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BBEJIEHUE

Hacrosimmas pabota Bo3HUKIa Kak 000OIIEHHE psAa UCCIECTOBAHUNA pealbHbBIX
TUJIPaBIMYECKUX CUCTEM M PAacUETOB NMPAKTUYECKUX 337ad B Pa3IM4HbIX 001aCTAX
HANIOPHOM TPYOOIIPOBOJHON THJIPABIMKH, TPOBOJUMBIX aBTOpoM ¢ 1969 rona u mo
HACTOSAIIEE BPEMS.

WccnenoBaHust TUAPABIMYECKOTO yaapa B  CIOXKHBIX T'MIPaBIMYECKUX
cucTemMax OblIM MHULMUPOBAHHBI B 1969 rony B pamMkax paboThl O MOJETHUPOBAHUS
cyponogbéMHuka KpacHosipckoit ['DC, mnpoBoaumol 1o  PyKOBOIACTBOM
npodeccopa (Brmocnencteun — akagaemuka) O.d.BacunbeBa. CHUIOBOM YCTaHOBKOM,
OCYLIECTBISIEMON  NEpEMELIEHHE  CYIONOJbEMHHKA, SBISICA  YHUKAJIbHBIN
runpornpusol. Konebanus naBiaeHus (TMAPaBIMYECKUN ynap) B THAPOIPHUBOJE,
BOZHHUKAIOIMNA NP TOPMOKEHHH W YCKOPEHHM [BMKECHHS CYAONOABEMHHUKA, a
TaKK€ IPU BO3MOXKHBIX aBAPUIHBIX CHUTyalUsX, BECbMa HWHTEPECOBAIU
IPOEKTUPOBILUKOB, TOCKOJIbKY ObUIM KpailHe BaKHbI JJIs1 JOCTHMIKEHMS HAAEKHON 1
YCTOHYHMBOM pabOTHI CyJOTIOAbEMHHUKA.

CrnenyromuM OonbIIMM OOBEKTOM HCCIEOBAHUS ObUIM TEIUIOBBIE CETH
r. HoBocubupcka. Pa6otsr mpoBogmiuce B 1976 — 1980 romax B HoBocubupckom
UH)XEHEPHO-CTpouTeslbHOM HMHCTUTYTE (HbIHE — HI'ACY) moxa oOumm HaydHbIM
pykoBoacTBoM npodeccopa O.d.Bacunsesa. MccnenoBanus BKIOYAIU B ce0sl Kak
TEOPETHUYECKHI aHAIM3 W YHCIEHHBIE pPACUEThl, TaK M IPOBEJCHHUE HATYPHBIX
HKCIEPUMEHTOB Ha JCHCTBYIOIIUX TEIUIOBBIX CeTSAX. OTMETUM, YTO pPE3YyJIbTaTbl
DKCIIEPUMEHTOB IMOKA3aJd JOCTATOYHO BBICOKYIO CTEINEHb COIJACOBAaHUSA C
pe3ynbTaTaMM pacyeToB M, TEM CaMbIM, MOATBEPAWIM JOCTOBEPHOCTh U
HaAE)KHOCTh KaK IMPUMEHSEMbIX MaTEMaTUUECKUX MOJENIEH, TaK U METOIMK pacyeTa.

HakomnienHbiii onbIT ObLT KCIONB30BaH B pas3iU4YHbIE TOJbl MPU pacdeTax
JIPYTUX TUAPONPUBOAOB — THIPOIPHUBOJA MALIUHBI JJIs JIMThS MOJ JaBICHHUEM
(3aBon «CubnuTMAID)), THAPONPUBOIOB ABUALIMOHHBIX HCIBITATENIbHBIX CTEH[IOB;
JUIS pacu€TOB Pa3IMYHOIO BUJA TPYOOIPOBOAHBIX CUCTEM: BOJIOBOJA «AMY-Jlaphs —

3apaBilian», HAMOPHBIX OPOCHUTENBHBIX CETEH, TEXHOJOTMYECKHX TPyOOIpOBOJIOB
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ADC. IlpoBogmnuch pacyeTbl pa3IUYHbIX JOCTATOYHO CHEUM(PHUECKUX 3aaay:
IpoLEeCC TaMIOHAXXKa CKBAKUHBI, aBApUUHBIE CHUTyallMd B IOJBOJHOM JIFOKEpE
BO/IOCHA0KEHUS, B KAaHAIM3ALMOHHBIN KOJUIEKTOPE, U JIp.

PaccMoTpeHue  BBINICTIEPEUMCIICHHBIX  MPAKTUYECKUX 3a4ad  TpeOoBao
pelIeHusl psjla TEOPETUYECKUX BOMNPOCOB M Pa3iIMUYHBIX pa3paboTOK B oOiacTu
IPUMEHSEMBIX YHCIEHHBIX METOAOB. B 4acTHOCTH, OBLIO pPAacCMOTPEHO SBIIEHUE
pa3pbiBa CIUIOIIHOCTH TMOTOKa MpU THIPaBIMYECKOM yaape. bbul paspaboran
NOJXOJ, ONUPAIOIIMNCA Ha MPUMEHEHHE MOJENEH C COCPEeIOTOYEHHBIMU
napaMeTpamH, 4TO MO3BOJISET OPTaHNU30BaTh OBICTPHIN CUET. [lnarpamma pemaeMbIx
aBTOPOM TMPAKTUYECKHX 3aJa4 U TEOPETUYECKUX pa3pabOTOK MpeAcTaBieHa

cxemMaTH4ecku Ha pucyHke B.1.

r'maponpusop
cyaonoaobeMHHUKa

FacHerh] PasBuTHE TEOPHUH H
HORBPEVHbIx MeToAoOB pacyeTa
rmapocucrem

- PaspbiB
- maponpusoabl CNJIOLUHOCTH
- Bogosoabl noTokKa
- HanopHble - Mapo-
OpOCHUTEe/IbHble CeTH WHAKOCTHbIE
- Tennoeble ceTH TeYyeHHun
- A3C - MogenuposaHue
- leMeHTHpOoBaHHe CPIl npn
CKBaYHH nomowu CCI
- Ookep - IMuTauMoHHOe
- KaHanusauMOHHBIH MoaAenuMposaHve

KOJINIeKTop
- «Tpy6a B TpyGe»

Pucynok B.1. Cxema pa3zButus paboT 1o rUpaBIndeCcKOMY yIapy B CIOXKHBIX
ruapocucteMax ¢ 1969 roga no Hacrosiniee Bpemst
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AKTYaJbHOCTh ¥ BaXXHOCTh TEMbI pabOThl OOYCIIOBIE€HA YpE3BbIYAWHOI
pacmpoCTPaHEHHOCTHI0O U Pa3HOOOpa3ueM HAMOPHBIX TPYOOIPOBOJHBIX CHCTEM.
BononpoBoaHble U TEMIOBBIE CETH, MarucTpalbHbIE TPYyOONPOBOJABI PA3IUYHOIO
HA3HAYEHUsI, TUAPONPUBOABI MAallMH M MEXAHU3MOB, CHUCTEMBbI MOJAa4Yd TOILIMBA,
He(TENpoBOAbl U MPOAYKTONPOBOABI, M JaXe KPOBEHOCHYIO CHCTEMY MOXKHO
OTHECTH K 00BEKTaM TaKOro poja.

HamopHubie TpyOONpoOBOJHBIE CHUCTEMBI SBISIOTCS BaXXHOM YacThIO MHOTHUX
TMAPOTEXHUYECKUX COOPYKCHHUM, CTPOUTENBHBIX MAaIlUH U MEXaHU3MOB, U JIPYTUX
00BEKTOB B MAIIMHOCTPOCHUU U TeXHHUKE. B cocTaB TpyOOMpPOBOAHBIX CHUCTEM, KaK
PaBUJIO, BXOIAT HAacOChl U HCIIOJHHUTENIbHBIE YCTPOMCTBA, KiamaHbl PazIuYHBIX
BUJIOB, (DUIIBTPBI, KOMIIEHCATOPHI U ApyTras rUapoanmaparypa.

OTBETCTBEHHOCTh 3a/1a4, CBSI3aHHBIX C TPYOOMPOBOAHBIMH CHCTEMaMH,
OPEIBbSABIAIOT OCOOble TpeboBaHMs K UX HaaexkHocTd. OT NpaBWIBHOTO U
HaJC)KHOTO (PYHKIIMOHUPOBAHUSI TPYOOIPOBOAHOW CHUCTEMBI BO MHOI'OM 3aBHCHUT
0e30macHOCTh OOBEKTa, HAa KOTOPOM OHHM YCTaHOBJIEHBL. [[ns mpaBHIBHOTO
IIPOCKTUPOBAHMUS M OLEHKH MapaMeTpOB TUAPABIMYECKONW 3HAHUE HE TOJBKO
CTaTUYECKUX, HO U JUHAMUYECKHUX XAPAaKTEPUCTHUK Mpouecca Jid BCEro Auana3oHa
IITaTHBIX ¥ HEIUTATHBIX (B TOM YUCIIE U aBAPUMHBIX) CUTYyaLlUH.

HccnenoBanus nepexoqHbIX MPOLECCOB B TPYyOONPOBOIHBIX CUCTEMAX UMEIOT
OOJBIIYI0 BaXXHOCTh M AaKTyaJIbHOCTb, MOCKOJBbKY OHH CBSI3aHBI C BONPOCAMH
o0OecrieyeHns  3alIUThl  TPyOONpPOBOJOB CETM U TUAPOOOOpPYHOBaHUSA  OT
NOBBIIICHHBIX AABICHUI XUAKOCTH (IMApaBIMyecKux yzaapos). Hecmorps Ha ToO,
YTO U3YYEHHEM NEPEXOAHBIX MPOLIECCOB U B YACTHOCTH, MMAPABINYECKUX YAAPOB,
3aHUMAIOTCSl JaBHO, HEJIb3sl B HACTOSLIEE BpEMsl HENb3s CUMTATh 3Ty IMpoliemy
NOJIHOCTBIO pelIeHHOW. J[0 CuX MOp B MPAKTHUKE 3KCIUTyaTalud TPYOONpPOBOIHBIX
CUCTEM MMEKT MECTO pPa3IM4HOr0 BHJIA OTKa3bl M aBAPUNHBIE CHUTYyallUH,
BBI3BAHHBIE THIPABIMYECKUMHU YyAAPAMH, YTO CHHXKACT B LEJIOM HAaJECKHOCTh
paboTHI.

Hamnune B HacToAImMEeSC BpPEMsda HCEPCHICHHLBIX BOIIPOCOB, CBA3AHHBIX C



NEPEXOIHBIMU MPOLIECCAMU, MOXKET OBITh OOBSACHEHO PSAAOM MPUUHUH.

Bo-nepBbiX, 3TO CBf3aHO C YHHKAJIbHOCTHIO OOBEKTOB M CJIOXHOCTBIO HX
CTPYKTYypbl. Takue coopyx eHus, Kak, HampuMep, CHUCTEMbl TEXHOJOTUYECKUX
TpyOOIIPOBOJIOB aTOMHBIX 3JIEKTPOCTAHIUMHN, WM THIPONPHUBOJ KPACHOSIPCKOTO
CYJIONOIbEMHHKA SIBJISIIOTCS YHUKAJIbHBIMM M BECbMa CJIOKHBIMHU OOBEKTaMH,
KOTOpblE TpeOYIOT CHEIUaIbHOTO PACCMOTPEHUS C Y4YeTOM Bceil creuuduxu
oOBeKTa.

Bo-BTOphIX, H3yuyeHHWE 3aKOHOMEPHOCTEW TMEPEeXOAHBIX IMPOIECCOB B
JEHCTBYIOIUX TPYOOIPOBOAHBIX CUCTEMAaxX HATAJKUBAETCA Ha OOJIbILINE TPYIHOCTH,
CBSI3aHHBIE C OTCYTCTBHEM BCEW HEOOXOIMMOH AJii MPOBEACHUS TAKUX PacuyeToB
uHpopmarmu. HecMoTps Ha 3HA4YMTENIbHOE KOJIMYECTBO pPabOT, MOCBSLIEHHBIX
UCCJIEJOBAaHUIO HEYCTAHOBUBIIUXCS TEUYEHUH IKUAKOCTH B TPYOONPOBOIHBIX
CHUCTEMax, MpaKTUKa OHKCIUTyaTallud TPYyOONPOBOJHBIX CHCTEM B COBPEMEHHBIX
YCIIOBUSIX CTaBUT HOBBIE THUIPOJMHAMHUYECKHE 3aJlay, MPHU3BAHHbIE 00ECIEUUThH
HAJEKHYIO SKCIUTYaTallli0 CUCTEMBI ITPU MIEPEMEHHBIX THAPABIMYECKUX PEKUMAX.

IIporpaMMbI U TPaHThbI, B COOTBETCTBUH C KOTOPHIMU BBINOJIHSIIACH padoTa:

1) Koopmunanmonnsiit mnan Ha [981-1985 rr. BakHeimmx paboT By30B 10O
PEUICHUI0 HAyYHO-TEXHMYECKMX MpobjeM B  00JIACTU THAPOTEXHUYECKOIO
CTpOUTENBLCTBA: pazaen "DHepretudeckoe obopynoanue’ (Ne mpobmemst 0.01.05 -
nporpamma ytBepxkaeHa [locranoBnennem ['K CCCP mno Hayke U TEXHUKE U
[N'ocrutanom CCCP Ne 472/248 o1 12.12.1980 1.),

2) [lepcniekTuBHBIN  IUIAH COBMECTHBIX  HCCJIEIOBaHHUMN BY30B
r.Hosocubupcka ¢ CO AH CCCP na I98I-1985 rr. (yTBepkiIeHa akaJaeMHUKOM
I'.1.Mapuykom u ui.-kopp. AH CCCP 10.1.bopoaunsim).

3) I'pant Ne 98-21-3.3-150 MunuctepctBa Briciiero oopazoBanus (1998),
PYKOBOJUTEIIb.

4) 3ajaHe MUHHCTEPCTBA Ha TMPOBEACHUE HAYYHBIX HCCIEIOBaAaHUMN
(E3H); Ne rocynapctBennoit peructpanuu 01.200.108863; «Martemartnyeckoe

MOACIUPOBAHNEC THAPABIMYCCKOIO Yyaapa, COIPOBOXIAAIOMICTOCS KaBHTaHI/Ieﬁ



notoka xunkoctuy; HoBocubupck, 01.01.2001 — 31.12.2002; pykoBOIUTENb.

5) 3ajmanne MuHHCTEpCTBA Ha MPOBEJEHUE HAYYHBIX HCCIEIOBAHUI
(E3H); 01.01.2006 —31.12.2006;

6) I'pant mo nporpamme «CTpoHUTENBLCTBOY, paszaen 3, HanpasieHue 3.03;
[[ndp rpanta: Ne 98-21-3.3-150; «MIMuTallMOHHOE MOJIEIMPOBAHUE YIPABIISIOIMINX
BO3JICUCTBUIM KaK CpPEJCTBO IMOBBIIICHUS HAIEKHOCTH U 3P(HEKTUBHOCTH PaOOTHI
cucteM TteriocHaOxkenus»; kog TACHTU: 67.53; pykoBoautenb Tembl; 1999 —
2000 rr. (koHKypc rpanToB 1998 rona);

7) MexpernuonaibHas ~ HaydHO-TexHH4Yeckass mnporpamma "Cubupp"
(mpuka3 - pacnopspkenue ot 18 despans 1993 r., Ne 60/129/1).

8) ®denepanbHas 1eneBas nporpamma "HMHTerpanus HayKd M BBICIIETO
obpazoBanmsi Poccum wHa  2002-2006 Tommi", Tema «MaTemaTudyeckoe
MOJICJIMPOBAHUE TUIPOJMHAMUYECKUX MPOLIECCOB B TPYOONPOBOAHBIX CHCTEMAX»
OTBETCTBEHHBIN ucnoiaHuTens oT HI'ACY.

JInst ToCcTHKEHMs NOCTABIICHHOM LIEJIA PELIAKOTCS CIAEAYIOINE 3a0a4n:

1. Onupascr Ha ammapaT Teopuu rpadoB U OOBEKTHO-OPHUEHTHPOBAHHBIN

MOJXOJl, TMOCTPOUTH JOCTATOYHO OOIIee MaTeMaTHYeCKOe OIHCAHHE

TpyOOIIPOBOHON CUCTEMBI;

2. B paMkax MCHOJIb3yeMOM MapagurMbl pa3padoTaTh: a) JOCTATOYHO MPOCTYIO

MHXEHEPHYIO MOJENb THAPABIMYECKOrO  yJaapa, CONPOBOXAAIOLIErOcs

KaBUTAIMEN MOTOKA KUJIKOCTH; 0) MOJEIb THIPABIMYECKOTO yJapa B CUCTEME

KOaKCHAJIBHBIX TPYO;

3. Pazpaborate »(ddexTHBHBICE YHCICHHBIC TOCTATOYHO YHHBEPCAILHBIE

METO/IbI JIJIsl pacyeTa: a) ObICTPONPOTEKAIOIIUX MPOIECCOB CO 3HAUUTEIIbHBIMU

rpagueHTamMu; 0) MIaBHO MPOTEKAIOIINX MPOIECCOB; B) TEUEHNUN C KaBUTAIUEH.

4. Ha ocHoBe Mojened € COCpPEAOTOYECHHBIMU IapaMeTpamMu pa3padboTatb

YOPOUIEHHBIM  WMHXEHEPHBIA MOJAXOJ JJIsi ONUCAaHUS HECTAI[MOHAPHBIX

IPOLIECCOB B TPYOOIIPOBOJHBIX CHCTEMaxX M CO3/aTh «OBICTpPBIE» MOJAEIU H

AJITOPHUTMBI paCucTa 3THUX ITPOLUECCOB.
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5. Pa3paboTaTh TEXHOJIOTMH SKBUBAJCHTUPOBAHMS U YMHPOIICHUS OOJBIINX U
CIIOKHBIX TPyOONPOBOIHBIX CHCTEM, UMHUTAIIMOHHBIE MOJEIH, MO3BOJISIONINE
UCCJIeNOBaTh (DYHKIIMOHMPOBAHUE OTAEJBHBIX YacTed TpyOONpOBOAHOM
CHUCTEMBI.

OoJsactp uccaenoBanms. ConepxaHue IUCCEPTALMU COOTBETCTBYET 00JACTH
uccnenoBanus n.1 «HaydHble OCHOBBI paBHOBECHS, IBUKEHUS U B3aUMOJCHCTBUS
KUJKOCTE M Ta30B, 3aKOHOMEPHOCTH JIBU)KEHUSI OOBIYHBIX, B3BECEHECYIIUX,
a3pUPOBAHHBIX W  CTPATU(PUUUPOBAHHBIX IMOTOKOB, MPOTHO3UPOBAHUS  UX
XapakTepUCTUK M KHUHEMATUYeCKOM CTPYKTypbl» U 1.2 «CTalMOHApHBIE H
HECTAI[MOHAPHBIE TEUYCHUS KUIAKOCTH B TpyOax, KaHamaX, €CTECTBEHHBIX U
MCKYCCTBEHHBIX pycClaX, THAPOTEXHUYECKUX COOPYKEHHI Pa3IMYHOrO Ha3HAYEHUS,
B3aUMOJICUCTBHUS TOTOKOB C OOTEKaeMbIMH HMMH TPAaHUYHBIMH TOBEPXHOCTSIMH,
TEJaMH W  COOPYKEHHUSIMH, TUIAPABIMYECKHE  CONPOTUBIICHUS»  MacmnopTa
crneruanbHoCTH 05.23.16 — «'uapaBnrka U MHKEHEPHAs TUIPOTIOTHUS».

MeTtoab! ucciaenoBanms. JJist peiieHus: TOCTaBJICHHbBIX 33/1a4 UCIOJIb30BaINCh
METOAbl ~ MAaTeMaTU4YEeCKOr0  MOJAEIHMPOBAHUSA,  YUCICHHBIA  JKCIIEPUMEHT.
TeopeTnueckol U METONOJIOTMYECKOW OCHOBOW JUCCEPTALIMOHHOIO MCCIENOBAHUSA
NOCIYXWJIH TPYJbl OTEUYECTBEHHBIX M 3apyOeKHBIX HcclefoBaTelied B 00JacTh
THIPABIMYECKOTO yiapa U TpyOONpOBOAHON THIPABIUKH.

HayuyHasi HOBU3HA IHCCEPTAMOHHON PabOTHI 3aKITFOYACTCS B CIICTYIOIEM:

BnepBbie neTanbHO aHATUTUYECKH UCCIEN0BAH MPOLIECC Pa3pbhiBa CIUIOMIHOCTH
MOTOKA HAa MPUMEPE THAPABINYECKOTO yJapa B MPOCTOM HAKJIOHHOM TpyOOIpoBoOJeE,
0e3 yuera TpeHus (UaeaabHas KUAKOCTh) U C YIETOM TPEHUSI.

BrisiBiieHa BO3MOKHOCTh 00pa30BaHusi KAaBEPHBI HE TOJIBKO Y 3aJBUXKKH, HO U B
CpPEeIHEeW YacTh MOTOKA, MPY PA3BUTHU BTOPUYHON KaBUTAIIMU; BRIBEACHBI (POPMYITBI
IUISl  ONpENENICHUs BPEMEHHM 3apOXKICHHS M MECTOIOJOXKEHUS JTOW KaBEpHBI,
onpenesieHa NPOJO0JKUTENBHOCTh €€ CYIIECTBOBAHMS.

VYcTraHoBi€HO, 4YTO [IJIsi OMNMCAHUS TMPOIEcca KaBUTAIMM B HAKIOHHOM

pr6OHpOBOI[€ oe3 TPECHUA KW € YUYCTOM TPCHHUA, HCAOCTATOYHO MCIIOJb30BATH
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MOJIeJIb U30JIMPOBAHHON KaBEPHBI, TaK KaK MOMUMO «KPYIHBIX» KaBepH 00pa3zyeTcs
oOlmMpHass 30HAa MEJKOIMY3bIPbKOBOW KaBUTALIUM, MYyJbCUPYIOIIAs BMECTE C
MPOXOXKIEHUEM BOJIH THMAPABIMYECKOrO yaapa. Moneinb H30JIMPOBAHHBIX KaBEpPH
IPUMEHHUMA TOJIBKO JUI CITy4yasi TOPU30HTAIBHOTO TpyOOnpoBoaa 6e3 yuera TpeHus,
T.€. SIBJIAETCS BBIPOKICHHBIM HEYCTOMYHMBBIM CIIyYaEM.

[Tonyyena mnpubnuxeHHas QopMyna A ONpeAeNieHus MaKCUMaJbHOTO
JaBJICHUS B TPyOONpPOBOJE C yYETOM TpeHHUs, 0000Iamas u3BeCTHYI0 (HopMyLy
H.E.’KykoBckoro Ha ciiy4aii BO3BHUKHOBEHHUS KaBUTAIWU.

B pamkax nonosxxenuit Teopun H.E.2KykoBckoro pazpaborana MaTemaTHuecKast
MOJIeJb THAPABIMYECKOTO yJapa B KOAKCHAJIBHOM TpyOOIpoBOAe (HapyXHas u
BHYTpEHHsSI TpyOa), YUMTBHIBAIOIIAsl B3aMMOJICUCTBHE 4Yepe3 CTEHKY BHYTpPEHHEH
TpyOBl. YCTaHOBJIEHO, YTO TMPOLIECC PACHPOCTPAHEHUS BO3MYILEHUNH B TaKoOU
CHUCTEME TIPEACTaBsieT COOOM eIUHBIA CBS3HBIM TUIEPOOJMYECKUNA Mpolece,
MMEIOIIMI [IBE PA3JIUYHBIE CKOPOCTH PACHpPOCTPAHEHUS BO3MYIIECHUN B MPSMOM
HAIpPaBIICHUU U JIBE PA3IUYHBIE CKOPOCTH B 0OpaTHOM HAINpaBJICHUU.

[IpennoxkeHa yHHMBeEpcallbHasi SIBHO-HEsIBHAas cXeMa O€ryiiero cuera,
MO3BOJIAIONIAs THOKO MPHUCIOCAONMBATECA K T€OMETPUU CHCTEMbI («JIJIMHHBIE» U
«KOPOTKHE» TPYOHI).

[Ipennoxen OpUTMHAJIbHBIN OAXOJ, MO3BOJIAOIIUN ONUCHIBATH
TpyOOIIPOBOJHYIO CHCTEMY KaK CHCTEMY C COCPEIOTOYCHHBIMHU MapaMeTpamu. ITO
MO3BOJISIET CO3/AaBaTh «OBICTpbIe» MPUOIMKEHHbIE METOAbl pacueTa. [Ipemnoxkena
METOJMKa SKBUBAJICHTUPOBAHUS TPYOOIPOBOAHON CUCTEMBI (MU €€ YacCTH).

[IpennoxxeH OpUrMHANBHBIA MOAX0A («MaTeMaTUYECKUl UCIbITATEeIbHbBIN
CTEH/»), MO3BOJSIOIIUNA TOCTATOYHO JOCTOBEPHO MOJEIMPOBATH U PACCUUTHIBATH
OTJIeIbHBIE YaCTU TPYOONPOBOIHON CHCTEMBI 0€3 MPUBJICUEHHS] MOJEIUPOBAHUS U
pacyeTa OCTaJbHOM YacTh TPyOONPOBOAHONU CUCTEMBI.

JdocToBepHOCTH " 000CHOBAHHOCThH MOJYYECHHBIX  PE3YJbTATOB
pEeKOMEHIalluii ¥ BBIBOJIOB 00ECIIEUNBAETCSI KOPPEKTHBIM UCIIOJIb30BAHUEM METOI0B

HCCIICA0BAHNA, COITIACOBAHHOCTHIO BbBIBOJOB C HM3BCCTHBIMH TCOPECTUUCCKUMU
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pe3ynbTaTamMH, a TakKe IOATBEPXKIAETCS COIMOCTABICHUEM PEUIEHUS TECTOBBIX
3aJ1ay C U3BECTHBIMH AHAMTUYECKUMH PELIEHUSIMU; CONIOCTABICHUEM PE3YyJIbTaTOB
pacyeToB C SKCIEPUMEHTAIBHBIMU HCCIIEI0BAHUSMH.

IIpakTHyeckas 3HaYMMoOCTh padoThl. [lomyueHHble B pe3ynbTaTe padbOThI
METOJIMKH, aITOPUTMbI U MIPOTPaMMHOE OO0ECIeYeHHE MOTYT MPUMEHSTHCS BO BCEX
OpUKIAAHBIX cdepax, CBA3AHHBIX C pacueTaMd HECTAILMOHAPHBIX PEKUMOB
TpyOONIPOBOJHBIX CHCTEM, KaK Ha CTaJWU NPOEKTUPOBAHHWSA, TaK M Ha CTaJUU
DKCIUTyaTaluu.

BHenpenue pe3dyabtaTtoB. Pesynbratel  paboTel  BHempensl B HTII
«Tpy6omnpoBoay (r. MockBa), a Takxke, yepe3 3to npeanpusitue, B OAO «HUNK»,
AO Amnrapckaedrexummnpoekr, OOO "Jlenrunponedprexum", u ap., Bcero 43
OpraHu3alyy (CrpaBKa O BHEIPEHUU U CIIMCOK NPEINPUATUN TPUIIAratoTCs).

Takke pe3ynbTarbl BHEIPEHBI B IPOM3BOACTBEHHYHO NpakTuky OI'YII
Cu6HUA um. C.A.YamipiruHa (cripaBka mpuiaraeTcs).

Pesynbratel auccepranuu BHeApeHb! B yueOnbii mpomnecc HITACY (CubctpuH)
u PT'Y vedtu u raza (HUY) um. U.M.I'yOkuna (cipaBKku npuiiararorcs).

Ha 3amuTy BEIHOCHTCSH CIIEYIOIINE MOJOKEHHUS:

1. MeTouka MOCTPOSHUS MAaTEMAaTHUYECKON MOJIETU CII0KHOM TPYyOOIpOBOTHOM
CUCTEMbl B 0OIIEM BHJIE C HCIOIb30BAHUEM JJIEMEHTOB OOBEKTHO-
OPHUEHTHPOBAHHOT'O MOJIX0/1a

2. Marematnueckass MOJEIb THAPABIMYECKOrO yaapa B KOAKCHAJIBHOM
TpyOOTIPOBOJIE;

3. Pe3ynbpTaThl MCCAEAOBAHMM THUAPABIMYECKOIO yJapa, CONPOBOXKAAKOLIErOCs
Pa3pbIBOM CIUIOLIHOCTH MTOTOKA;

4. CeMeiCTBO METOAOB pacueTa Ha OCHOBE CXeM Oerymero cuera s
OBICTPONPOTEKAIOIIUX ¢ IJIABHOMPOTEKAIOUIMX MPOLIECCOB, BKIIOYAs SIBHO-
HESBHYIO CXEMY.

5. IlpuMeHeHne Monened C COCPEeNOTOYEHHBIMM MapaMmeTrpaMu l-ro u 2-ro

nopAaaka ajis OrnuCaHuA Tp}I6OHpOBO,Z[HBIX CHCTEM.
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6. DKBUBAJICHTUPOBAHUE OOJBITUX TPYOOIPOBOTHBIX CUCTEM.
7. Texnonorus MMUTAMOHHOTO MOJIEJIUPOBAHUSL «MaTEeMaTUYECKUN
UCTIBITATEIBHBIN CTEHI.

JInunblii BkJaag aBropa. OCHOBHBIE pPE3yJbTaThl, M3JI0KEHHbIE B padore,
MOJTyY€HBI aBTOPOM CaMOCTOSITEIILHO.

Amnpodamusi padoTbl. Pe3ynprarhl HcCIeNOBaHUN  TOKJIAIbIBAIACH Ha
MHOTOYHMCJICHHBIX KOH(MEPEHITUAX, CEeMIUHApPax, KaK BCECOIO3HBIX M BCEPOCCUUCKUX,
TaK U MEXITYHAPOIHBIX.

Ha XX, XXVIII, XXIX, XXX, XXXI, XXXIV Konrpeccax MAI'U (IAHR).

15-th (IMACS) World Congress on Scientific Computation, Modelling and
Applied Mathematics. Berlin, August 1997.

16th IMACS WORLD CONGRESS on Scientific Computation, Applied
Mathematics and Simulation, Lausanne, Switzerland, August 21-25, 2000.

International Symposium «Water Industry Systems: modelling and
optimization applications», Exeter, UK, 1999.

International Symposium “Water Industry Systems: modelling and
optimization applications” (Eds. D.Savic, G.Walters), vol.2, Research Studies Press
Itd., Baldock, Hertfordshire, England, 1999.

International Symposium “Water Network Modelling for Optimal Design and
Management”, Eds. G.Walters and D.Savic, Exeter, UK, 11-12 September 2000,

4™ International Conference on Hydroscience & Engineering - ICHE 2000,
Seoul, Korea, September 26-29, 2000.

13" IJAHR-APD Congress (6-8 August 2002, Singapore).

3" TInternational Conference on Heat Transfer, Fluid Mechanics and
Thermodynamics (HEFAT 2004), 21 — 24 June 2004, Cape Town, South Africa.

Bcecotosnass koHdepeHnus 1o TpodieMaM THAPABIUYECKONW YCTOWYHMBOCTH
(Tounucu, 19-21 centsiops, 1975) - Townmucu: I'py3. noautexH. uH-T, 1975.

Bcecoto3nbiii cummnosuyM «YuciieHHble MeToAbl B rujpaBiuke» (Tenasu,

I'py3. CCP, 14-18 anpens 1980) - Jlenunrpan: BHUUI', 1980.
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IT Becepoceuiickuii  cemMuHap 1O JAWMHAMUKE  IPOCTPAHCTBEHHBIX U
HEPaBHOBECHBIX TEUCHUH XKUIKOCTH U Ta3a (Mwuacc, 5 - 7 okts6ps 1993 1.).

AMCA-95. Advanced Mathematics, Computations and Applications
(Novosibirsk, June 20-24, 1995).

MarteMaTtuyeckue MOJAEIU W YHUCICHHbIE METOJIbI MEXAHMKHU CIUIOLIHBIX Cpell
(Poccusi, HoBocubupck, Axamemroponok, 27 mas - 2 utoHs 1996r.)//Matepuansl
Mexnynapoanoi koHpepenuuu - HoBocubupck, 1996.

HNHIIPUM-96. 11 Cubupckuii KoHrpecc mo mpukiIagHOW UM HHAYCTPUATBLHOU
matematuke (HoBocubupck, 1996)

Jlnnamuka cucteM, MexaHu3mMoB M MamuH. [I MexaynapoaHas HaydHO-
TexHuueckas kondpepenuus (Omck, HOI0pb, 1997)

V Cemunap CHI" "Axyctuka HeonHopoansix cpen’" HoBocubupck, 26 -30 mas
1998.

NHIIPUM-98. Tperuit Cubupckuii Konrpecc mo npuKIagHOW U
UHAYCTpUabHOM MaTeMaTHKe, nocssimenHoro namstu C.JI. Cobonena (1908-1989).
HoBocubupck, Axamemroposiok, 22 - 27 utonsa 1998 r.

[IpoGnembl ympaBiaeHHS W MOJETUPOBAHMS B CIIOXKHBIX CHCTeMax: Tpynbl
MexayHapoaHo koHdepennuu. /Ilog pen. akaa. B.IL.MschukoBa, akan.
H.A .Ky3nenora, npod. B.A.Buttuxa. - Camapa: Cam. Hayunsiii neatp PAH, 1999,
2000, 2001, 2002, 2003, 2004 rr.

«MaremaTrueckue MOJEIM M METOJIbl aHajiu3a M ONTUMAJILHOTO CHHTE3a
Pa3BUBAIOIIMXCSA TPYOONPOBOJAHBIX M THUJPABIMYECKUX CUCTEM», Bcepoccuilckuii
HAy4YHBIM CEMHUHAp C MeXIyHapoaHbIM yudactueMm // Upkytck, 1998, 2000, 2002,
2004, 2006, 2008, 2010, 2012, 2016.

