts rmaBHoi DY cynHa Ps Bcerna 6ombiie OyKCHPOBOYHOM:

P
ﬂ.snnl

Ps= (3.29)

[TponynbcuBHBIN KO3(h(GUIIMEHT no XapakTepusyeT 3)(PEeKTUBHOCTh pabOThI JABUKHUTEIS,
YUNTBHIBAET MOTEPU DSHEPIrUU KaK B CAMOM JIBWKUTENE, TaK W BO3HHUKAIOLIUE 3a CYET €ro
B3aMMOJENCTBHSI C KOPITYCOM.



3Ha4yeHUEe NPOMYJIbCUBHOIO KOI(PPHUIMEHTAa Yy COBPEMEHHBIX CYAOB HU3MEHsSETCS B
JOCTaTO4YHO IMHUpOKuX mpexaenax no = 0,4-0,8 u B ocHOBHOM ompenensercs K03 UIIMEHTOM
nojesHoro neiicreusa nBuwxurens (cM. ria. 4). KoadduuueHnTt nonesHoro neicTsus nepenadu
MOIIHOCTH Ns, 3ABUCUT OT €€ THIIA.

[Torepu »HEprUM B CYAOBBIX IEpegadyax OTHOCHTEIBHO HEBEIMKH — JUisi HauOolee
pacrpoCTpaHEeHHOH MpsAMON Iepefayu OT JABUraTelis K JBUKHUTEII0 OHU COCTAaBIIAIOT He Oonee
1+3%. Takum 0Opa3oM, MOIIHOCTb CYJOBOH CHJIOBOW yCTaHOBKH Ps IMPaKTHYECKH MOIHOCTBHIO
olpenensercs TiAPOIMHAMUYECKUMHU (PaKTOpaMK: CONPOTUBIIEHHEM KopIryca, 3((heKTHBHOCThIO
JBYDKUATEIS U CKOPOCTBIO IBUKEHUS CY/IHA.

2.8 OnpenesieHne cONPOTHUBJICHUS IKCIIEPUMEHTATBHBIM MyTeM

JlocTOBEpHBIE AHAIUTUYECKHE METOJAbl pacuera CONPOTUBIIECHUS CyIHA IMPOU3BOJIBHOU
¢dopMbl 1OKa 4TO OTCYTCTBYIOT. IloaTOMy, Kak M paHblie, OOJbIIOE BHUMAHHUE YJEISIETCS
SKCIIEPUMEHTaM, B XOJi¢ KOTOPBIX MCCIEAYeTCsl COMPOTHUBIIEHUE CylHA MO0 ero monenu. B
IIEPBOM cllyyae, Korja OOBbEKTOM HCHBITAaHUM CIIY’)KMT CamMO CYAHO, SKCIIEPUMEHT Ha3bIBarOT
HamypHbvimM, BO BTOPOM — MoOenbHuiM. [IpsiMoe ompenenenrne COmpOTHBICHUS COBPEMEHHOTO,
OCOOEHHO KpYITHOTO, CY/JHAa B XOJI€ HAMYPHO20 OSKCnepumeHma — 3ajada dpe3BblUaiiHON
CJI0OKHOCTH. B mpuHIune asis 3Toi 1esid MOT'YT UCIIOIb30BATHCS JIBA METOA.

Puc. 3.5. Cxema HatypHoro skcnepumenta B. @pyna: 1 — «AxktuBy»; 2 — ctpena; 3 —
OykcHpoBOUHBIN Tpoc; 4 - «I'pelixayHa»

[TepBbIii U3 HUX, B 4ACTHOCTH, ObLT peann3oBaH B KoHIe XX Beka N3BECTHBIM aHTJIHICKIM
yueHbIM BuibsimoM @pynom, KOTOpbIM NpoBOAMI OYKCUPOBOYHBIE HCHBITaHUS KOpPBETa
«[peiixaynm» (L = 52 M, D = 1000 T) ¢ nomoIpio mapoBoro cyaHa «AktuBy (puc. 3.5). OxHako
Takas CXema OIIPEJEICHUs CONPOTUBIECHUS HMEET psAJ CYIIECTBEHHBIX HEIOCTaTKOB:
THJIPOAMHAMHUYECKOE BIMSHUE CyJHA-OyYKCUPOBIIMKA, HEBO3MOKHOCTb YCTPAaHEHHUsI IPOBUCAHUS
OYKCHpHOTO TpOCa, €ro PhIBKOB U, KaK CJIeICTBHUE, 00€CIIeUeHHs] yCTaHOBUBIIIErocs ABkeHus. Hy
U, HAaKOHELl, TPYAHO INpPEACTaBUTh, C MOMOIIbIO KAKOTO Cy/JHAa MOXHO ObLIO Obl OyKCHpPOBATh
KOHTEWHEpOBO3 BogousMemmenuem D = 77 Tric. T (cM. Tabu. 3.2) ¢ pac4eTHOH CKOPOCThIO Vs = 24
y3.

OnbIT N0 NPSAMOMY ONPEIEIIEHUIO COITPOTUBIICHHSI BTOPHIM CIIOCOOOM ITPOBOAMJIICS B Hayase
50-x rr. XX croyeTs Mo COBEPLIEHHO IPYroil, opuruHaipHoOW, meroauke. Ha cymne «Jlrocu
AcToH» ObUIM YCTaHOBJIEHBI aBHAIlMOHHBIE TypOOpEaKTUBHBIE ABUTAaTEIU-IBIKUTENU. WX Tsra,
paBHasl 110 BEJIMYMHE CONPOTUBIICHUIO KOPITyca, 3aMEPSIIach ¢ MOMOILIBIO JUHAMOMETPOB, YEpe3
KOTOpBIE JIBUTaTed KPENMUIUCh K nanyde. OueBUHAS CIOXKHOCTh OMUCAHHOTO 3KCIEPHUMEHTA
0OBSICHAET €r0 YHUKAJIbHOCTh — IOI00HBIX OMBITOB 0OJIbIIIE HUKTO HE MPOBOIMIL. B CBsI3U ¢ 3THM
OCHOBHO€ 3HaY€HHE B TEOPUH KOPaOIIsi IpuodpeTaeT mooenvhsiti skcnepumerm. OH IO3BOJISET HE
TOJIbKO TpeZCKa3aTh CONPOTHBIICHHE HATYpHOTO Cy/IHA, HO M HCCIEN0BaTh BIUSHUE (HOPMBI
00BOJIOB, BBIOpPAaTh HMX ONTUMAIbHBIMU JUIsI KOHKPETHOIO CYAHA M KOHKPETHBIX YCJIOBUUI
I1aBaHus. Bce BHOBB cTposimiuecs cyna B IpoOLiEcce NPOEKTUPOBAHMS NPOXOAAT CTAIUI0
MOJI€JIbHBIX UCTIBITAHUH.



3. JKcnepuMeHTAIbHbIE YCTAHOBKH /ISl M3yYeHHs CONPOTHBJICHMS.

CymiecTByeT /1Ba IPUHIUIIA MOJICIUPOBAHUS — B NPAMOM U 00paujeHHoM Osudicenuu. B
NEpBOM  cllydae MoOJieb, IOJ00OHO HATypHOMY CyIHY, MEpeMeIlaeTcss OTHOCHUTEIbHO
HETOABIKHON CPEebl, BO BTOPOM — MOJIENb HETMOIBIKHA, ITepeMeIIaeTcs pabodas cpeaa.

[lpr MomenMpOBaHWUU COMPOTHUBIICHUS Yallle BCETO HCIIOJIB3YETCS TEPBbIA MPUHIAI —
npsiMOe JIBIDKEHUE. MOJEIMPOBAaHHE MOMKET MPOBOAUTHCS KAK B OIMBITOBBIX (OYKCHPOBOYHBIX)
OacceifHax, Tak U B YCIIOBUSX OTKPBITOTO BOJIOEMA.

OcHOBHOE 3HAYCHHE B TCOPHH KOPAOJIs UMEIOT ONBITOBBIE OacceiiHbI — OCTOHHPOBAHHBIC
KaHaJIbl, 3armoyiHeHHbIe Bosoi. [1o criocoOy OykcupoBKHM Mojenu OacceiHBI pa3elisaioT Ha JIBE
rpynnsl: muna @pyoa u epasumayuontsle. IlocneHre OTHOCITCS K KaTETOPHUH MaJlbIX — HUX
JUTMHA, KaK IPaBwIIo, He mpeBbimaeT 50 M. COOTBETCTBEHHO OTpaHUYCHBI U ITTHHA Mojelel - 3+4
M U CKOPOCTh OYKCHPOBKH - 3+5 m/c.

[lepemermiaeTcst MozieIb C MOMOIIBIO OSCKOHEYHOTO TPOCA, HATSHYTOTO MEXKIY JBYMS
Oapabanamu. OJIUH U3 HUX, BEAYIINH, Yepe3 CUCTEMY OJIOKOB IPUBOIUTCS B JIBHIKEHHE CBOOOIHO
naIalonIM Ipy3oM. bykcnpoBouHoe ycuire, paBHOE CONPOTHBIICHHIO MOJICNH, 33/1a€TCsI MACCOM
rpy3a, CKOpOCTb IBIIKCHHUS 3amepsieTcs. B Cuily yka3aHHBIX BbIIIE OTPAaHUYCHUH JUIMHBI U
CKOpOCTH MoJiesiel B OacceifHaxX IpaBUTAIIMOHHOTO THIIA JAJIEKO HE BCET/Ia YAAeTCs MOIYyYUTh
JIOCTOBEPHBIC TAHHBIC 1O COMPOTUBJICHUIO.
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Puc. 3.6. Cxema onbeITOBOTO Oacceiina

Pa3mepsi 6accelinos Tuna @pyaa (puc.3.7) MOryT ObITh BECbMa BHYIIUTEIbHBIMU: UX JUIMHA
uHorna mnpesbimiaer 1000 M, mmpuHa M IIyOMHA JOCTHTAIOT COOTBETCTBEHHO 18 M 8 M.
BbykcupoBka moaenu 1iuHOM 10 12 M 1 BogousmenieHueM 10 10 T ocymiecTBiaseTcs: ¢ HOMOIIbIO
crenuaibHOi Tenexxku. [locnenHss, BONPEKH CBOEMY YMEHBUIMTEIBHOMY Ha3BaHUIO, UMEET
00JIBIIYI0 MAcCy, IOMUMO 3KCIIEPUMEHTAILHOTO 000PYI0BaHUS U BBIUNCIUTEIbHON TEXHUKU Ha
Hell pacroiaraetcs M rpymnmna 3KkcrepuMeHTaTopoB. Tenexka (1) ABHKETCs 10 PelTbCOBBIM My TSIM,
MIPOJIOKEHHBIM BJIOJIb OacceifHa, vaiie Bcero mo ero oopram (puc. 3.6). CKOpOCTh TETIEKKUA MOKET
coctaBiATh 10—15 m/c u Gonee. Mozenb (2) KpemuTcs K TEJEXKKE uepe3 TUHAMOMETp, C
MOMOIIbI0 KOTOPOTO 3aMEPSAETCs COMPOTUBIIEHUE NPU 3aJJaHHON CKOPOCTH.
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Puc.3.7 - Onun U3 nepBbIX ONBITOBBIX OacceitHoB Y.Dpyna