YerBepThli CHOMPCKUII KOHTpecca IO NPHUKIAJHON U HHIYCTPHAIBHOM
marematuke (MHITPMIM-2000), mocsimennoro namsta M. A. JlaBpentbena (1900-
1980), HoBocubupck, AkageMropoaok, 26 utous - 1 uromns 2000 ©

ITyosmkamuu: OCHOBHBIE PE3YyJIbTAaThl MCCIECIOBAHUN MO TEME IHUCCEPTALUU

onyOsrKoBaHbI B 6ojee yeM 40 meuaTHbIX paboTax, B TOM 4Kcie B 27 myOauKanusax
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B COOpHHKAaX HAay4HbIX PaldOT, TpyHax W MaTepuanax Hay4HbIX KOH(pEpeHLUH, a
Takke B 13 cTaThsX B pEeLEH3UPYEMBIX M3JaHUSIX, pekoMeH10BaHHbIX BAK P® (u3
HUX JB€ 3apyOexxHbIe paboThl, BxoasIue B 6azy qanubeix SCOPUS):
1. I'.sI.MocroBmmkoB, b.®.Horosumun, B.B.TapaceBnu. [ napaBnuueckuid ynap
B MalllMHAaX JJIs JIUThS 10J naBieHueM. M3Bectus BY 308, «MammHocTpoeHUEY,
Ne 3, 1976, c. 126 - 130.
2. B.JLJIaBpentheB, B.B.Tapacesuu. UccrmemoBanue pabOThI  CHUCTEMBI
aBTOMATUYECKOr0 PEryJIMpOBaHUs JaBjeHUS B OOpaTHOM Maructpaid CeTu
TeriocHabxenus. M3sectust BY308B, «CtpoutenscTBo U apxurektypa», Ne 10,
1977.
3. B.JL.JIaBpentneB, B.B.TapaceBuu. MccnenoBanue paboThl CUCTEMbI PACCEUKH
MOTOKAa TMPHU HECTAMOHAPHBIX PEXKUMAX JBWKEHHUS KUJIKOCTH B CETH
terutocHaOxenus. M3eectuss BY30B, «CTpouTEIbCTBO U apXUTEKTypa», Ne 4,
1980.
4. B.B.TapaceBnu O makcuMaiabHOM JABJIICHHH TPHU THAPABIMYECKOM YIape,
CONPOBOXKIAOIIEMCSI  Pa3pbIBOM CIUIOIIHOCTH IMOTOKA. ['maporexHuuyeckoe
cTpoutenbcTBo, Ne 8, 1980, c. 15— 18.
5. B.B.Tapaceuu Pacuer Teuenuii aAByxda3HbIX CMece B cHCTeMax
TpyOonpoBooB. // «BecTHruk YensOMHCKOro rocy1apCTBEHHOIO YHUBEPCUTETAY,
T.6, Ne 1, 1997 r., ctp. 134-147. U3n. UI'Y, ISSN: 1994-2796
6. B.B.Tapacepuu, T.IO.llleponocoBa. MogaenupoBanue padOThl CHUCTEMBI
ABTOMATHUYECKOTO PETYJIMPOBAHUS JaBJICHUS B OOpAaTHOW MarucTpaid CeTu
terocHabxenus. M3B. BY3o0B. Ctpoutenscto, 1999, No 8, ¢. 70 - 74.
7. A.A.AtaBuH, B.B.TapaceBuu. Onucanue nepexogHbIX MPOLECCOB B CI0KHBIX
TpyOOTIPOBOJHBIX CUCTEMAX MOJIEISIMU C COCPEIOTOYCHHBIMU TapamMerpamu /
Beruucnurensasie Texnonoruu, 2001, Tom 6, yacte 2., crenuaibHbIN BBITYCK
(CD-ROM), ¢.70-75.
8. Tapacesuu B.B., Emummea A.K. Marematnueckoe MOJENHPOBAaHUE

aBapUITHBIX CUTyallui Ha MOJBOAHBIX TPyOONpPOBOAHBIX mHepexoaax. M3Bectus
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BVY3oB. CrpoutensctBo, Ne 5, 2007. c.42 — 48.

9. Tapacesuu B.B., Jlu A.K. DddextuBHOCTH 00paTHBIX KJIAMaHOB MpH
aBapUITHBIX peXUMax KaHAIM3AIMOHHOIO KOJUIeKTopa. W3BecTusi BY30B.
CrpourenbctBo. 2011 Ne 10, c. 60-67

10. Tapacesuu B.B., Mopo3 A.A., JIu A.K.. KBazuctaunoHapHblii 1OJIX01
K OIIMCAaHUIO TEYeHUs uepe3 MecTHoe comnportuBienue, "W3pectuss BY3os.
CrpoutenbctBo 1 Apxurekrypa", Ne 8 -9, 2011, c. 104 - 111.

11. Podryabinkin E., Tarasevich V., May R. and Ahmed R. Modelling and
Evaluating Surge Pressure while Tripping in a Borehole. "Oil Gas European
Magazine, March, 2014, volume 40, No 1. pp. 21 - 23.

12. Podryabinkin, Evgeny, Tarasevich, Vladimir, May, Roland and
Bocharov, Oleg. “Modelling of Pressure Fluctuations in a Wellbore While
Tripping” — European Oil and Gas journal, March, 2016, 03. ), pp. OG 14 — OG
13. Tapacesuu, B.B. PacdeT pacnpoctpanenus u tpaHchopMaiuy BO3MYIIEHUM
B CcHCTeME TexHoJornyeckux tpyoonposogoB ADC. "U3Bectus BY3os.
CrpoutensctBo U Apxutektypa', Ne 7, 2016, c. 92 — 98.

B omy6nmkoBaHHBIX paboTax aBTOpPY MPHUHAMIEKAT PE3YIbTAThI, U3JI0KEHHBIC
B TEKCTE JIUCCEPTAIUU.

Crpykrypa u 00béM paborTbl. /[uccepranivsi COCTOUT W3 BBEICHUS, 7 TJIaB
OCHOBHOT'O COJEp)KaHMsI, 3aKIIOUEHHs, CIHCKA JHUTEPAaTypbl W MPUIOKEHUN
(cipaBku 0 BHenpeHuu). OCHOBHOE CoOJiepKaHUE MPEJCTABICHO Ha 222 CTpaHHULIaX,
BKJItouas 1 tabnuity, 97 pUCYHKOB U CIIMCOK JUTEPATYphl U3 229 HCTOYHUKOB.

baaropapHocru.

ABTOp Oyner OnarogapHO XpaHUTh MaMsITh 00 OJIHOM K3 CBOMX HAYYHBIX
PYKOBOJIUTENIEH, TPU3HAHHOM aBTOPUTETE B 00JIACTH THAPABIUKH, TEHCTBUTEIIEHOM
yireHe Poccuiickori AH, n.1.H., npodeccope Bacunbere Oiere dEpopoBuue,
OCHOBaTelle W TJIaBeé HAYYHOM IIKOJbI, K KOTOPOM aBTOp HMEET 4YECTh
PUHAJJIeKATh, U B paMKax KOTOPO# ObLIa BBINIOJHEHA HAacTOsIIas paboTa.

ABTOp BBIpaXaeT OrPOMHYIO0 OJIarOJapHOCTh M MPU3HATEIBLHOCTH CBOEMY
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(dakTUYeCKH BTOPOMY HAyYHOMY PYKOBOAMTENIO, JOLIEHTY, CTapuIeMy HAydYHOMY
COTPYIHHKY, K.T.H. ATaBUHY ApKaaut0 AHAaTOIbEBUYY 32 MTOCTOSIHHOE BHUMAHUE K
paboTe, LEHHbIE COBEThI, HEOLEHUMYIO MOMOIIb U MHOTOJIETHEE COTPYAHUYECTBO
IpU BBITIOJHEHUH pabOThl Ha MPOTHKEHUH necaTtkoB JeT (1968 roma u mo
HACTOSIIIEE BpEMS).

ABTOp BbIpaxkaet OmarogapHocTh npodeccopy HI'ACY JlaBpenthery B.JI. u
IpyruM Kojuieram ¢ kKadenpsl ['MapOTEXHUYECKUX COOPYKEHUH M THAPABIUKU 32

MHOT'OJICTHIORO MMOAACPIKKY 141 IIOMOIIIb B pa60Te.



['JTABA 1. OB30P 1 AHAJIN3 PABOT 110 TEME JUCCEPTALIMNA

HccnenoBanusi mepexoqHbIX MPOIECCOB B TPYOONPOBOIHBIX CUCTEMAX UMEIOT
OOJBIIYI0 BaXKHOCTh U AaKTyaJlbHOCTb, MOCKOJIbKY OHM CBSI3aHBI C BOIPOCAMHU
oOecrieyeHns  3alIUTBl  TPyOONpPOBOJOB CETH U TUAPOOOOPYAOBAaHUSA  OT
MOBBIIICHHBIX AABICHUN XUIAKOCTH (THapaBivyeckux yaapoB). Hecmorps Ha TO,
YTO M3YyUYECHUEM MEPEXOAHBIX MPOILIECCOB M B YACTHOCTH, MMIPABINYECKUX YAAPOB,
3aHMMAIOTCA JAaBHO, HEJb3s B HACTOSIIEE BPEMs HEJb3sl CUUTATh 3Ty MpPoOJIeMy
MOJIHOCTHIO pelIeHHON. J[0 cuX Mmop B MpaKTUKE 3KCIUTyaTallud TPYOONpOBOAHBIX
CUCTEM UMEIOT MECTO pa3JIMYHOTrO BHJA OTKa3bl M AaBapUHbBIC CHUTYallWH,
BbI3BaHHbBIC TUAPABIMYECKUMH YyJIapaMH, YTO CHH)KA€T B LEJIOM HaJIeKHOCTh
pabotsl [77, 183, 196]. Hanuuue B HacTosiiee BpeMs psijia HEPEIICHHBIX BOIIPOCOB,
CBSI3aHHBIX C MEPEXOIHBIMU MPOLIECCAMU, MOXKET OBITh OOBACHEHO PSAIOM MPUUUH.

Bo-miepBbIX, 3TO CBSI3aHO C YHUKAJIBHOCTBIO OOBEKTOB U CIOXHOCTBIO HX
CTPYKTYypbl. Takue coopyx eHus, Kak, HampuMep, CHUCTEMbl TEXHOJOTUYECKUX
TpyOOIIPOBOJIOB aTOMHBIX JJIEKTPOCTAHIMH, WM THIPONPHUBOJ KPACHOSIPCKOTO
CYJIONOIbE€MHHKA SIBJISIIOTCS YHUKAJIbHBIMM M BECbMa CJIOKHBIMHU OOBEKTaMH,
KOTOpbIE TPEOYIOT CIEIUaTbHOTO PACCMOTPEHHMSI C Y4YETOM Bcell crneuuduxu
00BbeKTA.

Bo-BTOphIX, H3yuYeHHME 3aKOHOMEPHOCTEW TMEpPEeXOAHBIX IMPOIECCOB B
JEHCTBYIOIUX TPYOONPOBOAHBIX CHCTEMAaxX HATAJKUBAETCA Ha OOJIbLINE TPYIHOCTH,
CBSI3aHHBIE C OTCYTCTBHEM BCEl HEOOXOIMMOM JJIsi MPOBEACHUS TAKUX pPAacCUETOB
uHbOpMaIuu.

HecMmoTpst Ha 3HaUMTEIBHOE KOJIMYECTBO PAOOT, MOCBALICHHBIX UCCIICOBAHUIO
HEYCTAHOBUBIIMXCS TEUEHHUM >KUAKOCTH B TPYOONPOBOJHBIX CHCTEMaXx, MPaKTHKA
IKCIUTyaTallil TPyOONPOBOAHBIX CHCTEM B COBPEMEHHBIX YCIOBHUSAX CTaBUT HOBBIE
TUIPOAMHAMUYECKUE 3a]1a4uM, NMPU3BAaHHBIE 00ECHEUYUTh HAJIEKHYIO IKCILTyaTaluio
CUCTEMbI MPU MEPEMEHHBIX THAPABINYECKUX PEKUMAX.

bubnunorpadpus mo  uccienoBaHHIO  TPYOONPOBOAHBIX ~ CHUCTEM  IPH

HCCTAlMOHAPHBIX W HCCTALIMOHAPHBIX PCKHUMax pa60T1>1 HaKOIIKWJIa K HaCTOAIICMY
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BPEMEHU COTHH, €CJIM HE THICSYM HAUMEHOBAHWM, aTh MOJHBIA 0030p KOTOPHIX,
X0Tsa Obl KpaTKo, B paMKax JaHHON paboTbl HEBO3MOXHO. [loatomy Oonee
nenaecoobpasHo Oyner, KiacCU(pUIIUPOBAB ATH paldOThl MO TOMY HWJIH HHOMY
MPU3HAKY, PUBECTH MTPUMEPHI OCHOBHBIX WJIM TUITUYHBIX pa0OT B paMKax KaKIIOTO
HaIpaBJICHUSI.

Haubonee ectecTBeHHOM NpeacTaBisgeTcs KiaccuUKALUs MO HCTOPUYECKHU
CJIOKUBIIIUMCSI OTPACIISIM PUMEHEHHUSI TPYOOTTPOBOTHBIX CHCTEM.

Hcxong w3 Takoro TMoaxoja, MOXXHO BBIIEIUTH ClEAylolue 00JacTu
WCCJICIOBAHUNA THAPABINYECKHX CHUCTeM. Hambonee KpymHBIMH OTpacisiMU
IPUMEHEHHs TPyOONPOBOAHBIX CHCTEM OynyT: BOJOCHaO)XEHHE, TEIJI0CHA0XKEHNE,
aTOMHAsl PHEPreTruka, TPyOONPOBOAHBIA TPAHCIOPT, TUAPONPHUBOA. B Kaxmon ux
ITUX OTpaciiel, UCXOOd W3 WX CHeIU(PUKUA, CIOKWICSI CBOW KPYyr 3ajad, CBOU
METO/Ibl UCCIIEIOBAHUSI U CBOM MOAXO/IbI K PEIICHHIO 3a/1a4u. Pa3BuBasick BO MHOTOM
W30JIMPOBAHHO, KAXJbIE B CBOEW OTpAC/M, MHOTHE pPE3yJbTaThl AYOIUPYIOT IPYT
npyra.  Mcropuueckd NEpBOM OTpaACibl0 MIUPOKOTO TMPUMEHEHUS HAMOPHBIX
TpyOONPOBOJAHBIX CHUCTEM, MO-BUAMMOMY, CIEIyeT CUMUTaTh BOJOCHAOKEHHUE.
NMeHHO uccineoBaHHEM Ha MOCKOBCKOM BOJOMPOBOJIE TOCBSIIEHA 3HAMEHUTAs
pabora H.E.)KykoBckoro o rujpaBiuueckoM yaape [59], MmojoKuBIas Haydajo
HEeJIOMY paszjielly MNPUKIATHOW THAPOJAMHAMHUKH, TOCBSIICHHOW HANOPHBIM
HEYCTAHOBUBIIIMMCSI TeUCHHsIM B TpyOax. Jlamee paGoThl B 3TOM HaIpaBICHUU
pazBuBaiick B MUNTe [115]; mo3xe onHUM U3 «3aKOHOJATENIEH MOI» B pacyueTax
BogonpoBoaHbix cerei cran BOJI'EO, rae ponaroe BpemMss NPOBOJMIMCH
uccnenoBanust rpynnoi JL.d.Mommuna [118, 117, 119]. K ykazanHomy
HAIpaBJICHUIO HUJEHHO TNPHUMBIKAIOT HWCCIAEAOBaHMS B 00JIaCTU  HAMOPHBIX
OpPOCHUTEJIbHBIX CUCTEM, aKTUBHO MPOBOJUBIIMNXCS B MHCTUTYTax ['unpoBoaxos [37]
u PocrunpoBoaxo3 [155] B 60-80-x rogax.

[Toxamyii, camblii MOITHBIN IUIACT UCCIICIOBAHUI B 00JACTH TPYOOIIPOBOAHBIX
CHUCTEM, KOTOpBIE MPOAOKAIOT HAWOOJIee AKTHBHO PACHIMPATCS W B HACTOSIICE

BpEMs, CBdA3aH C BHCpFCTHKOﬁ. CpC,III/I HUX MOXHO BBIICIUTh OTACIBHBIC
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HalpaBJICHUs] — TEIUIOBbIE CETH, AaTOMHAas »JSHEPreThKa, THUAPOIHEPIreTHKa,
TpyOOTIPOBOAHBIN TpaHCIOPT (Ta30- W HEPTEHPOBOIBI, MPOIYKTOIMPOBOIHI).
HccnenoBaHusM THUIPABIMKU TEIUIOBBIX CET€M AaKTHUBHO 3aHuManucs B BTHU
(pabotel 3umurepa, I'pomoBa [51] m gap.); cepbe3Has IIKONa HCCieaAOBaTeNei
cioxmiace B COU CO AH CCCP (wbine UCOM CO PAH) noa pykoBOACTBOM
A.Il. MepenkoBa u B.f. XacuneBa, rae Obuia chopMUpOBaHa U aKTHBHO
pa3BuBaetrcs Teopus rumapaBiamdeckux menei [110]. Cucremamu TpyOOIIPOBOIOB
ATOMHBIX DJIEKTPOCTAHIIMK mMOCBAIEHbl padoThl [83, 72]. TeueHus B Takux
CHUCTEMax OTIWYAIOTCA HATWMYMEM 3HAYUTEIILHOTO TEIIOOOMEHA C BHEITHEN CpeIoH,
BO3HMKHOBEHHEM (DA30BBIX MEPEXOJ0B M pa3sHOOOpasueM IBYX(a3HBIX PEKUMOB
TEUEHHs, YTO Jajio TMOBOA [JJs IPUMEHEHUS CIEIUAIbHOTO TEpMHHA
«repMmorunapaBiukay [83] unmu «repmoruapomuHamukay [29] mus o0o3HAUYCHUS
npeameTa uccienoBanuil. JIByxdazHbie HepaBHOBECHBIE TOTOKU, UMEIOIINE MECTO B
TaKUX CHCTeMaX, OTHOCATCA K OYEHb OOIIMPHOM, CJIOKHOM M BO MHOTOM e€Ile
HEJOCTATOYHO UCCJIEI0BAHHOM cdepe TEYEHUI MHOTO(a3HbIX U
MHOTOKOMITOHEHTHBIX cpefl [125], pacueTsl KOTOPBIX BECbMa CIOXHbBI. ITU TEUECHUS
PEIBSBISICT TOBBIIIEHHBIE TPEOOBAHUS K TOYHOCTH U HAJICKHOCTH PAcueToOB. A
TaK)K€ K HaJCKHOCTH (YHKUIMOHUPOBAHUS ATHX CHUCTEM, YTO, B CBOKO OYEpEllb,
JUKTYET OYEHb JKECTKHE TPeOOBaHUS K TOYHOCTU U JOCTOBEPHOCTH MPUMEHSIEMBIX
MOJielell U METOJOB pacuera. B ruapos’HepreTuke HCCIEI0BaHUSM HAMOPHBIX
TeueHnid B BojaoBojax ['DC mocesuieHsl pabdotel [69, 70, 113, 114]. Otu
HanpaBieHus: akTuBHO pazBuBaiuch B JIIIU (wpie CIIOI'TY), MUCHU u apyrux
Hay4yHBIX IeHTpax. [loxkamyi, oHOM HMX caMbIX OOLIMPHBIX U HambOJIee aKTHBHO
Pa3BUBAIOIIMUXCSA  OTpaclied  NpUMEHEHUsT  TpyOONpPOBOAHBIX  CHCTEM W,
COOTBETCTBEHHO, UCCIICIOBAHUN WX, SBJSETCS TPYyOONPOBOIHBIA TPAHCIIOPT HEDTH
W rasa, ¥ Apyrux npoAyKTOB. 3/1eCh HAOIIOIAE€TCS 3HAUUTEIBLHO YUCIIO MyOIUKaIUi
U MOHoTrpaduii, KOTOpbIE MPOIOJKAIOT BRIXOAUTH U MO ceil AeHb. MccnenoBanusam B
3ToN obmactu mocssimenbl MoHorpaguu W.A.Yapnoro [182], M.A. T'ycelinzane,

JLU. Apyrunoii ¢ coaBropamu [46], M.I' CyxapeBa u A.M.Kapacesuua [149], 6osee



18

panHue pabotel [2]. VIHTeHCHBHBIE HCCIEAOBAaHUS B O0JACTH MATEMATHYECKOTO
MOJICTIMPOBAaHUSl TPYyOONPOBOJHOTO TpaHCHOpTa HEPTH U HEPTEHPOAYKTOB
oTpaxkeHsl B paborax M.B.JIypse [101, 102]. MoxHo yka3aTh U MOHOrpaduu
nocneanux yet (mocae 2000 r.), BBIXOJ KOTOPBIX CBUAETEILCTBYET 00 aKTUBHOM
HAay4YHOU JIESITETbHOCTU B 3TOM HampasyieHuu [45, 171].

Becpma o0mmMpHy0 30HYy NPUMEHEHUS! OXBAThIBAET TUAPONPHUBOJ PA3THUHBIX
MaIIMH U MeXaHU3MOoB. MccnenoBanus 37ech OypHO pa3BUBAINCh B COOTBETCTBUU C
POCTOM M YCIIOKHEHHEM MPOIYKIIMK MAIIMHOCTpOoeHus. Jluaepamu rccienoBaHuii B
sToit obnactu sBisroTcss MBTY um. H.A. baymana, MOU u npyrue HaydHbIe
HeHTpel. ['waponmpuBox oOTiIMYaeTcss OOJBIIMM pa3HOOOpa3HeM MPUMEHSIeMOMN
rupoannaparypsl  (pa3jiMYyHOrO BUJA  KJIAMaHbl, 30JIOTHUKU, PEAYKTOPHI,
aKKyMYJISITOPBI, pPaclpeleIuTeNbHbIe YCTPOWCTBA W JIp.) M HACBHIIIEHHOCTBHIO
pa3IMYHOrO BUJA THAPOABTOMATHUKONW. MOXKHO yKaszarh psja  MoHoOrpaduit,
MOCBSIIEHHBIX BOMPOCAM CTAlIMOHAPHBIX M HECTAIIMOHAPHBIX PEXUMOB pPabOThHI
ruaponpusona [23, 121, 132, 133, 167, 195] u np.

B pabotax [132, 133] ruapocucTeMamMy Ha3bIBAIOTCS TEXHUYECKUE CHUCTEMBI,
AJIIEMEHTBl KOTOPBIX B3aWUMOJEHCTBYIOT MOCPEACTBOM KaleJIbHOW KHJIKOCTH.
['uapocucTemMoii MOTYT SIBISITbCA HECKOJBKO COEAMHEHHBIX MEXKIYy CcoOoM
T'UIPABINYECKUX YCTPONCTB MM OAHO YCTPOMCTBO, BKJItOYarolee 0oJiee MpOCThIe,
HO B3aMMOCBSI3aHHBIE MEXKTy co0o0il anmemeHThl. B pabote [195] rumpaBimdeckas
CUCTEMA OMpeJIETSETCsl KaK CUCTEMA NIEPeIaun SHEPTUHU, B KOTOpOor pabouelt cpenoit
CIYXKUT KamnenbHasi J>XUIAKOCTb; MPHU 3TOM OCHOBHOM LIEJBIO THJIPABIMYECKON
CUCTEMBI SIBJISIETCS NIEpeiada SHEPruu UX OJHOTO MECTa B IPYTOE.

Cornacno kinaccudpuxanuu J.H.ITonosa [133], coBpeMeHHbBIE THIPOCUCTEMBI B
MalIMHOCTPOEHUHU MOKHO MOIPA3JIEIUTh Ha CIECYIOUIUE BUBI:

- YOpaBJSIOUME TUIPOCUCTEMBI, MCIOJb3yeMble B CHUCTEMax YIpaBJICHUS U
peryaupoBaHus;

- TEXHOJOTHMYECKHE THJIPOCUCTEMBI, OOECHeuMBaIOIINe pPadoUne PEeKUMBI

MallIuH, anmnapaToB, CTAHKOB U APYTUX YCTPOUCTB.
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[Ipumepamu mepBOTO BHUJIA THUAPOCUCTEM MOTYT CHYKHTh THAPABIMYECKUE
cleAsuMe TMPUBOJBI, TUAPABIMYECKHE WIM MHEBMaTthuueckue perynustopbl. [lpu
UCCJIEIOBAHUM HECTAIIMOHAPHBIX MPOIECCOB B TaKMX CHCTEMaxX Ha MEPBOE MECTO
BBICTYNAIOT BOMNPOCHl MOJECIUPOBAHUSL JUHAMUKU TMPOIIECCOB YMpPaBICHUS U
perynupoBanus [140], kauecTBO U OBICTPOJCHCTBUE YIIPABIICHUS, TpaHCHopMaIu
YOPABJISIIONIMX CUTHANOB U T.I. MccneqoBaHusiM Takoro poja MOCBSALIEHBI paOOThI
JI.H.ITonosa [133], B.fl. Poraua u MHorue apyrue. XOTs BOIpOCaM THIPABIUKU
MOTOKOB pabouel KUAKOCTH Kak Cpelbl, Mepefarolleid CUrHal, B 3THX padoTax
YAEIAETCS ONpPENEIEHHOE BHUMAaHWE, OCHOBHOW LEJIbI0 MCCIENOBAHMS SIBISIOTCA
3a/lauu peryaupoBaHus u ynpasieHus. [[0700HbII acIeKT UCCIeOBAaHUN JIKHUT 3a
paMKamu 3aJ1a4 HacTOALEH PabOThI.

Paccmotpenue Bompoca ¢ OOIIECUCTEMHBIX TMO3UINNA, 0000IICHNE 3ajaui Ha
TpyOONIPOBOJHBIE CHUCTEMBI TPOM3BOJILHOTO BHJA COIEPKHUTCS B paboTax
H.A Kaptenumsmwim [70], M.H.Kynuka [85]; HO B HaumOoyiee aOCTpakTHOW H
000011eHHON (PopMe Kak 337aud 0 HECTALIMOHAPHBIX Mpolieccax Ha rpadax U CeTsX,
JAHHBIM acrmekT pa3paldaThiBaJuUCh B OTHAENE NPUKIAAHOW T'HAPOAUHAMUKU
HNuctutyra I'mpponunnamuku CO PAH nox pykoBoactBoMm akaza. O.d.Bacuibesa
(padotel C.M.Illyrpuna, A.®. Boeronuna, A.A.AtaBuna u ap. [11, 38, 39]).

1.2. 'mapaBnuueckuii yaap

OTnenbHBIE HMCCIEIOBAHUS HECTAIIMOHAPHBIX HATIOPHBIX TEUYCHHWH B TpyOax
MIPOBOJIMJIUCH €1le BO BTOpOo# nosioBuHe XIX Beka kak B Hamiei ctpane [S50], Tak u
3a pyoexxom [203]. OgHako BepBble yIOOHYIO MHKEHEPHYIO TEOPHUIO ISl pacuera
napamMeTpoB HeCTAIMOHAPHOTO mporiecca B Tpyodonposoze xan H.E.)Kykosckuii [59]
B CBOEW paboTe 0O THIpaBIMYEecKOM ynape B Tpybax. Ota padora H.E.J)KykoBckoro
ABIIACTCS KJIACCHUYECKOM W He ycTapena mo ceil genb. Mm chopmymmupoBanbi
OCHOBHBIE  TIOJIO)KEHHSI ~ TEOPUM  TUAPABIMYECKOrO  yjaapa,  MPUBEICHBI
muddepeHnranbable  YpaBHEHUS THAPABIMYECKOrO yJapa, HM3JI0KeHa METOJUKa

AHAJIMTUYCCKOTO pacucTta W JaHbl PCIICHUA 3aJdadd OJIsI HCKOTOPLIX IMPAKTHUYCCKH
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BaXHBIX CIIy4aeB; MOJy4YeHa JOCTATOYHO MpocTas (Gopmyna sl OLIEHKH YJapHOTO
nasienus (T.H. «popmyna H.E. XKykoBckoroy).

Knaccuueckass teopus H.E.J)KykoBckoro crama OCHOBOM MHOTOYMCIEHHBIX
NOCJIEIYIOUIUX MCCIIEI0BAaHUN THIPAaBIMYECKOro ynapa. JTa TEOpUsl ONUpPAaEeTCs Ha
CJIEIYIOIIUE TTOJIOXKEHUS.

Kuakocth U CTEHKH TPYObl MOAUYUHSIIOTCS 3aKOHY ['yKa, T.e. TMHEHHO 3aBUCAT
OT W3MEHEHHM J[aBleHUs; Majble Ce4YeHHs TpyOorpoBoaa AeGOpMHUPYIOTCS
HE3aBUCUMO OT COCEIHHUX; MHEpPUHUEH 3TUX «KOJIeYEK» MpeHeOperaercs; TeUeHue
XKUIKOCTH OJTHOMEPHOE; TPEHUE O CTEHKHU HE YUUTHIBACTCSI.

JlanpHeire uccaeAoBaHMus MO0 YacTH Pa3BUTHS TEOPHH TUAPABIMYECKOIO
yaapa 1Mo CleIyrouMM HampaBieHusM: 1) Gosiee TOUHBIA ydeT BIUSAHUS O0OJIOUKU;
2) pacnpocTpaHEeHHE MOJENM Ha 00Jee CIOKHBIE BHUJIbI KUIKOCTEH (aHOMAaJIbHBIE),
HEU30TepMUYeCcKue U JByX(a3Hble WU MHOTo(a3Hble MOTOKHA, B YACTHOCTH, Ha
TUIPABIMYECKUNA yJIap C pa3pblBOM CIUIOIIHOCTU MOTOKA; 3) y4eT TPEeHHs , B TOM
YHUCJIE MONBITKN YYECTh HECTALIMOHAPHOE TPEHUE.

Mopens H.E. KykoBckoro paccMarpuBaeT MOBEIEHHE CTEHOK TpPyObl Kak
YIOPYro€ pacTsHKEHHWE OTACNbHBIX CEYEHM HE3aBUCHUMO Jpyr OT Apyra (T.H.
runote3a JKykosckoro). Ognako B camoit pabore H.E. XKykoBckoro [59] maercs
Oonee oOIIas MOCTAaHOBKA, YYHUTHIBAIOIIAs WHEPIMOHHOCTh CTEHOK cedeHus. Ha
OCHOBe JTOW Mozaenu B pabotax [123] wusydanuch CTpPyKTypa U XapakTep
pacnpocTpaHeHHUs: BOJH FHAPABIMYECKOTO yAapa; BOJIHOBOM MPOIIECC B TOM Cllydae
JAeT TUINUYHYIO JJI HEJIMHEWHBIX BOJH KapTHUHY C MOSIBICHHEM IPEIBECTHUKOB,
COJIMTOHOB U IPYTMX XapaKTEPHBIX ISl HEIMHEHHOW TUHAMUKHU sBiaeHuM [31].

OO01ue ypaBHEHHMs JJi1 COBMECTHOM JUHAMUKH MOTOKA MKUAKOCTH U 00OJIOUKHU
LTUTITHYECKON (opMbl TIpuBeAeHa B padote [69, 70]; mokazaHo, 4TO ypaBHEHUS
TUIPABIMYECKOTO y1apa SIBJISIETCA MEPBbIM (JIMHEWHBIM ) MPUOIKEHHEM 3TUX OoJiee
OOIIMX COOTHOIICHUWA TMpU MajblX JAePopMalugax Uil YacTHOTO Ciydas
TpyOOIPOBOJA KPYIJIOTO CEUEHUSI.

1.3. JIByxa3Hbie NapoKuIKOCTHbIE TOTOKU. Pa3pbIB CIJIOMIHOCTH TTOTOKA.
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VYcnoxxHeHHe paccMaTpUBAaEMOM MOJIEIM TOTOKA pas3BUBAIOCh B CTOPOHY
MHOTO()a3HBIX 1 MHOTOKOMITOHEHTHBIX TTOTOKOB. YKa3aHHas chepa uype3BhIYaiiHO U
BeJIMKA U pazHooOpa3Ha, 0030p padOT MO 3TOM TEMATHKE BBIXOJUT JAJIEKO 32 PAMKHU
pabotsel. OT™MeTUM HanboJiee WM3BECTHBIE MOHOTPAa(HH, MOCBAIIECHHBbIE YKa3aHHOU
teme [28, 73, 83, 88, 125, 129, 174].

Bo3HukHOBEHHE HECTAIMOHAPHBIX PEKHUMOB TEUEHHUSI OMACHO HE TOJIBKO
BBICOKMMHU JIaBJICHUSIMH, HO U HU3KUMHU, BBI3bIBAIOIIMMU B MOTOKE MOSBICHHUE 30H
nByx(a3zHoro TeueHus (pa3pbiB CIUIOUIHOCTH MOTOKA, KaBUTAlMsA), TaK Kak IMpU
CXJIONIBIBAHUM OOpa30BaBILIMXCSA NApPOBBIX MOJOCTEN (KaBEPH) MOI'YT BO3HHUKATh
3HAUUTENbHBIE BeIiecku AaBienusd [118, 119, 145]. KaBuraius B moToke BOZHUKAET
B pa3auyHbIX ¢dopmax: Hampumep, B BHUAE OOJBIIMX TOJOCTeH (KaBepH),
3aHUMAIOIINX BCE MOMEPEUHOE CEYEHUE MOTOKA UM TOJBKO €r0 BEPXHIOKO YacTh, B
BUJIC MEJIKUX IMYy3bIPbKOB, PacCHpeleNIEHHbIX M0 BCEMY CEUEHHUIO MOTOKA, TaK U IO
ero JiuHe. BO3MOXHOCTh MOSABICHUS] KaBUTAlMU B MOTOKE MpPH SKCIUTyaTalluu
TpyOONIPOBOJHBIX CHUCTEM, B YAaCTHOCTH, CETEH TEIUIOCHAOXKEHHs, OCOOEHHO B
HECTAllMOHAPHBIX PEXMMaXxX, TOCTATOYHO Bbicoka [51, 146], T.x. mpu TemmepaTtype
tertonocutenss ot 100° go 150° C ngaBieHHe HACHIIIEHHBIX MApOB KOJIEOJIETCsS OT
0,1 no 0,476 Mlla, 4TO COOTBETCTBYET JABJICHHWIO HA MHOTMX Y4YacTKaX CETHU IPHU
HECTAIIMOHAPHBIX PEXKUMAX JBUKECHHUS.