OnbiToBbIe OacceiiHbl (puc.3.8) oTHOCATCA K HaumboJee pacupoCTPaHEHHOMY THUITY
9KCIIEPUMEHTAIBHBIX YCTAHOBOK W CIIYXKaT Ul PELICHUs 3amad XOOKOCMU, MOPeXxoOHOCMU U
VAPABNAeMOCmU CYOHA, U3VHeHUs pabomvl CYO08blX Osudicumeneti U 63auUMOOeUCmeUs uUx
¢ KOpnycom CYOHd, 8bINOTHEHUS PA3TUUHBIX HAYYHO-UCCIE008aMENbCKUX PAOOM.
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Puc.3.8 - Cxema coBpeMeHHOT0 OIBITOBOrO OacceiiHa

OCHOBHBIE TEXHUUECKHE XaPAaKTEPUCTUKH OIBITOBBIX 0aCCEHHOB, MOCTPOEHHBIX B Pa3HBIX
CTpaHax M UX CpaBHEHUE TMpeicTaBieHo B Tabmuue 1. Jlamee paccmoTpum HauOolee
pacrpocTpaHeHHBIE TUITBI OTIBITOBBIX OACCEHOB M BUJIbI UCITBITAHUH, KOTOPHIE PEATH3YIOTCS HMH.



Tabnuma 3.3. CpaBHUTENIBHBIE XapaKTEPUCTHUKHU OIBITOBBIX 0ACCEHOB

MecTo pacnonoxeHEA Ioxg Pl by ize:] [MTapraa. |l mvomHA,| CKOpOCTE
MOCTPOHKHHAHOOIBIIA, M M TEIeHKKH, M/C
M

Xacmaap (Anrmma) 1886 122 6.0 2.8 6.0

Jx. Bpays (Adrmma) 1904 122 6.0 3.0 5.0

Tenmuarrorn Ne 1 mn. 1910 150 2.0 3.7 4.5

ppoy (ArrTE)

Tenmuarroa Ne 2 mn. 1932 207 6.0 2.8 9.0

B. ®pyaa (Arromum)

Xacmap (Arrmmaa) 1932 272 12,0 5.5 12.0

Cayaaepc-Poy 1956 02 3.7 1.7 15.0

(AnTmaE=)

Denrem (AHrmHT) 1959 396 14.6 7.6 15.3

Muumran - AH 1904 110 6.7 3.0 -

Apbop (CIITA)

BammarToH - Oaccelin 1939 - 293 + 552 15,5 6.7 5.2m9.0

. Teiinopa (CIITA) - 1948

HCMOIB3VETCH KAk 2

DaccefiHa

Kapzepox (CILIA) - 1939 - 906 6.4 3.0/49 20m

HCMOMBIVETCA JITA 1947

CKOPOCTHBIX

HCIIBITAHHH

BamuHTTOH - DacceHdH 1939 a3 15.5 3.0 -

. Teiimopa (CIIIA) -

METKOBOTHBIH

Bena (AscTpma) 1919 180 10,0 5.2 8.5

TMapms (Opanmms) 1906 165 10,0 4.0 5.5

TMapu: (Dpanmm) TTocme 220 13.0 4.0 10.0
1960

MHorue onbsIToBbIE OACCEHHBI CHIEUATU3UPOBAHBL, T. €. IPUCIIOCOOIEHBI [T IPOBEICHUS
UCTIBITAHUN OTIPENICIICHHBIX THIOB. TaK, 21y60Kk0600Hble GACCEWHBI CIYXaT JUIsl MCCIEeIOBAHUS
JIBIDKEHUS. MOJIETIM B YCIIOBUSIX HEOZPAHUYEHHO20 6000eMd. B OTAMYME OT HUX MeIKOB80OHble
NpeIHa3HAYeHbl IS OYKCUPOBOUHBIX UCHbIMAHULL MOJIEJEN TpU OrpaHUYEHHOW TIIyOUHE.
MopexooHnvie GacceiiHbl UCTIONB3YIOTCS ISl UCCIENOBAHUS napamempos 08udiceHusi cyoHa B
ycioBusix BojHEeHMs. CyIecTBYIOT cCHelMalibHble OacCeiHbl il UCHBITAaHUN Mojenen
obicTpoxoHbIX cya0oB — CIII'l. CkopocTu OYKCUPOBKU B HEKOTOPBIX U3 HUX AocTuraroT 50 m/c.

B MOCJICAHESC BpEMs HaYalIu CO3/1aBaTh U KaeumayuuoHHbvle 6aCC€11Hbl; B HUX JAaBJICHUEC Ha
CBO6OI[HOI>1 MMOBCPXHOCTBIO BOJBI PCryjiupyCeTCd — CHUIKACTCA 3a CUYCT OTKAUKW BO3JyXa H3
TCPMETHUYHOI'0 TMOMCIICHHA. 3,I[eCB HCCICAYCTCA BJIUAHUC KaBUTAlMM HaA XapaKTCPHUCTHUKU
HECYIINX 3JICMCHTOB (KpLIJIBCB), CTOCK, JBIDKUTEICH 6BICTpOXOI[HBIX CyHOB.

Ocoboe MecTo 3aHUMAIOT 1edosbie baccelilbl, TpeAHa3HAYeHHbIE I UCTIBITAaHUN Mojesen
JIEIOKOJIOB U CYJZIOB aKTMBHOTI'O JIEIOBOTO IJIABAaHUS B YCIOBHSX CIUIOLIHOIO JIEIOBOTO ITOKPOBA.

Kpymnasie 6acceitasl muna @pyoa — oueHb TOPOTOCTOAIINE COOpYKeHUs. Bo Bcex cTpanax
MHpa UX HACUMUTHIBAETCS HEMHOTHM Oojiee cTa. B CBSI3M ¢ 3THM KaXKJIbIil OMBITOBBINA OacceiiH,
KOTJla 3TO BO3MOXHO, CTPEMSTCSI MPUCTIOCOOUTH IJii TIPOBEICHHS HUCIBITAHUN HECKONBKHUX W3
MIEPEUYHCICHHBIX BBIIIE THUIIOB.



OOmmii HEIOCTaTOK BCEX ONBITOBBIX OAcCEHHOB — OTpaHWYEHHas [JIMHA paboyero
y4JacTKa, Ha KOTOPOM MOJIENb JBM)KETCS B YCTaHOBUBIIEMcs pexume. Kak mpasuio, 6onee 2/3
JUIMHBI OacceiiHa MCIOJb3yeTCs JUIsl Pa3srOHa MOJENU 1O HEOOXOIUMOM CKOPOCTH M Jisi ee
TopMoOXxeHHs. COOTBETCTBEHHO OIPAaHMYEHO U BPEMsI, B TEUCHHE KOTOPOTO MOKHO MPOU3BOJHUTH
3aMepbl ¥ HaOJIIOIEHUS 3a IBUKEHUEM MOJIEIH.

B oroM mulaHe BBITOJHO OTJIMYAIOTCS WCHBITAHUS MOJENEH C TOMOIIbIO CyJTHA-
OYKCUPOBILIMKA Ha OTKPBITOM BoJioeMe. {7l MCKITFOUEHUSI BIUSIHUS THIPOJIMHAMUYECKOTO OIS
CyIHa MOJelNb 00bIYHO OyKcHpyeTcsl BIepeau Hero. Bpems paGouero pexuma MOXKET MpU 3TOM
BBIICP)KUBATHCS IOCTATOYHO OObIuM. TeM He MeHee TaKhe MCIBITAHUS HE UMEIOT IIUPOKOTO
pacripoCTpaHEHUs] — OHU XapaKTEePHU3YIOTCS CYIIECTBEHHO MEHbIEH, YeM B J1a00paTOPHBIX
YCIIOBUSIX, TOYHOCTBIO 3aMEPOB; 3aBUCST OT CE30HA, IIOTOJIbI U T. [I.

Hns HUCCIIEIOBAHUA COIIPOTUBJIICHUSA B OOpaImeHHOM  JIBHKCHHH clry>xar
TUJIPOAMHAMUYECKUE JIOTKM, KaBUTALMOHHBIE M a’poJuMHaMHyeckue TpyObl. B mepBbIx IBYX
yCTaHOBKAax paOouell cpenoi sBIsSeTCs BOjAa, B MocienHed — Bo3ayX. B cymocrpoenuu
a’poJIMHaAMHUYECKHe TPYObl HAXOAAT OrpaHUYEHHOE NMPUMEHEHHUE: B HUX IMPOJYBAIOTCS MOJEIU
HAaJBOJAHOW YaCTH CyJIHa HEKOTOPBIX BBICTYIAIOIINX YACTEH U T. [I.

['unpoauHamMuyeckue JIOTKU U KaBUTAIIMOHHBIE TPYObI MPEICTABISIIOT COO0M 3aMKHYTBIM
KOHTYp, B KOTOpPOM LHPKyJaupyeT Boja. [IpuHuMmuanibHOE OT/IMYME — B JIOTKaxX pabouwuii
y4acTOK, TJ€ pacrojiaraerca MoOjelb, HMEeT CBOOOJHYIO TIOBEPXHOCTh. 31eChb MOTYT
MCCJIEI0BATHCS MPOLIECCHl BOJIHOOOPA30BaHUs, UCTIBITHIBATHCS MOJIEH HAIBOJIHBIX CY/IOB.

KaBuranmonssie TpyObl HE IMEIOT CBOOOIHOM MOBEPXHOCTH, OJJHAKO JaBJICHHE B pabouem
Yy4acTKE MOXET PeryJIupoBaThCs, 4YTO IO3BOJSET MOJAEIMPOBATH IPOLECCHI, CBS3aHHBIE C
KaBuTanuen. Hanbonpee pacnpocTpaHeHne B TEOPUH KOPaOJisi KaBUTAIIMOHHBIE TPYObl HAXOIAT
IpU MOJEIMPOBAHUM PAOOTHI ABMXKUTEINEH, U B TIEPBYIO Ouepe b IPeOHBIX BUHTOB.