Bo3HukHOBEHHE B TMOTOKE >KMAKOCTH KaBUTAllMM B HACTOSIIEE BpeMs
o0BscHsIeTCS caenyomuMu npuauHaMu (cMm. [26, 88, 129]). PeanpHast *KUIAKOCTH
COJEPKUT HEKOTOPOE KOJMWYECTBO PACTBOPEHHOIO ra3a, a TaKXKe MUKPOITY3bIPbKU
HEPACTBOPEHHOI0 Ta3a (0OBIYHO, BO3MyXa). OTH MY3bIPbKU CKAIUIUBAIOTCA B
MUKpPOTpPEIIUHAX 000JI0YeK (Hampumep, TpyO) U Ha TTOBEPXHOCTH HE CMAYHMBACMBIX
WHOPOAHBIX YAaCTHUI, COJEp)KAIIMXCS B JIO00M peanbHOW KUAKOCTH, U
MPEACTABISAIOT B TAKOM BUJE 3apOJbIIIK KaBUTaluu. [Ipy MOHMXKEHUU JaBJICHUS B
KUJKOCTH 1O HEKOTOPON KPUTHUYECKOW BEIUYUHBI (KOTOPYID MOXHO MPHUHSATH
pPaBHOM JaBJCHUIO HACBHIIIEHHBIX TApPOB JKUAKOCTU p,, cM. [73, 88, 129]),

HAa4YMHAaCTCA 6BICTpBII\/'I pocT 3ap0zu,1me171 KaBHUTallMM 3a CYCT BBIACJICHUA B IIOJIOCTH
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My3bIPPKOB MApPOB CaMOW KUAKOCTH, a TaKKe€ pacTBOPEHHOro B Hel rasza. [lpm
0O0JBIINX TEMIEpaTypax TEINIOHOCUTEINS 3TO sBJIEHUE OyaeT Habmo1aThCs B hopMme
KUIIEHUS >KUJIKOCTU. B KaBUTAlIMOHHBIX My3bIPbKax, B 3aBUCUMOCTH OT MHOTHUX
00CTOSITENTLCTB, COOTHOIIEHHE TMapOB >KUAKOCTH W JAPYTUX Ta30B (Hampumep,
BO3/lyXa) pa3MyHO. 3/eCh OyleT paccMaTpuBATHCS TOJIBKO TaKas KaBUTaIus,
KOTOpasi 00pa3yeTcs 3a CYeT apoOB CAMOM KUJKOCTH, TO €CTh IMapoBas KaBUTALUs, a
cCoIepXaHUEM JpYrux Ta30B TmpeHeOperaercs. BoobOme roBops, Takoe
MPEANOJOKEeHUE CIPABEMAJIUBO JJII HE CUJIBHO a’pUPOBAHHBIX >KUJIKOCTEH M IS
TaKUX KaBUTALMOHHBIX MPOIIECCOB, JJINTEIBHOCTh KOTOPBIX HEBEJIMKA, a PE3yJbTaTe
4Yero B MOJIOCTh My3bIpbKa HE YCIIEBAET BBIJCIUTHCSA B 3HAUYUTEIHHOM KOJUYECTBE
PacTBOPEHHBIA B KUJAKOCTU Ta3. HeTpyaHO BUAETH, UTO TEIUIOHOCHUTENb (BOAA) B
CeTH TEIUIOCHAOXEHHUsS] JOCTATOYHO TMOJHO OTBEYAET MPHUBEACHHBIM YCIOBUSIM.
MHTEHCHUBHBIA POCT B JKUJIKOCTH TMAPOBBIX MY3BIPHKOB (HAYalo0 KAaBUTAIIUN)
03HAYaeT, YTO JAHHOE TEYEHHE CTAHOBUTCS ABYX(a3HbIM U MPEACTaBISIET cOOO0M
NapoXHUIKOCTHYIO cMech. llpucyTcTBue B TMOTOKE My3bIPHKOB  (KaBEpH)
CYILIECTBEHHO MEHSET CBOMCTBA >KHJIKOCTHU, B pe3yJbTaTe 4Yero IBUKEHHUE TaKOh
CMECM HE MOXKET ONUCHIBATHCS  TPAAULUMOHHOM  CHCTEMOW  YpaBHEHUU
TUIPABIMYECKOTO yJapa, BBIBEACHHOW MJii OJHOPOAHOM >kuakocTth. JlaHHOe
00CTOSITEILCTBO ~ TOBOPUT O  HEOOXOJMMOCTH  NPUMEHEHHUS  MOJENHU
HECTAIIMOHAPHOTO TEUEHUSI, YUUTHIBAIOIIETO CYIIECTBOBAHUE B IOTOKE KaBUTAIIHH.
B mnacrosimiee BpeMsi B JuTepaType ONUCAHO OOJIBIIOE YHCIO MOJENeH
NByX(}a3HBIX TEYEHWH, K KOTOPBIM OTHOCSTCS TEUYEHHS, COIMPOBOKAAIOIINECS
napoBoii kaButanmen [73, 88, 129, 174, 175]. BooOme rOBOps, TPOOIEMBI,
BO3ZHMKAIOIIME MPU M3YYEHUU MOJOOHBIX TEUEHUH, OUEHb PAa3HOOOPA3HBI U JAJIEKO
BBIXOJSIT 332 paMKH THIpaBIMuecKoro yaapa [26, 73, 88, 129, 174, 175]. Hano
OTMETHUTb, UTO CJIOKHBIE U MOAPOOHBIE MOJIEIH, YUUTHIBAIOIUE TUHAMUKY U (GOpMY
My3bIPbKOB, HAJIMYME PACTBOPEHHOTO Bo3ayxa [73, 109, 129] u T1.m., Becbma
HEYTO0OHBI 7Sl TPOBEICHUSI MACCOBBIX MH)KEHEPHBIX PaCYeTOB, BO-BTOPHIX, IOTOMY,

4qTo I pacde€Trta 110 OTHM  MOACIIAM TpC6y€TC$I OOJBIIIOE  KOJIMYECTBO
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JOTIOTHUTENbHOU MHGOpMaIHK (MCXOAHAS KOHIICHTPAIUS 3aPOIbIINICH KABUTAIINHA B
MOTOKE, pa3Mepbl MUKPOIY3bIPbKOB, HAJIUYKME W BHUJ MPUMECEH U T.N.), MOTYYUTh
KOTOpBIE B PEAbHBIX YCIOBHUSX HE BCeraa Bo3MOXkHO. C Jpyroil CTOpPOHBI, Kak
noka3zaHo B [122], mogoOHBINA y4yeT BBIIIEHA3BaHHBIX (PAKTOPOB CYIIECTBEHEH, B
OCHOBHOM, IIPH OINKMCAHUM HAYAJIIBHOW U KOHEYHOW CTagui KaBUTALUH, TO €CTh MpHU
3apOXKJACHUM U CXJIONBIBAHUM KAaBEPH, B LIEJIOM K€ ABYyX(a3zHoe MapOokKUAKOCTHOE
TEUEHHE C JIOCTATOYHOM I HH)KEHEPHBIX PACU€TOB TOYHOCTHIO MOKHO OMUCHIBATH
pyu MoMouM 0oJsiee MpPoCThIX Mojeneil. Hanmpumep, npu nmomoiiy Tak Ha3bIBAEMbIX
WHEPLUUOHHBIX Mojeneil kaButanuu [26]. Takue Moaenu MpeanoiararT, 4YTO
KaBEPHBI 3a0JIHEHBI MapaMu KUJKOCTH MO TOCTOSIHHBIM JIABJIICHUEM p;, a MPOIECC
poOCTa WM CXJIONBIBAHUS KABEPH OMNPEHENSIETCA, B OCHOBHOM, HWHEPLIMOHHBIMHU
CBOMCTBAMH OKPYKAIOIIEW KaBEPHY KUIKOCTH.

Hacrosimas pabota orpaHMYMBAETCS PACCMOTPEHUEM TOJIBKO HMHEPLUUOHHBIX
MOZENEN NapOXKUAKOCTHOTO MOToKa. [IpeamnouyreHrne MaHHOMY KIacCy MOJEJNen
OBIJIO OTIIAaHO B CBSI3U C TEM, YTO OHHM HAWOOJiee MPOCTHI M (DU3UYECKU SICHBI U
UCIIOJB3YIOT TOJBKO OJIMH TMAapaMeTp, XapaKTEpHU3YIOLIWWA pa3pblB CIUIOLIHOCTH
MOTOKAa — JAaBJICHUE HACBHIIIEHHBIX MAapOB p,; HAKOHEI, PEe3yJbTaThbl pPaCUETOB,
MPOBEJCHHBIE IO 3TUM MOJEJSAM, JOCTATOYHO TOYHO COBIAJAIOT C pe3yJibTaTaMu
skcniepumenToB [118, 145, 199, 200].

1.4. Yuer TpeHus

[IepBoHauanbHass mnoctaHoBka H.E.JKykoBckoro He yuuThiBaJla MOTEpU Ha
TpeHue B TpyoOomnpoBojse. Illo3gnee, mpu pacuetax Ha OBM crama axkTUBHO
NPUMEHATHCA TaK Ha3blBaeMasl TMIIOTE3a KBa3UCTALMOHAPHOCTHU, COIIACHO KOTOPOH
NOTEPU HA TPEHHUE TMPH HECTALMOHAPHOM pEXKUME TMOMUUHSIOTCS TEM IKe
3aBUCUMOCTSIM, 4yTo W npu HectauuoHapHom (H.A.Kapreemumsuiu [69, 70],
N.A Yapusiii [182]). Takoit moaxoj omnpapabiBaeT ceOs MpH pacuerax JIMHHBIX
TpyOonpoBogoB. OnHAaKO  4acTo, OCOOEHHO TMpPHU  pacdyeTrax  KOPOTKHX
TpyOOIIPOBOJOB, 3aMETHO BIIMSHUE YACTOTHI KOJIEOATENBFHOTO MpoIlecca Ha MOTEpU

Ha Tpenue (pabotsl A.3umnke [62], [I.H. ITonosa [132]).
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B pabote [138] IIPOBEPSIIACH AKCIIEPUMEHTAILHO TUIoTEe3a
KBa3UCTAllMOHAPHOCTHU U MOATBEPAKACHA TPABOMOYHOCTh €€ MIPUMEHEHHMUS.

B paGote [134] npuBeseHbl pe3ysbTaThl AKCIEPUMEHTAIBHBIX HCCIEI0BaHUN
MEPEXOAHBIX MPOILECCOB TMPHU JBUKEHUHM JKHIKOCTH B KOPOTKOH TpyOe. ABTOpHI
npeajiaraloT BBOAUTH KOPPEKTUB, IMO3BOJSIONIMNA YYUTHIBATh HECTAIMOHAPHOCTH
TUIPABIMYECKUX COMPOTUBIICHUM.

B paGote [127] paccMaTtpuBaeTcsi BOMPOC O MIPABOMOYHOCTH JIBYX Pa3IMYHBIX
MOJX0/10B (MCIOJIb30BaHMs 3aKoHAa ['yka mpu BBIBOJIE YpaBHEHUN T'HAPABINYECKOTO
yAapa) K y4eTy CKMMAeMOCTU XKUJKOCTHU MPU aHAIM3€ MEPEXOJHBIX MPOIECCOB B
TUJPABINYECKUX U TUIPOMEXAHUYECKUX CHCTEMAX.

3apyOexHble UCCIEAOBAHUS IO HECTAIIMOHAPHOMY TPEHHUIO MOXHO pPa3/ieliuTh
Ha cneaytouue rpymnmsl [190]:

- YJIEH TPEHUS 3aBUCUT OT MTHOBEHHBIX 3HaUYC€HUHN CKOpocTH TeueHus V [205];

- YJIeH TPEHMs 3aBUCUT OT MTHOBEHHBIX 3HAUYEHHUM CKOPOCTU V U JIOKaJIbHOTO
yckopenust 0V/ot [210];

- YJIeH TPEHHsI 3aBUCHUT OT MTHOBEHHBIX 3HAYEHUU CKOPOCTU V), JIOKaJIbHOTO
yCKOpeHwus 0V/Ot 1 MTHOBEHHBIX 3HaYEHUN KOHBEKTUBHOTO ycKopenust 0V/ox [191];

- 4JIeH TPEHHUS 3aBUCUT OT MTHOBEHHBIX 3HAYCHHH CKOpOCTH V' u muddy3um
& Viex* [226];

- YJIeH TPEHHs 3aBUCUT OT MTHOBEHHBIX 3HAYEHUI CKOPOCTU V U MpebICTOPUN
MOBEACHUSI CKOPOCTH B JaHHOW Touke [62, 212, 224, 225]; npuuem, eciu
MEepBOHAYAILHO MOJENb NpeAHa3Havallach IS JIaMUHApHOrO MoToka [62, 212,
224],To 3aTeM OHa Oblja pacliupeHa U Ha TypOyJIeHTHBIN [225]. V3 oTeuecTBEeHHBIX
uccienoBarenei 31ech MoXHO ynomsiHyTh padoty JI.H.ITomosa [132].

- 4JeH TpeHusi Oa3upyeTcsi Ha paclpelleiEeHUH IO CEYEHUID MIHOBEHHBIX
3HaYeHMI ckopoctu [227, 206 u np.];

B macrosimieit pabote mpu ydere moTeph HAa TPEHUE MPUMEHSETCS TUIIOTE3a
KBa3UCTALIMOHAPHOCTH, T.K. pacCMaTpUBAETCs CIydail TUAPOCUCTEM C JOCTATOYHO

JUIMHHBIMH TPYOOIIPOBOJAMHU.
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1.5. MeToasl pacueTa THAPABIAYECKOTO y1apa

Opnako dopmymna H.E.J)KykoBCKOTO TOAWTCS TONBKO ISl MPEIBAPUTEITHHBIX
OIICHOK MaKCHUMaJbHBIX M MHUHMMAJIbHBIX AaBICHUN B ruapocucreme. [[ns Gosnee
TOYHOW OIICHKU HY)XHO YYHTHIBATH BCIO CHCTEMY TPYOOIIPOBOJOB THAPOIPHBOJA,
COBMECTHO C PabOTON pa3zHOOOpa3HBIX YCTPOWUCTB (KJIamaHOB PA3IMYHOIO THUIIA,
HACOCOB, KOMIIEHCATOPOB U JIP.), BXO/SIIMX B COCTaB TPyOOIPOBOAHON CUCTEMBI.

Jlnst  pemieHWss  9TOM  3a/add  TEPBOHAYAIBHO TPUMEHSUIUCH  rpado-
aHanuTudeckue [25] unum onepatopHbie MeTo bl (padoTel JI.M. Tapko, M.A.HapHoro
u ap.). Pemmts mnomoOHyo 3amady aHaJIUTUYECKH OBLIO HEBO3MOXKHO 0e3
MPUMEHEHUSI 3HAYUTEIbHBIX YINPOIIAIOIIUX MPEINOI0KEHHUHN, B KAUECTBE KOTOPBIX,
HaIlpUMeEp, HUCIOIb30BAJCS JIMHEAPU30BAHHBIM 3aKOH TpPEHUs, WIW TPEHUEM
npeHedperanocs BOBCE.

B pabote PabunoBuua [135] npennaraercs aHaJTUTHYECKUI METO/Ia Ha OCHOBE
Teopun 4-x mNoaOCHUKOB [60, 131], ucmonp3yromuil JuHEAPU3AUIO HCXOAHOM
CHUCTEMBI U 3aMEHY €€ SKBUBAJICHTHOM CXEMOM C COCPEOTOUCHHBIMU MapaMeTPaMHu.

3a pyOeKoM: OCHOBHbBIE YEpThl THAPABIMYECKOrO yaapa OMHUCaHbl B padoTax
[193, 218, 217].

Crpuknep [219] uccnenoBan, B OCHOBHOM, 3KCIEpUMEHTAIBHO 3 (dEeKT Tak
HAa3bIBAEMOW XapaKTEPUCTUKHU THApaBIndeckoro ynapa aV,/(2gH,)

[Iuainep [213] (Bciaexn 3a bepxkepoHOM) naBajd CMELIAHHYIO TEOPHUIO C
OPWIOKEHUSIMUA, AKTUBHO TPUMEHsUT rpaduyeckuii MeToa AJig  pacueToB
TUJPABINYECKOTO yJapa B CHUCTEME C HacocaMH U KianaHamu. Ero kirodeBas
pabora [214] u3naraer rpadoaHaTUTHYECKUNA METOJ; 3HAYMTEIHHBIM BKJIAJl BHEC
Amnryc [186].

Jlxarep pa3BuBai kak rpadoanamutudeckue Metosl [198], Tak 1 B OCHOBHOM
aHanutudeckue [197], npudem g pacuera TpyOOIPOBOIHBIX CUCTEM (U3 TpeX TPpyO
U YPABHUTHUTEIBHOTO pE3epByapa) OH MPUMEHST KOAI(PPUIIMEHTHI OTpaXKeHUs! BOJIH

(aranornuno padotam B.U.brnoxuna [27]).
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JI. Annuesu [185] u JI. Bepxepon [25] pa3paboTanu mpakTUYeCKH ya0OHBIE
aHAJIMTUYECKUN (B BHUJAE PEKYPPEHTHBIX «UEMHBIX» YpaBHEHWI) W TpaduyecKuit
METOJ| PEIICHUS 3a/1a4 TUAPABIMYECKOTO yaapa.

OcHoBHasi mMacca pabOT TOCBSIIEHA pacueTaM TeX WM HHBIX KOHKPETHBIX
TpyOONIPOBOJHBIX CHCTEM. B OCHOBHOM, pa3pabaThlBAIUCh MaTEMaTUYECKUE
MOJENHN TEX WU UHBIX YCTPOWCTB, BBICTYMAKOMMX B KAY€CTBE I'PAHUYHBIX YCIOBUM
U METOJMKH pacyera, OJHAaKO caMa MOJIeJb TEYEHHs OCTaBajach CO BPEMEH
JKyKOBCKOr0 HEM3MEHHOM.

B pabore N.U. Kykonesckoro [84] u3zmaraeTcsi mpuMeHeHHE TpaduyecKux
METOJIOB JIJIsl pacyeTa BOJIHOBBIX MPOIECCOB B TYPOMHHBIX U HACOCHBIX YCTAHOBKAX.

Teopusi ruUOpaBIMYECKOTO yJapa TMOJy4YWJIa 3HAUYUTEIBHOE Pa3BUTHUE
OPUMEHUTEIBHO K aHaIM3y pabOThl THUAPOINEKTPUUYECKUX CTaHIUNA B pabdoTax
M.A.MoctkoBa [113, 114], H.A . Kapteenumswiu [69, 70], I'."N.Kpusuenko [80],
A.EKmynb [58].

B knure A.A.Cypuna [148] yneneHo BHMMaHHE YYe€Ty THUIPABIMYECKUX
CONPOTHUBJIEHUH MPU TUAPABINYECKUX yAapaxX U MPUBEAECH aHAJIU3 IPOTUBOYAAPHBIX
ycrpoiictB.  W.AYapubiii B  moHorpapum  [182]  wuzmaraer  Teopuio
HEYCTAHOBMBIIETOCS JBW)KEHHUS peaJbHOM >KUIKOCTH B TpyOax, Ha OCHOBE
JIMHEAPU30BaHHON 3aBUCHMOCTH MOTEPh HANOpa Ha TPEHUS OT CPEIHEN CKOPOCTH
TEUYEHUS.

[T Kamum, A.M.Jlon6un u HO.B.KpbuioB [82] mpoBenu aHaiu3 BOJHOBBIX
IPOLECCOB B THAPABIMYECKUX CHCTEMax C MECTHBIMH OObEMaMH Ha KOHIIAX
TpyOONIPOBOJOB. AHaNU3 SBJICHUN THAPABIMYECKOrO yjaapa B THApOIpeccax
npoBenieH b.B.Po3zanoeim u H.C.JloOpunckum [55]. B pa6orax JI.M.Tapko [167]
VICCJIEIOBAHBI BOJIHOBBIE ITPOLIECCHI B PA3JIMYHBIX CHCTEMAaxX IMAPONPHUBO/IA.

B paGore [34] mnpuBoauTcs TmNpuMep pacdyeTa NPU TOMOIIM METoja
XapaKTEePUCTUK JAMHAMHUKUA Pa3BETBICHHOW TMAPOCUCTEMBI, BKJIIOYAIOUIEH B ceOs
aKCUANbHO-TIOPIIIHEBOM  HACOC, HANOPHBIM  TPyOONpPOBOJ M  pa3IUYHbIE

THIPOYCTPOMCTBA.
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B pabGorax [25] mpumeHsuics METOJ XapakTEpPUCTUK Ui PacueToB
TUAPABINYECKOTO yaapa B ruaponpuBoge. Kak oTmewanmoch B paboTax
oTedecTBeHHBIX [116] u 3apyOexHbIX aBTOPOB [194], mpruMeHEeHHE KIIACCUYECKOTO
METO/Ia XapakTEePUCTHUK B cllydae TPyOONMPOBOIHBIX CHUCTEM MPUBOAUT JMOO K
HEMPOU3BOAMUTENILHBIM 3aTpaTaM BbIYMCIUTEIbHBIX PECYpPCOB, JMOO K MoTepe
TOYHOCTU U 3aMETHBIM MCKaXXEHUsIM pelieHus. bonee yno0eH B 3TOM ciiydyae METo.1
Oerymero cuera, mnpencraBieHHbli B MoHorpadguu b.JI.PoxaectBenckoro wu
H.H.fluenko [137]. Pacuer Ha DBM HecTallMOHapHBIX MPOLIECCOB B THAPONPUBOIE
KpacHosipckoro CyaonoabeMHHUKAa TpPH  YCIOBUU  «3aMOPOKEHHOTO»  CyJHA
ocymectBun A.K.BoitHoB [40]. Im Obuta mcmosib30BaHa sIBHAS CXema OETYIIETo
cyeTa C almnpoKCHUMalWed MpaBOMl YacTH MO HMXKHEMY BPEMEHHOMY CJIOK0. Takas
anmpoKCUMaIusl HeyAo0Ha TeM, YTO HajlaraeT JOMOJIHUTEIbHBIC OTPAHUYCHUS Ha
1iar o BpeMEHH, CBSI3aHHbIE C YCTOMYMBOCTBIO MO MPABOM YaCTH.

B paGote [211] Taxke mpejuiaraercsi SIBHbI KOHEYHO-PAa3HOCTHBIM METO/I,
NpeICTaBISIIONIMI co00l MoAuUKaLMI0 MeToAa XapakTepucTuk. lIpaBas uacTh
muddepeHranbHblil ypaBHEHUN 37€Ch aNMpOKCUMHUPYETCS TAKKE IO HIKHEMY
CJIOKO MO BPEMEHH.

N3ydeHnio TrUOpoONpHBOAA TAaKOTO  YHUKAJIBHOTO  THAPOTEXHUYECKOTO
coopykeHust kak KpacHOSpCKuMM  CyJOMOJBEMHUK  MOCBAIIEHBI  PabOThI
O.®.Bacunnsena [12], A.K.BoiinoBa [40], A.A.ATaBuHa u ap.

B pa6ote [209] npuBoaATCS pe3yabTaThl KCIIEPUMEHTAIBHBIX HCCIEAOBaHUN
BIIMSHUSL PA3JIMYHOTO POJIa CONMPOTUBICHUN HA JIBU)KEHUE BOJH THAPABIMYECKOIO
yaapa.

B wMonorpaguu A.A. AraBuna, O.D.BacwibeBa u A.Il Snenko [12]
MPUBOJUTCS JPYroil MOJAXOJ K PELICHHUIO YKa3aHHOW 3a7ayu, Korja JJisi pacueToB
KOJIeOATeNbHbIX  MPOLIECCOB B TUAPOINPHUBOAE  HUCIOJNB3YyeTCS  MOJENb C
COCPEIOTOYEHHBIMU NTapaMETPaMU, HO YUUTHIBAIOTCS CBA3aHHbIE KOJeOaHUs BOJIBI U

CyZlHa B Kamepe CyAONOABEMHUKA IIPHU €TI0 IBUKCHUU.
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B pab6ore [220] maercs mocTaHOBKA 3aa4Ml O MEPEXOIHBIX THIPABIMYECKUX
npoleccax B HamopHoU cucteme. IIpuMeHsisi pa3nuyHble yOpOILUEHUs, BBIBOJUTCS
aHanuTU4YecKkas (BechbMa TIPOMO3JIKasi) 3aBUCHUMOCTh, I[O3BOJISIONIAS OLICHUTD
napameTpbl OTOKA.

Meroauka pacyera TUIPABIMYECKOTO yAapa C Y4YeTOM cpabaTbIBaHUS
00paTHBIX KJIAITAaHOB paccMOTpeHa B padore [141].

1.6. l'unpaBarueckue pacueTsbl TPYOOIPOBOIHBIX CHCTEM.

HaubGonee pacnpocTpaHeHHOW SIBISIETCS CHUTyallMs, Korja B KauyecTBe
HAaYaJIbHBIX JIAHHBIX [UISl HECTAIlMOHAPHOM 3aJauyd BBICTYNAKOT MapameTpbl
CTAallMOHAPHOI'0 MpOoLEecca, MPEIECTBYIOMErO0 HECTAMOHAPHOMY Ipoleccy (T.H.
nepexoAHslid mpouecc). B ganHOM ciyyae pedb AOJKHA HUATH O COINIACOBAHHOM
TUAPABIMYECKOM pacuere, MOCKOJIbKY B pe3yJbTaTe TAaKOro pacyeTa JOJIKHbI ObITh
onpeeseHbl MmapaMeTpbl HE TOJIBKO TE€YEHHM B TpyOax, HO W MapaMeTphl Y3JIOB.
3agauM O  COIJIaCOBAHHOM  THAPABIMYECKOM  pacyere  MPEIbSBISIIOT
JIOTIOJIHUTEJIbHBIE TPEOOBAaHUS K THUAPABIMYECKOMY pacueTy, BBUAY YEro MHOTHE
METOIMKH TaKOT'0 pacueTa OKa3bIBAIOTCS HEYAOBJIETBOPUTEIbHBIMHU.

Pa6oT, MOCBSIIEHHBIX THAPABIUYECKHM pacyeTaMm TPyOONpPOBOJHBIX CHCTEM,
T.€. pacueTaM yCTaHOBHUBIIMXCSI PEKMMOB TEUYEHHS, BECbMa OOJIBIIOE KOJIUYECTBO.
OCOOE€HHO CIIO)KHBIMU SIBJISIFOTCSL  pacueThl OOJBIIMX TPYOONPOBOAHBIX CETEH,
COJIEpIKAIlMX 3aKO0JIbIIOBaHHbIE yuacTku. [lo nossienuss 9BM stu pacuets! (yBsizka
TpyOONIPOBOAHOM CETH) NPOBOAWINCH BPYUHYIO M OBLIM BeCbMa TPYIOEMKHU.
Hawubonee wacto mpumensmuce metonsl Jlobauea, Kpocca [1], Anapusmesa [6].
OTU METOIMKH HOCHJIM BO MHOTOM 3BPHCTHUECKHUI XapakTep U HE UMEIHU CTPOroro
000CHOBaHUsA. 3HAUUTEIBHBIM MPOPHIB B HTOM HAIPaBJICHUU MPOU3OLIET C
NOSIBJIEHUEM PaOOT MO TeOpHH ruapaBirueckux uenei [110].

1.7. YupouieHHble MOACIU U AEKOMIO3ULIKS OOJIBIIUX CUCTEM

[IpoGnema  SKBUBaJEHTU3ALMH  OOJBIIMX  TPYOONPOBOAHBIX  CUCTEM

IPUMEHUTEIBHO K TUAPABINYECKOMY pacueTy paccmaTpuBaiach B pabote [149], B
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teopun ruapaBianueckux uene [110] w  ap. OnHako NOPUMEHUTENBHO K
HECTAallMOHAPHBIM ITPOLIECCAM TAKUX UCCIEAOBAHUI MPAKTUYECKU HE IPOBOIMIOCH.
3ajau  ONTUMAJBHOIO YyHpaBleHUS pPAOOTONH TPYyOONPOBOJHOW CHCTEMBI
JTUKTYIOT HEOOXOAMMOCTh TMOBEIEHUS OBICTPHIX OIEHOYHBIX PACUYETOB Pa3IMYHBIX
BAPUAHTOB YIIPABJICHUS B PEXUME PEAIBHOIO BPEMEHU; U NPOBEACHUS TaKUX
pacu€roB TpeOyeTcss Haiudyue «OBICTPhIX» Mozened. Takue Moaenu BO3MOYKHO
IIOCTPOUTH Ha NPUMEHEHHHM MOJEJIEW C COCPENOTOYEHHBIMU IapaMmeTpamu. Takou
NOAXOJA IPEACTABISIETCS BECbMa IIEPCIEKTUBHBIM, OJHAKO B  CIICHHAIBHON

JUTEPATYPE MPAKTHUYECKUE HE MPEICTABIIEH.
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['JIABA 2. TIOCTAHOBKA SATIAYN O HECTALIMOHAPHbIX
I[MTPOLECCAX B TPYBOITPOBO/JHbBIX CUCTEMAX

2.1. TpyOonpoBoaHBIE CHCTEMBI

[Ton TpyOOmpoBOIHON cHUCTEMOM OyaeM IOHMMaTb COBOKYIHOCTb HAIOPHBIX
TpyOOIIPOBOJOB, COEAMHEHHBIX MEXIY CO0OW MpPOM3BOJILHBIM oOpa3zom. B Mecrax
COCIMHEHUS] TPYOONpPOBOAOB, HA3BIBAEMBIX Yy3JaMH CHUCTEMbI, MOTYT OBITb
pacrnojoKeHbl HACOCHI, KJIallaHbl M Apyrue ycTpoicTsa. IIpuMmepamu Takux cuctem
MOTYT CIYXXUThb BOJONPOBOJHBIE CETH, CHUCTEMBbl MAaruCTPalbHBIX Ta30- U
HE(TENPOBOIOB, TEIJIOBBIE CETH U T.JI.

CTpykTypa Takoil CHUCTEMBI 3aJa€TCsl OPUEHTUPOBAHHBIM CBSI3HBIM TIpadoMm.
TedeHue XKUAKOCTH B KaXIOW TpyOe OMMUCHIBAETCS YPaBHEHHUSIMH TUIA YpaBHEHHI
TUJIpaBIMYECKOTO yaapa. B ciayyae HEOOXOAMMOCTH pPacCMOTPEHHUS] TEPMUYECKUX
CBOMCTB JKUAKOCTH (WIM Ta3a) K OTUM YpaBHEHUSIM J00ABIAIOTCS YpaBHEHHE
SHEPrUM U COOTBETCTBYIOIIHME 3aMBIKAIOIIME COOTHOLICHHsS. DYHKIIMOHUPOBAHUE
y3JI0B CETU ONMCHIBAETCS CHUCTEMOM anreOpandeckux W/Hiau OOBIKHOBEHHBIX
muddepeHIManbHbIX ypaBHeHMH. B wurore mnpobOirema CBOAMTCS K PEHICHUIO
CMEIIAaHHOM 3aJauu Ui CUCTEMBI IMIEPOOINUYECKUX YPAaBHEHUH, ONPENEICHHbIX Ha
rpade (komruiekce) [38, 39].

B kauecTBe HauanbHBIX 3HAUEHUH  YACTO  BBICTYNAIOT  MapaMeTpbl
CTallMOHAPHOI'O NIOTOKA B TPYOOIIPOBOJAHON CUCTEME (TaK Ha3bIBa€MbIE MEPEXOJIHBIE
OPOLECCHl, KOTJAa TMPOUCXOAUT H3MEHEHHE peXuMa TEYeHHs OT OJHOTO

CTAaIlMOHAPHOTO PEXKUMA JI0 APYTOTO0).

2.1.1. Onrcanue CTPYKTYpbl TPYyOOIIPOBOAHON CUCTEMBI
[lycte I"— opuentupoBanubiii rpad [180] ctpyktypsl cucteMsl [ 128], rie BeplInHbI
COOTBETCTBYIOT Y3JlaM CHUCTE€MbI, a Oyrd — Tpyoam. IlycTs BepmmHbl U pebpa /°
IIPOHYMEPOBAHBL, U [ U j — HOMEpPA pedep U BEPIINH, COOTBETCTBEHHO.

VYcnoBumcs 0003HAYaTh HUKHUM HWHIEKCOM [ BEIMYUHBI, OTHOCSIITUECS K i-

TOMy pebpy (TpyOe), 1 BEpXHUM HHJEKCOM j — BEJIWYWHBI, OTHOCSIIUECS K j-TOU
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BepmnHe (y3imy). [lycte N — MHOKECTBO HOMEpOB pedep rpada /7 (T.e. MHOKECTBO
HOMEpPOB TpPyO cHUCTeMBI), a J — MHOXXECTBO HOMEpOB BepiiuH Tpada I (y3710B
CHUCTEMBI).

Byaem cumrtarth, 4YTO OmNpeAeNeHO MOHATHE PACCTOSIHUA BIOJIb pedpa H,
COOTBETCTBEHHO, JUIsl KaXI0T0 pedpa omnpezeneHa ero jymmHa L. Ilycts mapamerp x
03HAYaeT pacCTOsHME OT Hauyaja pedpa (B COOTBETCTBMM C OpHEHTaluel pedpa).
MonudunrpoBanublii  TakuM o0pa3oM rpad [/ MOXKHO paccMaTpuBaTh Kak
o0o6menue ocu x [38, 39, 153], mpuueM opueHTalust pedep OyAeT ONMpeneniTh
MIOJIOKUTETHHOE HATIPABIICHUE OCH X.

Wtak, mpocTpaHCTBEHHAs 001aCTh OMPEACIICHUS 3a1a€TCsI HEPAaBEHCTBAMU

0<x<L, ieN. (2.1)

Jlis HecTanmMOHApHBIX 3a7a4  3aJaeTcsl 00JacTh WM3MEHEHHs mapaMmerpa !
(Bpems):

0<t<T,, (2.2)

rae 1y — pacueTHOE BpEMs M3y4aeMOro IpoLecca.

Omnpenenum QyHKIHIO HHIMACHTHOCTH rpada I (cMm. puc. 2.1.):

+1, eciu ayra (Tpy0a) i BXOAUT B BepuiuHy (y3en) J;
77,-] =+—1 €CJIY AyTa i BEIXOJUT U3 BEPIIUHEI | , (2.3)
y p J
0,

eciu peOpo i He CBSI3aHO C BEPIINHOM j;

nl =+1 70\ n/ =-1
N ) J
Y Y
R/ R’
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O003HaunM Yepe3 R’ — MHOXKECTBO HOMEPOB pedep, MPUMBIKAIOIIUX K BEPIITHHE
j, R/ — MHOXXECTBO HOMEPOB pebep, BXOIAIIMX B BEPUIMHY j, R’ — MHOXECTBO
HOMEPOB pedep, BEIXOIAIINX U3 BEPIIMHHI j:

R'={ieN|n/ =1}, R"={ieN|p/ =-1}, R'=R'UR’ (2.4)

2.1.2 IlapameTtpsl, onpeneiieHHbIe Ha rpade (KOMIUIEKCe)
[TapameTpbl, OTHOCAIIUECS K i-TOUW TpyOe, Mpu HEOOXOAUMMOCTH OyAyT CHaOKaThCs
HUKHUM ~HMHJIGKCOM [; TapaMeTphl, OTHOCSIIMECS K Yy31ay j, Oyayr mnpwu
HEO0OXOJAMMOCTH CHA0XKATHCSI BEPXHUM HHJIEKCOM j.

[Tycth, Hampumep, HEKOTOpas BeJdMuYMHA Y oOmpeneneHa sl i-TOH TpyOBbl;
JOTyCTUM, 3Ta TpyOa (HauajaoM WM KOHIIOM) IPUMBIKAET K y37y j (T.e. i e R’). Torna

3Ha4Y€HHUs Y; B TOUKE MPUMBbIKaHUs OyayT 0003HauaThcs Kak Y/ .

TaM, rac 3TO O4€BHUAHO, MHACKCHI 6y,ZLYT OIIYCKaThCA, YTOOKI HE 3arpoOMOXKIaThb

HN3JI0KCHUC.

2.2. ludpdepennuanbHbie ypaBHEHUS, OMUCHIBAIOIINE T€UEHUE KUIKOCTH B TpyOax.
2.2.1 YpaBHEHHE HEPA3PHIBHOCTH.
Hcxoas U3 MHTErpalibHOTO 3aKOHA COXPAHEHHUS MacChl, MOKHO MOJIYYUTh YPaBHEHUE

HEPa3pBIBHOCTH B clieyronieM Buje [ 182]:

é’(pa)) oG
o T oo 2-5)

rage ¢ — BpeMs; X — KOOpAMHATa BIOJIb TPY6I>I; L — MIIOTHOCTb XHUAKOCTU, @ —

TIOMIAh TIOTIEPEYHOTO ceueHus TpyObl; (G — MacCOBBIN PacxXo.

2.2.2  YpaBHEHHE JBHKECHUS

N3 uHTErpaJIbHOTO 3aKOHA COXPaHEHMSI UMITYJIbCa CIeayeT ypaBHeHue [182]:

oG JWVG) op dz
_ _ a2 2.
ot ox @ T T T P8O (2.6)
rne V=G/(pw) — cpemHss IO CEYEHUIO CKOPOCTh IIOTOKA MKMIKOCTH, T —

KAacaTeJIbHOE HAaIpSHKEHUE TPEHUST O CTEHKU; )y — CMOYEHHBIM MNEepuMeTrp; g —

YCKOPEHHUE CHUJIbI TSDKECTH;, Z = z(X) — BEpTUKaJIbHAsl OTMETKA OCH TpYOOIIPOBO/IA.
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Cnenys runoTes3e KBa3UCTALMOHAPHOCTH [69], BEIMUMHY T MOXHO OIPEICIUTh

B COOTBETCTBUU ¢ Popmyroi lapcu-Belicoaxa:

Vi-v
A7

8
rae A - koo PUIHUeHT TuapaBInYecKoro TpeHus [3].

T =

: 2.7)

2.2.3 YpaBHEHHE SHEPTHUU.

W3 wHTErpanbHOTO 3aKOHA COXPAHEHUS JHEPruu, IMpeHeOperas MpPOaOIBLHOM
TEIJIONPOBOJAHOCTHIO, MOXHO MOJYYUTh YPAaBHEHHE SHEPIHHM B CIEAYIOIIEM BUJC
[29]:

o sz o ( sz o(pov) dz
é,t[pa)(e+ 5 }+5X{G e+ + e ——pga)de—r;(VJrqw;( (2.8)

I7I€ e — yAelbHas BHYTPEHHSAS 3HEPrus; ¢, — MPUTOK TEIUIa K JKUJIKOCTU 4Yepes3
CTEHKU TPYObl, MPUXOASIIUNACS HA €UHUILY IUIONIaJAN IOBEPXHOCTU TPYOHI.

B nepBom npubnmxeHnr MOXXHO CUUTaTh [87]:

q, =K-(1,,-T), 2.9)
rae 1,,, — aOcomroTHas TeMmepatypbl HapyxkHOU cpenwl, 1 = T(x,t) — abcomoTHAs
TeMreparypa Kuakoctu; K — koadduiment terionepeaadu [87].

[lepexons Kk sHTaNbIUKU I = e+p/p u ucnonb3ys (2. 5) — (2.6), ypaBHeHue (2.8)

MOKHO 3a1ucaTrb B BUAC:

Oh é’(pa)) Oh op
_ oh 2.10
PO o OOV T 2.10)

2.3  3aMbIKaroumMe COOTHOIICHHUS.
BribepeM B KauecTBE OCHOBHBIX TEPMOJMHAMUYECKUX TEPEMEHHBIX NaBICHUE p U
temmnepatypy 1. Torna p=p(p,T) n h=h(p,T).

VYpaBHeHHs] COCTOSHUSI IJIsl IUIOTHOCTH OyJeM 3aJaBaTh B CIIAYHOIIEH

nuddepeHnnansHoi hopme:
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é&j _ (é&) _
I an

p
rae o, = oy(p, T) — KOdQQUIMEHT H30TEPMHUYECKOH CHRKUMAEMOCTH KHIKOCTH;
or = or(p, T) — ko3P durmeHT 00bEeMHOTO PACIIUPEHHUS KUTKOCTH.
JIJist SHTANBIUN CTIPABEIMBLI CIICAYIONINE TEPMOAMHAMUYCCKAE COOTHOIICHUS
[29], koTophIe ¢ yueToM (2.11) MOXKXHO 3amucaTh B BUJIE:

(%j - S(-o0m). (&) - (2.12)

p
TlE C, - TEIMJIOEMKOCTh IPU IOCTOSIHHOM JaBieHud. IlepBoe paBeHcTBO B (2.12)

onuceiBaeT 3 dext Jxoymns-Tomcona.
3aBUCHUMOCTD IUIOMIAIA MOTIEPEYHOTO CEUCHUS @ OT JABJICHUS U TEMIIEPATypbl

OyzeM onuchiBaTh Takxke B AudpepeHimanpuon hopme:

do ) _ EQJ _
(ﬁpjT—2a’pw, (5T p—ZaTa), (2.13)

rae or - Kod(QQUUUEHT JIMHEHHOIO pacIIMpEHHs MaTepHana CTEHOK TPYOBI; -
K03(pGULIMEHT ynpyroro oTnopa CTeHOK Tpyoomnporoaa [87, 10].

JI71s1 TOHKOCTEHHBIX TPpyO MOXKHO NpuHATSH [ 10]:

d
A, ==

2AE, °
rae d - BHYTpEeHHHI nuameTp TpyObl; A - TONIMHA CTEHOK TpyOsl; E, - MOmynb

YOPYrOCTH MaTrepuaia CTEHOK TPYyOBbI.

2.4  Mopauduxanus OCHOBHBIX YPaBHECHHIA.

BriGepem B kauecTBe OCHOBHBIX MTEPEMEHHBIX JaBJICHUE, CKOPOCTh M TEMIIEPATYPY:
p= p(x,t), V= V(x,t), T= T(x,t) . (2.14)
C yuyerom cooTHoleHuit m.2.3 cucremy ypaBHenuit (2. 5), (2.6), (2.10) MmoxHO

NPEACTaBUTH B BUJIE CJIEYIONIEH CUCTEMBI OTHOCUTENILHO NIEpeMEeHHBIX (2.14):

P é&_x(ﬁT or

af af 2 OV _
ot 7 ox é’t+V0"xj+pa° o -0 (2.15)
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. 5_Vj o 4z 1
p(é’t-'_Vﬁx T TP T T e (2.16)
oT oT (é’p 5pj q.x
- — _ T £ £ Iwh
otV a T\ at &) T pac, (2.17)
e
_or—2a, o4
e S pe (2.18)
31ech
w 1
a, = =
° [ﬂ(pw)j Jo(o, +2a)) (2.19)
ap

T
- CKOPOCTHL pacCHpOCTpaHCHHA  BOJIHbBI TMAPABIMYCCKOIO  yaapa  COIJIaCHO

H.E.’KykoBckomy [59].

Vpapaenus (2.15)—(2.17) mosydeHbl ¢ Yy4e€TOM MPEANOJIOXKEHHUS, YTO IS
JEHUCTBYIONTUX AUANa30HOB U3MEHEHUS IaBJICHUS p U TeMIepaTypsl 1 CIpaBeITuBbI
OTICHKHU:

par
pc,

<«<l1, a,p<<o,T. (2.20)

PaccMOoTpuM 4YacTHBIN cilydail U30TE€pMUYECKOro TedeHuss 1 = const. DTOT
CJIydaii MoTy4aeTcs Kak mpeeiabHbIi nepexoa u3 Ggopmysnst (2.9) npu K — «, TOraa
T— T,,,=const. Kpome TOro, npu K — « ypaBHEHHE 3Hepruu (2.17) Belpoknaercs B
ypaBuenue 1=T,,, , a ypaBHeHus (2.15)— (2.16) mpeBpaiaroTcsi B 00IIEU3BECTHHIC
ypaBHEHUS THAPABINUYECKOro yaapa [59, 53, 182].

[Iyrem HecnoxHbIX mpeoOpa3oBaHuid ypaBHeHus (2.15)—(2.17) moxHO

NPUBECTU K KAHOHUYECKOU (hopme:

p p , OV q.,X

—+V =+ =

ot o P e T poc,(1-xeT) "’ (2.21)
ov ov 1 dp Ty dz

a T o e Sk (2.22)
or oT ov ,

—+V —+¢&Tpa’ Twk (2.23)

ot ox ox poc,(1-xeT) ’

rIe
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g=—2 (2.24)
1—xeT

— HEM30TEPMUYECKAs] CKOPOCTh PACHPOCTPAHEHUS MaJIbIX BOo3MYyIleHui. HTEepecHo,
qTro a > ay .

JInst yacTHOTO cilydasi ainabaTUYECKOro MOTOKa UMeeM ¢, =0, U ypaBHEHUS
(2.21)—(2.22) onare TpeBpamalOTCSs B CHUCTEMY ypaBHEHHH, 10 ¢opme
COBMAJAIONIEH C YPAaBHCHHSIMU THIPABIUYECKOTO yaapa, TJ€ CKOPOCTh BOJHBI
THIPABIMYECKOTO ynapa omnpezaensercs no dopmyine (2.24), xkoTopas B JaHHOM
cilydyae MpeACTaBisieT co00il aanmabaTuyecKyl0 CKOPOCTb PaclpOCTPAHEHHUS MallbIX
BO3MYILICHUMN.

Vpapaenus (2.21)—(2.23) otHocsTcs K runepoosuueckomy tumy [137] u

HMCHOT CJIICAYIOIINUC XAPAKTCPHUCTUKHU:

dx
E =V+ta, (225)
dx
d_y (2.26)

Py 3TOM THAPOJIMHAMHYECKHE BO3MYIICHHS TEPEHOCATCS IO XapaKTePUCTUKAM
(2.25), a TerioBOoe BO3MYIIEHHE TMEPEHOCHUTCS MO XapakTepuctuke (2.26), T.e. co

CKOPOCTBIO ITOTOKA V.

2.5. YpaBHEeHUs TUAPABIMYECKOTO yaapa
['unpaBnuyeckuid ynap sBisIeTCs  OBICTPONPOTEKAIOUIUM  MPOLECCOM, Korjaa
TEMJI000MEH C BHENTHEH Cpeoil HE YCIeBAaeT Pa3BUTHCS, MOATOMY B ITOM Cllydae

MOJKHO I10JIaraTtb

q,~0, (2.27)
U TEepBBIX JBa ypaBHeHHUs B cucrteme (2.21)—(2.23) MOXHO paccMaTpuBaTh Kak

aBTOHOMHYIO CUCTEMY YPaBHEHHWU OTHOCUTEIIBHO ITEPEMEHHBIX p U V-

op op , OV

—_—+V =+ —=0, .

or o PY T (2.28)
ov ov 1 Ip Ty dz

-y — L =
o U ox T pox . po Sdx’ (2.29)
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KOTOPBIE U SIBJISIIOTCS YpPaBHEHUSIMU THAPABINYECKOTO yAapa.

VYpaBaenue (2.17) npu BbeIOAHEHUU YcloBus (2.27) naéT COOTHOIIEHHUE,
CBSI3BIBAIOIIIEE HATPEB KUJIKOCTH C U3MEHEHHEM JaBJICHUS

dT = —&¢T -dp . (2.30)

JIns TakoW pacnpOoCTpaHEHHOW KalleJIbHOW JKMAKOCTH, KAaK BOJA, HMEEM
o, =15x107° K™, ¢, ~ 4,19 x 10 * dorc/ke K, p= 1000 Kke/M’, OTKyZa

Or

pe,

& =

~ 3,58 x10 " Ila™" (2.31)

PaccmatpuBast pabouune auana3onsl 17 Boabl 273 <7< 373 (0°C< T'<100°C)
U 0<p<100amwm, W3 BBIIECOPUBEICHHbIX OIIEHOK uMeeM, corjgacHo (2.30),
max |A7] = 0,13°K.

OTMeTHM, YTO HU30TEPMUYECKOE TeueHHe (HOPMATbHO TaKXKe CBOJAUTCA K
cucteme Buaa (2.28) —(2.29), HO B 3TOM cilydyae moJi CKOPOCThIO pacIpOCTPaHCHUS
BO3MYIIICHUH MOHUMAETCS BETUYHMHA @), onpenensemas mo ¢opmye (2.19). Onnako
clenyeT 3aMeTUTh, YTO JUIsl KaneldbHBIX JKMJIKOCTEW pa3HUlLla MEXIYy a U a, Oyjaer
HE3HAYUTEIbHA.

Hanpumep, a1 Boasl B nHTepBane temrepatyp 10° - 20° C u ang auana3zoHa
napiennii 0,1 — 10 MIla umeem o, ~1,5x107 K", o,~47x10" Ila™", otkyna,
npeHeOperass ~ BIUSHUEM  CTEHOK  TpyObl, yuuthiBas (2.18), momydaem
kel ~3,3%x107° ~0,3%. YuureiBas 3Ty OLEHKY M cpaBHHBas (Gopmyisl (2.19) u
(2.24), momyuaem, 4TO pa3HUIIA MEXIY a U a, cocTaBisieT He 6omnee 0,2%. Jist Boab

B uHTepBaie Temmneparyp 60° — 80° C mMeeM COOTBETCTBEHHO, 0, ~587x107° K™ n
o,~74x10" IIa™", otkyna nomydaem kel =~39,1x10° ~4%. B osTom cmyuae

PACXOXKJICHUE MEXY a U d) COCTaBUT YK€ OKOJIO 2% .
BnusiHue cTeHOK TpyOBbI TOJBKO YMEHBIIUT 3TU OIEHKH, T.K. COTJIACHO opMyIie

(2.18) mpu 3TOM BETMYHMHA K YMEHBIIAETCS.
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MOoXHO yTBEpXkAaTh, YTO C POCTOM TEMIEPATYphl U JABJIEHUS PACXOKICHUE
MEXIYy aanadaTUYecKOM @ W HM30TePMHUYECKON CKOpPOCTSIMH 3ByKa a, Oyjaer

YBCIIMYNBATLCA.

Takum oO0pa3om, BAMSHHE THAPOJWHAMUYECKHMX IIApaMeTpOB Ha Harpes
XKHUJKOCTH B JAHHOM CJIydae HHYTOKHO; MIOATOMY JOCTATOYHO TMOJIb30BAThCS TOJIBKO
YPaBHEHUSIMU THAPABINYECKOro yaapa (2.28) — (2.29).

OpmHako Jpyrue KamenbHbIe JKUIKOCTH (HampuMmep, HEKOTOPHIE CKWKECHHBIC
rasbl) MOTYT UMETb TaKU€ APAMETPHI p, 07, Cp, YTO BIMSAHUE U3MEHEHHUS aBICHUS Ha
U3MEHEHHE TEMIIepaTypbl MOXET OBbITh CYIIECTBEHHBIM. B 3TOoM ciywae mauns
HaXO0XJICHUsT HEOOXOAMMO MPUBIIEKATH eI U ypaBHeHHE dHepru (2.23).

B cmywae TedeHuss raszoB, BoOOIIEe TOBOpS, HEOOXOAUMO UCIOIB30BATh
MOJTHOCTBIO cUCTeMy ypaBHeHHH (2.21) — (2.23) nns HaxoXaeHus TpEX mapameTpoB
p, V, T. Ognako il omHMcCaHWsi TEYCHHMsS Ta3a B MaJlOM JUaria3oHe IaBJICHUH,

HanpuMcep, B aKyCTUICCKOM JIHAITa30HC, BIIOJIHC TOAUTCA U MOJICIIb THAPABINYICCKOI'O

yaapa (2.28) — (2.29).

2.5.1. IuBapuanTsl Pumana
[Toacramsist (2.7) B ypaBHeHue nBmwkenus (2.29) u paccmatpuBasi TpyOy Kpyriaoro

ceueHus, cuctemy (2.28) — (2.29) moxxHO 1peodpa3oBaTh K BUIY

op op , OV

—_—+V =+ —=0, .
o o P o (2.32)
ov oV 1 op V| dz

etV —t = —— - g —, .
ot ox | p Ox 24 % ax (2.33)

rae d - muaMeTp TpyoOBbl.

[Ipu 3TOM, COriacHO MpebIAyIIeMy MYHKTY, OCHOBHBIE NTapaMETPbl KUIKOCTH
3aBHCAT TONBKO OT jaBineHus: p=p(p), a=a(p), T.e. XKUAKOCTH SABIAETCS
OapoTpomHOil. DTa cUCTeMa ypaBHEHHH OTHOCHTCS K THUMEPOOIMYECKOMY THUIY U
JIOIyCKaeT 3aluch B UHBapuaHTax Pumana [137]

1 ¢ d, 1 ¢ d,
r=—| V[ s =y - [, (2.34)
Y Pa 2 Y Pa



39

OTKya UMCCM

p
d
V:r_i_S,J'L:r—S- (2.35)
0 P4
JI1d ManmockuMaeMon KareJibHOM KUJKOCTA MOXHO CUUTATh
1 1
re—| L sv ], sx~|-L v |, (2.36)
2\ pa 2 pa
OTKYJla UMEEM
r+s
p=r—-s, V= . (2.37)
pa

Ucnions3ys (2.34) u (2.35), cuctemy (2.32) — (2.33) MmoxHO mpeobpazoBath K

BUTY
+5)-|r+
5_”+(V a)ﬁ_r:_,l (rts)-|r S|_£di, (2.38)
ot 0. 4d 2 dx
+5) |+
A B G 1 k) N ¥ (239)
ot X 4d 2 dx
VunTBIBas, 4TO PACCMATPHBAIOTCS CYIIECTBEHHO J03BYKOBBIE TEUCHHS:
V<< a, (2.40)

B ypaBHeHUAX (2.38) —(2.39) MOXHO TpeHeOpeYh KOHBEKTHBHBIMHU CllaracMbIMU

Vor/ox m Vas/ox, T.e. ¢ morpemHocThio Menee 1% Bmecto (2.38) —(2.39) mMoxHO

paccMaTpuBaTh YPABHEHHUS

é’—rwé’_r:_g(r”)"r”'—&di, (2.41)
ot ox 4d 2 dx
& o G lrs)lres| g (2.42)
Ot ox 4d 2 dx

COOTBCTCTBCHHO, BO3BpallasACh K «HATypaJbHBIM» IICPEMCHHBIM p U V, C TOH

K€ MMOTPEIIHOCTHI0 MOXHO MPeHeOpeub KOHBEKTUBHBIMU YICHAMK V Op/dx u V oV/ox

B UCXOJHBIX ypaBHeHUsIX (2.32)—(2.33), T.e. paccMaTpuBaTh BMECTO HUX CUCTEMY

op , OV

v a2V . 2.43
o P4 o (2.43)
oV 1 op V| dz

cLa v d 2.44
o p ox 24 % (2.44)

2.5.2 T'mapocTtaTu4ecKui Hamop
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[Ipu pacuetax TrUAPaBIMYECKOrO yaapa, 4YTOObI HCKIIOYUTH THUIPOCTATHUECKYIO

cocTaBJysionyto, uHoraa [10, 71] BMecTo 1aBiaeHUS UCMOJIB3YIOT IEPEMEHHYIO

X,
1 ()= 28 (). 2.45)
PE
Otcrona umeem
oOH 1 op OH 1 op dz
= 1 — O s T - l — O + —.
ot  pg Ot ( b ) ox  pg Ox ( pp) dx (2.46)
Cuurtas, 9To 711 KaneIbHOU KUIKOCTH CIIPABEIIINBO
o,p<<1, (2.47)
u3 (2.46) umeem
oH 1 0 oH 1 0 dz
~ __p _~__p+ (2.48)

ot ~pg8t’ 8x~pg8x dx
[ToacTaBiisisi 3TH COOTHOIIICHMS B YPaBHEHUS THAPABIMYECKOTO yapa (2.43) — (2.44),

MOJTy4aem

OH a’ v

—+———=0, :

ot g Ox (2:49)

ov oH V-

AR B N 2.50

o % ox 2d (2.50)
J1J1s TepeMEHHBIM «HAITOP»-«CKOPOCThY UHBAPUAHTHI ¥ U § MOYKHO OTIPEIETUTh KaK

1 ( gH 1 gH
X — +V |, s —| - +V |, )

! [ a j "Ta [ a j @31
OTKyJla UMEEM

goal=s) y_ ¢ (2.52)

g
Torna cuctemy ypaBHeHu (2.49) — (2.50) MokHO 3anucaTh B BUJIE
VoW .
or o _ |Iz_ﬂ(””ﬂ””':_g.(“s), (2.53)
ot ox 4d 4d
Vo +5)-|r +

ﬁ—aa—sz—iJ:—i(F $)-Jr S|=—B'(r+s), (2.54)

ot ox 4d 4d
rie

|+ 5|
B=B(V)=1"— 2.55
)= 215 (2.55)

— Bo3pacTaroias GyHKIHs CKOPOCTH.
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2.6. 'mnpaBarueckuii yap B KOAKCHAJIbHBIX TPyOax
Ha npaxTuke BO3HHKAIOT 3a7ja4i, KOT'/1a BO3MYIIEHHE pACIIPOCTPAHSAETCS 110 CUCTEME
KOoakcuaJbHbIX TpyO. Takoro poja 3agaud MOTYT BO3HHMKAaThb B MAalIMHOCTPOEHUH,

HE(PTAHOU UHIAYCTPHUH U T.J.

A
Y

D

puc. 2.2
3neck d, - nuamMeTp BHyTpeHHEN TpyObl; D - TMaMeTp BHEIIHEN TPyObI;

KuakocTh 3amonHsIeT Kak BHYTPEHHIOIO TpyOy, Tak WU MEXTpyOHBIN 3a30p. B
001eM cirydae 3TO MOTYT OBITh Pa3HbIE )KHIKOCTH C Pa3HBIMHU XapaKTEPUCTUKAMHU.
[IpumMensist 3aKoHbI coxpaHeHus (2. 5) u (2.6) oTaeapHO K BHYTPEHHEH TpyoOe U

3aTpyOHOMY (KOJIBILIEBOMY MIPOCTPAHCTBY), MOJTYy4aE€M CUCTEMY YPABHEHUM

5(;@) ¥ iG =0 (2.56)
ﬁ; +ﬂ(;xG)+“’ﬂ_];:‘fZ—PgWZ—ia (2.57)
2 oG

(pa'}wkh el (2.58)
ﬂgt,« n 5(V§XGK)+ a)xif—x"=—z',(;(,(—p,cga),(%, (2.59)

"n.n

rae uHiaeKc "k" oTMedaeT BEIMYMHBI, OTHOCSIIMECS K KOJBIEBOMY MPOCTPAHCTBY;
NIEPBBIE JIBA YPABHEHHUS OTHOCSTCS KO BHYTPEHHEH TpyOe.

3nech oA 7, ¥, MOoJipasyMeBaeTcs

TI(ZI(:T.Z-i-TW.ZW’ (2.60)
7€ 7,, — HallPsDKEHWE Ha CTEHKax BHEIIHEHN TpyOBbl, y,, — IEPUMETpP CEUCHUS BHEITHEN

TpyOBI; 7p — HANpsDKEHUE Ha BHEIIHUX CTEHKaX BHYTPEHHEH TPYyOBI, yo — MEpUMETP
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HApy»KHOTO CEUYEHHs] BHYTPEHHEH TpyObl, T.e. 7, IPEIACTaBIsIeT COOOW cpeaHee

HaIpsHKCHUC TPCHUA

z- ) Z + TVL" : Z y
T, = =, (2.61)
X
JIns HaxoXKAeHUs HANPSDKEHUN B CIIy4ae HEHBIOTOHOBCKMX JKMIKOCTEH MOYKHO
BOCIIOJIB30BaThCS pe3yjbTaTaMu paboTel [41], a Takke MOTYIMIHUPUYECKUMHU
dbopmymnamu [105, 184, 97, 135].
Jns 3aMbIkaHus CcUCTEMBbI ypaBHEeHHU (2.56)—(2.59) mnpumMeHuM K HHUM

JOMYUIEHUSI TEOPUU THAPABINYECKOrO yaapa (cM. pazzaen 2.3). PaccmarpuBas

p=p(r), n=pp), o=0(p.p,), a=olpp)=alp)-p.p), (2.62)
rie o, =7 D?/4 — oblas MIOIaAb cedeHUs BHeWHel TpyObl; @ =7z (d +25) /4 —

BHEILHSS IUIOIIA]Ib CEYEHUSI BHYTPEHHEHN TPYyOBbI.

[Tpumensis k (2.62) 3akoHbl, aHanoruunbie (2.11) u (2.13), nonyyaem

ap P,

5 = O-pp ’ @K = O-K,pp)( 2 (2.63)

do=20- (apdp - a,(,pdp,(), do, = 2[awa)wde - (OTdeK + OTPdp)EJ

do, =L gp - (_ D i, + @dpj - (ﬁww i @jdpk -2 g - (2.64)
Py Py p Do D p

= (a0, - 2a,@)dp, - 2a&,@dp = 2|a,w,dp, —(@.dp, +@,dp ) |

3neck @, — KOAPOUIUEHT YyIPYyroro OTIopa CTEHOK Hapy>KHOTO TPYOONpPOBOIA;
a,, —KOdp(ULIMEHT ympyroro OTIOpa CTEHOK BHYTPEHHEro TpyOompoBoja Ha
BHEINHEE (CXKUMAIONIEE) BO3AEHCTBUE; &, — KOOQ(QHUIMEHT yIPyroro OTIOPa CO

CTOPOHBI HApY)XHBIX CTEHOK BHYTPEHHEro TpyOONmpoBOJa Ha BHYTPEHHEE

BO3JIEUCTBHE.

[ToncraBnss B ypaBHenus (2.56) —(2.59) 3ambikaromiue cooTHoueHus (2.63) —
(2.64), momydaem cHCTeMy ypaBHEHHWH, OIHUCHIBAIONINX PACIPOCTPAHEHHE

BO3MYUIEHUH B KOAKCHAJIBHOM TPYOOMNpPOBOJIE:
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op op op op j , OV
Y4V Z=—c- S 76 £+ —=0, .
o1 ox [ o1 ox ) PO o (2.65)
ov oV 1 g T dz
A R SRV S (2.66)
ot ox  p Ox PO dx
op op op op j _, vV
L Ly Sk =4V I+ £ =0, ,
ot~ ox e"[ or  ~ox) P o (2.67)
oV oV 1 7 T dz
S e ol (2.68)
ot ox p,. Ox P @, dx
IJ€ dy — CKOPOCTh BOJHEI FMIPAaBIMYECKOIO yaapa BO BHYTPEHHEN TpyOe, COrIacHo
H.E.)KykoBckomy
aozl/\/p-(ap+2ap), (2.69)
a BEIMUYMHA
2, pai =—s 2.70
€=z =T > .
w.pP%0 o, +2a, ( )

- Oe3paszmepHblid KOI(PGUIMEHT B3aUMOBJIMSHUS, XapaKTEPHU3YIONIUI BO3IEHCTBHE
3aTpyOHOTr0 MPOCTPAHCTBA HAa TEUEHHE BO BHYTPEHHEW TpyoOe.

AHanoOruyHoO, @_ — CKOPOCTh BOJIHBI THPABIMYECKOTO yAapa B MEXTPyOHOM

3a30pe

a_l( :aK,O/\/l-’_szai,O aC;T(aw_CTI()ﬁ (2'71)

rIe

1
Kk,0 ,\/pK(O'K!p N 2aw)’ (2.72)

a e, — Kod(h(PUIMEHT B3aMMOBIUSHUS, YUYUTHIBAIOIIMI BO3ACHCTBUE uYepe3 CTEHKU

a

BHYTpEeHHEl TpyObl mapaMeTpoB TEUYEHHs BO BHYTpEHHEHl TpyOe Ha mapameTpsl

TEUYEHUSI B MEXKTPYOHOM 3a30pe

2p/ra/2r0 5 —_—
e. = — —a,.
142002 @ (a, ~a.) s (2.73)

Cuctemy ypaBHeHuil (2.65)—(2.68) MOXHO pa3peliuTh OTHOCUTEIBHO

MIPOU3BOIHBIX IO BPEMEHHU U 3alucaTh B MAaTPUIHOUN opme

—+Ad—=f, (2.74)
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1€ # — BEKTOP HEU3BECTHBIX

i={p,V.p.V.}, (2.75)
Marpuna 4 paBHa

V-eelV, — pa LS S X
l-e-e, l-e-e, l-e-e, l-e-e,
1 V 0 0
A= P ) . (2.76)
. V-V, pa; V.—e-eV p.a.; )
“l-ee,. “l-e-e. 1-e-e, l-e-e,
0 0 1 V.
P
Y BEKTOP IPABBIX YACTEU
- dz 1y dz 1.y
= 0: T T 07 — = .
4 { gdx yolo) gdx pka)K} (2.77)
XapaKTepucTUYECKOe YpaBHEHHE JIJIsl CACTEMBI OyneT
2 =2V +V )P =2c2* —2bA+det4=0, (2.78)
rae
o Wt WAV o aV.ralV o, V+v,) (2.79)
2(-e-e,) " 2 ’ l-e-e, g " '
u det A — onipefenuTens MaTpuIls (2.76):
222 22 222
det 4 =20% “ Dl ZGZ | pry2 (2.80)

l-e-e,

MoxHO IMOKa3aThb, YTO IIPH BBIIIOJJHCHUN JOCTATOYHO €CCTCCTBCHHbBIX YCJIOBI/Iﬁ

c>0, det4A>0, 0<e-e_<I. (2.81)
XapakTepucTUieckoe ypaBHeHue (2.78) UMeeT Bce JEeUCTBUTEIbHBIE KOPHU, IPUYEM

JIBA U3 HUX IOJIOXKUTEJbHBI, a JIBA — OTPULATENIbHBI. TO €CTh cHUCTEMa ypaBHEHUIl
(2.65) — (2.68) saBnsercss TUNEpOONIUYECKON, U OMUCHIBAET PACIPOCTPAHEHHE IBYX
BOJIH C Pa3MYarOUMMUCSA CKOPOCTSIMH B TOJIO)KMTEJILHOM HAalpaBJICHUH, U JBYX
BOJIH C Pa3jIMYyaroMMHUCS CKOPOCTSAMHU B OTPULIATEILHOM HaIllPaBJICHUU.

VYuurteiBas, 4To ISl peaNbHbIX TEUCHUN )KHJIKOCTH B TPYyOONpPOBOIAX CKOPOCTH
TE€YEHHs OOBIYHO HEBEJIMKH, BKJIa/l KOHBEKTHBHBIX CJIara€MbIX B CUCTEMY YpPaBHEHHI

(2.65) — (2.68) man, mosToMy HMH MOXHO mpeHeOpeub. [lepexons k Hamopam
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h=plpg+z u h=p,/p.g+z, CHCTEeMy  YpaBHCHHH,  OIHUCHIBAIOIIYIO
pacnpocTpaHEHUE BOJIH B KOAKCHATILHOM TPYOOIIPOBO/IE, MOKHO 3aMKCaTh B BUJIE:

Oh a oV p a; ov,
— 2 ——tefx e £=0,
o gll-e-e.) ox p gll-e-e.) ox

oV oh 174
- 4 g—=—"
ot ox yold)
oh,. a: oV Yo, a; ov
+ te, ——F———=
ot g(l—e~e,() ox p. gll—e-e.) ox
ov, oh T Xe

+ =— .
ot g ox PO,

b

(2.82)
0

5

XapakTepruCcTUIECKOE YpaBHEHUE AJIsl TONW CUCTEMBI OYAET CIeAyIOIINM
2 —2

_ G +a,

l-e-e, l-e-e,

bukBanpaTHoe ypaBHeHuE (2.83) uMeeT YeThIpe BEIIECTBEHHBIX KOPHS

22
24 a,a,

-0, (2.83)

2, =2 2 =2 22
_\/ao +aK+\/(a0—aK) +4e-e aya;

(2.84)

OTcroaa BUIHO, YTO IIPU HAJMYWHU B3aUMOJACHCTBUS Yepe3 CTEHKY TpyObI ( e£0u
e,#(0 ), CKOPOCTH PaCIpOCTPAHEHUS MaJbIX BO3MYIICHUH A;, A, A3, A, oTIngaroTcs
OT CKOpPOCTEW pPacCHpOCTPAHEHUM BO3MYIUEHUU @y U 4, B KKIOW Cpele 10
ornensHOCcTH. [lpum sTOM, ecnu mnpeHeOpeub B3aUMOJECUCTBHEM YEpe3 CTEHKY,
MIOJIOKUB ee, =0, u3 (2.84) nmonyyaem

A=ay, L=-a,, h=a, H=-a,. (2.85)

OtmeTuM, uro ypaBHeHHe (2.83) u3 ypaBHeHUs (2.78) MOKHO MOJIYYUTh TAKXKe

npeaeNbHBIM TiepexoaoM npu Vay—>0u V. /a.—0.

2.6.1. MuBapuanTel Pumana

Tak kak ko3dduuueHTsl ypaBHeHHsS (2.82) TOCTOSIHHBI, M, 3HAYUT, IOCTOSHHBI
coOcTBeHHbIe 3HaueHHs (2.84), MaHHYIO CHCTEMY MOXHO 3allycaTh B MHBapHaHTaX

Pumana [137]
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D3P F | ormei=1,.. 4. (2.86)
ot ox

TS MHBAPHAHTBI Pumana mo>xHO OIpCACIINTb KaK

yl :r:h'f‘&V_nK[hK-i_ﬂij) y2 :S:_h+ﬁV_nK(_hK+ﬁVKJ9
g 8 8

B B _ . (2.87)
y3:rK:—n(h+a—”VJ+hK+a—"VK, y4:sK:—n[—h+a—"Vj—hK+a—”VK,
g g g g
3nech
—e £ 4 —elx a, 2.88
T @ al-ee) T @ —ali-ee) (2-88)

[Ipu oTCyTCTBMU B3aUMOBIMUSHUS Yepe3 CTeHKY ko3 duuuentsl 17=0 u 7,=0.

Bexrop npaBbix yacteit OyJeT BRITISACTh TaK

=02y S ke :ﬂ(l— j F,=F,
g po g po, glpow " po,

EK z- al( TK K EK TK K T
F :n_i___?f:__[_l_,]i} F-F,.
g po g po,  g\po,  po

(2.89)

Kaxmoe ypaBHenue (2.86) mpencraBisieT Cco00OM  IPOM3BOJHYIO  TIO

XapaKTCPUCTUICCKOMY HAIIPAaBJICHUIO

%:ﬂ[, e i=1,...4. (2.90)

T.K. cOOCTBEHHBIE BEKTOpA JTMHEHHO HE3aBUCHUMBI, cUCTeMa ypaBHeHUH (2.87)

OJIHO3HAYHO pa3peliriMa OTHOCUTENIbHO epeMeHHbIX A, V, hy, V.

h:yl_y2+77x(y3_y4):r_s+771c(rx_sx)

2(1-n,n) 2(1-n,n)
Veg a,(y,+y,)+naly;+y,)  ar+s)+n.alr +s,)

) 2(1-n,7)aa, I ()7
(2.91)
W =y )ty =vs _nlr=s)+r, =,
" 2(1-7,n) 20-nm)

« =

yo_ iy, )ralys+y,) e (r+s)+aln +s,)
2(1-n,1n)aa, 21-n.naa,
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['JIABA 3. MATEMATHUYECKHWE MOJIEJI PABOTbI
['TMAPABJIMYECKOI'O OBOPYTIOBAHUA

3.1. O6mue 3ameuaHus

Hecraumonapuble TedeHUs: B TPyOONpPOBOJaX CHUCTEMbl OMHUCHIBAIOTCS CHUCTEMaMHU
muddepeHranbHbIX ypaBHEHUH, IPUBEIECHHBIMU B pasnene 2. J{ns OoThICKaHUS UX
peleHus HeoOX0UMO 33/1aTh €lle HayaldbHbIE 3HAYCHUS MMapaMEeTPOB U T'PaHUYHBIC
ycinous. TakuMm 06pa3oM, 3a7a4a CBOAUTCS K PELICHHIO CMEIIaHHOH 3amaun’ [43,
137] mns cuctembl TUTIEPOOIMYECKUX YpPAaBHEHHM, oOmpeAesieHHOW Ha rpade. B
KayeCTBE TPAHUYHBIX YCIOBUH OyAyT BBICTYNATh YpaBHEHUS, T.€. MaTEeMaTHUYECKHE
MOJIeNIM, ONHUCHIBAIOIIME (PYHKIMOHUPOBAHME  PA3JIUYHBIX  y3J0B  CHUCTEMBI.
Pa3nooOpa3ne KOHKPETHBIX BUIOB Y3JIOB YpE3BhIUAHO BENHMKO. B HacTosIiei riase
IPUBOASTCS MaTEMaTHUYECKUE MOJIENIM HanboJiee pacpOCTPAHEHHBIX THUIIOB Y3JIOB.

Tak Kak y37bl SBJISIOTCS «TOYEYHBIMI» OOBEKTaMHU, OHU OyAyT OMHCHIBATHCS
MOJIEISIMU C COCPEAOTOYEHHbIMU MapaMmeTpamu [106, 144]. B xauecTBe mapaMeTpoB
TaKUX MoJeseil OyAyT y4acTBOBaTh 3HAUEHHUSI JABJICHHUM, CKOPOCTEH, TEMIEpaTyp U
T.I. B KOHEYHBIX Y4acTKaX TPyOOIPOBOOB, MPUMBIKAIOIINX K TaHHOMY y3i1y. Kpome
TOT0, HEKOTOPBIE THUIIBI Y3JI0B OyAyT 00J1a1aTh COOCTBEHHBIMH MapaMeTpaMu A’, TIE j
— HoMep y3na. Hanpumep, k cOOCTBEHHBIM NapamMeTpaM y3j1a MOKHO OTHECTH YHCIIO
000pOTOB Hacoca, X0 IITOKA KJIaraHa u T.1I.

['panuyHble yClIOBUSA, OMNKCHIBAIONIME (DYHKIIMOHUPOBAHUE Y3JIOB, MOYHO
pa3eauTh Ha JIBE TPYIIIIHI.

[lepBas rpynna ypaBHEHHN ONMCHIBAET B3aMMOJECUCTBUE NTAPAMETPOB HA KOHIIE
TpyOONPOBOa, MPUMBIKAIOLIETO K Y31y, C COOCTBEHHBIMH NTapaMeTpaMu y3ia. Takue
IpaHUYHbIE YCI0BUs, Beaea 3a [11, 12], OynyT Ha3pIBaThCs yCIOBUSIMH MOIX0/1A.

Bropyro rpynity ypaBHEHH, OXBaThIBAIOIIKME MOBEICHHUE y37a B LIEJIOM, BCIE]
3a [11, 12], OygeM Ha3piBaTh yciaoBusMu B y3ie. Croga OTHOCATCS, HalpuMmep,

YpPaBHCHUA OajaHca macc B Y3JIC, 4 TAKIKC YPABHCHHA, OIIMCBLIBAIOIIUC ITOBCACHUC

! I[JIH HaxXOXKXIACHUSA pCHICHUA CTaHHOHapHOﬁ 3aa4u JOCTAaTOYHO PCIIUThL KPACBYIO 3a/1avy.
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COOCTBEHHBIX TapaMEeTPOB y3Ia.
N3 ecrtecTBEeHHOr0 TpeOOBaHUA KOPPEKTHOCTU KpaeBbIX YychoBuil [137]
BBITEKAET, YTO TaKas CUCTEMa YpaBHEHUH, OMMCHIBAIONTNX (YHKIIMOHUPOBAHUE Y3714,

JOJKHA OBITh OJHO3HAYHO pa3peliuMma.