3.1 TpeGoBaHusi, NpeabsBIAseMble K MOJ1eJIbHOMY IKCIIEPUMEHTY.

Tonnoe ounamuuecxkoe nooodue Ipru MOACTIUPOBAHNHN COIMPOTHUBIICHUA B YCTAHOBHUBIICMCA
ABWKCHUU ITPU HAITUYIHUU TCOMETPHICCKOI'O HO,[[O6I/I$I MOJCIIN 1 HATYPHOT'O CyAHA obOecreunBaeTCs

PaBEHCTBOM OMPEEISAIONIUX KPUTEPUEB JHUHAMHUYECKOTo mojobuss — uncen Dpyma u
Petinonnca:

Fr, =Fr,

Re, =Re, ' (3.30)

OnpenensiromyMy 3TH KPUTEPUH SIBIISIFOTCS [IOTOMY, YTO CHJIa CONPOTUBIIEHUS B TAaHHOM
CJIy4ae 3aBHCHUT OT CHUJI BECOMOCTH U BA3KOCTH (cM. § 3.2).

Jlunamuueckoe nooodue, ycinoBue KOToporo 3aaaercs paBeHctBamu (3.30), o3Havaer, 4To

y MOJEIM W HATypbl JOJKHO BBIMIOJIHATHCA U pABeHCmMEo 0e3pasmepHulx Kodgduyuenmos
CONPOMUBTIEHUA:

C=C. (3.31)

B Teopun kopabis MoJenupoBaHHE OCYIIECTBIISETCS B BOJE, CIEIOBATENBHO Vm - VH. [Ipn
TOM OJHOBpPEMEHHOE BbIMOJIHEeHHE YcioBUi (3.30) BO3MOXKHO JUIIb B €IMHCTBEHHOM Cllyyae,



Koraa m - 1 m MOJenMpoOBaHUE CBOAMTCS K MCIBITAHUIO HATYPHOTO CynHA. Takum oOpazom, Ha
MpaKTUKE TPeOOBaHUS TOJTHOTO JAHWHAMUYECKOTO IIOJO00WS BBITIONHEHBI OBITH HE MOTYT,
MPUXOIUTCS MPUOEraTh K YaCTUYHOMY IMOJ00MI0, KOorja oOeclieynBaeTcs PaBEHCTBO HE BCEX
KPUTEPHUEB, a JINIIh YaCTH UX. B HamieM cirydae 3To o3Havaer aubo

Fr, =Fr

Re,  #Re_ | (3.32)
100

Re“ . Rcll

Fr, #Fr, (3.33)

B cootBerctBuu ¢ (3.32) npu MoaenupoBanuH 1o yucity Opyna cKopocTb MOJENIN JODKHA
OBbITh MEHbIIIE CKOPOCTH HATYpBHI:

v, =v,m. (3.34)
[Ipu Beinonnenuu (3.33) umeem:
v, = v, /m, (3.35)

T. €. MOZEIb JIOJKHA ABUTaThCS CO CKOPOCTHIO, BO MHOTO Pa3 MPEBBIIIAONICH CKOPOCTh CY/IHA.
3710 TpeOOBaHUE ¢ TEXHUUECKOW TOUKHU 3pEHUS MPAKTUUYECKU HE BBINOIHUMO. O/IHAKO elle
0osee BaKHO cooOpakeHNEe MPUHLUITMAIBHOIO CBOMCTBA: peann3anus ycioBus (3.35) o3Havana
OBl U3MEHEHHUE peXuMa JIBIKEHUs (cM. mpumep 3.6).

Ilpumep 3.6. Inga monenu cyana «MHxeHep», BHIIOJHEHHOM B MaciuTade m - 1 : 25, Halinem
CKOpOCTh, oTBeuaroiyto (3.34) u (3.35). PacueTnas ckopocTh ABUKEHUS CynHA Vs - 21 y3; V -
10,8 m/c.

v, =0, -m =10,8,1/25 = 2,16 m/c,

ITpu MmopenupoBannu no ynciy @pyna umeem

v, =0,/m=108-25=270M/c. (5yemmoe BOJIOM3MEIIEHHE MOJIEIH

1o unciy PeitHonbica
V.=V -m=28700/25 =184 o,

a gyucio ®pyna no Bomousmenienuto (npu Rey = Re,,)

Fr,, =2,/ gV, =270/ 9,81/1,84 =775

OtHocuTenbHAsE CKOPOCTh MOJENM MpPH ATOM MHOTOKPAaTHO TMPEBBICUT TpaHUILY,
OTIpeNIeNIAIONIYI0 Havyajo pexuma rauccupoBanust — Fro - 3 (em. § 3.1).



AOCOIOTHBIN PEKOPT CKOPOCTH HA BOZE OBbLT yCcTaHOBJICH aBcTpanuiiiiem Kenom Bopou B
1978 r. Ha ronouHoM karepe «CMpuT OB ABCTpaIHs» OH JOCTHUT (PAHTACTHUECKONW CKOPOCTH B =
511 xm/u =142 m/c. IIpu 3TOM OTHOCUTENIBHAS CKOPOCTh cocTaBuia Fro = 43.

N3noxeHHoe Bbllle YOEKAaeT B HEBO3MOXKHOCTHM OOECHEUeHMs] pPaBEHCTBA YHUCEll
Pelinonbaca, TO3TOMY MOAEIMPOBAHUE OCYyLIECTBIIsIEeTCS 10 yncay ®pyzaa. Torna, 0OCHOBBIBAsCHh
Ha FUIO0TE3€ HE3aBUCUMOCTHU COCTABIISIOIINX COMPOTUBIICHUS, MOXKHO 3alMCaTh:

CWM - C“'II; C'r'u # Cl'll‘ (336)

Kax CJIICACTBHUE, HCE 6yz[eT BBIIIOJIHATBCA HW PABCHCTBO KOB(b(l)I/IL[I/ICHTOB IIOJIHOI'O
COIIPOTUBJICHUA MOACIIN U HATYPBI:

CxC. (3.37)

M n

Takum 00pa3oMm, pe3yiabTaThl MOJAEIHHOTO JKCIEPUMEHTa HeNlb3st 0€3 W3MEHEHHH
NIEPEHOCUTH Ha HATYPY; UX CIEIYET IePECUYNTHIBATh HA OCHOBAHUH TEX MJIM MHBIX JIOMyIeHU. B
cootBeTcTBUU C (3.36) KOX(PQUIMEHT BOJHOBOTO CONPOTUBICHHUS HE HYXIACTCI B
KOPPEKTHPOBKE; TMOCIEIHSISI, YTOOBI yUeCTh pa3jinyus B 4uciax PeiHoibaca, HeoOXxoauma Jiis
KO3 (UITMEHTA BI3KOCTHOTO COTIPOTHBIICHHUS.

[TepecueT BA3KOCTHOT'O COMPOTUBICHHS MOXKET OCYIECTBIATHCS ABYyMs criocobamu. Maes
MEepBOro W3 HUX NpuHAIISKHT B. @pyny u 3akimodaercs B pasfeseHud koddduimenta
BA3KOCTHOTO CONPOTHBJICHHUS Ha ABE YacTH, JUISI KaXAOW M3 KOTOPBIX HCIOJB3YETCS CBOM
npuHIUN pacuera. llepBas, OCHOBHAasl, 4aCcTh — COMNPOTHUBICHHWE TPEHHUS SKBUBAJICHTHOU
wiactunbl Cr; BTOpas, Kak MpaBHUIIO, TOpa3fo MeHee 3HauumMasi, conportuieHue (opmsl Cyp u
no06aBKa Ha BIUsSHUE KpUBU3HBI AC/

Cy=Copt C,p+AC

- (3.38)
Benuunna C, oqHO3HaUHO omnpezensercs yucioMm PeitHonpaca u Haxoautes 1o (3.15) wim

(3.16). OtHocuTenbHO BTOpPOW YacTh Bs3kocTHOro compotusiacHuss (Cvi+ JICF) nemaercs

JOITYIIIEHHE, YTO OHA HE 3aBUCHUT OT Yucia Re W ofguHakoBa JJIs1 MO U HaTypbl. OObeTUHUB

3Ty 4YacTh C KOIPPUIMEHTOM BOJIHOBOTO cOnpoTuBieHUS Cy,, BBOIAT TaK Ha3bIBaeMbIH

K02 PUITUEHT OCTATOYHOTO COMPOTHBIICHUS

C.=C,+(C,+AC), (3.39)

R

KOTOpBIfI mnmpeanojgaracTcsa 3aBUCAIINM TOJIBKO OT YHCIa (DPYJIZL

O‘-IeBI/I)IHaSI TCOPECTUUCCKAs HECTPOTOCTH JAHHOTO METOJa — AOMYIICHUE O TOM, YTO 4YaCThb
BSI3KOCTHOT'O COMPOTUBJIEHUSI HE 3aBUCUT OT uucia PeitHonbiaca. OnHako Juisi XOpOIIO
00TeKaeMbIX TeJl, K KOTOPBIM OTHOCATCS M CYIOBBIe Kopiyca, yka3anHas 4acTb — ( Cyp + ACF) —
OTHOCUTEIILHO HEBENIMKa, HeOOJbINas IOTPENIHOCTh B €€ ONpeAeNeHUH NPAKTUYECKH He
CKa3bIBACTCA HA OKOHYATCIIBHBIX PE3yJIbTaTax. B cBs3u ¢ atiM IIHUPOKO I/ICHOJ’IBSyeMHﬁ Tak
HA3bIBAEMbIN BUIOM3MEHEHHBIN MeTo Dpyaa oOecrieunBaeT BIOJHE MPHEMIIEMYIO TOYHOCTh IIPU
pacyerax CONPOTUBIICHUS MO JTaHHBIM MOJEIBHOIO 3KCIEpUMEHTA. VICKIIIOUEHUE COCTaBISIOT
TOJILKO HEKOTOpPBIE CyAa C O4YeHb MOJHBIMU oOBojmamu (6 > 0,8), I KOTOPHIX MOTPEUTHOCTH
MOYET 0Ka3aThCs OIIYTHUMOI.