3.2. Coenunenue Tpyo.

Coenunenue TpyO cxemMaTuyecku u300paxeHo Ha puc. 3.1

n/ =+1 70< i =1
—

R’ R’
puc. 3.1

Bbyaem mpenmonaratb, 4TO B Yy3Jié MPOUCXOAUT TMOJHOE IMEPEMEIINBAHNE
KHJIKOCTH, T.C. TAM YCTAHABJIMBACTCS CMHOC JABJICHUE p’ M eIuHas TeMiepaTypa
T/

B xauecTBe cOOCTBEHHBIX MapaMEeTPOB y3ja OyJeT BBICTyINaTh Hamop [4] B y3ne
h’ 1 yreuka (MaccoBast) JKUAKOCTH W3 y3i1a m’, T.e.

N={n, m}. 3.1)
YcnoBusamu noaxona oyayr

pi/ +2 —h =g vy
j i i
P8 2g

r1e ¢ — CONPOTHBJICHHE COCAMHEHHs i-TOH TPYOBI M j-TOTO y3Iia, KOTOpOE, BOOOIIe

(3.2)

roBOps, 3aBUCHUT OT HAIIPABJICHUS ITOTOKA:

J i .
S/ ecmu 'V’ 20;

sl =1, - (3.3)
.. ecu 1V <0;
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r1e ¢/, - CONPOTUBIECHHUE BXOJA U3 [-TOW TPYOBI B j-blii y3€Il, ¢/ - CONPOTUBIIECHUE

BBIX0JIa U3 j-OTO y3Ja B i-TyI0 TPYyOY.

DTO ypaBHEHHE YUYWUTHIBAET COMPOTUBJICHUS HA MPOXOJ], HA MOBOPOT U T.I. B
TPOMHMKAX, KPECTOBUHAX U T.J.

OOBIYHO TpU TPOBEACHUHM PACUETOB HECTAIMOHAPHBIX MPOIECCOB ITH
COMPOTHUBIICHUSI HE YYMUTHIBAIOTCS WM YUYUTHIBAIOTCS NPUOIMKEHHO, MyTEM
n00aBJIeHNUS SKBUBAJIEHTHBIX CONMPOTUBIIEHUN K COOTBETCTBYIOLIUM TpyOam. B sTom
ciydae ycioBue (3.2) mpeBpaiaercs B

p!
p'g

VYpaBHeHue OanaHca Macc B y3Jie

+z/ =h', (3.4)

2n/M! =m’, (3.5)
ieR’
rae M = pwV — MaccoBbI pacxo/.

VYpasuenust (3.5) oTpaxkaioT OamaHC Macc TpPH  MPEANONOKEHHH, YTO
OTCYTCTBYIOT YT€UKH U3 TOYKH CTHIKOBKU TPYOBI C Y3JIOM (BCE yT€UKU BKJIIOUEHBI B

BEJINYHHY 117’).

3.2.1. Onpexenenne yreuek
B o0miem Bujie Benn4nHa yTeueK ONpeaessieTcs 3aBUCHMOCTRIO O0IIETo BUAA
g’ (m’,h’,1)=0. (3.6)
Huxe paccMOTpeHbI HECKOJIBKO HanboJee XapakTePHbIX YaCTHBIX CIydaeB ATOU
3aBHCHUMOCTH.
a) Bennumna yTedek MOXKET 3aJ]aBaThCs B BUIC U3BECTHOU (DYHKIIMU BPEMEHU
m’ =m’(t). (3.7)
YacTHBIM CilydaeM 3TOTO ypaBHEHUS SIBJISIETCS MOCTOSHHOE 3HAYEHHE yTEueK

(otOopa u3 y3na)

m’ = const, (3.8)
Wi y3en 06e3 yTedek

m' =0. (3.9)
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6) Bennuuna YTCUCK OIpCACCTCA B COOTBECTCTBMHM C HW3BCCTHBIM 3daKOHOM

conpoTtuByieHus [23, 3, 64] B Buae

_ 2p|A
m’ = sign(Ap)o, M, (3.10)
S

r€ @, - TUIOHIa[ b MPOXOAHOTO CeueHUs, { - KOA(D(PUIMEHT COMPOTUBICHUS MPU
ucredyenuu [23, 3, 64].

3nech Ap - nepenaja JaBICHUN MEXAY y3JI0M U HapyKHOM cpernoi

Apj:pj_penv' (3.11)
TN Pen - JABICHHE BHEIIHEH cpeibl (Hampumep, atMoc(epHOe, eClid HCTCUCHHUE

MIPOUCXOIUT B aTMOChepy).

KoaddunmreHT conpoTuBieHuss ¢, B CBOIO 0Yepe/lb, MOXKET OBITh MOCTOSTHHOM

BEJIMYUHOM

§' = const, (3.12)
WJIU 33JIaHHOW (pyHKIIMEH BpEeMEHH

&'=¢7(), (3.13)

€ClId UIMEET MECTO UCTEUEHHUE Uepe3 peryanupyeMoe ConpoTuBieHue. B aTom ciydae
3aBUCUMOCTh (3.13) 3amaer 3aKOH M3MEHEHHMsI CONPOTHUBJICHMS (HAIpHUMeEp, 3aKOH
3aKpPBITHS WM OTKPBITHS 3aBHKKH). Kak mpaBmiio, 3aBucuMocTth Bua (3.13) MoxxHO
IpPEICTaBUTh B BHJIE M3BECTHOM (DYHKIMU OTHOCUTEIBHOTO XOAa 3aIBMXKKU WU
KJIamaHa & B BUJC
§h=¢e), (3.14)
rae e=¢(t).
OOBI4HO 3aBUCUMOCTH BUa (3.14) mpeaCcTaBIsIOT Kak

si=¢ife", (3.15)

rac gg — COIIPpOTHUBJICHHUC KJldllaHa IIPpW IIOJIHOM OTKPBLITUH, 7 - BMHI/IpI/I‘-IeCKI/Iﬁ

MoKa3aTellb CTeneHu (n22).
3aBUCHMOCTh BHJAa £=¢&(1) W3BECTHA, €CIM 3aJaH 3aKOH 3aKphITUSA (WU
OTKPBITHS) KJIallaHa, 3aIBFKKH U T.II.

B o6uiem citydae BenuuurHa & sBisieTcs (PyHKIMEN TapaMeTpoOB UCTCUCHUS
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f(e,m, h,£)=0. (3.16)

Ctporo roBopsi, ypaBHEHHE JOJDKHO YYWTBHIBATH JUHAMHUKY TEPEMEIICHUS
JBIDKYIIUXCS YacTel 3alIOPHO-PETYIIMPYIOIIETO YCTPOUCTBA.

OmHaKo BO MHOTHX CIy4YasX IOCTaTOYHO YYHTHIBaTh 3aBUCUMOCTH (3.16) B
YIPOIIEHHOH Qopme.

PaccmorpyuMm  mpumep, Korga B COGAMHEHMHM  TPYO  YCTAHOBJICH
NpEeJOXPaHUTEIbHBII KJIalaH, HACTPOEHHBIH Ha [JaBIEHHE Py, C TOUYHOCTBIO

peryaupoBanus Ap,... byiem cuuraTh, 4TO KOTAa BBIITOJIHAECTCS YCIOBHE

PSP (3.17)
KJIallaH 3aKpbIT, T.C. 8:0; a €CJIM BBIIIOJHACTCA YCIIOBHUC,
p'zp., +Ap,,> (3.18)

KJ1allaH IMOJIHOCTBIO OTKPBLIT, T.C. e=1.B IMPOMCIKYTOUYHBIX COCTOSAHUMAX, T.C. KOI'1d

Prue <P <P +AD,,> (3.19)
6yzxeM npeamnojaraTtb HHHCﬁHYIO 3aBUCHUMOCTD & OT JaBJICHUA
&= (pj _preg)/Apreg * (320)

3.3. Komnencarop (akKyMyJsiTop)

Cxema KommeHcaTtopa mpejctaBieHa Ha pwuc. 3.2. KommeHcatop (aKKymyJisiTop)
NpEACTaBIsIeT CcO0OM coenuHeHue TpyO, K KOTOPOMY MPUCOEAUMHEH 3aKPBITHIHI
pe3epByap, 3amnoiaHeHHbIH razoMm. JKuUIKOCTh OT raza oTielieHa nopiuHeM. Bwicora
KUIKOCTH B pe3epByape 0003HaueHa yepes /.

He ymansist oOniHOCTH, MOXHO CUMTATh, YTO COCY]T KOMIIEHCATOPA MPECTABISET
c000# TOJICTOCTEHHBIN NUIUHAP C BHYTPECHHUM CEYCHHEM S.

B KxauecTBe COOCTBEHHOTO TapaMeTpa y3ia OyAeT BEICTYHAaTh HAMop B y3ie A,
BBICOTA CTOJI0A KUIKOCTH /i, MACCOBBII pacxoJ| m’ , IOCTYHAIOIIHT B KOMIICHCATOD,
CKOPOCTh IE€pEMEIICHHUS TOPIHA V), 00beM razoBoil IOJOCTH KoMmIieHcaTopa W, u

JaBJICHHUC I'a3a B ATOM MOJIOCTH Pg> T.C.

—

N =\l h,m! V. W.p.}. (3.21)

g
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IIOPILIEHb

JKUIKOCTh

—» Q T 0 —p

puc. 3.2
AHaNOTUYHO TPENbIAYIIEMY ClIy4aro, OyIyT BBINOJIHATHCS YpaBHEHHUs OanaHca

Macc (3.5) u ycioBus noaxona (3.2).

HOTepI/I JAAaBJICHUS HAa BXOAC B KOMIICHCATOPD

s
)4 —pbv—gp,.2p7,

pr

(3.22)

TZie ppy - JABICHHUE HA JIHE COCY/a, ¢/ - CONPOTHBICHHUE IIPOXOAHOTO OTBEPCTHSL, @, -

IIomaab IMpPoXoaAHOT'O CCUCHUS.

M3MeHeHune Macchl KUAKOCTHU BHYTPHU COCYya ONIPCACICTCA COOTHOUNICHUEM

d' |
— [ pQdh=m’, (3.23)
dt 4
rac Q- mIomaab ImonepeuYHoro CCUCHMA CoCyaa KOMIICHCATOPA.
HpeHe6pera$1 BOJIHOBBEIMH IIpoHnEe€CcCaMu B KaMCpE€ KOMIICHCATOpPAa MW CUMTasd

KHUIKOCTb M&HOCX(HM&GMOﬁ, MOXHO CYHHUTATb, YTO MAAaBJICHHUC II0 BCPTHKAIU

pacupeaciacHoO MO THAPOCTaATUYICCKOMY 3aKOHY

py)=p, +pgy, (3.24)
rac y - paCCTOﬂHI/Ie, OTCUUTBIBACMOC BHU3 OT nopmHAa, pj - JAaBJICHHUC Ha HUKHEN

NOBEPXHOCTH NopuiHsA. OTCr0a NoJIydaeTcs

Py, — P = pghk‘ (3-25)
OueBUIHO, YTO
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dh,
=V 3.26
L (3.26)
Huddepennupys (3.23), monydgaem
Qb dp, »
—E =L+ pQV, =m’, _
2 dr PRV, (3.27)
TZIe @) OTIPENEISETCS KaK CKOPOCTh 3ByKa B TOJICTOCTEHHOU TpyOe.
H3meHeHne o0bema raza CBA3aHO C ABH)KEHUEM MOPIIHS
il Qr (3.28)
da '

[ToBenenne obbema raza B KOMIEHCAaTope OyAeM OIKCHIBATh YpPaBHEHUEM

IMOJINTPOIIBI

p, W/ =const , (3.29)
TAC n - IOKa3aTCJib IIOJIUTPOIIbI.

Huddepenuupys (3.29) no BpeMeHH, MoIydaeM

" e v 3.30
np, dt e (3.30)
HepeMeHleHI/Ie MOpHIHS OIMUCBIBACTCA YPABHCHUCM ABUKCHUS
dv,
Mp?:g%vk _Qgpg_Fﬁ”) (331)

rac Mp — MacCCa IIOpPIIHA, Qg — Iniomaab MmopmHA CO CTOPOHBI I'a3a, Ffr — CHJia

TPCHUA CAJIbHUKOBBIX yr[J'IOTHGHPIﬁ.

3.4. YpaBHUTENBHBIN pE3EpPBYap

CxeMa ypaBHHTEJIBHOTO pe3epByapa MpeicTaBicHa Ha puc. 3.3. M3 cxembl BHIHO,
YTO B OTHOIICHWH MAaTeMaTHYCCKOTO ONMUCAHUS MPUHIIUITUAIBHBIC PA3IAIUs MKy
KOMIICHCATOPOM M YPaBHHUTEIBHBIM PE3epBYyapoOM HE3HAUUTEIbHBI: YPABHUTEIIbHBIN
pe3epByap He HMMEET TMOpIIHSA, a BMECTO Tra30BOM TMOJOCTH HMMEETCS JOCTYN K
OTKPBITOH aTMocdepe.

Takum oOpa3oM, B ciiydae ypaBHUTEIILHOTO pe3epByapa ycioBus (3.28)—

(3.30) orcyrcTBytOT, @ BMEcTO ycnoBus (3.31) Oyner

Py = Do (3.32)
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TJ€ Paym - ATMOC(HEPHOE TaBIICHUE.

KNIKOCTb

—» Q D —p

M N

puc. 3.3

B arom ciyuae cootHomienue (3.27) npeBpaniaeTcs B

dh

m’ = pQ - (3.33)

I/ITaK, B JAHHOM CJIy4dac€ BCKTOP COOCTBEHHBIX napamMcTpoOB Yy3Jia BKIKOYACT B

ce0s1 CemyIonue KOMITOHEHTHI

N ={n' h,m'}. (3.34)

st
3.5. TynukoBbIi OTBOJ
TynuKOBBIM OTBOJ ONMCBHIBAET CUTYAIMIO, KOTIA Y3€J] j COCIMHEH BCETO C OJHOMU

TpyOoOIii i (cM. puc. 3.4).

: ®
J
puc. 3.4

Takoit y3ei1 MOKHO paccMaTpyBaTh KaK YaCTHBIA Ciydal coelMHEeHUs TpyO (CMm.

paznen 3.2).
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3.6. MecTHbIE CONPOTUBIIEHUS
CxemaTtnueckoe n300pakeHne MECTHOTO COMPOTHUBIICHUS, PACTIONOKEHHOTO B Y3II€ J,
npeacTaBiIeHo Ha puc. 3.5. 31ech i - MHASKC MOAXOASIIEeH TpyObl, U k - WHAEKC

OTBOJISIIEH TPYOBI.

—_— N —_—
Q () D
i Jj k
puc. 3.5

Bbananc macc B aTom citydae OyaeT (yTeUdKd OTCYTCTBYIOT)

le:/ =ka/ =m". (335)

B xadyecTBe COOCTBEHHOIO MapamMeTpa y3jia B JaHHOM CIIy4ae MOKET BBICTYIIATh
pacxon m’, IPOXOIAIINIA Yepes3 y3en .
B oOmem ciydae, moTepu JaBiA€HHS B MECTHOM COINPOTUBICHUH OyAyT

3a1aBaTbCs B BUJC

A ‘ ‘ ‘ ijmj,mj
Wo—hi=p-Aom’+ — (3.36)
Yo,

rie A, B - xoaddummeHTs, XapakTepu3ymollee MECTHOE CONpPOTUBICHUE, U -

KO3 GUIIUEHT TUHAMUYECKON Ba3KocTH [3, 147].
®opmyna (3.36) HOCUT JOCTATOYHO YHUBEPCAJBHBIN XapaKTep M OXBAThIBAeT
3HAYUTENIbHBIN KJIacC CONMPOTUBIICHUI: COMPOTUBIICHHS C JIAMUHAPHBIM XapaKTepOM

teuenus (A # 0,B =0), nanpumep, pUIBLTPHI; CONPOTUBIEHHS ¢ OCTPLIMU KPOMKAMH
¢ kBagpatndHbM 3akoHOM noteps (A=0,B#0), nanpumep, 3aaBIKKa, KIIamaHbl 1
Tpoyas apMaTypa; CONpOTUBJIeHNs B epexoaHoii oonactu [23] (A # 0,8 #0).

Hampumep, uMeercss 3aiBMKKa € JUaMETPOM YCIOBHOIO Ipoxoja d, H

conpotusiieHueM ¢ . Torma



56

_0. B_ 5
A—O’B—W- (3.37)
y
3.6.1. ®unbTp
Jlns pueTpa pacxon m’ onpenensiercs o dopmyine Iyaseitns [4, 71]:
' A ij
m =K' 22 (3.38)
Y7,

e K/ - yAenbHas TMPOMYCKHas CHOCOOHOCTh TMOBEPXHOCTH (DUIBTPOBAIBHOTO
Marepuana [76]; F/ - mmomans MOBEPXHOCTH (UIBTPYIOLIETO MaTepualia; - mepena
I[aBJ'IeHI/Iﬁ Ha MCCTHOM COHpOTI/IBHeHI/II/I,
Ap’ = pg(h! —h!). (3.39)
Torma
1

A'=———, B’=0. (3.40)
pgK./ CFY

3.6.2. Perynupyemoe MECTHOE COMTPOTUBIICHUE

K 3TOMy THIly OTHOCSITCS TakuW€ YCTPOMCTBA, II€ U3BECTEH XapaKTep M3MEHEHHS BO
BPEMEHH COMNPOTUBJICHUS (HAIPUMEp, M3BECTEH 3aKOH OTKPBITUS WU 3aKPBITHS
3aIBUKKH).

OYHKIIMOHUPOBAHHUE TAKOT'O YCTPOWCTBA OMUCHIBAETCA COOTHOLIEHUEM

m’ =sign(Ap’) - o’ -Jp‘Apj‘ (3.41)
€ O - IPOBOAUMOCTD:
o/ = 1

Bennuuna o = o(f) — n3BecTHas GyHKIMSA BPEMEHH.

3.6.3. O6patHbI KIIanaH

OyHKIMOHUpPOBAHME OOpATHOTO KJamaHa Takxke omuchiBaeTcs (opmynoi (3.36),

npu4em



57

) T 7>0:
o' =1 [B] comt Ap” 20 (3.42)

0, ecit Ap’ <0;
e B/ - CONPOTHBIEHHE KIIANaHa B TIOJHOCTBIO OTKPHITOM COCTOSIHHH.

BpCM}I 3aKphITHS KJIallaHa 3 3aBHCUT OT HHCPIHHUOHHBIX XapaKTCPHUCTHUK

ITOABHMIKHBIX YacTeu KJialaHa v CHUJI TPCHUA.

3.6.4. IlpenoxpaHuTeNbHbIN KIIamaH
VY3en uzobpaxen Ha puc. 3.5, riae Tpyde i COOTBETCTBYET HAIMOpHAs MarucTpaib, a
TpyOe k - cnmuBHAas.

[Ipu BBITOHEHNN YCIOBUS

P <P, (3.43)
KJI1allaH 3aKpbIT, TO €CTh CIIPaBECAJINBO
m' =M'=M]=0. (3.44)

3,ZI€CI> f; - 1aBJICHHUC Cpa6aTBIBaHI/I$I, Ha KOTOPOC HACTPOCH KJIaIlaH.

VYHOpOueHHO MOXHO CYWTaTh, YTO MPH OTKPHITUM KjalaHa BBIMOJHSIETCS
yCIIOBUE

Pi = Py . (345)
10 TEX IMOp, MOKa

m >0, (3.46)

B pelicTBUTENBHOCTH, IO MPUYMHE MHEPUUOHHOCTH KJIAMAHOB, CWJI TPEHUS U
MOTPEUTHOCTEN PErYIUPOBAHUS BMECTO YCIOBUS (2.28) BBINOJIHSAETCS YCIOBHE

P, — APy < P < P+ APy, (3.47)

Y
rae APpp - TOYHOCTb PEryJIMPOBAHMUSL.

Ilo 9T0# mpuYMHEe, NPU MAACHUM JABICHUS [, BHOBb HIDKE P, KIANaH MOXKET

MPOJI0JDKATE €I1I€ HEKOTOPOE BpeMs ObITh OTKPBITHIM (SIBIIEHUE THUCTEpE3nca); H

Ha00OPOT, NMPH MPEBBILICHHN P, KIAllaH MOXET OCTaBAaThCs 3aKPHITHIM. Y CIOBHEM,

rapaHTUPYIOUINM OTKPBITHE KlanaHa, OyaeT

P> P, + AP, (3.48)
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[Ipu mnpeBbllIEeHMM MaKCUMaJIbHOW MPOMYCKHOM CIIOCOOHOCTH 30JIOTHHUK
KJIallaHa, PETYJUPYIOLIUN MPOXOJHOE CEUYEHHE, MOXOIMUT 0 yIopa, IMOCJIE YEro
KJIallaH HauynHaeT padoTaTh Kak OOBIKHOBEHHOE MecTHOe compoTuBiieHue (3.36) c
A=0wu B=B,, rine B, - CONpOTUBJIEHUE KJIallaHA B MOJHOCTHIO OTKPHITOM COCTOSIHUH.

OueBUAHO, UYTO YCIOBHE, TMpPH KOTOPOM KIJAlaH COXpaHSIET CBOIO
PETYJIUPYIONIYIO (PYHKITHIO
p-B,0* <P, - Py (3.49)
3.7. Hacocsl

3.7.1. llenTpoOeXHBII HacOC
VY3en uzo0paxkeH Ha puc. 3.5, rae TpyOa i COOTBETCTBYET BCAChIBAIOIIEMY MATPyOKy,
a Tpy0a k - HamopHOMY.

B o6miem Buze paboTy HACOCOB MOKHO ONUCATH CUCTEMOW YpaBHEHUHN

AP o, w
== f L
A})H QH OM WH oM

rie fon - noiHas (4-X KBaJpaHTHAs) HAOPHO-PACXOJHAs IOJIHAs XapaKTEpUCTUKA

, (3.50)

Hacoca [56], AP=p/-p/, Oy - pacxon Hacoca, Oy, - HOMHHAIBHBIH pPacxon
Hacoca, APy, - HOMUHAJIBHBIN Nepenaja AaBJICHUsS Ha HACOCE, COOTBETCTBYIOILUN

Oy, Whom - HOMUHAJIbHAS 4acTOTa BPAILLEHUs Hacoca.

31ech W - 4aCTOTa BpallI€HUs] HACOCA, KOTOpasi ONpeaeaeTcss U3 ypaBHeHuUA [36]

dw
=My M, (3.51)

rae J - MOMEHT MHEpLUH Ha Bally arperaTa HacocC-3JIeKTPOABUIraTenb, Moy - MOMEHT,
pa3BUBaEMBIH DJICKTPOIBUTATEIICM.

3nech My - MOMEHT CONIPOTHBIICHHS HA Bally HACOCa, KOTOPBIA B 00IIIeM cirydae
3agaeTcs QyHKIHEH .
O, w

b 9
QH oM WH OM

M, =1, (3.52)



59

r1e fjo - nosHas (4-X KBaJpaHTHAasl) MOMEHTHO - pacXOJHasl XapaKTePUCTHKA HAacoca
[56, 179].
Benuunna My, U1 MOLIHBIX ACMHXPOHHBIX 3JIEKTPOJBUTaTeNIell MOXKET ObITh

omnpejiesieHa COOTHOIIEHUEM [S]:

M., =2M, / (SS+SS{<j (3.53)
K

rae My — KpUTUYECKUA MOMEHT AJIEKTPOABUTATEINS, Sk — KPUTUYECKOE CKOIBKECHHE.
3nech
Wooy — W

§=—, (3.54)

WH OM

rac Wy, - 4aCTOTa BPpAallCHHA 3JICKTPOMArduTHOT'O I1OJIA.

Curyanust OTKIIOYEHUS Hacoca (MoTepsl NPUBO/IA) 3aJaETCS YCIOBUEM

M, =0. (3.55)
XapaKTCpI/ICTI/IKI/I HaCOCOBfQH I/If]Q ABJIAIOTCA OMIIMPUYICCKHUMUA 3aBUCUMOCTSAMU,

MOJIy9aeMbIMA Ha OCHOBAaHWW CTEHIOBBIX UCHBITaHHN. Dopma 3TUX 3aBUCUMOCTEH
onpenensercs KodhduireHToM ObICTPOXOJHOCTH Hacoca [56]. B paborte nmpuBoagrcs
ATU QYHKIMH JUIs PA3IMYHBIX 3HAUeHUN Kodduimenta ObicTpoxoaHocT. B pabore
[179] mpenyokena koMnakTHas (opMma MPENCTABICHUS (QYHKUUH foy U fjo B BUAE
3aBUCUMOCTEN 00OpaTHBIX TPUTOHOMETPUUYECKUX (DYHKIIUMA.

Jlnst MHOTHX ciydaeB paboTa Hacoca MPOUCXOAUT B HOPMAIBHOM PEXKUME
MPAKTUYECKA C TOCTOSTHHOW YacTOTOM BpamieHus. Torma paboTy HACOCOB MOXKHO
ONKMCHIBATh YIIPOILICHHBIM ypaBHeHUEM [179]:

2
AP a4 b(Q—Hj ; C(Q—Hj , (3.56)

APH QHOM QHOM
rne O, - pacxoa Hacoca, (Jy,, - HOMMHAIBHBIMN pacxon Hacoca, AP, -

HOMUHAQJIBHBIA Niepenaja MAaBJ€HMs Ha Hacoce, COOTBeTCTByrouwmit O, a,b,c -

kodhdummenTs,  3amalmmye  XapakTEepPHCTHKY  Hacoca  (XapaKTepUCTHKA

anmnpOKCUMUPYETCS KBAAPATHBIM TPEXUICHOM).
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KomOuHMpyst y371bl BBIIIEIPUBEICHHBIX THUIIOB (COCIUHASA HX KOPOTKUMHU
oTpe3kamMu TpyO), MOKHO ONMCHIBaTh JOCTATOYHO IIMPOKUI KJIACC T'PaHUYHBIX
YCIIOBUM, YyIOBJIETBOPSIONIMA TMPAKTUYECKH BCE JOMYCTUMbIE MOTPEOHOCTH

IIPOEKTUPOBILIUKOB.

3.7.2. O0BemMHBII HacOC (TpyIINa HACOCOB).
CxemMaTH4ecKd y3ed TMpEICTaBIeH BcE Ha TOM e puc. 3.5, rae Tpyba i
COOTBETCTBYET BCACHIBAIOIIEMY KOJLIEKTOPY, TpyOa k - HarmopHOMY.

VY3en MOXET ONMUCHIBATh KaK OJWH HACOC, TaK M TPYIIY W3 7 MapauIeIbHO
COCIMHEHHBIX HACOCOB C OJMHAKOBBIMH XapaKTEPUCTHKAMU H Pa0OTAIONIINX B
OJIMHAKOBOM PEXKHME.

PaboTa Tako# rpymibel HACOCOB OMUCHIBACTCS YPABHEHUEM:

Oy =nWw—an%, (3.57)

rae Oy - mojada Hacoca B HaNOPHBIA KOJUIEKTOp, Py - JaBieHHE B HATHETATEIbHOM
natpyOke, Ppc - JaBJI€HUE BO BCACHIBAIOIIEM MAaTpyOKe, # - YHUCIO MapaliebHO
paboraromux HacocoB, Ky - koddduimeHT yredek Hacoca ( W3 HarHeTaTEIbHOU
MOJIOCTH BO BCAChIBalolLy10), W - pabouuit 00beM Hacoca, W - 4aCTOTa BPAILICHUS.

UYacToTa BpailieHust w Takxke ornpezensercs u3 ypasHenus (3.51), rae BenuurHa
My onipenensiercs, coryiacHo [S]:

_P,-P

M, “Wny, (358)

UE)
rze 17, - 3¢ (EeKTUBHBIN K.I1.J1. Hacoca, 7- 00bEMHBIN K.I1.JI. Hacoca.

JInst perynupyemMoro Hacoca 3a/1aeTcs 3aKOH U3MEHEHUSI 110J1a9n

dw
—=f(By,). (3.59)
dt

3ameTuM, 4TO paboTy OOBEMHOrO0 Hacoca MOXXHO MOJAEIUPOBATH Pa3IUYHBIM
06p3.30M, B 3aBHCHUMOCTH OT ueﬂeﬁ HCCIICAOBAHUA U Tp€6OBaHPII>'I K TOYHOCTH
pacuera. Tak, Hambojee MONHBIA y4eT Bcex (AKTOPOB, BIMAIOIMIMX Ha MOAAUY

HAacoCa, OCYILIECTBIISIETCS PEIICHUEM BBINICONMCAHHONW CUCTEMBbl ypaBHeHHMU. Ecim
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npeHeOpeysb KoJIeOaHUSIMH YaCTOTHI BpamieHus (MIPy HATMIUHU TOCTATOYHO MOITHOTO
AIEKTPOJBUTATENS ), TO cOOTHOIIEHUE (3.51) MOKHO 3aMEHUTH YCIOBUEM W=CONSt U
paccmaTpuBaTh onHO ypaBHeHue (3.57). Ecim ke mpu 3TOM mpeHeOperath u

yTedkamu, To ypaBHeHue (3.57) 3ameHsieTcst cooTHoueHueM Q, =n-W, - w.

3.8. IlotpebuTtens

[Torpebutens sBASETCS TUMUYHBIM OOBEKTOM, HAIPUMEp, [l TETUIOBBIX ceTer [S51]

U n300paxeH Ha puc. 3.6.

I I

qn

puc. 3.6
OYHKITMOHUPOBAHUE MTOTPEOUTEISI OTMCHIBACTCS] YPABHEHUSMH:

DPi =P, = Pugs P, =Px, =Pa> G =0, +qn> O, =0 —qu> 9u=Ju (p,mg—psz ) (3.60)

rne P> D> P> Py, — naBnenns Ha KoHmax tpy6 i,,i,,k ,k,, mpuMbIKaromux K

y31y; Q&’Q'z’le’sz — pacxombl TaM K€, ¢ - pacxon, TMOTPeOITeMbIi

notpedurene™m, f; = f;(f) — mpoBogMMOCTh TOTpeOuTeNs (M3BECTHAS (QYHKIHS
BPEMEHN).

3nech COOCTBEHHBIE MApaMETPhI y3Jia

A=A{p,. Purq,} (3.61)
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TJIABA 4. PA3PBIB CIUIOIITHOCTHU ITOTOKA TIPY THJIPABJIMYECKOM
VIIAPE

4.1 KaBuramnusa v KUIeHue

['unpaBnuyeckuil yaap B HAMOPHBIX TPyOONpOBOJAX BIHUSET HA HUX MPOYHOCTHBIE
XapaKTEPUCTUKU W SBIISETCS CYIIECTBEHHBIM (DAKTOPOM TMPH OIEHKE HAJICKHOCTH
paboThl TpyOOMpoBOaHBIX cucteM [151, 157, 179].

C ToykM 3peHHs] BO3HUKHOBEHHS KPUTHYECKHX HArpy30K Ha TpPyOOMpOBOX
OMAacHBIM SIBJISIETCSl HE TOJIBKO (ha3a MOBBILIECHUS JABJIEHUS, HO U (Da3a MOHMKEHHUS.
[Ipy HEKOTOPBHIX 3HAYEHUSX HCXOJHBIX MApPaMETPOB IMOJIYYAETCs, YTO B MOTOKE
JIOJKHBI BO3HUKHYTh OTPUIIATENbHBIE NABICHUS, T.€. HANPSHKEHUS HA pa3pbiB. XOT
CHEIHUAJIbHO OYMIIEHHAs >KUJKOCTh BBIIEP)KUBAET 3HAUUTEIbHBIE OTpPHUIATEIbHBIC
HanpsokeHust  [32], OJHAKO B pealbHOM KUJKOCTH BCErja HAIMYECTBYIOT
MUKpPOIY3bIpbKU (TaK Ha3blBaeMble 3aposliiy kaBuTanuu) [32]). [Ipu noHmxeHun
JABJICHUS HUXKE€ HEKOTOPOW KPUTHUECKOW BEIMYUHBI P, HAYMHAETCS POCT ITUX
My3bIPHKOB 32 CYET MCHApEHUsi BHYTPh MX KUJIKOCTH, a TaKKe, YaCTUYHO, 3a CYET
BBIICJICHUSI PACTBOPEHHBIX B KMJIKOCTH T'a30B, B PE3YJIbTATE YETO MOTOK CTAHOBUTCS
HEOJHOPOJHBIM — B JKUJKOCTH BO3HHMKAIOT IY3bIPbKA U OT/AEJbHbIE OOJbIINE
nojocTu (KaBepHbl). B kauecTBe KPUTUUECKOTO AABIEHHUS, KOTOPOE COOTBETCTBYET
Hayaiy OBICTPOTO POCTa 3apoJIbIlIel KaBUTAlMKU, 0€3 0CO00M MOTrpenIHOCTH MOYKHO
NPUHATH JABJICHHE HACHIIIEHHBIX MapOB paccMaTPUBAEMOU KUIAKOCTU P4, T.€.
Pecav = Prac-

DTO KPUTUYECKOE JIaBJICHUE (JaBJICHUE HACBHIIIEHHBIX NapOB KUIKOCTH) CUIILHO
3aBUCUT OT TEMIEPaTyphl >KUJIKOCTU. DTa 3aBUCUMOCTh JAa€TCs ypaBHEHUEM
Knaitnepona — Kitazuyca [170, 89]:

ar,. r

Hac

T‘ - °
“dp,, 1 _1 4.1)

pv pl
rJie ¥ — yaeNbHas TeIoTa mapooopa3oBaHusl.

Ta6J'II/IHa 4.1 COACPIKHUT 3HAYCHUA I[aBJICHI/Iﬁ HACBbINICHHBIX IT1apOB, INIOTHOCTH U

TCINNIOCMKOCTH U1 BOABI B HCKOTOPBIX XaPAKTCPHBIX TOYKAX.
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W3 310l Tabnuibl BUIHO, YTO Ui HOpMalbHbIX ycioBuil (1220 °C) naBrneHue
HACBIIIEHHBIX MAPOB KUIAKOCTU P4y ~ 0,02 amm, T.€. IpaKTUUECKU paBHO HYJO. [[s
100°C naBneHue HACBIIMICHHBIX IMMApOB PAaBHO aTMocepHOMY, a I TMeperpeTou
KHUJKOCTH MOXKET JOCTUraTh 3HAYEHHsS] HECKOJbKHX aTtMocdep. T.e. MIsl CHIBHO
HArpeTol WM NEPEerpeTou >KUJIKOCTU (HArpuUMep, B TEIUIOBBIX CETAX) HapyIICHHUE
CIUIOIIHOCTH MOTOKA (BCKUIIAHUE) MOXKET HAOIIOAATHCS U MPHU JOCTATOYHO BBICOKUX
JABJICHUSX.

Takum 00pa3om, MPOIECC BCKUMAHMS M MPOLECC KABUTALMKM B MPUHLHUIIE, MO
cBOEH (hM3MUECKON CyTH, OJUHAKOBBI, M OTJIMYAIOTCS TOJBKO TEM, YTO MJIs
HEBBICOKMX TEMIIepaTyp, BBUIY MaJjioil IJIOTHOCTA Tlapa, MOXHO MpeHeOpeyb
HaJIMYMEM Mapa BHYTPU My3bIPbKOB. B 3THX yCHOBHUSIX ABM)KEHHE CTEHOK ITy3bIpS
OyZAeT onpenensaTbes TOJbKO MHEPLUOHHBIMU CBOMCTBAMHM KUAKOCTH, OKpYKaroIIen
MOJIOCTh, T.€. pa3Mepbl TakOM TMOJOCTU OYAyT TMOJHOCTBIO OIpPEAeNAThCS
napaMeTpamu KUIKoi ¢a3el. Takue MoJenH KaBUTAIMH, CIeaysl TepMUHOIoTHU [26],
OyzaeM Ha3bIBaTh HHEPLIUOHHBIMHU.

Tabnuua 4.1. Termoduznyeckue XxapakTEPUCTUKU BOABI U BOASTHOTO Mapa.

[1;moTHOCTH [1;moTHOCTH
hoe Prac; Mila napa, xke/m’ KUIKOCTH, Ke/M>
0 0,000611 0,00485 999,9
20 0,002337 0,01732 998.3
80 0,04828 0,3026 972,0
100 0,1033 0,579 958,7
105 0,1232 0,74 954,7
120 0,20247 1,1 943,5
140 0,3685 1,92 926,3
160 0,6303 3,34 907,6
374,2 22,05 322,78 322,78

[locnennsis CTpOKa B Ta6J'II/II_I€ COOTBCTCTBYCT KpHTH‘ICCKOﬁ TOYKCE.
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Wtak, ecnmu B (aze MOHMKEHUS JaBICHUS B KUIAKOCTH JOCTUIaeTCs JaBJICHHE
HACBIIIEHHBIX TAapOB, BO3HUKAET Pa3pblB CIUIOMIHOCTA NOTOKa (kaButamwus). [lpu
CXJIONBIBAHUM  KaBepH (HAa CTAguu  TOBBIINICHHUS  JIaBJIICHUS])  BO3HUKAIOT
JOTIOJIHUTENbHBIE BCIUIECKM JABJICHHS, OMACHBIE C TOYKM 3PEHUS MPOYHOCTHBIX
napaMeTpoB TpyOompoBona. Ilpu SToM CyIIECTBEHHO MEHSIETCS XapakTep
pacrpoCTpaHEHHUs BOJIH B KABUTUPYIOLIEH HKUIKOCTH.
Jnsg  u3ydyeHWss CBOMCTB TE€UEHMM THNA  TUJIPABIMYECKOrO  yaapa,
CONPOBOXKIAKOIIUXCS PA3pPBIBOM CIUIOIIHOCTH, PACCMATPUBAETCS MOJEINIbHAS 3ajaya

JUTsl IPOCTOrO TPYyOOIPOBOIA.

4.2 TlocTaHoBKa MOAEIHLHOU 3a1a4n

4.2.1 IIpocToit TpyOOTIPOBO]
PaccMatpuBaeTcss HakJIOHHBIA TPyOONPOBOJ AIUHBI L, 1O KOTOPOMY IBHIKETCS
XKHUJKOCTh C OCTOSIHHOM ckopocThio V) (V) > (), a Ha npaBoM KoHIIe (x = L) 3apaHo

NOCTOSIHHOE JaBieHue p;= pgH;+ p,,, TOE Ds — BHEUIHEE NaBJICHHE (HAIpUMED,

aTMocdepHoe):
plL.t)=p, (4.2)
Bynem cauTath yKIOH TpyOOIPOBOA MMOCTOSTHHBIM:
i= 4z = const (4.3)
dx

U IIyCTh YrOJl HAaKJIOHAa OCU TPYOONpoOBOa K TOPU3OHTY paBeH 6 = const.
He ymanssi oOUIHOCTH, MOKHO CUMTaTh, YTO HAYAJIO KOOPAMHAT COBMEMICHO C
HayajoM TpyOonpoBojaa, T.e. zop=0 u

z(x)=—i-x=x-cos@. (4.4)
B stoMm ciydae z(x) OyaeT uMeTh CMBICH MPEBBIMIEHUS TOYKH TPYyOOTPOBOIA C

KOOpIMHATOM X HaJl Ha4uaJoM TPyOOIpOBOJA.
HecraumonapHbslii mpoiiecc BO3ZHUKAET BCIEACTBUE MTHOBEHHOTO MEPEKPBITHS

CeYeHHs TPyOOmpoBOaa HA JIEBOM KOHIIE (x=0):

0 ,opu t>0;
v(0,1)= (4.5)
Vs ,ipu ¢t <0.
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puc.4. 1
TeueHne KUAKOCTU ONUCHIBACTCS YPABHEHUSIMH THIAPABIMYECKOTO yaapa

(2.32) - (2.33), cm. [59, 182].

HavanbHubiMu JaHHBIMU OYyT apaMeTphbl yCTAHOBUBILETOCS IBHKEHUS:

Vs
p(x.0)=p, +p ;do (L-x)+pglz, —=(x)), V(x,0)=V, (4.6)
rae Ag=Ay (Vo).
[lepexons x Hamopy / (cm. m. 2.5.2), cucteMy YpaBHEHH, ONMUCHIBAIOIIUX

TE€UYEHHE B TPYOOIIPOBOJIE, MOKHO 3aIllMCaTh B BUJIE

Ch 2oV
+ 4 -0, 5_V+gﬁ:_/1ﬂ 4.7)

ot g Ox Ot Ox 2d
B TtepmuHax Hamopa rpaHudyHOe ycioBue (4.6) Ha mpaBod TpaHuIEe (x=L)

MOJKHO 3aIlMCcaTb B BUJC:

WLt)=H, +z, + L= (4.8)
rg

rae z; = z(L) — oTMeTKa TpaBoro KOHIAa TPyOONpoBOA, p,, — BHEIIHEE JaBICHUEC
(Hanmpumep, atmochepHoe).

HauansHbIMU TaHHBIMH, B COOTBETCTBUH C (4.6), OyayT

Wx0)=h, + 2 (L=2) v (r0)=7 (4.9)
L ng ’ ° 0>

rac ﬁoz 10 (Vo)
VYciioBreM COXpaHEHHS CIUIOMTHOCTH MOTOKA, COTJIACHO MPEABLAYIIEMY MYHKTY,

6yz(eM CUMUTATb HCPABCHCTBO
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POt 2 Py, (4.10)
TA€ Peqy — JABIICHUE HACBIIICHHBIX MAPOB KUJIKOCTH ( Py, <<PL), AU
h(x,2)>h, (x). (4.11)
rae
h,(x) = Lo 4 £(x). (4.12)
Pg

Jluaust  h.,, (x) OyAeT NpeacTaBisITh COO0OM JIMHUIO, MapaJlIeIbHYI0 OCH
TpyOOINPOBOJa W TMPOXOJAIIYIO BBIIIE €€ Ha P, /Pg; IS BOABl B HOPMAIBHBIX
ycnoBusix (¢ = 20° C) BeNUUUHA Py, /02 = 0,24 M.

[Ipenmonaraercss, YT0 B HAYaJbHBIA MOMEHT BPEMEHH  HCXOIHBIN

CTaHHOHapHBIﬁ PCKHUM TCUCHUA JICIKUT BBINIC IIOPOra BOZHUKHOBCHUS KaBUTAIIUN

(4.12), T.e.

Vs

hx,0)=hy (x) = hy + 2 (L=x)> h,,, (), (4.13)
2gd

Cuctemy ypaBHeHu (4.7) MOXHO 3amucaTh B UHBapuanTax Pumana [137]:

or or Os os

bl <L __B. &L s - _B.

a +aé’x (r+s), o aé’x (r+s), (4.14)

riae ¥ U § —uHBapuaHThl Pumana [137],
r=(h+a-v/g)2, s=(h+aV/g)2. (4.15)
3nech
AV |
=27 > 0 mpuVv =0, (4.16)

npu 3ToM pyukuus B(|V|) sBasercs Bo3pacrarouieit pynkuueit V.

N3 dopmyn (4.12) cnenyer:

h=r—s, V=%5(+s). (4.17)

a
VYuuThiBas 3TH COOTHOLIECHMs, IpaHuuyHble ycinoBus (4.4) u (4.8) Oynyt

BBITTIA €T, COOTBECTCTBCHHO, KaAK

s(L,t)=r(L,t)-h, (4.18)
U
0.) —5(0,0) ,apu >0 ;
r(0,1)= a 4.19
_S(o,t)+§V0 pi 10, (4.19)
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HauansHbie nanubie (4.9) B nepeMeHHbIX (4.15) npeBparatorcs B

)= 3+ 0 )+

g

AV 1 a AV
A\L-x), sy\x)==|-h +—V, |-—>-(L-x). 4.20
R ] o AR N
4.2.2 OpuHO4YHas KaBepHa

[Ipenmonaraercs, 4YTO KaBepHA MpPEACTaBIsAETCS COOOH TMOJIOCTh, HMMEIOIIYIO
IUIOCKUE, IEPIICHINKYIISIPHBIE K OCH TPYObl CTEHKH, U 3aHUMAIOLIYIO BCE MOMEPEYHOE
cedeHne TpyoonmpoBoaa, pa3Mephl KOTOPOH Mabl MO cpaBHEHUIO ¢ L. (cM. puc.4.2).

[InoTHOCTBIO HACBINICHHBIX ITapOB JXUAKOCTHU B KaBCPHC HpGHC6p€Fa€M.

Pv

nap AHCUOKOCHIb

=y

XL XR

puc.4.2

Torma mnepemenieHue J€BOW X; W IPAaBOM Xk TPaHULl TaKOM ITOJIOCTH

OIIpEACIIACTCA YPABHCHUSAMUA

dx
dt :VL :V(xLat)a dtR :VR :V(xRat) (421)

rae Vi u Vx — CKOpOCTH )KUAKOCTH HA TPAHULIE KABEPHBL.

Pa3mep nonoctu (kaBepHbI) onpenenseTcs hGopmyion

W =0 [V () -V, (0)}d7 (4.22)

7€ ¢ — BpEMs 00pa30BaHUs KaBEPHBI, @ — IUIOMIA (b OTIEPEYHOTO CEUYEHUS TPYOBDI.

Bpems cxnonbiBaHus KaBEPHBI £, ONPEAEISAETCS PABEHCTBOM

I/Vcav(tclp) = 0 . (423)
Ha rpaHI/II_[aX KaBeprI CTaBATCA YCJ_IOBI/UI
ple,t)= plxp.t)= P (4.24)

WJIK, B TCPMHHAX HAIlopa:



h(x,,t)=h

5

cav (xL ) h(xR 9t): R, (xR )

4.2.3. UneanpHast skuaKocTh (A =10)

4.2.3.1 Pemenue 0e3 yuera pa3pbiBa CIUIOITHOCTH MTOTOKA.
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(4.25)

B 3TOM cnyyae jerko HalTH pelmieHue CMENIaHHOW 3adadd Ui cucteMsl (4.14) c

rpaHuyHbiMu  yciaoBusMu  (4.18) —(4.19) u nHavanbHbiMM  gaHHbIMUA  (4.20).

HenictBurensHo, u3 (4.14) ciaemyet, 4TO UHBAPUAHTHI ¥ U § OyIyT MOCTOSHHBI BIOJb

COOTBETCTBYIOIIUX XaPAKTEPUCTUK X = af + const

u x= -at + const . Ucnionp3ys

3ToT (hakT, HavyaiabHble aaHHble (4.20), rpanuuHbie yciaoBus (4.18)—(4.19) u

cooTHoteHus (4.17), 1erko mocTpouTh 00JACTH MOCTOSHCTBA 3HAYCHUN A u V.

t

2T

puc.4.3

CxeMa pelieHus TMpeAcTaBieHa Ha puc.4.3; B COOTBETCTBUU C HEW pEIICHHUEM

3agaun OynyT GyHKIUU

g = %(hL + (_ 1)k+1 g Vo

Sok

1

),HpI/I kT +xfa<t<(k+1)T +x/a;

= 2(—% +(—1)k§V0), npu kT —x/a<t<(k+1)T —x/a,

rne 0<x<L;k=0,1,2,....

(4.26)
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N3 dpopmyn (4.26) u (4.17) cnemyer, uro B oOnactax Dy, OIpeaensieMbIx

CHUCTEMOU HEPABEHCTB:

Tk—=<t<Tk+> 0<x<L, rnek=012,... (4.27)
a a
napaMeTphl IOTOKA UMEIOT BUJ
g
th(x9 t) =Ty =Sy =h, Vi (x, t) = ; (r2k—1 S ): (_l)k Vo, (4.28)
a B 00sacTsax Dy, ONPEAEIsIEMbIX CUCTEMON HEPABEHCTB:
X X
Tk+=<t<T-(k+1)-=, 0<x<L,rnek=01.2,..., (4.29)
a a
napaMeTpsl TOTOKA PaBHBI
g a g
. (x, Z) =Ty Sy =h, + (_ 1)k 1 g Vos Vo (x,t): ;(rzkﬂ TS89 ) =0. (4.30)
31ech
2L
T=2"= (4.31)
a

— TIEpUOJ| BOJIHBI THIPABIMYECKOrO yJapa, T.€., B JAHHOM cCiydae, BpeMs npobera
BOJTHBI THIPABIMYECKOTO yaapa OT 3aJABMKKH JI0 pe3epByapa u 00paTHO.

W3 BolmenpuBeAEHHBIX (GOPMYJ CIEAyeT, YTO pEHIeHHe 3a7ayd HOCHUT
NEPUOIMYECKUNA XapaKTep, MPU ITOM MAKCUMaJIbHbIE © MUHUMAaJIbHbIE HAMTOPHI Oy IyT
paBHBIL, B cooTBeTcTBUM ¢ popmynoit H.E.2Kykosckoro [59]:

B =h, +2V, by =h ==V, (4.32)
g g

4.2.3.2 Pemenue ¢ yueToOM pa3pbiBa CIUIOMIHOCTH IMOTOKA

Hapymenne ycnoBust crutomHoct notoka (4.11) Oyaer uMeTs MECTO, €ClId JIMHUS

N in 9ACTUYHO WIIM TMOJTHOCTBHIO OYJIET JekaTh HWKE JTUHUHU /., (CM. puc.4.4), T.e.

I el0,L)| hy, =, —gVo <h (%), (4.33)

npu 3ToM U3 ycious (4.13) cnpaBensmBo 4To

h, >h,, (x) npu 0<x<L, B TOM 4HCJ€e h, >h,, (O) (4.34)

Paznuunbie cxeMbl O6paBOBaHI/I}I pas3pbiBa CIUIOINHOCTH ITOTOKaA IPCACTABJICHBI

Ha puc.4.4.
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4.2.3.3 Otpumnarenbubiii ykioH (dz/dx > 0, 6 > 0).
a) Ciyuait K., < heg, (0).
DTO O3HAYAeT, YTO KABUTAIMSI BO3HUKAET Cpasy y 3aiaBKKH. [Ipeanonoxum, 49ro y
JIEBOM TIpaHMIBI 00pa3yeTcsl MOJIOCTh, ONMUChIBaeMas ypaBHeHusmu (4.21) —(4.25),
npu V; = 0, x, = 0u t,.= 0. Ucnonb3ys rpanuyHoe yciosue (4.25) Bmecrto (4.19),
aHAJIOTUYHO TPEABIAYIIEMY CIydar0 MOXXHO HAWTH pelleHHe 3ajadu B oOjactu D,

npu ¢ > (), y4uTBHIBas, UTO §; = Sy U onipeaensercs mo (4.26):

1 a
" =hm(xR)——[hL ——VOJ. (4.35)
2 g
Otcroaa cienyer, 4To CKOPOCTh MPABOM TPAHUIIBI KABEPHBI:
g
Vi =V =V ==y = ey (). (4.36)

N3 ycnoBus (4.34) cnenyer, urto Viy<V,, a u3 yciaoBus h,;, < h., (0) cienyer

HEpaBeHCTBO () < Vg, 4TO rapaHTUPYET HAYAJIbHBINA POCT KABEPHBI.

hy

a)i>0 0)i<0
puc.4.4 CxeMa BO3HUKHOBEHHUS KaBUTAIUU.
3necw: 1, 1, 17— pa3nudHble YPOBHU BEIUYUHBI /,,; 2 — TUHUSA Ay
3 — Tpy0OonpoBoj; 4, 5 — TOUKM NEPBOHAYATBHOTO BO3HUKHOBEHHUS KaBUTAIUU.

Hanop cnpaBa oT kaBepHbI Oy€eT paBeH
Iy =, (xz). (4.37)
Ecnu B Touke BO3HMKHOBEHHS KaBEPHbI TPYOOIPOBOJ MMEET OTPHIIATEIbHBIN

YKJIOH, T.€.
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dh dz
D (x,)=—I(x,)>0 4.38
(k) =——(x)> 0, (4.38)
TO CITpaBa OT KaBEPHBI OYJIET CIIpaBeIJIMBO (B HEKOTOPOH OKPECTHOCTHU TOUYKH XR):
hy = (xg) < By (X) mpu x, < x, (4.39)

T.€. YCJIOBHUE CIUIOUTHOCTH 1MOTOKA (4.11) OyaeT no-npexxHeMy He BBIMOTHSATHCS.

DTO TOBOPUT O TOM, YTO B JAHHOM CJIy4yae MOJEIU OJIMHOYHON KaBEPHBI
(4.21) — (4.25) HenocTaTOYHO JIJIsl OMKMCAHUS SBJICHUS pa3pbiBa CIUIONTHOCTH MOTOKA,
U HapAIy C KaBEpHOHM y 3aJBMKKU CIIpaBa OT He€ OyJeT CyIIeCTBOBATH OOIIMpHAs
00J1aCTh MENTKOITY3bIPHKOBOI KaBUTAITMH, KOTOpasi OyAeT paclpoCTPaHATHCS BIIPABO
CO CKOPOCTBIO BOJIHBI TUAPABIMYECKOTO yaapa.

0) Cnyuaii K, = heq, (0).
[TycTs BbITONHSIETCS ycioBue (4.33) U x) — HYOKHSS TpaHb 3HAYEHUH X, ISl KOTOPBIX
crpaBeymBo (4.33), T.e. Xy — TpaHUIA MEXAY 00JACThI0 C OECKAaBUTAIIMOHHBIM H

KaBUTallUOHHBIM TCUCHHUCM!

h, —EVO >h,(x) opu x<x, u h, —EVO <h, (x) opu x> x,. (4.40)
g g

YuuteiBas I'paHUYHOC YCJIOBHEC, MOKHO OIIPCACINTD

h . — 1
x, = o = Penn /P8 _ [hL—p“’”—ﬁVOJ (4.41)

sind sind pg g

Hepagsenctsa (4.40) rapantupytot, uto 0 < xy < L.

[Ipenmonoxxum, 9410 B TOYKE Xy 00pa3yeTcsl MOJOCTh, OMUCHIBAEMAs MOJEIBIO
OJIMHOYHOM KaBepHbl (cM. 1. 4.2.2). Hcnonw3ys rpanuunbie ycioBus (4.25), u
YYHUTHIBASI, YTO HA JICBYIO TPAHMITY KaBEPHBI MPUXOJUT WHBAPUAHT 7;, & HA MPABYIO

TPaHUIly MPUXOJIUT WHBAPHUAHT S, onpenenseMsie mo ¢opmynam (4.26), nmoirydaem

3HAYCHHA OTPAXKCHHBIX NHBAPUAHTOB Sll 51 I’ll COOTBCTCTBCHHO!

: / 1 a

Sl :E hL __I/O _hcav(xL), 7"1 :hcav(xR)__ hL __I/O (442)
g 2 g

OquI/II[HO, 4TO HaIIOphI CJIC€BA U CIIpaBa OT KaBCPHLI:

hy =h,(x,), by =h,(x) (4.43)

cayv
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OTKYyJla BUJHO, UTO CJieBa OT KaBepHBI (IIpH x < Xx;) BhIMOJIHAETCS yciaoBue (4.11), T.e.
coOmro1aeTcss yCIIOBUE CIUIONTHOCTH TOTOKA, W TEYCHHE SBISACTCS OAHO(A3HBIM.
CnpaBa ot kaBepHbl (IIpH X; < x), HA000POT, ycioBue (4.11) He BBIMOIHAETCS, YTO
TOBOPUT O Pa3BUTHUU TaM MEIIKOIY3bIPhKOBOM KaBUTAIUH.

N3 (4.42), (4.26) u ycnoBus (4.40) MOKHO HATH CKOPOCTH I'PAHUIL] KABEPHBI:

VL = § hL _EI/O _hcav(xL )J = %(hcav(xO)_hcav(xL )),

a g
(4.44)
a
Vo= & Oy e (s, >j 2 (x) - (5)
a g a
3 4 atL
|
|
|
|
. |
|
|
|
|
|
1 |
|
|
______ |
|
| .
0 06 1 XL

puc.4.5. BO3BHUKHOBEHUE MEIKOMY3bIPbKOBOW KaBUTAILIMU MIPU OTPUIATEIHBHOM
YKJIOHE TpyOOIpoBo/Ia.
| — TMHUM XapaKTEPUCTHUK; 2 — 30Ha MEJIKOIY3bIPbKOBON KaBUTALIUH.

J171st HAaKJIOHHOTO TPYOOTPOBOIA C TTOCTOSTHHBIN YKIIOHOM MOYKHO 3aIHCaTh:
V, =gl(x, —x,)sin@/a_ V,=gl(x, —x,)sinf/a (4.45)
YuuTheIBas, 4TO B Ha4YaJIbHBIM MOMEHT X; = Xz = X, , U3 ycioBus (4.21) u (4.45)

CJEIYET, YTO
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V,=V,=0, (4.46)
T.€. KaBepHa OyAeT BBIPOKIACHHOW M MPEACTaBIICT COOOM TpaHUIly paziena MEexIy

0JIHO(a3HBIM U MEJIKOMY3bIPbKOBBIM TEYEHHEM, PACIIPOCTPAHSIONIYIOCS BIPABO (CM.

puc.4.5).

4.2.3.4 Heotpunarensubiit ykioH (dz/dx <0, 6 <0).

B sTom cnyuae, BBUAY HeBO3pacTaHusi QYHKIUU /.,(x), U3 (4.33) ciaemxyer, 4To
MepBOHAYAIbHOE HAPYIIEHUE CIUIONIHOCTY MOTOKA HACTyMAaET Npu ¢ = () y 3aJIBUKKHU.
[IpennonoxkuMm, aHaJOTHMYHO NPEAbIAYIIEMY CJIy4dar, YTO Y JIEBOM TpaHUIIbI
oOpasyeTcst oJIOCTh, onuchiBaeMas ypaBHeHusmu (4.21) — (4.25), pu V= 0, x,= 0
U tp.= 0, xp. = 0. Ucnionb3ys rpaHnyHOE ycioBue (4.25), aHAIOrMYHO MPEAbIIYIIEMY
ClIy4aro, HaXOJHWM pelieHue s r; u V. Hamop cmpaBa oT kaBepHBI Tak ke OyaeT
onpenensaTecsa no dopmyne (4.37), onHako, T.K. JUIsl pacCMaTpPUBAEMOTO ClIydas
heqy (x) SIBIISIETCS HEBO3pACTarONIe (PyHKIMEH, clpaBa OT KaBEpHBI OYAET BCIOIY
BBITIOJTHATHCS YCIIOBUE CIUIONTHOCTH TOTOKa (4.11).

DTO TOBOPUT O TOM, UYTO B JaHHOM CcCllydyae SBJICHHE pa3pbiBa CIUIOIIHOCTH
MOTOKa MOXHO OIKCHIBaTh MOJIENIbI0 OJUHOYHOM KaBepHbl (4.21) — (4.25),
BO3ZHUKAIOIIEH Y 3aIBUKKU.

a) [TapaMeTpsl KaBEpHBI.
O603HauUM

pav,
PN, = P ay

rae N — nenas yacth uncia K, g — apoOHast yacth K.

K =

=N +gq (4.47)

N3 (4.33) u (4.12) caenyer, 4yTo npH

K>1 (4.48)
y neBo rpaHunibl (x=0) npu >0 Oyner p(x,t) <pcqy, T.e. HaAPyIIAeTCA YCJIOBHUE
CILIONIHOCTH moToka (4.11).

BBeneM noHsTHe KPUTHUUECKOU CKOPOCTH
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h, - p,
L (4.49)

pa ’
IIpHU IPEBLIILICHUA KOTOpOﬁ HACTynnac€T pa3pbiB CIUIOIMHOCTH IIOTOKA, T.C. YCIIOBHC

MOSIBJIEHUSI pa3pblBa CIUIONIHOCTU TOTOKa, Hapsay c¢ (4.48), MoxeT ObITh

c(hOpMyJIMPOBAHO CIEAYIOINUM 00pazoM:

Ve>V.. (4.50)
N3 (4.47) u (4.49) oueBUaHO, UTO
V
K= 4.51
v (4.51)

cr

WUrtak, npu BbinonHeHuu (4.48) (umm (4.50)) pa3phiB CIUIOIMIHOCTH B BHJE
OJIMHOYHOM KaBEpHHI NIepBoHauaabHO oOpazyercs B Touke (0,0), T.e. t,. = 0 1 x;. = 0.
Ucnonw3yst rpanudHoe ycioBue (4.43), MOXHO HaWTH penieHue 3aJayud B

uHTepBaiue 0 <t <t., (cM. cxemy Ha puc.4.3):
1
ry = %{zkhm (0)— 2k —1)n, + EVO} , Sy = 5{21(% (0)- 2k +1)n, + EVO} (4.52)
g g

misk=0,1,....

[Ipn BbIBOJE STHUX COOTHOIICHWUN MPEANOJaranoch, 4To, TaK Kak pa3Mephbl
KaBEpPHBI Majbl 10 CPaBHEHHUIO C JJUHOW TpyOompoBoma, T.e. Xp/L << I, MOXHO
CUUTATh, UTO Mgy (Xg) = heay (0).

N3 dopmyn (4.52), (4.17) u (4.49) cnenyer, uyTto B 0o0sacTsIX D, mapaMeTpsl

IIOTOKAa NMCHKOT BH/[I

(ryy +5,, )=V, —2kV (4.53)

cro

th(x9t): Py =Sy =hy, Vi (x, t):

Q |0q

a B 00nacTsax D,y ; mapaMeTpsl MOTOKA PaBHBI

th—l(x7 t) = D1 TS (k-1) T hcav(0)9 V2k—1(x’ t) = %(’”2/&1 + Sz(k—l)): Vo— (Zk - l)Vcr . (4.54)
rnek=1,2,....
BBuny HeBo3pactanust QYHKIUU A, (X) CHOPABEIIHBO gy, (0) = hegy (%),

cieaoBaTeNnbHO, o hopmynie (4.54) umeeM hyy(x,t) > hey, (X), ¥ YCIIOBHE COXPAHECHUS
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CILTOIIHOCTH ToTOKa (4.11) BeITIOHSAETCS BO Beew obnactu D, ;. B o6nactsax Dy, aTo
yCJIOBHE T€M 00Jiee BBITIOHSIETCS, B CHITy yciaoBus (4.13) u cootHommenws (4.53).

Takum obpasom, B JaHHOM citydae npu 0 <t <t., BO BCEH OCTaJbHOI 00JacTu
TedeHus1 coomoaaercs ycmosue (4.11), T.e. KaBUTAIMIO MOXHO JIOKAJIU30BaTh B BUJIC
OJTHOM M30JIMPOBaHHOM KaBEpHBI B Ha4Yase TpyoONnpoBo/Ia.

OrneHUM BpeMs KU3HHU KaBEPHBI.

Jlerko onpenenutsb, yuutbiBas (4.54), (4.31) u (4.47), 94To B 3TOM cllydae:

V, =0, Vo=V, —Qk=1)-V, npu (k—1)T <t <kT, (4.55)
rnek=1,...,N.

[TonctaBnsas (4.55) B (4.49), u3 (4.23) MoxkeM ONpPENETUTb MOMEHT
CXJIOTIbIBAaHUSI KaBEPHBI:

N+1

tclp :TNN+—1—q

(4.56)

0) ®a3a MOBHIIICHUS TABJICHHUS TIOCIIE CXJIOMBIBAHUS KaBepHBI (ciydaid i > 0 )

[Tocne cxyonbiBaHUSI KaBEPHbI BOCCTAaHABIMBAETCA TIpaHU4HOE YycioBue (4.19));

MICTIOJIB3Ysl ONIMCAHHYIO BBIIIE METOAMKY, MOKHO HAWTH PEIICHUE 3a/1a4U NIPH I.j, < I.
KaptuHa mocie cxJjomnmbiBaHUsI KaBEpHBI B IUIOCKOCTH (X,1) HM300pakeHa Ha

puc.4.6. OOnacTb BIUSHHUS JICBOM TPaHMIIBI TIOCJE CXJIONBIBAHHUS KaBEPHBI

pacmoJiokeHa BBIIIE JIMHUH XapaKTepucTuk AB (cm. puc.4.6, a ), 1.e. B obactu

t>t,, +x/a, (4.57)
MO3TOMY HIKE TOW JIMHUM PEILIEHUE 3aauyu orpenaesseTcs no ¢popmynam (4.52) —

(4.54) npu k <N +1.
Hcnonb3ys rpannunble ycinoBus (4.18) —(4.19), a taxxe cootHomenus (4.17) u

(4.47) — (4.49), MOXHO TOYYUTh PEILICHHUS, COTIACHO cXxeMme puc.4.6, a):

hl* = hL +§VO _zq(h[, _hcav(o)): hL +(N_q)(hL _hcav(o))a I/l* = O (458)
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tpes
tye2
tbcI

8)

puc.4.6.
CxyonbpiBaHME MEPBUYHON KaBEPHBI M BOSHUKHOBEHHE BTOPHUYHON KaBuTauuu ( 6 — ciyuaid N =1/, ¢ — ciaydait N>1 ).
C; — nepBuyHaga kaBepHa; C,, C; — BTOpPUYHbBIC KABEPHHBI.
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*
T.x. 0 < g <1, oTctoaa BUTHO, YTO /1 ; JIGKUT B UHTEPBAJIEC

hL +(N_1)(hL _hcav (O))< hl* < hL +§VO . (459)

Hanee, umeem

cr

h; :hL +§V;) +(1_2Q) (hL _hcav(o)):hL +(N+1_Q)(hL _hcav(O)), I/z* =V (460)

IIpHU 3TOM BCJIIMYHMHA /g JICKUT B HHTCPBAJIC

. a
hL + N(hL - hcav (0)) < h2 < hL +§ VO + (hL _hcav (O)) (461)
JIns ydacTka, IPUMBIKAIOLIEro K IPAaBOM I'PAHULE, UMEEM
h; = hL s VS* = _VO + 2NVC}‘ = VO _2q Vcr = (N_ q)Vcr . (462)

AHaJIOTHYHO, IMEEM

h=h, +§VO +2(1-g)-(h, =h,,(0)), v =0, (4.63)
IIPU ATOM /i, JISKUT B MHTEpBaJe

h, +§Vo <h;<h, +§V0 +2(h, ~h,,(0)). (4.64)

B obnactu 5 (cm. puc.4.6, a) umeem

hy =hy +(h, =0, 0), V5 =V, +(-2q), =(N+1-q)V,, (4.65)
a TaKoKe

hi=h,, Vi=-V,+2(N+1V, =V, +2(l-q)V,,. (4.66)

B o6mactu 7 (cm. puc.4.6., a) umeem

h_’; = hL +§ I/O _2N(hL - hcav(o)) = hcav(0)+ (1 + q _N) (hL _hcgv(o)), 1/7* = 0 . (467)
T.x. 0 < g <1, u3 nocnenueit popmMyibl BUTHO, YTO h*7 JIC)KUT B UHTCPBAJIC
B (0)+(1=N)-(h, b, (0)<h; <h,,,(0)+(2-N)-(h, —h,,(0)) (4.68)

U, nakoner, as obmactu 8 (cM. puc.4.6, a) momydaem

hg = hL +§ VE) _(2N+1)(hL _hcav(o)) = hcav(o)_(N_q) ) (hL _hcav(o)) 5 Vg* = Vcr (469)
T.x. 0 < q < ], n3 HOCHCI[Heﬁ (l)OpMy.TIBI cJienyer, 41ro h*g JIC’)KUT B UHTCPBAJIC

o (0)= N - (hy = 1, (0)) < g < By, (0) = (N =1)- (B, =, (0)). (4.70)
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N3 BoimenpuBeAeHHBIX (OpMYIT U OlleHOK (4.67) — (4.70), ¢ y4eToMm TOro, 4To

hea(0) = heg(x) ipu x > 0, u ycnoBus (4.34), momydaeM, 4TO B 00JAaCTH, JIEKaIIEH
HIDKe TuHUU XapaktepucTuk CE (cMm. puc.4.6, a), T.e. B 00J1acTu

t<t, +T+x/a, 4.71)
BCIOJly TapAHTUPOBAHHO BBIMOJIHSETCS YCIOBUE CIUIOMIHOCTU MOTOKA (4.11).

CornacHo (4.58), (4.60), (4.62) u (4.63) umeeM h <h, <h,, IpyU4eM CKa4OK
MEXy HUMH PaBEH MOCTOSIHHOU BenuuHe f; — heq(0):

hy =hi =hy, =, (0), hi=h;=h, ~h,(0). (4.72)

Torma, u3z (4.58)—(4.69) wumeeM, UYTO MaKCHUMaJbHOE JIaBJICHHE IIOCIIE
CXJIONIBIBAHUS KaBEPHBI Oy1eT

M =i =y +a-V, [g+2(1=q)-(h, ~ b, (0)). (4.73)

3nmech mepBbIC JIBA ClIaraeMbIX /i, + a V)/g MpeacTaBsioT COOOM KIACCUIECKYIO
dbopmyny H.E.JKykoBckoro [59] nmnst ompeneneHus yIapHOTO JIaBJICHHUS B Cilydyae
OJTHOPOJTHOTO TeueHusi (0e3 pa3phiBa CIUIONIHOCTH), a TOCJIEIHEe CliaraeMoe —
n00aBKy K YyJapHOMY [IaBJICHHUIO BCJEACTBUE pa3pblBa CIUIOMIHOCTH, KOTOpas
npeacTaBisier cobOoil BemuuuHy, koseOmromnyrocss ot 0 mo 2+(h; — he, (0)), B
3aBUCUMOCTH OT HadaibHOW ckopoctu V,. Takum oOpaszom, dopmyna (4.73)
MOKAa3bIBAE€T, UYTO 3aBUCUMOCTH /., OT V, mpencraBiser co0oil MUI000pa3HYIO
auHuio  (cM. puc.4.7); T.e. B OTIMYUE OT CiIy4yae CIUIONIHOTO TEYEHUs
MaKCUMaJbHOE JaBJICHHE MOXET MaaaThb C POCTOM HaydaldbHOW CcKopoctH V!
JloOaBKka BCIIEICTBUE HACTYIUICHUS KaBUTALIMU MOKET JOCTUTaTh 3HAYUTEIbHOU

BEJIMYMHBI, HO HE TpeBOCXOoaUT 2-(h; — hey,(0)).

['paduk, ananornuHeiii n300paxkeHHOMY Ha puc. 4.7, OblI BIIEpBbIE MOTYYEH B

pabore [118, 117], HO MeTOAMKA €O TOJIy4eHHs Oblla HE BIOJHE SICHA.

Ha puc.4.8 —puc.4.9 mnpencrapineHsl TpaduKu TMOBEACHUS JaBJIEHUS Y
3aBUKKM  JUJIE  Pa3MYHBIX  HAyallbHBIX  CKOPOCTE,  IOCTPOEHHBIE IO

BBHIIICTIPUBEIEHHBIM (DOPMYJIaM.
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puc. 4.7. MakcumasbHble JaBJIeHUs B TPYOOIIPOBOJIE MOCIIE CXJIOMBIBAHUS

NEPBUYHON KaBEPHBHI.

1 — makcumanbHoe aasnenue no popmyne H.E.J)KykoBckoro;

2 — MakcUMaJIbHOE JaBienue no gpopmyne (4.73). 3uecw h =(h,, —h.,,(0))/(h, -k, (0)).

I

\3

2 4 6 8 10} at/L

puc.4.8. JlaBnenue y 3aaBvxku ipu K = V/V,, = 1,4:

[ — ¢ y4eToM pa3phiBa CIUIONTHOCTH; 2 — 0€3 y4eTa pa3pbiBa CIUIONTHOCTH IMMOTOKA;
3 — MakcuMasibHOE faBieHue no Gopmyne (4.73); 4 — MakcumMaabHOE JTaBJICHUE TIO

dopmyne H.E.XKykoBckoro.