[TogBOMst UTOT M3IIOKEHHOMY, PACCMOTPUM METOAUKY OMpPEICIICHHS] COMPOTUBIICHUS IO
JAHHBIM MOJICIBHOTO JKCIEPUMEHTa, WJIM, KaK YacTO €€ Ha3bIBalOT, METOAMKY Iepecyera
COIIPOTHBIICHUS] C MOJIeIM Ha Harypy. [1o 3aMepeHHBIM B Ipolecce IKCIEPUMEHTA JaHHBIM —
CKOPOCTHM MOJENTH M €€ CONpoTUBICHHIO — 1O (3.7) HaxoguMm KO3(PQPHUIMEHT IOIHOTO
conpotusiienuss mojenu Cy. 3atem 1o (3.9) paccunutsiBaeMm uncio Rem u no (3.15) onpenensem
KOX((UIMEHT CONMPOTUBIICHUS TPEHUs SKBUBaJeHTHOW miacTuHbl Csy. Jlamee paccuuThIBaoOT
OJIMHAKOBBIH JUISI MOJIEJI M HATYPBI KOA(DHUITUEHT OCTATOYHOTO CONPOTHBIICHHS

Cp.=C -Cp.=C

R’

(3.40)

CKopocCTb Cy/IHA OINPEAETSIOT U3 3aJI0’KEHHOT0 B MOJCIMPOBAHUE YCIOBHS PaBEHCTBA
yucen Opyna:

v, =0, [Vm, (3.41)

a 3areM HaxomaT 4uciao Rcemmo (3.9) m coorBerctByrommii emy (3.15) xoaddumment
CONPOTUBJICHUSI ~ TPEHHsS  OKBUBAJICHTHOH  1uiacTuHbI Crp,. Koadduiment  momHOro
CONIPOTHBIICHUSI CyIHA OMNPEENIIOT C YYeTOM JIOTIOJIHUTENBHBIX COCTABISIOUNIMX —
IIEPOXOBATOCTH, BBICTYIIAIOUINX YaCTEH U BO3AYIIHOTO:

C,= Cpy * Cpo t (C,+ C, + C,)). (3.42)

Pacuer 3aBepmaercsi omnpexaeneHueM OyKCHpoBO4HOTro compotuBieHus (3.7) u
OykcupoBOYHOU MOIIHOCTH (3.27).

Ilpumep 3.7. Paccuntaem cOnpoTUBIEHUE U OYKCUPOBOYHYIO MOIIHOCTh cyaHa «HxkeHep»
MOJJaHHBIM 3KCIIEPUMEHTA, BHIITOJHEHHOTO Ha MOJIeNu B Maciutade m - 1 : 25. Ilnomans
CMOYEHHOH TOBEPXHOCTH MojienH Qum - 9,39 M. Pe3ymbTaThl aKcIepuMenTa: oy, - 2,04 m/c, Ry -

75,4 H, Temneparypa Bojsl B Oacceiine t * 16 *C.

C ucnonszoBanueM (3.7) HaxoauM K03(PGHUIIUEHT MTOJTHOTO COMTPOTUBIICHHS MOJIETH (Py =
1000 xr/md):

C,=2R /p 2 - Q =754 2/(1000 - 2,047 9,39) = 3,85 -10-;

LY M oM

¢ yaerom Toro gyto ipu t - 16*C, v - 1,11 » 10"® m?/c, paccunTsisaem 110 (3.9) uncio Peiinonsaca
MOIEITH:

Re, =u L /v =2,04-692/1,11-10"% = 1,27 - 10,
u 110 (3.15) onpenensieM k03P PUIHEHT COMPOTUBIIEHUS TPEHUS YKBHUBAJIEHTHOW TIACTHUHBI:
Cpp,,= 0,455/(lg Re)** = 2,89 - 1073,
a 3ateMm 10 (3.40) — ko3 PHUIHEHT OCTATOYHOTO COMTPOTUBICHHUS:

Cp= Cp=C,~ C,y, = (385 -2,89) - 10 = 0,96 - 10,



Jns wmarypuoro cymHa ummeeMm mo (3.41)v, =wu/IJm=2,04V25 =10,2 m/c, mo (3.9),
npuHEMas vm - 1,57 « 10 m?/c (em. § 3.1),

Re,= oL /v,=10,2-173/1,57 - 10 = 1,12 10%,

1o (3.15) C*u ® 1,55  10°® 1 mo (3.42), mpuanmas C; - 0,2 « 10" Cup- 0,1 « 10~*H C,, - 0 (cM. §
3.5),

C,= Cpy+Cp+C,+C,,=(1,55+096+02+0,1)- 10 = 2,81 - 10,

ConpotuBienne cynHa «MHxeHep» Ha 3Toil ckopoctd (ps - 1,025 T/M° — cm. § 3.1; 11,
- IT,/m? - 9,39 » 252 - 5870 m?)

R =C (pv2/2)Q, =281 10(1,025 - 10,2?/2) - 5870 = 880 xH
1 OYKCHPOBOYHASI MOIITHOCTh

P.,=R -v =880-10,2 - 8980 xBr.

Bropoii cnoco® mnepecuera ¢ Monenu Ha HaTypy pekomengoBaH 15-ii MKOB -
MexryHapoiHO# KOH(pepeHInel ONbITOBBIX OacCeHOB. Y TOUHEHHAs] METOIUKA 3aKII0YAeTCs B
TOM, YTO pa3jciieHue COMPOTHBIICHUS Ha COCTABIISIONINE OCYIIIECTBIISICTCS B COOTBETCTBUU C HX
dbuznueckoit mpuponoii (3.8) M BA3KOCTHOE CONPOTUBJICHHE IEPECUUTHIBACTCA LIETHUKOM C
ucrnojp3oBaHueM BbIpakeHus (3.18). Heocmopumoe TOCTOMHCTBO 3TOr0 MeToja — €ro
TeopeTudeckas 000cHOBaHHOCTh. OIHAKO OH HE HAXOJUT IIMPOKOrO MPUMEHEHUS Ha MPaKTHKe
M3-32 TEXHHYECKOH CIIO)KHOCTH HAaXOXIACHHUS C HEOOXOIUMOW TOYHOCTBIO KO3(duImenTa
bopmer K, a cienoBaTenbHO, U KOG GHUIHEHTA BI3KOCTHOTO COMTPOTUBJICHUS B IIEJIOM.

BeItie ToBOpHIIOCH 0 HEOOXOJAUMOCTH BBITIOTHEHHSI TEOMETPHYECKOTO TTOJ00UST MOJIEITH U
cynHa. OHO JocTUTaeTcs BBEJECHHEM KECTKUX JOMYCKOB Ha Bce pa3Mepsl Mojenu. Kpome Toro,
MOBEPXHOCTh MOJIeH 00pabaThIBaeTCsl TAKMM 00pa3oM, YTOOBI OHA CTaJla TEXHUICCKHU TIIaIKON
(cMm. § 3.3). lns obecnieueHunst Haubosee MOJTHOTO COOTBETCTBUS PEKUMOB 00TEKaHUS MOJIENU U
CyJIHa B HOCOBOH OKOHEYHOCTH MOJICTH YCTAHABIIMBACTCS CIICIUAIBHBIA TYpOyIH3aTOp, Yarie
BCEro TOHKas MPOBOJIOKA, YKPEIJIEHHAs MO MEePUMETPy MEePBOr0 TEOPETUUYECKOrO MIMAHTOYTa.
TypOynuzaTop cmocoOcTByeT Oojiee paHHEMY TNEpexoAy K TYpOyJE€HTHOMY TEUEHUIO B
MOTPAHUYHOM CJI0€, T. €. IUKBUIUPYET BEI3BAHHOE pazNinyreM B yuclax PeitHombaca pa3nuuue B
OTHOCHUTEJILHOM JUIMHE TAaMUHAPHOTO YYacTKa MOTPaHUYHOTO CJ10s (CM. ipumep 3.2).

Jns obecrieueHuss HauOOJBIIEH JOCTOBEPHOCTH pacyeTa COMPOTHBICHUS MO JaHHBIM
WCIIBITAHUN MOJIEIM Pa3Mephl MOCIEIHEN TOJDKHBI OBITh MaKCUMAJIbHO BO3MOXHBIMHU. OHAKO
JUTMHA MOJIEJIM OTpaHUYeHa Kak pa3Mepamu OacceifHa, Tak, MHOT/AA, U TOCTHKUMOUW CKOPOCTHIO
tenexku. [loaToMy mnpu TIaHUPOBAHMM MOJEIBHOIO JKCIEPUMEHTAa MPHUXOIUTCS HUATH HaA
ONPEAEIEHHBI KOMIIPOMHUCC: YBEJIMYMBATH YUCIO Rem U IpU 3TOM HE BBIXOAUTH 3a IPEIEIIbI
BO3MOYKHOCTEH JKCIIEPUMEHTAIBLHON YCTAaHOBKH. OTHM OOCTOATENHCTBOM, B YacCTHOCTH,
oOBsicHsieTCS TOT (hakT, YTO TPHU M3TOTOBICHUU MOJENeld He BCEeraa MNPUACPKUBAIOTCS
CTaHJAPTHBIX MAcCIITA00B — MHOT/IAa OHU MTPUHUMAIOT JOCTATOYHO IK30THUYECKUE 3HAUCHHUS.



4. YcTpoiicTBO H XapaKTEPUCTHUKH ONBITOBBIX 0acceiiHOB
4.1 I'ny00KOBOIHBII ONBLITOBBI acceiin

I'n1y0oxoBoaHBIE onbITOBBIA Oacceiin (puc.4.1) mnpenHasHAyYeH IS MPOBEACHHS
OYKCUPOBOYHBIX M CaMOXOIHBIX HCIBITAHUNA HAJABOJHBIX M IOABOJHBIX MOJENEH CyI0B B
YCIIOBUSX ITYOOKOM BOJIBI U BOJIM3U CBOOOIHOM MOBEPXHOCTH, a TAK)KE JJIs1 UCTIBITAHUIN TPEOHBIX
BUHTOB U M30JIMPOBAHHBIX JIBHKUTEIHHBIX KOMILJIEKCOB.

RpbLINOBCKUA

rocyaapCcTBeHHbINA . -

HAYu4HbIA UEeHTP = ] () | — MonepeyxHoe ceveHne
1 mybokosoaHOro GacceiHa

7

15M-

i

ByKCUpOBOMHAN ByxcuposoyHas BykcupoBoyHan BykcuposoyHas
Tenexka bT-1 (6m/c) Tenexxka bT-2 (18 m/c) Tenexka bT-3 (20 m/c) Tenexxa bT-4 (20 m/c)

yGokoBoAHLINA BacceitH
BW[ CBEPXY

Puc.4.1 - Cxema rimy0OKOBOJIHOTO OIBITOBOTO OacceiiHa

Pa3mepsb1 Gacceiina:
mMpuHa - 15 M,
rryouHa - 7 M,
JuiHA - 1324 M.