Takum 06pa30M, JAaBJICHUC Yy 3aJIBUXKKU IIOCJIC CXJIOIIBIBAHHA KaBCPHLI

AOCTUTACT CBOCTO MAKCHMMYMa HC B HayaIbHOU craguu, a ONMKe K OKOHYAHHIO

¢a3bl MOBBINICHUS AaBIeHUs (001acTh 4).
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DTO OTYETJIMBO BUAHO Ha rpadukax MOBEICHUS JABJICHUS BOJIU3U 3aJBUKKHU,

npeacTaBieHHbIX Ha puc.4.8 — puc.4.9 (kpuBas /), pacCUMTAaHHBIX Ha OCHOBaHUU
BBIIIENPUBENEHHBIX Gopmyir. 3aeck h = (h-h,, (0))/(h, k., (0)).

h

at/L

puc.4.9. JlapiieHne y JIeBOro KoHIa TpyoornpoBoia (y 3aIBHKKH) TIPH
K=V/V,=23. O603HaueHus T€ *Ke, 4TO U Ha puc.4.8.

Ha puc.4.10 npencraBieHsl pe3yiabTaThl dKCIEPUMEHTOB [145], Ha KOTOpPBIX

TaKOKC OTUYCTINBO BUACH BCIIJICCK B KOHIIC (1)33]31 IIOBBIIICHUA JaBJICHHA.

Vp = 0,28 m/cex

P4
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3ameuanue 1. Ecau umcnonn30Bath I OHCHKM MaKCHUMAJIBHOI'O JaBJICHUA

dbopmyny H.E.XKykoBckoro, To nosrydaercs, ¢ yueToM 3HaKa CKOPOCTH:

a

P =h, ——V_, (4.74)

g
rae V. — CKOpoCTh «OTOPBABLIETOCS» CTOJIOA )KUJIKOCTH.

[To mpu4rHE BOJIHOBBIX MPOIECCOB, CTOJO XUIAKOCTH B MOMEHT MOAXOAa K
3aJIBIDKKE MMEET JIBE CKOPOCTU: Voni; U Voy mipu g < 0,5; mubo Viyiy v Voyir ipu
qg=>05 (cMm. puc.4.6, a), © TOTLKO B MOMEHTHI BpeMeHH, Korja g = (), croid
XKUIKOCTH JIBIDKETCA KaK €IUHOE I1eJI0€ C OJWHAKOBOHW MO JJIUHE CKOPOCTBHIO V.

Ecou B dopmyny (4. 74) BMecTO V, moAcCTaBUTH V,y, TIONydaeM B Ka4E€CTBE /.,
BeIMUMHY A ; ecnu B dopmyny (4. 74) BMecTo V. moactaBuTh Vy.;, mojiydaeM
BEJIMYUHY /i, ; U, HAKOHEI, eciii BMecTo V. B (4. 74) noactaBuTh Vy. ), MOTyYaeM B
KaueCTBE /1, BETUUUHY h, , T.€. I€UCTBUTEIBHO MaKCUMaIbHOE 3HAUCHHE.

Takum 00pa3oM, MakcUMalbHOE MJaBJICHHUE IOCJIE CXJOINbIBAHUA KaBEPHbI
Ha0JI0JaeTCsl HE HETIOCPEICTBEHHO MOCJe yAapa OTOPBABILIETrocs CTOI0a KUAKOCTH,
a 4Yepe3 HEKOTOphIi MOMEHT BpemeHu, paBublii T(N+1)(1—q)/(N+1-q), Ha
nocyenHen ctaauu (Ga3bl MOBBIMIEHUS JABICHUS. ITO OOBSICHSIETCS TEM, YTO TOCIE
CXJIONIBIBAHUSI KaBEPHBI, BCJICJICTBUE MHEPLIMU YACTh MOTOKA KUIAKOCTH MPOIOJIKAET
JBUTAThCS TaK, Kak OyATO KaBepHa emie cymecTByer. BomHa ot atoi (yxke
CXJIONTHYBIIEICS) KaBEpHBI, OTPA3UBILMCh OT MPABOM TpaHUIlbl, BO3BpAIIAECTCS K
3a/IBIDKKE B MOMEHT BPEMEHHU, JISIKAIIEM B HHTEpBAJe

(N+DI'<t<t,, +T. (4.75)

iMeHHO 3Ta BOJHA, IPU OTPAXKEHUU OT 3aKPHITOW 3aJBIKKH, M TIOPOXKIAET
MakcumanbHOe JnaBiieHue. [lpu 3ToM, HAMOOJBIIMX 3HAYEHUN BEIUYUHA /4,
nocTuraeT npu g — (), KOTOPOl COOTBETCTBYET CUTYyaIlWs yaapa OTOPBABIIETOCS

CTO0JI0A )KUIKOCTH O TPETpaay co CKOPOCTBIO Voy.; , IPU ATOM

Viavea =V, (tclp "‘T). (4.76)

6) Pa3BuTHE BTOPUYHON KaBUTAIIMU
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MuHuManbHbIE 3HAYE€HMs] JaBJICHUM TMOCJHE CXJIONBIBAaHUS KaBEepHbI OyIyT
HaOmroaThes B o0nactax 7 u 8 (cm. puc.4.6.), u onpenenarcs popmynamu (4.67) u
(4.69), COOTBETCTBEHHO.
Cnyuaid N> 1.
U3 ounenku (4.67) cinemyer, uyto mpu N> 1 B obmactu 7 B TOYKE X,.;= (0 B
MOMEHT BPEMEHH {;.; Oy/I€T HAPYIIEHO YCIOBHE CILIOMIHOCTH ToToKa (4.11), rae

2
=t 4T =T N+1+—2 _p V) g 4.77)
N+1-gq N+1-g¢q

[lonarasi, 4T0 B TOYKE Xp.; MPU t>1,.; O0Opa3yeTcs KaBepHAa, ONMHUCHIBaeMas

ypaBHeHusmu (4.21) — (4.25), nonyvaem penieHus B 00J1acTu 7:

h; = hcav (0)9 V7’ = VO (1 + Zq)V - (N_l_q)I/cr ” (478)
u obnactu §:
by = h, (0)= (0, =1, 0), V{=V, =29V, =(N-q)-V, (4.79)
Koopnunate! HIbkHEW rpanu ob6nactu 8 (Touka D Ha puc.4.6., a) Oyayr:
3 gN (N+1)1-q)
tyy =T | N+—+—F—"—"— =L——"=
be2 { +2+2(N+1—q)}’ T2 N+l-gq (4.80)

®dopmyna (4.78) roBOPUT O TOM, UTO BCOy B oOnactu 7 (TpeyroiabHuk CDF
Ha puc.4.6.) BBIIOJHAETCS YCIOBUE CIUIOMHOCTH ToToka (4.11), T.e. 371ech
KaBUTAIUSI MOKET OBITh JIOKAIW30BaHA B BHUJEC OJAMHOYHOW KaBEPHBI y 3aJBHKKH,
npu 3ToM ¥, >0, 4TO TOBOPHUT O POCTE KaBEPHBI.

HetpyaHo y6enuTbces, 4To KOOpAUHATHI TOUKH F (cM. puc.4.6.) OyayT:

tys =T-(N+2), x,,=0. (4.81)

N3 dopmynel (4.79) crienyet, 4TO MPU BBIMOTHEHUH YCIOBHUS

Fro (0) =y, = Doy, (0)) < g (), (4.82)
B Touke D c koopauHatamu (4.80) OyneT MMETh MECTO HApYIIEHHE YCIOBHS
CIUIOIIHOCTH noToKa (4.11), T.e. BOBHUKHET KaBUTallMs, KaK MoKa3aHo Ha puc.4.6., 6.

C yuetom (4.3) u (4.11), ycnoBue (4.82) MOXHO nepenucaTh B BUJIE:

- 2(x, ) < b, =11, (0), (4.83)

HJIM, B CJIy4ac IMOCTOSIHHOI'O YKJIOHA I
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, SN+ -
hL _hcav(0)>lxb02 :lL(]v+—)1(_qq),

OTKyJa CJEIyeT, YTO JUIsl TOTO, 4TOObI HEepaBeHCTBO (4.84) BBIMOIHSAIOCH MPHU

(4.84)

J1000M ¢, T0CTaTOYHO, YTOOBI

h, —h,(0)>ilL. (4.85)
uiu, B 6osiee oOmieM Buje s ycinoBus (4.83):

—minz(x) <k, ~h,,(0). (4.86)

PaccmoTpum ciyuaid, korga ycioBue (4.83) He BBITIOJIHSIETCS.

T.K. hea(x) sBnsieTcs yObIBaromeil Gynkuumit x, a ki <h,(0) B cuny (4.34),
OTCIOfIa CJEAYeT, YTO CYUIECTBYET TOYKa X,, (TOYKAa BO3HUKHOBEHHUS KaBUTAlIUM),

JCXKallass B UHTCPBAJIC

0 <Xy € X505, (4.87)
IS KOTOPOM HAPYILAIOTCS YCAOBUE CIUIOMHOCTH OoTOKA (4.11) B MOMEHT BpEMEHHU:

ther =lper + (xbc2 — Xpe )/a <Ilpe3s (4.83)
pu4eM

hcav (0)_(hL _hcav (O)): hcav (xl'702)' (489)

B cirydae mocTostHHOTO YKIJIOHA | KOOPJMHATY X,., MOKHO BBIYHCIIUTH TOUHEE:

hL — ho
—-
OTtMeTnM, 4YTO JIJIsi TOPU3OHTAIBHOTO TpybompoBoaa (i =0 ) ycinoBue (4.85)

Xper = (4.90)
BBITIOJTHSIETCSI Bceraa B cuiy (4.34), u ciayyaii (4.87) — (4.90) oTcyTCcTBYET.

JlomycTuM, B TOYKE X)., B MOMEHT BPEMEHHU 1}.; TaKKe 00pazyeTcs KaBepHa,
onuckiBaemas ypaBHeHusimu (4.21) — (4.25).

Torna umeeM B 00J1aCTH CiI€BaA OT MPEANOIAraeMO KaBEPHBI:

h;, = hcav (xl,JCZ ) s I/7” = I/7, +§ (hcav(o) - hcav(xl,)d )) = (N_ 1 - q) ) I/cr +§ (hcav(o) - hcav(xIIJCZ )) 9 (49 1 )
1 B o0JlacT CIipaBa OT KaBCPHLI

B = (), K= N~ O (3 [Nt 10) V=R O] (4.92)
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| 'Xhe2 ' Xpe2 X
puc.4.10. Bo3HUKHOBEHHE BTOPUYHON KaBUTaUuy npu N > /.
3nech: 1 — mepBUYHAs KaBepHA Y 3aJBUKKH; 2 — BTOPHUUHAS KaBEpHA Y 3aIBUKKH;
3 — mpeanonaraeMasi KaBepHa B CpEHEN YaCTH TPYOBI.

W3 mpennocnenneid popmymbl CleqyeT, YTO CpaBa OT TOYKH X,, YCJIOBHE

CIUTOIIHOCTH noToKa (4.11) BeimosHseTcs.
Tak xak /.. (x) — yOsiBatomast ¢pyHkuus x, u3 gopmynst (4.91) cnenyer, uto

cjeBa OT TOYKHU x,, Oyner ki <h, (x), T.e. ycnosue cromHocTy notoka (4.11) mo-
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NPEKHEMY HE BBINMOJIHSAETCA. DTO TOBOPUT O TOM, YTO CJEBAa OT TOYKHU X, ., (BBILIE

muauu DF na puc.4.10.) BO3HUKHET OOWIMpHAas 30HAa MEJIKOMY3bIPhKOBOM
KaBUTAIMH, KOTOpas OyJie MyJIbCUPOBATH BMECTE C BOJIHOMW MOBBIIICHUS 1aBJICHUS.

PaccmoTpuM ckOpoCTh pocTa KaBEpHBI

VS”_ V7” = 21/0;” - 2§ (hcav (0)_ hcav ('xl')c2 )) . (493)
a

[Ipu BeINOTHEHUHU ycaoBuUsA (4.82), u3 cooTHomeHul (4.49) cinemyer, 4To

" "_ g
I/S _V7 _2;(hL _2hcav(0)+hcav(xb62 ))> Oa (494)
T.C. IOMHUMO 30HBI MeHKOHYBBIpBKOBOﬁ KaBUTalMKu IIpU X < Xpc2, B TOUKE Xp.» IIPHU
t> tbc2 BO3HHUKHCT KaBCPHaA.

[Ipu napymenun ycnoBus (4.82), B cuiny paBeHctBa (4.89) umeem Vy'-V,=0,
YTO TOBOPUT O TOM, B 3TOM CJIy4a€e KaBepHa B TOUKE X,, BBIPOXKIAETCS B TPAHUILY

pazzena Mexy IByx(}a3HbIM (MEJKOITYy3bIPHKOBBIM) B OAHO(A3HBIM TCUCHHEM.

Kaptuna Ttedenus B (pa3oBoil MIOCKOCTH, MOJyUYCHHAS B PE3yJbTaTe PacueTOB
Ha OBM, nipencrasnena Ha puc.4.11 —puc.4.12.

Cnyuait N=1

N3 omnenku (4.67) m Toro akra, 4T0 /.4 (X) ABIASETCS HEBO3pACTArOIIEH
bynkuuen x npu >0, cienyet, uro npu N =1 B 0o0nactu 7 yCJIOBHUE CIUIOLIIHOCTH
(4.11) napymatbecsa He OyJeT, T.€. 37eCh, B OTJIMUME OT ciydas N > [, OyneT uMeTh
MecTo oHO(a3HOe TeUCHHUE, U KaBepHA Y 3aJIBMDKKH 00pa30BBIBATHCS HE OyIeT.

N3 dopmynel (4.69) crienyet, 4TO MPU BBIMOTHEHUH YCIOBHUS

Fro (0) = (1= Xy = (0)) < P, (3,2, (4.95)
B Touke D c koopauHatamu (4.80) OyneT MMETh MECTO HApYIICHHE YCIOBHS
CILTOITHOCTH MoToKa (4.11), T.e. BOSHUKHET KaBUTAIlUs, KaK MOKa3aHo Ha puc.4.6. 0.

C yuetom (4.4) u (4.11), ycnosue (4.95) MoxHO nepenucaTh B BUJE:

—z(x,,)<(1-g)h, -, (0)), (4.96)

WJIY, B CIIy4ae IOCTOSIHHOI'O YKJIOHA [ :

hL - hcav (O) > lL (497)

5

2—q
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OTKyJa CJeNyeT, YTo JUIsl TOTrO, 4TOObl HEepaBeHCTBO (4.96) BBIMOJHAJIOCH IMPHU

J1000M ¢, T0CTaTOYHO, UTOOBI

h, —h, (0)>2iL (4.98)
uiu, B 6oJiee o01eM Bujie A yciaoBus (4.95)
~minz(x)<(1-g)h, ~,,,(0)). (4.99)

PaccmoTpumM cityuait, korna yciosus (4.95) Hapymaercs.
Tax kax /.,,(x) siBAsIETCA YOBIBatOImeH PYHKIMNA X, aHATIOTUYHO MPEAbIAYIIEMY

CIy4ar0 MOKHO TMOKa3aTh, YTO CYIIECTBYET TOYKa X,, (TOYKAa BO3HWKHOBEHUS

KaBUTAIMM), Jiexanias B uHTepBajie (4.87), A KOTOpOW HapylIaloTCs YCIOBUE

CILTOIIHOCTH MoToKa (4.11) B MoMeHT BpeMeHH (4.88), npuuem

By (0)=(1=g)h, = h.,,(0)= R, (x}.,). (4.100)
B ciaydae nocToSHHOTO yKJIOHA | KOOPJAUHATY X, ., MOXHO BBIYUCIUTH TOUHEE:
X = (= q)n, 1., (0))i. (4.101)

OTtMeTnM, 4YTO JJIsi TOPU3OHTAIBHOTO TpybompoBoaa (i =0 ) ycinoBue (4.95)
BBITIOJTHSIETCS Beeraa B cuiy (4.34), u caydait (4.100) — (4.101) orcyTcTByeT.

JlommycTuM, B TOYKE X}., B MOMEHT BPEMEHHU 1}, TaKKe 00pazyeTcs KaBepHa,
onuckiBaemas ypaBHeHusimu (4.21) — (4.25).

Torna umeem B 00J1aCTH ClieBa OT MpeAnojgaraeMon kaBepHsl (cM. puc.4.13):

W =h (), o A fO-hbogal =g Vo S fO-hulal =g 1, =240). - (4.102)
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o 50
i
HEERER
HEEREET]
S,

H

0 D5 X 1 0 05 1
puc.4.11. Bropuynas xapuranus (ciaydaid N >1) npu puc.4.12. Bropuunast kaBuTanus (ciydait N >1) npu
BBITIOJTHEHUHU YCI0BUsA (4.82). HapyIuieHuu ycioBus (4.82).
3nech: 1 — mepBUYHas KaBEpHA y 3aABIKKH; 2 — BTOPHYHAS  3pech: | — mepBUYHAs KaBEPHA y 3a/IBIKKH; 2 — BTOPHYHAS
KaBEPHA Y 3aJIBIKKH; 3 — BTOpUYHAs KaBEPHA B CpeIHEH KaBepHA y 3aBUKKH; 3 — IpaHulia paszaena ¢as; 4 — 30Ha

qacTHu TPY6BI, 4 —30Ha MCHKOHYSBIPBKOBOﬁ KaBHUTalluH. MeJIKOHy:;LIpLKOBOﬁ KaBUTAIIUU.
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Cuuras, 4TO y 3aJBHXKKH TIO-TIPSKHEMY BBINONHAETCA YycioBue (4.19),
MoJTy4aeM B 00JIaCTH, TPAaHUYAINCH C 3aIBFKKOM
1 = h,,,(0)-2(h,,(0)-h,(x,.,) - q(h, —h,,(0)), 7=0, (4.103)
OTKyJia BUIHO, uTo A7 <k, (0), T.e. y 3aBUKKU HApYyIIAETCs yCIOBHE CIUIOMIHOCTH

notoka (4.11), 4To rOBOPUT O TOM, YTO B MOMEHT BpPEMEHU f5; (cM. (4.81)) y
3aIBMDKKM 00pa3yeTcs elle oJHa KaBepHa.
[Tonaras,, 4to y 3aABUXKKHM OOpa3zyeTcsl KaBepHa, ONMUChIBaEMasi ypaBHEHUSIMU

(4.21) — (4.25), ucnionw3ys rpaHuyHbIe yciaoBus (4.25), noiydaem

= h(0), =+ 0 ha(8s) =gV, + 2 (alO-Rue=a V-2 Ao, (4.104)
B cuny BeiOopa z(x) oueBuaHo, uto V., >0,V)>0; mocieaHee HEPaBEHCTBO

TOBOPHUT O TOM, YTO KaBEpHA y 3a/IBUKKU OYJIET PACTH.

B ob6nacTtu cripaBa 0T KaBepHBI UMEEM

B =), K= 122V, =2, 08 =2-0 V=S afO-Rue). - (4.109)

N3 (4.105) u (4.100), ¢ yuetom (4.49), cnenyer
V=(2-q) ¥, =2 [h,(0)-h,, (xi, )]2 7, >0, (4.106)
a

U3 dpopmyn (4.105) cnenyet, 4yTo crpaBa OT TOUKH X;, YCIOBUE CIUIOIIHOCTH

notoka (4.11) BeImoyIHsSIETCS.
Tak kak h..,(x) — yosiBaromas Gyskuus x, u3 Gopmynsl (4.102) cnemayer, uro
c7eBa OT TOUKHU X, OymeT k., <h, (x), T.e. ycnosue cromHocTH motoka (4.11) mo-

MPEKHEMY HE BBINOJHSIETCA. ITO TOBOPUT O TOM, YTO CJIeBa OT TOYKHU X, ., (BBIIIE

auann DF Ha puc.4.13) BO3HUKHET OOIIMpHAs 30Ha MEITKOMY3bIPhKOBOM KaBUTAIIHH,
KoTopasi OyAeT NyJbCHpPOBATh BMECTE€ C BOJHOW NOBBILICHUS JaBICHUS (Kak
noka3aHo Ha puc.4.13).

OlleHUM CKOpPOCTb pOCTa BHYTpeHHeH KaBepHbl Vg —V,. Ilpu BBIIOTHEHHH

ycnoBust (4.95), ¢ yuerom cootHotieHus (4.49) cienyert, 4to

vi-vi=20-qWV, -25(n,,(0)-h,(x.,)>0, (4.107)
a
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T.€. TIOMHUMO 30HBI MEJIKOITY3bIPbKOBON KaBUTALUU MPHU X < Xp.;, B TOUKE Xp.; MPU

t > tp.» BOBHUKHET KaBEpHa.

] / ]
Xbe2 Xpe2 X

puc.4.13. Bo3HUKHOBEHHE BTOPUYHOW KaBUTaUMu npu N= 1.
3nech: 1 — mepBUYHAs KaBepHA Y 3aJBUKKH; 2 — BTOPHUUHAS KaBEpHA Y 3aJIBUKKH;
3 — mpeanonaraeMasi KaBepHa B CpEHEN YaCTH TPYOBI.
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[Tpu Hapymenun ycnoBus (4.95), B cuny paBenctBa (4.100) umeem Vy -V, =0,
4TO TOBOPUT O TOM, B 3TOM CJIydae KaBepHa B TOUYKE X,., BBIPOXKIACTCS B TPAHUILY

pasnena Mexay AByX(}a3zHbIM (MEJIKOMY3bIPbKOBBIM) U OJHO(PA3HBIM TEUEHHUEM.

Kapruna Ttedenus B (pa3oBoil MIOCKOCTH, MOJyUYCHHAS B Pe3yJbTaTe PacueToOB
Ha OBM, nipencrasnena Ha puc.4. 14 —puc.4. 15.

Taxkum oOpa3oM, TOJIBKO I CTPOTO TOPU3OHTAILHOTO TpyOompoBoaa (i =0)
BO3MOYKHO OIMCATh MPOIECC pa3phiBa CILIONIHOCTH TPH THUAPABIAYECKOM yaape
Ipyd TIOMOIIM MOJIENIM M30JIMPOBaHHBIX KaBepH Buaa (4.21)—(4.25). Jlwboe
HAJIMYME JlaX€ HE3HAUYUTEIHLHOTO VYKJIOHA, KaK IMOJOXHUTEIBHOTO, TaK U
OTPULIATENILHOTO, HEU30€XKHO TMPUBOJUT K BO3HUKHOBEHHMIO OOILIMPHBIX 30H
NPOTSHKEHHON (MENIKOMY3bIPhKOBOM) KaBUTALIMU, MYJIbCUPYIOLIUX BMECTE C BOJHOMN
MOHDKCHUS TABJICHMS.

Tak kak cutyauust i = () COOTBETCTBYET BCEro OJHOW TOYKE B JUara3oHe
3HAYEHUN YKJIOHA i, 5TO TOBOPUT O TOM, YTO CJIy4ail MOSBJICHUS KaBUTAIIUU TOJIHKO
B ¢opme OONbIIMX HU30JIMPOBAHHBIX KAaBEPH OTHOCUTCA K THUIPABIMYECKU
HEYCTOWYUBBIM CUTYAIIHSIM.

HTak, paccunTaHbl mapaMeTpbl TEUCHHSI, 00Pa3YIOMIETOCs MOCIE CXJIOMBIBAHUS
nepBoil kaBepHbl. BrepBble wuccienoBaHbl (OpPMbI  BTOPUYHOM KaBUTAlWH,
YCTaHOBJICHBI YCIIOBUS, BPEMs BO3HHUKHOBECHHUSI W MECTOIOJIOKEHHUS BTOPHYHBIX
KaBEPH, M 30H MEJIKOMY3bIPHKOBOW KABHUTAIMH, NPUYEM TIOMHUMO TIOSIBICHUS
KaBEpHbI Ha rpaHUlle NOTOKA (B Touke x = ()), oOpa3yeTcs ellle KaBepHa B CpeaHel
YaCTH MOTOKA, YTO OBUIO HEOTYETINBO 3aUKCUPOBAHO B dKcriepumente [173]; atot
daxT ormeyasncs eni€ u B padote [104].

JlanbHeillee paccCMOTPEHUE BOIIPOCA AHATUTHYECKUM MyTEM 3aTPYIHUTEIBHO,
T.K. TIOJIOCHI TIOCTOSIHCTBA MHBAapUAHTOB PUMaHa CTaHOBATCS Bce 0oJiee y3KUMH U
KapTUHA HAayuTaeT APOOUTHCS Ha Bce Oojiee MEIKUE «OCKOJIKM» C MOCTOSHHBIMU

SHAYCHUAMMU IMApaMCTPOB TCUCHUA.
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Pe3ynbpTaThl aHaMUTHUECKUX BBIKJIAJOK JEMOHCTPUPYIOT, YTO

@) B cily4ae oTcyTcTBUsA kaBuTauuu (K < 1) mpouecc HOCUT SIPKO BbIPa>KEHHBIN
NEPUOANYECKUN XapaKTep AOCTaTOYHO mpocToi ¢opmbl (MuHusa 2 HaA puc.4.8 —
puc.4.9); 6) npu mnosBreHun KaBuTauuu (K >1) pe3ko MEHSETCS XapakTep
mpolecca, KOTOpbIi HOCUT Bce 0oJjiee  YCIOXKHSIOUIMICS  XaOTHYECKUH,
anepuoauyeckuid xapakrep (auHus / Ha puc.4.8 —puc.4.9).

ConocTaBieHre ¢ SKCHEPUMEHTaMHU I[I0Ka3aj0, YTO JaHHbIE pPe3yJbTaThl
XOpOIIO ONHUCHIBAIOT KaUE€CTBEHHYIO, MPUHLIUITHAIBHYIO KapTUHY TEUYECHHUS U JaXKe
CIOCOOHBI ~ TPEJCKa3aTb HEKOTOpble SIBICHUA (HAmpUMep, TMOSBICHHE W
MECTOMOJIO)KEHHE BHYTPEHHUX KaBepH B TedueHuu). OJHAKO B OTHOUIEHUU
KOJIMYECTBEHHBIX XapaKTEPUCTUK 3STa MOJENb JaeT CUJIbHO 3aBBILICHHBIE,

HECTJIAKEHHBIE OLIEHKH, KaK 3TO BUJIHO U3 puc.4.16.

V. m/s

0 1 2 3

puc.4.16. 3aBUCUMOCTB P,y OT Vy
1 — skcnepumeHTanbHbie Janubie [145]; 2 — mo dopmyne (4.73); 3 — no Gpopmyre
H.E.XXykoBckoro; 4 — pacuet Ha DBM c¢ yueTom tpenus (A =0 );
5 —no popmyne (4.147) .
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4.2.4 PeanbHas xuakoctb (A #0)

4.2.4.1 Pemenue 6e3 yyeTra pa3pbiBa CILUIOITHOCTH MOTOKA

PaccMoTpuM HawanpHyro craauio mpouecca. O4eBHIHO, YTO BO3MYIIEHUE OyaeT
pacmpoCTpaHAThCS BIOJIb XapaKTEPUCTUKU X = af. T.K. MHBapUAHT § MPUXOJUT U3
00J1aCTH HEBO3MYIIEHHOTO TEYEHHsI, €r0 3HaUYE€HUE MOKHO ONPENENUTh MO0 BTOPOM
dopmyne (4.20). Torma u3 nepBoro ypaBHenus (4.20) momydaem OOBIKHOBEHHOE
muddepeHnranbHoe ypaBHEHUE 1151 32 GPOHTOM BOJIHBI Bo3mylleHus. [lepexoms
K TIEpeMEHHBIM /1 1 V' B cooTBeTCTBUM C (4.17), momydaeM ypaBHEHUS JJisl Harmopa u

CKOpOCTH 32 (POHTOM BOJIHBI BO3MYIIICHUSI:
* 2
dh __a gy Mo 4| gy,
dt g 4gd g

zV;] v AV (4.108)

S BV +
4d > dr 4d °

rne  h*t)=h(at,t) v V*(t)=V(at,t) — HAIOPp U CKOPOCTh 3a (PPOHTOM BOJIHBI
BO3MYIIIEHHsI, COOTBETCTBEHHO.

N3 (4.108) ¢ yuetom (4.9) u (4.20) nonyuaem

* Z/ *
B ()= h, + =" V(L—at)~ 2V, - V" (1)) npu 0<r<L/a (4.109)
2gd g

N3 (4.109) u (4.11), ¢ yuerom (4.49) u (4.51), cneayer, 4TO PHU BHIIOJIHEHUN
YCJII0BUA

K, <K<K, (4.110)
rac

K, = = K, = = (4.111)

Lo l+lI—48 T 1-41-48 '

B Hauaje TpyOomnpoBoja (x=0) UMEEeT MECTO HapyIIeHUE CIUIOIIHOCTH MOTOKA (CM.
puc.4.17) mpu >0.
h'(0)

hea(0)

puc.4.17.
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3nech

g:\/i.é.g'(@ —2hcav(0))_\/£.£.ﬁ 4.112)
2 d a 2 d a

Hepagsencto (4.110) npu ¢ — 0 nepexoaut B (4.48).

Hepagsenctso (4.110) umeer cMmbich ipu

£<1/2, (4.113)
3aMeTUM, 4YTO BEIMYMHA & OOBIYHO HEBEJIWKa, TakK, IJs1 ONbITOB [145]

¢ = 0,14 ; nnsa maructpanbHoro TpybomnpoBona & = 0,17 . MoxHO cuuTath, YTO
JUIsl peasibHBIX 3a7a4
£<0,2. (4.114)
Torma K, 1,04, K, =24, te. neBas mojoBuHa HepaBeHcTBa (4.110)
Majio oTimyaercs oT (4.48). Uto kacaetcst rpaHuilbl cBepxy K, TO 3TOT ciydai
COOTBETCTBYET JBM)KCHHIO C OOJBITMMU CKOPOCTSIMU, KOT/Ia UCXOHAS MOJIEITh YKe
HyXJaercsi B yTouHeHud. Hanpumep, onsitel [145] npoBoaunucs mnpu

K<K . =14 1.e. npu3nauenusx K, 3HAYUTESIHLHO MEHBIINX K.

4.2.4.2. Pemuenue npy HAIMYUHU KaBEPHBI
PaccmoTrpum ciydait (4.110), cCOOTBETCTBYIOIIMN BO3HUKHOBEHHIO KaBUTAIUU B
Hayvaje TpyoonpoBoa.

[TonpoOyem 5n0KanM30BaTh KABUTALMIO, KaKk M B MPEABIAYIIEM CIyYae,
NOMECTUB B Hauyajie TpyOOINpoOBOJa OJMHOYHYIO KaBEpPHY, OIMUCHIBAEMYIO
ycnoBusimu (4.21) — (4.25).

N3 rpanumynoro ycnoBus (4.25) u cootHomeHuit (4.13), ¢ yuerom (4.49) u
(4.51), momydyaeM CKOpPOCTh TpPaBOM TpaHUIBl KAaBEpHbI B HAYaJbHBIH MOMEHT

BPEMEHU:

* % 1
701,007 =11 o'k | (4.115)
N3 (4.115) u cnpaBennuBocTt HepaBeHeTBa (4.110) cnenyet, uto

0<V*(0)<V,, (4.116)
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a u3 BToporo ypaBHeHus (4.108), onpenenenust ¢pyukuuu B (4.16) u toro daxra,

yto (pyHKuus noreps B:|V| aBnsercsa Bo3pactaromie QyHkuuent |V|, ciemyet, 4ro

CIIpaBEeNINBO

0<V*(t)<V,, (4.117)
0oJee Toro,

Ve (0)<V*(e)<V,, (4.118)

nipu 3ToM V(¢) Oyaet Bo3pacraroniei QyHKIUeHn ¢.

N3 BToporo ypaBHenus (4.108) nmeem

Vie)-v'(0)= AV t—jB*V*dz (4.119)
4d 0 ’
oTKyza, ¢ yueroM (4.118), (4.115) u (4.16) nomydaercs orieHKa
, , e LWV ang
0<V (t)-V (0)< 0 0 0] 0y ,
(1)-v"(0) [40[ i YR (4.120)

rae A, = /I(VO*).

N3 nepBoro ypaBuenus (4.108) monyuaem

2 t
B (t)=h"(0)- AV —ﬁjB*V*dt , (4.121)
4gd g9
AHaAJOTHUYHO MPEABIAYIIEMY CIyJaro, CIIPaBEIUBBI OIICHKH
2 2 *(17* P 2
AV o R (t)-h"(0)< - AV, Alr) at < -0 4 (4.122)
2gd 4gd 4gd 4od
T.x. 17(0) = heo(0), u3 (4.121) ¢ yuetom (4.12) creayer, 94ToO IPH BHIIOIHEHUH
YCIIOBUS
AV} 17
- x——|BV'dx <z(x) mpu0<x <L, (4.123)
4gd g ! P
uiu, ¢ yuerom (4.3),
Y1
O 4 — BV >i (4.124)
4gd g ’

crpaBa OT IMPEANojaraéMoid KaBepHbI MO-MPEKHEMY He OYIET BBIMOJHIATHCS

YCJIOBHUE CILIOIIHOCTH MOTOKa (4.11).
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AHaJIOTHYHO MOXHO yO€IUTHCS, YTO MPH BBHIOJIHEHUU OTPAHUYEHUS HA YKIIOH
(4.123) umm (4.124), noGaBnenre 1000ro0 KOHEYHOTO YHCIIa KABEPH HE MPUBOIUT K
BBITIOJTHEHUIO HepaBeHCcTRa (4.11).

VYyuuteiBas (4.117), nerko Mmoay4uTh JOCTATOYHBIE YCIIOBHSA, NMPU KOTOPBIX
crpaBa OT paccMaTpuBaeMoOM KaBepHbl OyJeT HMEThb MECTO HapylIeHUe

CIITOIIHOCTH ITOTOKA.

AV?
0O > (4.125)

A x < z(x)
4gd o 4gd

UucneHHble SKCHEPUMEHTHl MOATBEPKIAOT 3TOT BbiBOA. Ha puc.4.18
noKazaHa KapTMHa B (ha30BOM IJIOCKOCTH MpPU BBINOAHEHUH YycioBusi (4.125),
NOJIy4eHHasi HA OCHOBAHUH YMCJIEHHBIX PACUETOB.

C apyroii ctopoHsl, TpeboBaHue, MPOTUBONOI0KHOE (4.123) — (4.124):

AVE 1 .
- x——|BV'dx>z(x) npu0<x <L, (4.126)
4gd gy
i
2
Ao Ly < (4.127)
4gd g ’

rapaHTUPYeT, YTO HA HAYaJIbHOM CTaguu IMPOLECCAa HAPYIIEHUS CIUIOIIHOCTH
cripaBa OT KaBepHBI HE OYJET, T.e. KABUTAIMIO IOCTATOYHO JIOKAJIN30BaTh B BUJE B
BUJIE OJIHOW W30JMPOBAaHHOM KaBepHbl. OJHAKO 3TO HE TOBOPUT O TOM, YTO
NPOTSKEHHOM (MEIKOMY3bIPbKOBOM) KaBUTALMM HE PA30BBETCS NPH JajbHEHIIEH
ABOJIIOIMK TeueHHs. Kak moka3pIBaeT ciiydail MACaIbHOW XKUJKOCTU W YUCIICHHBIC
DKCHEPUMEHTBl  JUISI PEAJIbHOW  JKHUJIKOCTH, MEJKOIY3bIPbKOBasl KaBUTALUS
MOSBJISIETCS HA MOCIEAYIOIMX CTAAUAX ITpouecca.