O0opynoBanue GacceiiHa MO3BOJISIET OCYIIECTBIATH U3MEPEHHSI CHII HAa MOJIENAX CYIOBOTO
KOpIyca U JIBWJKUTENs, NPOBOAWUTH MCCIEAOBAaHUSA  XapaKTEPUCTUK  HEOJHOPOIHOTO
HECTAllMOHAPHOTO IMPOCTPAHCTBEHHOIO IOTOKA B MECTE pPAcCIOJOXKEHUS JIBUKUTEINIEH,
MOJICIUPOBAaTh HATYpHbIE YCIOBHA OOTEKaHMs KOpIlyca IyTeM HCIOJIb30BaHMUS MOJMMEPHBIX
nobaBok. bacceiiH cocToMT W3 JBYX 4acTei, Kaxkaas M3 KOTOPbIX OCHAIeHa JBYMs
OYKCUPOBOYHBIMHU TEJIEKKAaMH, MO3BOJSIOIMIMMHU HCHBITBIBATE MOJAETH CYIOB JinuHON 110 10
METpoB co cKopocTbio 10 20 wm/c. IlpenenbHas TayOMHAa TOTpPYKEHHs IOABOJAHOM Mojenu
COCTaBIISIET 2 METpA.



Ocnosuas 3a0aua npu ucnvlmarubix - OMNPECACIICHHUE COIMPOTHUBIICHUSA ABMXCHHUIO CYOHA,

UCTIONB3YS TPU ATOM KOHTPOJBHO-U3MEPHUTENBHBI KOMIUIEKC pa3MEIeHHbI HA O0PTY MOAenn
(puc.4.2).

IIpouenypa:
— Mogenp pa3rosseTcs 10 Hy)KHOU CKOPOCTH

— CkopocThb yaepkuBaercs noctosiHHom 6omnee 10 cekyny (nmu 6osiee Bpemenu mpoxoaa 10
JUTMH KOpITyca)

- CpenHue 3HAYCHUS U3MEPEHUN 32 MEPUOJ] ITOCTOSTHHON CKOPOCTH pacCUUThIBalOTCS (puc.4.3).

TENEXKA
H H3M9pﬂ em. I'ndxkue coeqHHeHHA .
T Conporusierne Mogenn RTm e
f CropocThk MOJ@IH H3MepHTeILHBIE .
Ocaaxd HOCOM H KOPMOH THHAMOMETPBI (f
| | ) MOIETb 3 55))

Puc.4.2 - Cxema n3mMepuTeNIbHON ammapaTypsl IPY UCIIBITAHUAX
[Tpu ucnpITaHUSIX, CIEAYET UMETh BBHAY OCOOCHHOCTHU:

*  ConpoTHUBJICHHE MOKET 3HAYUTEIIHO KOJICOAThCSI, 0COOCHHO y MOJIECTICH ¢ MaJIbIM
otHoueHueMm ConporuBjenne/Boaousmeienne 1 O0JbIITUM BOJOU3MEIICHUEM;

* B atoM cinyuae ocpennenne npoBoasT 3a 10 ocumisanuii;

* Heo6xoaumo yOeauThesl, YTO OCIMUIAIIMK HE CBSI3aHbI C TIOSIBJICHUEM YCKOPEHHH Mpu
NBIDKEHUH MOJIENH.

- e
100 __ Cxopocs| 25
140 . - A J ¢ T
o T TN UL VP T N

- I d L V W U VAl ‘ \ E T B

W ¥

% 60 I & 1

% B { 0.5

I |
" _) lr b} 3p Ey T f?o
40 Bpemst [ceKyHab] 05

Puc.4.3 — OcummorpaMMa PE3YJIbTATOB aHAJIM3a CUJI COIPOTUBJICHUA CyJIHA



[IponyabcuBHBIE HCTIBITAHUS.

IMponyabcuBHO yeTaHoBKo# (1Y) Ha3pBalOT KOMILIEKC MEXaHHU3MOB M YCTPOMCTB,
NpeHa3HAYeHHBIN 1711 oOecrieueHus ABwkeHus cyaHa. Cymosas [IY cocTOUT W3 ABUKHUTEINS,
BaJIONIPOBOJIa, TJIABHBIX CYJOBBIX IIEpe/iad, TJIaBHBIX TEIUIOBBIX MM TI'PEOHBIX 3JCKTPUUYCCKUX
neurateneii. Ha cymax mHaxomar mnpumenenue IIY  pasnumusbix  tumoB. HawuGosnbiiee
pacrpoCTpaHEHHE B HACTOSIIEE BPEMs HAXOIAT MPOIMYJdbCHUBHBbIC YCTAHOBKM C TJIaBHBIMU
TEIUIOBBIMM JBUTATEIISIMH.

B olwem ciyuyae komnaexc nponynbCuHblX UCHbIMAHUN BKIIIOYAET CKOPOCTHBIE,
OYKCHpPOBOYHBIE U TSATOBbIE JUHAMOMETpUUECKUE UcnblTanus (puc.4.4).

CKOPOCTHBIM HCIHBITAHUSAM IOJIBEPraroTCsl BCE MOCTPOEHHbIE Cyla. B pesynbTare 3THX
UCTIBITAHUN TOJy4ar0T 3aBUCHUMOCTH CKOPOCTH CyIHA OT YacTOThl BPALICHHUS M MOIIHOCTHU
[JIABHOTO JBUraTeNsl, ONPEACISIOT MAKCUMAJIBHO TOCTHXKUMYIO CKOPOCTh X0/a U Jp.

Bo Bpemst OyKCHpPOBOYHBIX HCIBITAHUH MOTY4al0T 3aBUCUMOCTh COMPOTUBIICHHUS Cy/IHA OT
ero ckopocty. Takue ucnpITaHUs IPOBOJATCS PEAKO, TPEUMYILECTBEHHO JJIS UCCIIEI0BATEIbCKUX
IeJIeH, 9TO CBSI3aHO C MX CIOKHOCTHI0. OCOOEHHO TPYIHO MPOBECTH OYKCHUPOBOYHBIE UCTIHITAHUS
KPYIHBIX OBICTPOXOJHBIX CYIOB B CBSI3M C HEOOXOAMMOCTBIO MOJ00paTh COOTBETCTBYIOIIEE
CYIHO-OYKCHPOBIIHK.

TAroBeIM JUHAMOMETPUUYECKUM HCIBITAHUAM IOJIBEPraloT CyJa, ABHXKUTEIN KOTOPBIX
paboTarT B MIUPOKOM AHMAINIA30HE HArpy30K (Tpayiepbl, OYKCHUPBI, JEIOKOJbI U T.11.). [Tpu 3THx
UCTIBITAHUAX C TIOMOILIbIO AUHAMOMETPA U3MEPSIIOT TATY Ha rake (i OyKkcupa) Ha IIBapTOBHOM
PEeXUME MITH B ITPOIecce OYKCUPOBKY MPH Pa3IMIHON YaCTOTE BPAIICHUS! BUHTOB.

IIpoueaypa « KoHTHHEHTAJBHBIN» WK «Pyccknil MmeToa»:
— Mopaens pa3rossieM 10 TpedyeMoil CKOpOCTH;

— Yucno 060poTOB BUHTA OJOUPACTCS TAKUM, YTOOBI MOJIETIb JBUTAJIaCh CO CKOPOCTBIO

TEJECKKH;
— C HaiiileHHBIMU YHclIaMu 000pOTOB MPOBOANM U3MepeHus 3a 10 cexyHn;
— OcpenHsieM pe3yabTaThl H3MEPEHUH 32 TOT MEPUOI.
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JHHAMOMETP  JIeKTPOMOTOP

Puc.4.4 - Cxema n3mMepuTeNbHON amapaTyphbl IPY UCIIBITAHUAX

IIponyabcuBHBbIC UCTIBITAHUS «BpUTaHCKHHE MeTOA»
* V3mepeHus Te-xe, HO: usmepsaem cuiy noomscueanus!

* Tlpouenypa ucnsitanwmii (British method):



- Mogenp pa3rossiemM A0 Hy*KHOW CKOPOCTH;

- VYcranaBnuBaeM HY>KHOE TOCTOSSHHOE YUCJIO 000POTOB;

- N3mepsiem ycuive MOATSITHBAHUSA;

- HcnpiTanus mpoBOAST ¢ HE MEHEE YeM 3 YHCIaMu 000POTOB;

- 3HaueHus yrnopa, MOMEHTa U 4ncia 000pOTOB V KOPPEKTUPYIOTCS C YIETOM CHIIbI
MOATSTUBAHUS UHTEPIOJISALIUCH.

. [IpeumymiectBa bpuranckoro meroza:
- TouHoe omnpeseneHne CUIIbl NOATATUBAHMUS,
- WcnpiTanus co cnabo ¥ CHIbHOHATPY)KEHHBIMI BUHTAMH,

. Henocratok: TpebyeTcs Ha mOpsiIOK OOJIbIIIe BpeMeHH !

4.2 TuapoauHAMHUYECKHE JIOTKH

I'uapoannaMuveckne JOTKH (puc.4.5) MOCTpOEHBI HA MPHHIUIE OOPAICHHS IBHKCHHS
U TPEJCTaBISAIOT COOOM 3aMKHYTBIE pe3epByapbl B BHJIEC KOJIBLIEBOW TPYObI MEPEMEHHOTO
MIOTIEPEYHOr0 ceueHus. Paboumii y4acTok, B KOTOPOM pAacCIOJIOKEHAa MOJIENb, KaK IPaBUIIO,
coo0mIaeTcs ¢ aTMoCc(epoid.

Puc.4.5 - Cxema ruipoqMHaMHYECKOTI0 JIOTKA

I'maponmnamuuecknii sotok (I'JI) — ruapoanHaMuyeckas 1abopatopusi ¢ oOpalieHHbIM
JBUKEHHEM, NpeJHa3HAuYC€HHas /s MCCIEI0BaHUS OOTEKaHWS Tel MOTOKOM €O CBOOOIHOM
noBepxHocThio. [lpeacraBmsier coboit TpyOy TmepeMeHHOTO ceueHuss B (opme KOJIblia,
YCTaHOBJIEHHOI'O BEPTHKAIbHO. B HMKHEM TOpU30HTAJILHOM KaHajle TPyObl pa3MeIlleH Hacoc,
o0OecrieunBarOIMKi 33JJaHHYI0 CKOPOCTh IIOTOKa Ha paboyem ywacTke. Paboumii yuyacTok
pAacmoJIOkKEH B BEPXHEM TOPU30HTAIBHOM KaHaie ['JI. TaM e HaxoasaTcs MOTOKOHAPABIIIOIIIE
YCTPOMCTBa, CO3Jal0IIKe TeUeHne Ha paboueM ydacTKe ¢ IiIaJikoil cBOOOIHONM MOBEPXHOCTHIO U
paBHOMEpHBIM ToJieM ckopocTei. Pasnmuuator I'JI., y KOTOPHIX CKOPOCTH MOTOKa Ha pabodyem
y4acTKe MEHbIIEe KPUTUYECKOM CKOPOCTH, COOTBETCTBYIOLIEH Hadaly BOJHOOOpPA3OBaHHS IMpPH
naHHOU riyomHe kaHama (mokputuueckue ['J1.), u I'JI. co ckopocThi0 MOTOKA, CYIIECTBEHHO
npesblatomieit kputuueckyto (3akputuueckue I'J1.). Hekotopsie I'JI. 06opynyroT ycrpoiicTBamMu
JUI pEeryJupoBKM JlaBleHUsT Ha pabouem yuactke. Otu [Jl. sBISAIOTCS, MO CYIIECTBY,
THJIPOAMHAMUYECKUMH TPYyOaMu cO CBOOOTHON OBEPXHOCTHIO MIOTOKA B pabOYeM yyacTKe.

OCHOBHbIC JI0CTOMHCTBA TMJIPOJOTKOB — BO3MOXXHOCTb HaOJIIOAEHUS 32 MOAEIbIO
HEOTrpaHUUYEHHOE BpeMsl, Y00CTBO BU3YyaIbHBIX ChEMOK U MPUOOPHBIX U3MEPEHUH, BOZMOKHOCTh
MOBBIIICHNS] TOYHOCTH PETUCTPALlMA M3MEpSEMBIX BeIWYMH. B TO ke Bpems 3aech TpyaHee
TOOUTHCS PaBHOMEPHOCTU MOTOKa U OJHOPOJHOCTH €r0 CTPYKTYpbI, a TaKKe€  HCKIIOYUTH




THJIPABINYECKUN KOHCTPYKIIMM THUIA BOJOCIMBOB B  KOHIE pabodero ydacTka co
CJICAYIOIIMM 32 HUM YKJIOH ¥ BOJHOOOpa3oBaHHE CBOOOIHONW IMOBEPXHOCTH.

Jlnst  ycTpaHEHHsT BOJH TNPUMEHSIOT yIpaBiisieMble KO3BIPHKM B Hayaje pabouero
y4acTKa,  TMOJMOPHbIE y4acTKOM OOJBIION €MKOCTH M JApyrue pemeHus. i BU3yalbHBIX
HaOO/IeHU B paiioHe paboyero yvacTtka paclojOXKEHbl CMOTPOBBIE OKHA, a HAaJ HHUM —
wiatpopMa ¢ HM3MEPHUTEIBHOHN ammaparypoil. Kak mpaBuiio, 3KCIIEPUMEHTHI B TUAPOIOTKAX
JIOTIONTHSIIOT TaHHBIE, MTOJyYCHHBIEC B ONBITOBBIX OacceiiHax.

4.3 AsponuHamiueckasi Tpyoa

AdpoamHamMAYecKasi TPY0A — 3TO TEXHUYECKOE YCTPOHCTBO (puc.4.6), mpeaHa3HAYCHHOE
JUISL MOJEJIMPOBAHMSI BO3ACUCTBUS Cpelbl Ha ABWXKYyIIMecs B Heil Tena. [lpumenenue Tpyo B
a’poJMHaMUKe Oazupyercs Ha NpUHLUINE OOpPaTUMOCTH JBIXKEHUH UM TEOpUM MOA00HS
buznueckux sBaeHU. OObEeKTaMU HCIBITAHUHN B a9pOJMHAMHYECKUX TPyOaxX SIBISIOTCS MOJAEIU
HATYpHBIX JIETAaTENbHBIX aNlapaToB WU HX JJIEMEHTOB (F€OMETPUYECKH MOJO0OHBIE, YNPYro
noI00HbIE, TEPMUYECKH MOJOOHBIE U T.J.), HATYpHbIE OOBEKTHI WJIM UX AJIEMEHTHI, 00pa3ilbl
MarepuayioB (yHOC MaTepHaOB, KAaTAJIUTUYHOCTh TIOBEPXHOCTH U T.A.). McciemoBanue
XapaKTePUCTUK HAJBOJHBIX W TMOJBOJHBIX YAacCTEHl KopIlyca CyIOB MPUXOAMUTCS BBIIOJHITH C
WCIIOJIb30BAaHUEM JyOJIMPOBAHHBIX MOJIENICH, YTO TIO3BOJIAET YIOBJIETBOPUTH YCJIOBHIO
HEMPOTEKAaHUs IO TIOBEPXHOCTH pasleia cpeld. B kadecTBe anbTepHATHUBBI BO3MOXKHO
MCIIOJIb30BAHUE CIIEUATBHOTO YKpaHa, MMUTUPYIOIIETO MOBEPXHOCTH BOJIBI.
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Puc.4.6 - Cxema asponunamuueckoii TpyOsl: 1 - pabounit yuactok, 2 - muddysop,
3 - BEHTWIATOD, 4 - TOBOPOTHBIC KOJICHA, 5 - 00paTHBIN KaHal, 6 - popkamepa,
7 - BRIIPSIMIISIIONIEE YCTPOMCTBO.

AbspoauHamuueckue TpyOs! SBISIOTCS 3 (HEKTUBHBIM CPEACTBOM PELICHHS KaK COOCTBEHHO
aIPOAMHAMUYECKUX 3a7ad CYyIOCTPOEHMs (a’dpoJMHAMHKa HAJACTPOEK M B3JIETHBIX Mayo,
BETPO3AlUTa XOAOBBIX MOCTHKOB, 3aJbIMIIICMOCTh HAICTPOEK, NPOEKTUPOBAHUE CYIOBOM
BEHTHJISILIMH ), TaK U 3a]1a4 TUAPOTUHAMUKHY CY/IHA, HE CBA3aHHBIX C BIMSHUEM BOJIHOOOpa30BaHUs
Ha CBOOO/IHOM MOBEPXHOCTH KUJKOCTHU U ¢ KaBuTauuei. K uncny Takux 3a1a4 OTHOCATCA 33a4u
YIPaBIsEMOCTH HAJBOAHBIX CYAOB, a TAK)KE€ XOJKOCTH MU YIPABISAEMOCTH MOJBOJIHBIX CYI0B U
anmnaparos.

JI71s1 BBIMIOTTHEHUS ATUX UCCIIE0OBAHUH HCTIONB3YeTCS KOMIUIEKC adPOIMHAMHYECKUX TPYO —
Bcero ux mectb. Ho ¢ KaXapIM TrogoM TPOEKTHI CTAHOBSTCS BCE CIIOXKHEE W aMOMIIMO3HEE,



IIO9TOMY M BETPOBBIC HArpy3KH 37€Ch CTPEMATCS yYUTHIBATh Ha Ka4eCTBEHHO 00Jie€ BBICOKOM
ypoBae. Tpu roma Hazax Obula TIOCTPOCHA NPUHUUIMAIBHO HOBas JaHAmagTHAS
a’poMHAMUYecKas Tpyda — equHCTBeHHass B Poccuu um ogHa w3 msatu B mupe. EE riaBHOM
0COOEHHOCTBIO SBISICTCA 3aKpbITasg pabodas yacTb, WMEIOIIAs OOJNbIIHME pa3Mephl — JJIMHA
nopsaka 18 merpoB. 3a Cu€T 3TOro Temepp MOYKHO MOJEIMPOBATH IOTPAHUYHBIA CIION
aTMocdepsl. XapaKTEepUCTHKH PEaTbHOTO BETpa CYIIECTBEHHO MEHSIOTCS C BBICOTOI: KaK €ro
CHJIa, TaK M TYpOYyJEHTHOCTh. B sKcnepuMenTax ¢ co3aaBaeMbIMU KOpaOIsIMH 3TO 003aTelIbHO
HYXXHO MOJIEJIMPOBATh, a OOJBIIMHCTBO a3pOJMHAMUYECKUX TpyO B Poccuu camonérHoro tuma u
HE MOTYT CMOJIEIMPOBaTh norpanuunyto armocdepy. B KpsutoBckom I'HIL Takasi BO3MOKHOCTh
€CTb.

Bropas 0cOOEHHOCTh ATOM YHUKAJIBLHON a3pOJMHAMHYECKOM TPYOBI B TOM, UTO OJiaromaps
IMPOKOH paboyveil YaCcTH UCIBITHIBAIOTCS KPYITHBIE MAKEThl C BHICOKOM CTEIEHBIO JIeTaTH3aIl1H.
B wactHOCTH, 3/1€Ch MPOBOJIWIIN IKCIIEPUMEHTHI C U3BECTHBIM MPOEKTOM 1143, 1 monydyeHHbIe
pe3yNbTaThl COBNAIN C UMEIOIIUMU JaHHBIMHU MPAKTUYECKOUW dKcIuyatauud. MHpIMU ci0BaMu,
BIIOJTHE MOKHO IPOBOJUTH HMCIBITAHHS TIEPCIICKTUBHBIX IPOCKTOB JIFOOOW CI0KHOCTH, B TOM
YUCJI€ HAa HOBOM YPOBHE OMNPEICIATh a’pOAMHAMUYECKHUE XapaKTEPUCTUKU HaJa B3JIETHO-
MOCaJI0YHON maryoo.

4.4 KapuTanmoHHbIe 0ACCEHBI M MCIIBITAHUSA

KaBuranus (oT naT. cavita — mycroTa) — Mpolecc 00pa3oBaHHS U TOCIEAYIOUIETO
CXJIOIIBIBAHUS  IIy3bIPBKOB B IIOTOKE JKHJIKOCTH, COINPOBOXKIAIOIIMKMCSI IIYyMOM U
THJIPaBIMYECKUMU yAapaMu, 00pa3oBaHue B KHUAKOCTHU MOJOCTEH (KaBUTAIIMOHHBIX MY3bIPHKOB,
WU yCTOT), KOTOpBIE MOTYT coJlepkKaTh pa3peKEHHBIN nap.
Ecnu nnomane nonacteil HeOombIIas, TO AaBJICHUE 3[1€Ch MOHUXKAETCA HACTOJBKO, YTO BOJA,
oOTekarolasl JIonacTb, BCKUIIAET, BBIIENSS MY3bIpbKH Napa. MHKpPOCKONHMYECKHUE ITY3bIPbKHU
CIIMBAIOTCS B 0oJiee KPYyMHbIe—KAaBEPHBI, a MPU OUYEHb CHUIBHOM Pa3peKeHUU — B CIUIOUIHYIO
M0JIOCTb, YTO HApPYyILIAe€T HEMPEPBHIBHOCTH MOTOKA. DTO SIBJICHUE U HA3bIBAETCS KaBUTALIUEH.

PasnuyaroT aBe cranuu kaButanuud. Ha mepBoii cTynauu KaBEpHBI HEBENIHMKU U Ha paboTe
BHHTA MPAKTUYECKU HE CKa3bIBAIOTCS. OJJHAKO My3bIPbKH, JIOMAsACh, CO3/1al0T OTPOMHBIE MECTHBIE
JMAaBJICHHS, OTYEro IOBEPXHOCTh JIOMACTU BbIKpammBaercsa. [lpu nmnuTenvHOl pabote
KaBUTHUPYIOILIET0 BUHTA TaKKE SPO3UOHHBIE Pa3pyIICHUs MOTYT ObITh HACTOJIBKO 3HAUUTEIbHBIMU,
410 3¢ (HEeKTUBHOCTH BUHTA CHU3UTCS. [IpH manmpHeiieM MoBbIIEHUU CKOPOCTH HACTYTIAeT BTOpast
ctaaus kaButauuu. CIUlOIIHas MOJOCTh 3aXBaThIBAET BCIO JIONACTD U J1aXK€ MOXKET 3aMbIKaThCS 3a
ee mpenenaMu. Pa3BuBaeMblii BUHTOM YIOp TaJaeT H3-3a PE3KOr0 YBEIHUYEHHUs JO0OOBOTO
COIPOTHUBIICHUS U UCKAXXEHUS (DOPMBI JIOMACTEH.

Kapuranuio BUHTa MOXHO OOHapyX HUTh MO TOMY, YTO CKOPOCTb JIOJIKH TMEPECTaeT pacTH,
HECMOTpsl Ha JalibHEeillee MOBBIICHHE 4ucia 000pOTOB; I'peOHOM BUHT NIpU ITOM H3JAET
cnenupuyecKuil ryMm, Ha KOpITycC repenaercss BuOpalus, JIoAKa ABHKETCS CKauKaMH.

MOMEHT HACTYIUICHUs] KaBUTAIlMM 3aBUCUT HE TOJBKO OT Yuciia 000pOTOB, HO U OT psiaa
JIpYTUX XapakTepucTuk. Tak, yeM MeHbIe IIOmab JionacTe, Ooblle TONIMHA UX MPOQUIIS,
OMKe K BaTEPIMHUU PACIIONOKEH BUHT, TEM IIPU MEHbBIIIEH 4acTOTE BPAIICHHUS, T. €. «PAHbLIE»,
HacTymnaeT kaBuTauus. [losiBlIeHHI0O KaBUTAlMK CIIOCOOCTBYIOT TakykKe OOJBIION yrojl HakjiIOHA
rpebHoro Baja, 1eeKThl JIonacTeil — nu3ru0, HeKayecTBEHHas! IOBEPXHOCTD.

¢ HasnaueHue UCIIBITAHUM:

- [Iporno3upoBanue OYITANIOTION 3PO3UH
- BnusgHue kaBuTanuu Ha K.I1.]1.

- Bubpanus u mrym



¢ Turbl UCTIBITAHUH:

- Habmonenue (BU3yaibHO)

- N3mepenue mynbcanuy JaBieHUS

- N3mepenue myma

- N3MepeHne KaBOTaHOILIPH APO3UU

v' SIBjleHHe KABHTAIMH, BOSHUKAIOIIEH [IPU 0OTEKAHUHU T€J ¢ OOIBIIUMH CKOPOCTAMH,
UCCJIEYIOT Ha MOJIEJISIX B KABUTAIIMOHHBIX TPyOax M KaBUTAIIMOHHBIX OacceiiHax.

v" Heo0X0AMMOCTh TaKUX MCCIIEIOBAHUN HanOoJIee aKTyalbHa JUls TPEOHBIX BUHTOB,
MOJBOJIHBIX KPBUIBEB M X KPOHIITEHHOB, PA3IUYHBIX O0TEKATENEH U BHICTYHAIOIINX
YacTEH.

KaBuranmonnblie 0acceliHbl - 3TO KOMIUIEKCHI, NpeIHA3HAUYEHHbIE Ui OIpEACICHUS
THJIPOAMHAMUYECKUX, aKyCTUYECKUX XapaKTEPUCTHK CIIELHATIbHBIX U OOBIYHBIX IPEOHBIX BUHTOB
B CBOOOJIHOW BOJE M 3a KOPILyCOM MOJIENU CYJHA, a TaKKe XapaKTEePUCTHK KaBUTALIMOHHBIX
Te4YeHUH Npu 00TeKaHUH CKOPOCTHBIX M3AEIHHA U UX 3J1eMEeHTOB (puc.4.7).

Cotosbii PaGouwin  Mogens Ban rpebHoro DneKTpuYecKuiA AsuraTens
suinpamuTens Lllaxta  yqacTtok rpebHOro BUHTa BUHTA MoAenu rpebHoro BuHTa

KpeinoscKkmi
rocyAapCcTBeHHbIR
HAYMHBIA UeHTD

”

lMoBOpOTHLIE NmMmnennepHoin Kopnyc lNoBOpPOTHLIE SnekTpuHecKuin
nonarku KOMMNEKC TPYOb! nonarku asurarens umnesepa

Puc.4.7 - Cxema KkaBUTALIMOHHOTO OIIBITOBOroO OacceiHa

Jnametpsl pabounx ydacTkoB TpyO coctaisitot oT 0,3 10 1,3 M, ckopocTH oToka —
ot 10 o 30 m/c.

HpOBeI[eHI/IC KaBUTALIMOHHBIX MCIIBITaHUII:

1. Ha3nauaeTcst cKOpoCThb MOTOKA B paboueli YacT KaBUTAIMOHHOW TPYOBI,
COOTBETCTBYIOIIAs BHIOPAaHHONW OTHOCUTEIHLHOM MOCTYIH , J.

2. YcraHaBiIMBaeM MOJENb KOPMBI M 3aMepsieM I0JIe CKOPOCTEH B AMCKE BUHTA,

3. VYcranaBiuBaeM MOACJIb BUHTA,



4. TIlpu atmMocdhepHOM NIaBIICHUH B TPYOE peryiaupyercs Ju0o 4uciao 000poToB, TMO0
CKOPOCTh TIOTOKA, MOKa KO (HUIIMEHT MOMEHTA HE CTaHET PaBHBIM MOJIYYCHHOMY MPH
MMPOIMYJIbCUBHBIX UCIIBITAHUAX.

5. ToanepxuBas MOCTOSTHHBIMUA CKOPOCTB TIOTOKA U YUCIIO 000POTOB, YMEHbBIIAEM
JlaBJIEHUE B TPyOe 10 HY)KHOT'O 3HaU€HHsI YKClia KaBUTaLUU.

6. IIpoBomum Bce uaMepeHus u GUKCUpyeM pe3yabTaThl (IpUMEp MPHUBEICH Ha pUC.4.8).

[Tose ckopocren
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Puc.4.8 - Pe3ynbpTaTsl KaBUTAlMOHHBIX UCIIBITAHUN KOPMOBOM YacTH KOpITyca

W3mepsieMble mapaMeTpsl U anmnaparypa:

*  Uucno 060pOTOB: TaXOMETPOM
Ynop
Mowment

* (Craruueckoe gaBieHue B TpyOe: JlaTIMKOM CTaTHYECKOTO TaBIICHUS

*  CkopocTts Bojibl B TpyOe: TpyOkoit [Tuto-IIpanatist B 5 cM OT cTeHKH TpyOsI B pabouem
y4acTKe

Jist u3MepeHus myabcaruil 1aBIeHus:
- JlaTynkamu aBiieHUd Ha MOJEIH KOPMBI (OOBIYHO 6-18 MaTYMKOB B pa3HBIX MECTaXx)
Jlist u3MepeHust ryma BUHTOB:

- [lIupoxomonocHsI THAPOGOH
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Puc.4.9 - Pasmernenne MoIeny U cXeMa IOAKIIOYEHNUS JaTYNKOB

4.5 IlupkyJsIMOHHbIE U IITOPMOBBIE acceiiHbI

OnbITOBBIE 0ACCEHHBI C POMAMUEHBIMU YCMAHOBKAMYU CILY’)KaT Ul MOJEIUPOBAHMS
JBWKECHHSI CyIHAa II0 KPHUBOJMHEWHOM TPAaeKTOPUH, 4Yalle BCEr0 — HA YCTAaHOBUBILIEHCSA
nupKyasuuu. OHU UMEIOT Yallly KpyTJIoi WK NpsMOYTOIbHOMU B Iu1aHe (POPMBI, B LIEHTPE KOTOPOM
PacIoJI0KeHa KOJIOHHA — OII0PAa POTaTUBHOM YCTAHOBKH.

Cama ycTaHOBKa MpEACTaBIseT co00i (GepMy, OMUPAIOIIYIOCS HA IEHTPAIbHYIO OMOpY U
penbebl o nepudepun Oacceitna (puc.4.10). ITo depme mepemerniaercss Tenekka, K KOTOPOH
KpEnmuTCs MOJIeNb M U3MepUTENbHas anmnaparypa. J{is yMeHbIIeHHs] CKOPOCTH [UPKYIISIIIUHA BOIBI
B OacceiiHe, BBI3BAaHHOW IBMKEHHEM MOJENW, Ha THE M CTEHKax OacceifHa pacroiaraior
paawanbHble W BEpPTHKAIbHBIE peOpa - TuracTuHBL. JIJIg TamieHWs BOJH YCTaHABIIMBACTCS
BOJIHOTACHUTEb.

OCHOBHBIMU 3aga4aMi, pe€uia€MbiMU B HITOPMOBBIX ﬁacceﬁﬂax, SABJIAIOTCA OIPECACIICHUC
COIIPOTUBJICHHUA BOJbI B YCJIOBHUAX BETpa W BOJHCHUA, HCCICAOBAHUC KAa4YKH, 3aJIMBACMOCTH,
CJICMHHTI'A. OTI'0JICHUSA rpe6H0ro BHHTA, B3aMMOJCHCTBUS BHHTA C KOpmmycoM, IIPOBCPKa
3(1)(1)CKTI/IBHOCTI/I yCHOKOHTeHeﬁ Ka4KH, HCCIICAOBAHUC HaHp&I)KCHI/Iﬁ B KOPITYCC 1 €TO0 OTACIIbHBIX
KOHCTPYKIHAX, 0Tpa60T1<a A9POAUMHAMUYCCKUX (bOpM HaACTPOCK U Jp.

Kak mpaBuiio, Bcs u3mepuTenbHas anmnapaTypa HaXouTcsl Ha OOpTYy MCTIBITYEMOM MoJIenu U
BKJIIOUAET B ce0sl M3MepuTeNnu KpeHa, AuddepeHta U KypcoBOIro Yriia, YrJIOBBIX CKOPOCTEH U
JUHEHHBIX YCKOPEHMM, NaTYUKU HamnpssKeHUN U Jedopmanuii B Kopllyce, TUHAMOMETPBI U
TOPCUOMETPBI, OCIIIIIOrpadbl U 3aMKChIBAIONIYI0 anmnapaTypy. COOTBETCTBYIOLIME MapaMeTphl
BETPA U BOJIHEHUS PETUCTPUPYIOTCS CTAllMOHAPHBIMU MTPUOOPAMHU.
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MNosopoTHO-ByKCHPOBOYHOE
YCTPOWCTBO Crpenalby

Bonxoracurenu Potatmexasn Bonxnoracurenu Yaiua Gacceitva
no paauycy bacceiHa ycTaHoBxa no paguycy oCTpoBa

Puc.4.10 - Cxema nUpKyJISAIUOHHOTO OacceiiHa

TUNoOBOH MUPKYJISIMOHHBINA 0aCCEH MpeHa3HAYCH JIJIS SKCIIEPUMEHTAIILHOTO OTIPEICIICHUS
TUAPOIMHAMUYECKMX XapaKTePUCTUK MoJelel Kopabield u CyqoB MpU KPUBOJIUHEHHOM
JIBUOKEHUH, a TaKKe JUIsl OUEHKM THUIPOAMHAMHYECKHUX XAPAKTEPUCTHUK CPEICTB YIPaBICHUS
JBHIKCHHUEM.

XapakTepucTuKU OacceifHa:
o Jlnamerp — 70 wm;
e [I'mybuna — 6,7 m.

o Jluneitnbie ckopoctn OykcupoBku Mojeneit ot 0,3 1o 50 M/c mocTuraroTes 3a cueT
HaJIn4us B 6acceiiHe ABYX cucTeM OYKCHPOBKH:

e JIByxomopHo#i (hepMbl C IEpEeMeENIaeMoil o pagnycy KaOMHOW — CKOpOCTH 110 15 M/c;

e OMHOONIOPHOW KPBUIOBUIHOM CTPENbI ¢ (PUKCUPOBAHHBIMH TOUKAMH JIJISI KPETUICHUS
MoJ1ei — cKkopocTH 10 50 m/c.

Bacceiin ocHaieH ob6opyioBaHreM, HEOOXOIUMBIM IS ONIPEIeIICHUS THIPOANHAMHYECKUX
XapaKTEPUCTHK BCEX TUIIOB CY/I0B, OYKCUPYEMBIX CUCTEM U CIIEUATbHBIX O0BEKTOB, & TAKKE JUIS
(U3UUIEeCKOro MO/IETMPOBAHUS MX TIOBEJCHUS B OCHOBHBIX AKCIUTyaTaIllHOHHBIX PEKUMAX.

4.6 MopexoaHblii 6acceiiH

Mopexonnsie Oaccerinbl (puc.4.11) mpegHazHaueHbI AJIS ONPEICICHHS BO3JIEHCTBHS
NIPUPOIHOTO BOJHEHUS, TCUCHHUS U BETPA, B TOM YHCJIE PETYISIPHOTO W HEPETYIISIPHOTO BOTHEHHS
Ha cyJia, KopalJir, MOPCKUE U TOPTOBBIE COOPYKEHUS, BKITFOUAs X COBMECTHYIO dKCILTyaTaIHIo,
aTakkKe JUIS OINPENEICHHUS BOJHOBBIX M3THOAIOIINX MOMEHTOB U NEPEPe3bIBAIOIINX CHIT
Ha BOJIHEHUH C UCTIOJIb30BaHUEM «Pa3pe3HBIX» MOJIETICH Cy/I0B.
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Puc.4.11 - CxeMa u ycTpoOHCTBO MOPEXOHOTO Oacceiina

OO0mue pa3mepsl yamu 0acceiiHa:
e juuHa — 161 m;
* mmpuHa — 20 M.
I'ny0oxoBOIHAS YACTh:
e mHa — 89 Mm;
*  riybuna — 4 m;
*  CKOpOCTb TeNnexxkn — 3,5 M/c (Ha Bcelt uinHe — 5,5 m/c).
MekoBoaHAsS YACTh:
e JumHA — 72 M;
e riayoumna — 0,2-1,5 m;
*  CKOPOCTb TENEKKH — 2,5 M/C;
* Pa3mepsl BOJH:
minHa — 1,5-8,0 Mm;
BeIicoTa — 10 0,3 M.

4.7 MaHeBpeHHO-MOPEXOAHBbIH 0acceiiH

Manespenno-mopexoouvie 6accetinvl  (puc.4.12) mpenHasHaueHBbl IS ONpPEICICHUS
THIPOAMHAMUYECKUX XapaKTEPUCTUK MOJICIIEH CYI0B JITMHON 10 3 M, a TakxkKe JUIs (PU3UIECKOTO
MOJICIIMPOBAHUS JIBUKCHUS ¥ JTUHAMHYECKOTO TIO3MIIMOHUPOBAHUS CYJIOB Ha TUXOH BOJC
U B YCIIOBHSIX BOJHEHHS C IIOMOIIBIO aBTOHOMHBIX CAMOXOIHBIX PaHOYIIPABIIIEMBIX MOJIEIICH.



KpblinoBCcxruA
rocynapcrseHHbIn
HaY4YHbIW LUeHTP

MaxcumansHbiid paguyc
WUCnbiTanus moaeneit (8 M)

BonHonpoaykrop Manas poratueHas yctasoska (MPY) Bonxoracurenu

Puc.4.12 - Cxema u ycTpoiiCTBO MaHEBPEHHO-MOPEXOIHOTO OacceitHa
XapakTepHucTuku Oacceifna:

e Jlmmaa — 35 Mm;
e Illupuna — 22 m;
e I'myObmna — 3 M.
Bacceitn ocHamieH Manoi poTaTHBHOM ycTaHOBKOH (pamuyc OykcupoBku 0—8 M, CKOPOCTH
JI0 5 M/C) ¥ BOJHOIPOAYKTOPOM IIUTOBOTO THIA, OOECIIEUMBAIONIIUM CO3/AaHUE HEPETYISIPHOTO
BOJIHCHUS C 33JIaHHBIM JHEPreTHYeCKUM CrekTpoM (Beicota BoyHBI o 0,15 M), a takxke
CHelHalbHBIMM CTEHAAMU Ul ONpPEeNIeHHs] CTAaTHYECKUX XapaKTePUCTUK CY/I0B Ha BO3AYIIHOM
MOYIIKE W UCTIBITAHUN MOJIETIEH criacaTelbHBIX IIUTIOMOK CBOOOIHOTO MaJCHHUS.
B GacceitHe mpoBoAATCS HCIIBITAHUS Mojieu ¢ (PUKCUPOBAHHBIM YTIIOM Jipeida:
* Mopnens 6ykcupyercs B 6acceiiHe ¢ GUKCUPOBAHHBIM YIJIOM Jipeiida
* Mopenb 1100 KECTKO 3aKperIsieTcs, TM00 MOXKET CBOOOHO HAKPEHATHCS
* H3mepsieM CUIIbI U MOMEHTHI, IEHCTBYIOIINE HA MOJIENb
*  OnbITH MOBTOPSIOT JUISl HECKOJBKUX YIJIOB Jpeiida n ckopocTeil 0yKCUpPOBKH

BapuanTsl: - [IoBTOpsieM IIpu HECKOJIBKUX YIJIaX MEPEKIaaKH pyis

TpeGoBanus K MAaHEeBPEHHBIM XapaKTePUCTHKAM:
1 IToBOPOTIUBOCTS.

[Ipu BbIMONHEHUN MaHEBPa Ha LUPKYIISILIMIO BBIIBUT HE JOJDKEH MPEBBIIIATH
4,5 nnuu cynna (L), a Taktryeckuii auametp - 5 iun cynHa (L).



2 HavanbHas MOBOPOTIUBOCTb.

[Tpu yrne nepexianku pyns Ha 10° Ha NeBbI/IpaBeii OOPT CYAHO HE JOKHO MPOXOIUTH
6onee 2,5 nnuu (L) 3a Bpems, B TE€YEHHUE KOTOPOrOo OHO OTKJIOHMUTCS Ha 10° oT cBoero
MIEPBOHAYAIILHOTO HAMPABJICHHUSI IBHKCHUSI.

3 PBICKJIMBOCTh U YCTOMYMBOCTh Ha KypCe.

3.1 BennuunHa nepBoro yria 3apbICKUBaHHS IPU UCTIBITAaHUAX Ha 3ur3ar 10°/10° He nomkna
MPEBbIIIATH:
10°, eciu oraomenue L/V menee 10 c;

20°, eciu otHowenue L/V cocrasaser 30 ¢ unu Oonee;
(5+L/2V)°, ecu otHOmIeHHUe L/V cocraBusercs 10 ¢ u 6onee, Ho MeHee 30 c.

3.2 BenuuyHa BTOPOTO yIiia 3aphbICKUBAHMS IPU HCTIBITAaHUAX Ha 3ursar 10%10° ue momkHa
IPEBbIILIATH:
25°, eciu otHowenue L/V menee 10 c;

40°, eciin otHowenue L/V cocrasuser 30 ¢ unu Oonee;
(17,5+0,75 L/V)°, eciu otnomienne L/V cocrasnser 10 ¢ u 6onee, Ho meHee 30 c.

3.3 BenuumnHa nepBoro yria 3apbICKUBaHMsI IPU UCTIBITAaHUSX Ha 3ur3ar 20°/20° He 1omKHA
npeBbIaTh 25°.

4 TopMO3HbIE XapaKTEPUCTUKH.

TopMoO3HOI ITyTh MPH MPOBEICHUN UCIBITAHUN HAa TOPMOKEHHE C TIOMOIIbIO TOJTHOTO X012
Ha3aJ He JTOJDKEeH npeBbimath 15 amuH (L) cyana. s cy1oB 601bIIOT0 BOIOM3MEIICHHS Ta
BEJIMYMHA MOKET ObITh H3MEHEHA 10 COTNIacoBaHUIO ¢ Peructpom.
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