JlocTaTOYHBIMM ~ yCJIIOBUSIMH, TapaHTUPYIOIIUMHU  BblojgHeHue (4.126) —

(4.127), 6ynyT HEepaBeHCTBa

vy vy .
— x> zlx —<] 4.128
29d (*) wm 2ed ( )

Ha puc.4.19 nokazana xaptuHa B (ha30BOIl IMJIOCKOCTU MPU BBHIMOIHEHUU

ycnoBus (4.128), monydeHHass HA OCHOBaHUH YUCJICHHBIX PACUETOB.
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Hrak, B cimydae (A # 0), T.e. mpU y4deTe BSI3KUX CBOWCTB XUAKOCTH, TPHU
BBITIOJTHEHUU OTpaHMYCHHS Ha YKIOH (4.123) — (4.124) yxe Ha HayaJabHOU CTaauu
mpoiiecca  HEBO3MOXKHO — JIOKAJIM30BaTh  KaBUTAIMIO B BHIE  OTACIBHBIX
W30JIMPOBAHHBIX IOJIOCTEH, T.€. TMOMHUMO BO3HHKHOBEHHS KpPYIHBIX KaBEpH

HEN30€KHO MOSBJICHUE MEJIKOIY3bIPHKOBOTO IIIeH]a.
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puc.4.18. Kaptuna B ¢pa30Boii MI0CKOCTH MY BBINOIHEHUH yclioBus (4.125).
1 — kaBepHa y 3aIBXKKH; 2 — 00J1aCTh MEJIKOIY3bIPHKOBOM KaBUTALINU.
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puc.4.19. Kaptuna B a30Bo# MI0CKOCTU MPHU BBINMOJHEHUN yCaoBuUs (4.128).
3nech 1 — kaBepHa y 3aJIBUKKH.

OTMCTI/IM, 4TO OTOT BBIBOJ 663YCHOBHO BECPpEH JI1 TOPHU3OHTAJIBHOIO

TpyOOIpoBOa, A KOTOporo ycinoue (4.123) — (4.124) BeimonHsercs Bcerga. J1o
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ObUIO yCTaHOBJIEHO B paborax astopa [151], rme paccMmarpuBaics ciaydail

TOPU30HTAIILHOTO TPYOOIIPOBOIA.

Takum obpaszom, HepaBeHCTBO (4.123) — (4.124) aBnsercs 00001IEHHEM ITOTO
CJIydasi Ha HEeTOPU30HTAJIbHBIE TPYOOIIPOBO/IBI.

HepasenctBo (4.110) siBiasieTcsi KpuTepueM BO3HUKHOBEHHS KaBUTAlMM (B
BUJIE MEJKOMY3bIPHKOBOrO IUIei(a) HEMOCPEACTBEHHO 3a (PPOHTOM BOJIHBI
Bo3MyIeHus B iepuoa 0 <t <L/a, n sBuserca 6ojee CTporuM TpeOOBaHUEM YeM
(4.48). Opnako ecinu paccmarpuBaTh (4.48) kak KpuTepuid BO3HUKHOBEHHS
KaBHUTAallMU BOOOIIE, T.€. HE 0053aTeIbHO B MEepBOi (hase cpa3y 3a GpOHTOM BOJIHBI
pa3pekeHusi, HO U B MOCJIEAYIOIINEe MOMEHTBI, TO, KaK MOKa3bIBAIOT UYHCJICHHbBIE
OKCIIEPUMEHTHI, Kputepuil (4.48) MOXKHO paccMaTpuBaTh KakK KpUTEpUi
BO3HMKHOBEHUS KaBUTAIIUU U B ITOM CITydae.

NHTEepecHO OTMETUTh, YTO B OTHOIICHHUH M, TEOPUS UACATBHOU KUIAKOCTH
(cmydait A # 0) maeT Xxopolee COBNaJeHUE C HKCIIEPUMEHTOM (cM. puc.4.16) mo tex
nop, MOKa HE BO3HUKAET sBJICHHME KaBUTalMU. Kak MOKa3pIBAIOT W pacyeTbl, U
sKcriepuMeHThl [145], B 3TOoM ciydae HaOMIOJAeTCs 3HAYUTEIBHOE CHUKCHUE
WHTEHCUBHOCTU U BBICOKOYACTOTHOE 3aTyXaHHWe KoJieOaHuM mo BpeMeHu. Takoe
BHE3allHOE YycUJieHWe (akTopa BS3KOCTM B CJIy4ae TEUYEHHUS C pPa3pbIBOM
CIUIONTHOCTH TOTOKAa OOBSICHSIETCS TEM, YTO HAJIMYWe BSI3KOCTH MPUBOAHUT K
BO3HMKHOBEHHUIO YIIOMSHYTOTO BBIIIE MEIKOMY3bIPbKOBOTO LUIEH(a, B KOTOPOM U

POUCXOAUT NHTEHCUBHOE 3aTyXaHHE KOJeOaHuH.

4.2.4.3. IlpubnuxeHHoe pereHne

PaccmoTpum quHaMuKy OTOpBaBIIErocst cTos0a KUAKOCTU. Ha 1eBoil okoHeUHOCTH
ATOTO CTOJI0A JKUJIKOCTU PACIIONIOKEHA KaBepHa, OnrchiBaeMas ycioBusamu (4.21) —
(4.25). Kak mnokazaHo BbIllle, B OTOPBABILIEMCSI CTOJOE >KUAKOCTH BO3HUKAET
oOmmpHas 30Ha MEJKOMY3bIPbKOBOM KaBUTALIUM, KOTOpas MyJbCUPYET B
COOTBETCTBUM C MPOXOXKJIECHUEM BOJIH CHKATHUs JaBieHUS. BBUIY 3HAUNUTEIBHOTO
paccerBaHMsl SHEPIMM B IMy3bIPbKax, BOJHOBOM MpOIECC 3aTyXaeT A0CTATOYHO

OBICTPO B paccMaTpuBaeMOM CTOJIO€ >KHIKOCTU. [loaTomMy 0e3 3HAuMTeIhHOU
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MOTPEIIHOCTH 7Sl OLEHKU CPEAHEN CKOPOCTH ABMXKEHUSI CTOJ0A KUIKOCTH MOXKHO
paccMaTtpuBaTh  JABW)KEHHE  OTOro  croida  KHAKOCTH  KaK  JIBIDKEHUE
«3aMOPOXKEHHOW» JKUAKOCTU (TBEPIOTO CTEPKHS). YPABHEHUS JABIKEHHS TAKOTO
CTepXxHS OyayT

dv

= (po— P, )o—7AL, (4.129)

rae V, — cpeaHsisi CKOpOCTb JBHKEHHSI OTOPBABIIEIOCS CTOJI0A KUAKOCTU; @ —

POL

IO TIOTIEpEeYHOTO ceueHust; 7~ Ap|V|V,,/8 — HanpskeHus: TpeHUs )KUIKOCTH O
CTCHKH; y — CMOUCHHBIN MTEPUMETP.
Bonee moxpoOHo.
Ecau npounTerpupoBath BTOpoe ypaBHeHue U3 (4.7) 1o x ot xx(¢) no L, umeem
L L
oV AV WV
I a—dx+g(hL_hm(xR)):_ I de- (4.130)

t
xg (1) xg (1)
HO HpaBI/IJIy I[I/I(l)(bepeHIJ;I/IpOBaHI/IH I/IHTeraHa C IIOJABUXHBIM HpeL[eJIOM C

yueToMm (4.21) umeem

L L
oV 0
—dx=— |Vdx+Vix,,t)V,. )
XRI(I) ot athI(t) (va:1)- Vi (4.131)
BBenem 0003HaueHus
1 L
L()=L-x,(0), V)= [rax. (4.132)
xp ()
rae V. — cpemHsis CKOpOCTh IBIDKCHUSI OTOPBABIIIETOCS CTOJIOA YKUIKOCTH.
Torna
o ¥ 0 ~\ ~dV
— |Vdx=—\V -L)=L—=-V_-V,. )
ot ) at( ¢ ) a < F (4.133)

[TpeneOperas pasmepom kaBepHbl (xz=0) MO cpaBHEeHUIO ¢ L u mpeHeOperas

Pa3HOCTBIO CKOPOCTHBIX HANOPOB (WJIH, 110 Apyromy, nonaras V(xgt) = V,):

T ~dV, ~dv, dV
—dx=L—=+V, -V -V )= L—=L—=
XRJ.(t) a it F (%,—/(x’{ zz) ) dt dr (4.134)
Torna nonyudaem u3 (4.130) ypaBHeHUE
dv, ¢ Ay
L dt + g(hL - hcav (xR )): _XR_[(I) 2d d‘x s (4-135)
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WK, Tojiarast

J Ay oo

d d (4.136)

xg (1)

HMMCEM OKOHYATCJIbHO, ¢ YUYCTOM BBIIICYIIOMAHYTBIX YHpOHIeHHI)'I, HpI/I6J'II/I)KeHHOC
YPaBHCHHUEC OJIs1 OIIMCAHUA ABUIKCHUSA OTOPBABIICTOCA cToJI0a KHUOKOCTH:

dV AWV
h, —h,(0)-L—"=. 4.137
Vel 0)- L (4137

Hns cinydast A. = const (pa3BUThI TypOYyJEeHTHBIA MOTOK) ypaBHeHHUE (4.129)

HMCCT PCHICHUC

V(1) Vg tg[z_g(to _t)} e 4.138

C —&th{ﬁ(t—to)} _V, th{z—g(zo —z)} JOPH 1) St<t,; (139
€ T € T

rjae £ onpeaencHo B (4.112), a ) — MOMEHT BpEMEHHU, KOT/Ia CKOPOCTh MEHSIET 3HaK:

i [VV j . (4.139)

[ToncTaBissi MOJOXKUTENIBHYIO CcKOpocTh U3 (4.138) B (4.22), HaxomuMm C

yueToM (4.139) MakcuMalbHbIN pa3mep (IJIUHY) KaBEPHbI:

2¢ V. 2¢t
[T(to - t)}dt =— 25{ In cos( TO j

N3 oueBUAHOTO paBEHCTBA JJIsl OTPULIATENIbHOU cKkopocTh U3 (4.138)

[— t_to)}dt = chﬁf(dp —to)” (4.141)

OonpeaAcCIIAICM MOMCHT CXJIOIIBIBAHUA KaBCPHbI tclp

%ln(1+ £2K?)= ln[ch[zTg(tdp 4, )D (4.142)

v.T
4¢*

] ln(l+5 Kz) (4.140)

max

ln

I

m—chﬁg(@ —fo)} (4.143)

OTKyJa

ty =1to + 2T—8arcch (w/l +(eK ) ] (4.144)
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N3 ypaBHenus (4.23) nonydaem, nocie nojactaHoBku (4.138) B kauectBe Vi B

(4.22):

Ly = ZT—garctg (6‘K )+ %arcth {LJ . (4.145)

J1+ (K )

3ametuM, uto dopmyna (4.145) nepexoaut B orudaroiryro BenuyuHbl (4.56)
npu 0.

Kak moka3bIBalOT pe3ysbTaThl AaHAIUTUYECKOTO pelIeHUs (CM. BBINIE) IS
UJeaTbHON KUAKOCTH, MAaKCUMAaJIbHBIA Hamop /h,, (cMm. (4.73)) mopoxmaercs
94acThi0 CTONO0A KUIKOCTH, MPOJIOJIKAIOIIETOCS IBUTATHCS MO MHEPUUHU (TaK, Kak
OyQTO KaBepHa €IIe CYIIECTBYET) M TacUT CBOK KHHETUYECKYIO HHEPTUi0 K
MOMEHTY BPEMEHH I, T (cM. (4.76)). [ToaTOMY, C HEKOTOPBIM 3aI1ACOM, BO3MOKHO
OLICHUTh MakcumaibHOe naBieHue 1o ¢opmyne H.E. XKykosckoro mns ckopoctu
CTOJIOA KUJKOCTH B MOMEHT BPEMEHH Z,+ 1"

a

ho ~h, —EVC (¢, + 7). (4.146)

OTcro1a MOXKHO MOJYYUTh, UCTIONB3YS (4.138), (4.139) u (4.145):
a, 1 . th(2¢) h, —h,,(0)
g "1+ (K) & 1+(eK )V +ek -th(2e) 1+ (K ) (4.147)

HuTtepecHo 3ameTuth, uTo opmyna (4.147) mpeBpamaercsi B OrHOAIONIYIO

h...=h +

(4.73) mpu &— 0. Pe3ynbraTsl BbhrunciaeHus no gopmyine (4.147) B cpaBHEeHUU C

DKCIIEPUMEHTAJIbHBIMA ~ JaHHBIMM MpeJacTaBieHbl Ha puc.4.16, kpusas 5.
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I'JTABA 5. PACYETHBI TMIPABJIMYECKOI'O YAAPA B TPYBOITPOBO/IHBIX
CUCTEMAX HA OCHOBE CXEM BEI'YIIEI'O CHETA

5.1. Pa3HOCTHBIE ypaBHEHUA

5.1.1. Pa3nocTHas ceTka

[lycte nnuHa i-Toro TpybOompoBoga L; pa3Outa Ha M; paBHBIX HUHTEpBaJIOB. [l
pPacyeTOB HCIOJB3YEeTCS MPSAMOYTOjibHAash Pa3HOCTHAsl CeTKa C IIaroM Mo OCH X,
paBHbIM Ax; = L;/M; (i=1,...,N) 1 1aroM 7 MO OCH BPEMEHHU.

Bynem o6o3nauars yepes r* = r(nAx,t, ), s* =s(nAx,t,) 1 T.1. 3HAYECHHUS BETMYMH
r=r(x,t),s =s(x, t) 4 T.0. B TOYKE PAa3HOCTHOMN CETKH C KoopauHatamu (n, k), Tae n
- HOMep pacdeTHOM Touku 1o ocu x (n =0,...,M;); k — HOMEp 11ara Mo BpEeMEHH.
31ech t; — MOMEHT BPEMEHH, COOTBETCTBYIOLIUHN k-TOMY IIary rmo BpeMeHH (eciiu mar

10 BPEMEHHM MOCTOSIHEH, TO #;, = kX T).

S - x o
N\
T
A 2 I ! o S IR
L M
1€ A >< A >
- } . I - —
0 "n-1 "n "'n+l X

puc.5.1
Iycts X =(n-Ax,t,,,) — pacueTHas Touka, a L u M 0003HAyarOT TOYKH Ha

npeasiaymeM (k-ToM) ci0€ 1O BpPEMEHH, OTKYJla BBIXOJAT COOTBETCTBYIOIIUE

XapaKTEPUCTUKH, NPUXOAsIINUE B TOUKY X. O4eBUIHO, YTO

L:X—T(mV)dt, M:X—T(—aw)dt (5.1

1 Tk

IZi€ t;+] — MOMEHT BPEMEHHU, COOTBETCTBYIOIINH k+1-My 11ary mo BpeMeHH (eciiy mar

10 BPEMEHHM MOCTOSIHEH, TO #; = (k+1)x 7).

5.1.2. MeToa XapakTepUCTUK
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Ecou ckopocte V' 3HauuTenbHa (1o cpaBHEHUIO C a, cM. (2.40)), oTpesku
xapakrepuctuk LX u MX OynyT KpUBOJMHEHWHBIMH, €CIU K€, Hao0OopoT,
KOHBEKTHBHBIMU CllaraéMbIMH TNpeHeOperaercs, 1o LX u MX Oyayr mnpocro
MPSIMBIMH.

Meton xapaktepucTuK [137] COOTBETCTBYET Cllydaro, KOr/ia IIaru no BpeEMEHU 1
0 TPOCTPAHCTBY MNOA0OpaHbl Tak, 4Tto L u M coBmagaioT ¢ OmmKalmumu
pacyeTHBIMU TOYKAMU: Lz[(n—l)-Ax, tk], M :[(n+1)-Ax, tk]. IIpu »3TOM, CTpOTO
TOBOPSI, CETKA MOXKET ObITh U HEPETYISIPHOM (STUEUKU CETKU OYIyT KPUBOJIMHEHHBIMU
YEeTHIPEXYTOJIbHUKAMM ).

Meton XapakTepUCTUK HMCTOPUYECKH CTall MEPBBIM YHCJIEHHBIM METOJIOM,
MPUMEHSIEMBIM JIJI pacyeTa ruApaBIndecKoro yaapa, u 10 CUX Mop OCTaETcsl OAHUM
U3 CaMbIX MOMYJSPHBIX [25]. DTOT METOJ, HECOMHEHHO, O0eCIeuYrBaeT OYECHb
XOpOLIYI0 TOYHOCTh IS PacyeToOB THUAPABIMYECKOrO yJapa B OJUHOYHOM
TpyOONPOBOIE, HO MPUMEHEHUE €r0 JJIsi CUCTEM TPYOOIPOBOJOB HATAIKUBAETCS HE
HEKOTOPBIE TPYJHOCTH.

Cuurasi, 4TO KOHBEKTUBHbIC WICHBI MPHU pacueTax HE YUYUTHIBAIOTCSA, B CHUILY
MOCTPOEHUSI PACUYETHOM CEeTKH, ISl BCEX TPYO CHUCTEMBbI JOJHKHBI COOJIIOATHCS

cooTHoweHus (T.H. ycioBusa KypaHnra)

a. T
Ax, =a -, 1 ——=1, tae i=1,...,N . .
=4 . it (5.2)

[Tycth i u [ — HOMepa pa3IuYHbIX TPYO, BXOASIIUX B TPYOOIPOBOAHYIO CUCTEMY.
Toraa u3 BeIIENPUBEAEHHOTO OTPAaHUYEHUS, IPUPABHUBAS OJIMHAKOBbIC 3HAUCHUS T,

nojy4acmM, 41O JIFOOBIX ABYX Pa3JIMYHbIX TPYG B CHUCTEMC OOJIDKHO BBIIIOJTHATHCA

COOTHOLICHHC
Ax;  Ax, L, L Li/ai M,
—=—, WU = , WIIM —=——-—. (53)
a; a, aM;, aM, L//a/ M,

Tak xkak M; u M, ssBnsieTcs LiebIMU BEJTMYMHAMHU, OTCHOJIA CIIEIYET, YTO BPEMEHA
npobera BOJIH MO JIIOOBIM JIByM TpyOaM B CHCTEME JOJDKHBI ObITh KPaTHBIMHU, YTO

BecbMa MajoBeposTHO. Jlns coOmropeHus 3TOro TpeOOBaHUS — MPUXOIUTCS
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KOpPpEKTUpPOBaTh  JUOO  JUIMHBI ~ TPyOOINPOBOJOB, JIMOO  CKOPOCTH  BOJIH
TUAPABIAYECKOrO yaapa. M To, 1 M”HO€ BHOCUT HMCKaXEHHS B PE3yJIbTAThl PACUETa;
BO3HUKAIOIIME TPU ATOM IOTIPEIIHOCTH IpU HEOJIArONMPUATHBIX YCIOBUSX MOTYT
JOCTUTaTh 3HAUUTEIbHBIX BEJIMYMH (Hampumep, B padote [194] onmcana curyarus,

KOTI'/Ia MOTPEIIHOCTh cOcTaBisgeT 0Kojao 30%).
5.1.3. Cxewmpl Oeryiero cueta

OT BBIIICTIPUBEICHHOTO HEAOCTAaTKa CBOOOMHBI CXeMbl Oerymiero cuera [137],
SIBIISISICH JATBHEUIIINM Pa3BUTHEM METOJIa XapaKTEPUCTHK.
CxeMbl Oerymero cdera WCTIOJIB3YIOT 3aliCh CHCTEMbl YypaBHEHUH B
uHBapuanTax Pumana (2.53) — (2.55).
AnnpokcumupyeM ypaBHeHus (2.53) — (2.54) ¢ nepBbIM NOPSIAKOM TOYHOCTH TI0

SIBHOW Pa3HOCTHOM cxeme Oerymiero cuera (MHAEKC i A7l IPOCTOTHI OMYILICH):

k+1 k k k
r —r ro—r
— k k+1 k

n n +a n nlz_Bn‘(rn+ +rn)

T Ax ’
k+1 k k k (54)
S - S -
n n —a n+l n =—Bf-(7‘nk+sf+l),

T Ax

noJiydacm CJeaAyromue paCuCcTHbIC 3aBUCUMOCTHU

kel (1 _/U)”nk + /U”nkfl - TB:S;l;

r, = Y , pu n =1,...,Nj;
! 5.5
(" SRy e o °
S, = npun = N;-1,...,0,
1+TB,I: o i s » VU

rae u; = c;7/Ax; xoabdunuent Kypanra.

CootHomieHust (5.5) MO3BOJISIOT JIETKO PACCUUTHIBATh 3HAUEHUSI HEU3BECTHBIX

k+1 k+1
't u skt

n n

Ha HOBOM k+/-OM IIare 1mo BPEMEeHH 110 U3BECTHBIM 3HAYCHUAM ' U s' Ha

nNpeAbIAYHIEM k-Tom mare, 3a HCKIIYCHHUEM I'PaHUYHBIX 3HAYCHUH BBIXOJAITHX

WHBAPUAHTOB 7, "' U s,

JIns HaxoXAeHUs OTUX TPAaHUYHBIX 3HAYCHUM MCIIOJIB3YIOTCS YPaBHEHMS
IPAHUYHBIX YCIOBUM (CM. BBILIE), KOTOPBIE JUISl ATOW L€ TAKKE 3alUCHIBAIOTCS B

uHBapuaHTax (2.51) npu oMoty (2.52) u npu HEOOXOAUMOCTH JIMHEAPU3YIOTCS.
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Iycts m’ — 4yucino TPyO: NPUMBIKAOMKX K j-TOMY Y31y, a F — umcno
COOCTBEHHBIX MapaMeTpoB y3ia (T.e. MapamMeTpoOB, XapaKTEPU3YIOLUIUX COCTOSHHE
y3J1a, HallpuMep, YUCII0 000POTOB JIA Hacoca, 00BbEM BO3/AyXa B KOMIIEHCATOPE, XOJ
KJanmaHa 4 T.4.). Torga s HaxXOXICHUS TPAHUYHBIX 3HAYEHUN BBIXOJAIIUX
MHBAPHAHTOB HEOOXOMMMO OyJIeT pelaTh CHCTEMY YpaBHEHHil pa3sMepHOCTBIO m’ +
I s KaXKmoro y3na ;.

SABHas cxema (5.5) ycroitunBa npu cobmonennn ycinoBus Kypanra:

n :‘Z_'Tgl_ (5.6)

1

Ota cxeMa XOpOUIO OTCIEKHUBAET (PPOHTHI THAPABIUUECKOTO yaapa U Ipyrue
pe3Kkue TPaJAMeHThl TEUEHHUs, OOecleunBas XOPOUIYI0 TOYHOCTh pPE3YJIbTATOB,
QITOPUTMUYECKH JOCTATOYHO MPOCTa M JIeTKa B MPOrpaMMHOM peanu3alvu, T.K.
TPAaHUYHBIE YCJOBHUS PEMIAOTCS Ui KaXJO0ro y3Ja OTaenbHO. B oTiamume oT
orpanudeHus (5.2) BMECTO CTPOroro paBeHCTBa B (5.6) UCIONb3yeTCs] HEPABEHCTBO,
yTo Jenaer yciaoBue (5.6) Oosee «TrHMOKMM», T.K. OTMaJaeT HEOOXOJAMMOCTh B
KOPPEKTUPOBKE JJIUH TPYO MIIM CKOPOCTEH BOJIH.

Henocratkom siBHOM cxembl (5.5) sBIs€TCS OTpaHUYCHHME Ha Iar cyera IIo
BpeMeHH (5.6), 4TO MOXKET BbI3BaTh, IPH HAIMYUH B CHCTEME «Pa3HOMACHITAOHBIX)
(KaK  «UIMHHBIX», TaK ©  «KOPOTKHX») TpPyOOINpPOBOJIOB, 3HAYUTEIHHBIC
HEIMPOU3BOAMUTEINIbHBIE 3aTPAThl BHIYMCIMUTEIBHBIX PECYPCOB, T.K. ycioBue (5.6) s
CaMOT0 KOPOTKOTO TpyOompoBoaa OyAeT OrpaHWYMBATh CHU3Y YHCIIO PACUETHBIX

TOYCK U IIar cycTa.

5.1.4. Pa3penieHne KpaeBbIX YCIOBUI

O003HauNM BXOZSIIKE B y3€I1 j HHBAPHAHTHI KaK

LT eciu i € R/ ;
Sio0» eClim i € R;
Y BBIXOJISIIUE U3 y3/1a j HHBAPUAHThI
S eclm i € R’ ;
j _ i,N > + 9
Viouw = ) (58)
Fio» ecnm i e R,
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Breném BekTopHBIE 0003HAYCHUS
l/_/’l{l = {W{{m }ieRj 5 lﬁ({ut = {l//l{out }ieRf (5.9)

Ucnonw3yss cootHomenus (5.7)-(5.9), (2.3) u (2.52), MOXHO BBIPa3UThH

«OCHOBHBIE» IIEPEMEHHBIE YEPE3 BXOISIIME U BBIXOISAIME HHBAPHUAHTHI
B = ',ﬁ_(j_j) j_ -(Hj— j) Vi —wl +u! Qi:a)_(j+ j )
i _771] g l//i,in l//i,out > pi % i, z7 ), i l//[,in l//[,outﬁ i T l//i,[n l//i,out (5.10)

[ToacTaBnsisi 3TU BBIpaKEHUS B TpaHUYHBIE YCIOBHUS (CM. paszznen 3), MOXKHO
nepedOpMyIHpOBaTh TPAHUYHBIC YCIOBUS OTHOCHTEIBHO TPAHWYHBIX 3HAYCHHM

WHBAPUAHTOB (BXOSAIIMUX ;) W BBIXOASIIMX ./, ) U COOCTBEHHBIX MapaMEeTPOB y3ia.

N3 ecrecTBeHHOTO TpeOOBaHUSA KOPPEKTHOCTH I'paHMYHBIX ycioBui [137] crnenyer,
YTO MOJYYECHHAs CHCTEMA YPABHEHHM JIOJKHA MUMETh OJHO3HAYHOE PEUIECHUE, €CIIH
CUMTATh 3HAYEHUS BXOSAIINX NHBAPHUAHTOB U3BECTHBIMH.

B cnydae siBHOM cXeMbl, KOHEUHO-PA3HOCTHBIE COOTHOIIEHUS (5.5) MO3BOJIAIOT
MOJIy4aTh 3HAYCHHS] WCKOMBIX IMapaMETPOB BO BHYTPEHHHX TOYKAaX TPYOBl H

3HAYEHMSI BXOSIIUX UHBApHUAHTOB (5.7).

5.2. 'uaponpuBOJ MaIllIMHbI TUThS O] JABJICHUEM.
Cxema ruaponpuBoja mpenacraBieHa Ha puc.5.2. HecraumoHapHblii mpouecc

BO3HMKAJ BCJIEICTBHE yAapa Mpecc-nopuHs 4 0 KUAKUN MeTasl 5.

puc.5.2. PacyeTHas cxema MeXaHn3Ma [PECCOBAHMS.
1 — akKyMyJsTOp; 2 — HaNOPHBIN TPyOONPOBOI; 3 — MOPIIHEBAS MOJOCTh LIMIUHAPA
npeccoBaHus; 4 — mpecc-mopiieHs; 5 — npecc-popma; 6 — MECTHBIE COMPOTHUBIICHUS.
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3nech y3ibl 6 SBISIFOTCS MECTHBIMHU CONPOTHBICHHUAMU; y3el | (aKKyMyJssiTop)
IpENICTAaBIAET COOOM NCTOUYHHMK BBICOKOIO JAaBJIEHUA p, (CM. paszen 3.3).

['pad paccmaTprBaeMoro ruiponpuBojia MpeacTaBlieH Ha puc.5.3.

puc.5.3. I'pad runponpuBoia MaIUHBI JIsI IUThS MOJ] 1aBJICHUEM.
0 — akkymynsaTop; | — HUIMHIP NPECCOBaHMUS; 2 — CJIUB;
3,...,N — MecTHbIE COTPOTUBJICHUS.
T.k. mpoliecc HOCUT BBICOKOMHTEHCHUBHBIA XapakTep, CUET BEAETCS MO SIBHOM

cxeMe OeryIiero c4era, T.e. mo cxeme (5.5) npu BeIOJHEHUH yCiIoBus (5.6), mpudem,
JUISE TOTO, 4TOOBI CBECTHM K MUHUMYMY BIIMSIHUE CUETHOW BS3KOCTH, 3HAYCHUS L
BBIOMpAIOTCS Kak MOXHO Ommke K 1 «cHu3y» (44 < 1). HaxoxxaeHue BBIXOIAIINX U3

y3J1a ”HBAPUAHTOB OCYIIECTBIISIETCS MO CIAEAYIOMUM (PopMyIiaMm.

5.2.1. AKKymyJsATOD.
B naHHOM ycTpolicTBE MOpIIEHb OTCYTCTBYET, MO3TOMY ypaBHeHue (3.31)

MPEBPALIACTCS B PABEHCTBO JIABICHUI

pk:pg' (5.11)

Tak kak c y3710M coelAMHEHa BCEro ojaHa Tpyba, To ycioBus noxaxoxaa (3.2)
GyIyT BBITIAAETH CIEAYIOIMM 00pa3oM (THAPOCTATHYECKMM NaBJeHHeM pgh’ 110

CPaBHEHHUIO C p, IpEHEOperaeM, NoJ0KUTEIbHOE HAIIPABICHUE PACX0/a - BBEPX)

n/m|m|

pi'[_pk ~—¢ (5.12)

2pw
rie @ — IUIONIAb COSAUHUTEIIBHOTO NaTpyOKa; i — HOMep MPUMBIKAIOMIEH K Y37y j

TpyObl. 31ech & — KOI(PQPUIIMEHT COMPOTHUBIICHUS, KOTOPBIN 3aBUCUT, B OOIIEM

ClIy4dac, OT HaIIpaBJICHUA IIOTOKa

£, , Ip m=0;

& (5.13)

o , IpU m <0.
bananc macc (3.5) B 1aHHOM citydae OyJieT BBIMISACTh CASAYIOIUM 00pa3oM
pw,V,/ =-m. (5.14)

[Toacrasnsist cootHomeHust (5.10) B BbIIIENIPUBEICHHBIE YPABHEHUSI, HAXOUM
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o 2pm| 2§ +Ps
2pa)(2pa-s+pg) pa
= — ) — — = - — 2 (5. 1 5)
pa+\/p a +2§p-‘2pa-s+pg‘ L+ 1+2é.2.§+p7g
a pa
rae §=s;, — IOCYUUTaHHBIH (5.5) mpuxopsimuil MHBapHaHT Ha HOBOM CJIOE€ IIO
BPEMEHH.
3nece  p, — aBJI€HHE Ta3a Ha HOBOM CJIO€ II0 BPEMEHH, KOTOPOE
PaCCUUTBIBAETCS, UCXOI U3 YPABHEHHUSI MOIUTPOIIHI (3.29)
— m n
Rpy |+t —— . 5.16
Py~ p, [ iz J (5.16)

TI€ pg, Wy 1 m — 3HauYeHHs JaBIECHUS Ta3a, ero o0béMa M MaccoBOIO pacxoja Ha
peaplIyIeM («U3BECTHOM») LIare o BPEMEHHU.
OTmeTuM, YTO 3HAK m anpHOPUd MOXKHO OINPENEUTH IO 3HAKY BBIPAKEHUS
2s+p,/pa
m20(2-5+p,/pa)<0,u m<0e(2-5+p,/pa)>0 (5.17)
3Has pacxoj m W JaBleHUE rasa p,, 1o ¢opmyne (5.12) nerko mocuyuTaTh
JaBJICHUE Ha KOHIIE TPYOBI p/, a 3arem, mo ompeaeneHuro (2.51), U BbIXOASAIIHIA

VHBapHUaHT.

5.2.2 MecTHBIE CONTPOTUBJICHUS.
MecTHble CONPOTUBICHUSIMU ONUCHIBatOTCA ypaBHeHusimu (3.35) — (3.36).
Ucnons3yst cootHomenust (5.7) — (5.9), u cuurtas BXOJAIIME WHBAPUAHTHI

IMOCYUTAHHBIMH, U3 T'PAHUYHBIX YCJIOBI/Iﬁ nojgydyacm pacxoJ 4Y€pe3 MCCTHOC

COIPOTHBIICHUE
4g(F +5
m = g(rz Sk) = .
L | 5.18
Ly @y gpan || ) %0 % |y gpua| +8Bg |7 +5,] (5-18)
p a)[ a)k p a)i a)k

rae » W s, 0003HA4YarOT MOCUYUTAHHBIE BXOJSAIIME B y3€Jl MHBapUaHTHI Ha k+1 - oM

CJIO€ IO BPCMCHHM.

3Has m, BbBIXOJAIIHUC HWHBAPHUAHTBI JICTKO IIOCHHUTAThb Ha OCHOBC 3aKOHAa



109

oTpaxkeHus (3.35)

m

§i=_’7i+ HFk:_Ek—i_

o o (5.19)

OTMCTI/IM, 4TO alpuopu 3HaK m MOXHO OIpPCACIUTL II0 3HAKy CYMMEI

BXO/SIIUX MHBAPUAHTOB

m>0s (7,+5,)20 U m<0< (7, +5,)<0. (5.20)

5.2.3. Hunuuap npeccoBaHus
[Ipenebperass BOJTHOBBIMH IpOLIECCAMUA BHYTPH LWJIMHIpPA MPECCOBAHUS, €ro

MOHO OIIKUCAaTh CIACAYIOIMMHA YPABHCHUAMUA

I py =g, Ml (5.21)
Pi =Py in 2pa)[2 :
[ToBeneHne naBiICHUS B HATOPHOM MOJOCTH HHJIMHAPA MTPECCOBAHUS
dp I S oL,
m, —pS,V, = i "i . (5.22)
U B CJIMBHOMU ITOJIOCTH
_ dpdr Serdr
deer_maut _77 (5'23)
banaHc cuit Ha nopIiHe
dv
Mpd_tp:Spphp_Sdrpdr_Smpm_Fﬁ"' (5'24)
[loBenenwne KUIKOro Meraia
M, dp,
PuSuV, “E a (5.25)
[Torepu Ha BbITEKaHUE
J _ § mnut '|mnut (5 26)
pdr pk out 2pa); .

31eCh pj, — JABJIEHUE B HArHETaTEIbHOW IIOJIOCTUM LWJIMHIPA IPECCOBAHMS
(LLIT); m;, — maccoBslit pacxon, Brekatomuii B LII1; &, — conporuBnenue Bxona B LI1;
S, — mnomane, ceyenus LII; V), — ckopocTs NBMIKEHUS INpeCC-NIOPIUHSA; L, — JIMHA
nojocty HII; @, — cKOPOCTh BOJNHBI TMAPABIMYECKOrO yaapa JUid TOJCTOCTEHHOIO

HUJInHApa; pg- — JABJIICHUC B CIIMBHOM IIOJIOCTH, Sdr — IIomaab IMOpHIHA CO CTOPOHLI
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CIIMBHOM MmojocTu; L, — JJIWHA CIMBHOM IOJOCTH;, M,,; — BBITEKAIOIIUN MaCCOBBLIN
pacxox; M, — macca npecc-nopmHs; £ — cuila TpeHHA Ha IOPIIHE; &,y

CONPOTHUBJIEHUE BBITEKAHUS; S, — IUIONIaJb MOPIIHS, OKA3bIBAIOUIETO JIaBJICHUE Ha
KUJIKAW METall; p, — JaBJICHUE XHUIKOIO0 MeTaa; p, — IUIOTHOCTb >KHIKOIO
Metamna; E, — OOBEMHBIH MOAYJIb YNPYrOCTH >KHAKOrO Meraiia; M, — macca

KHUIKOTO METaJlIa, 3aJIMTOTO B TIpecc-popmy.

5.2.4. Cnus

Ha cnuBe 3amarorcs INOTEPH HA UCTCUCHUC T10] aTMOC(I)epHOC JaBJICHUC

pl{_pam zé:j (5‘27)
AHQJIOTUYHO CITy4ar0 MECTHOTO CONpPOTHBJEHUS, Ipu nomoiu (2.51) — (2.52),

noJrydacM ypaBHCHHUEC OTHOCHUTCIIBHO BBITCKAOIICTO MACCOBOT'O pacxoaa

2pw, (27,] - p”’"J

pa
m = — (5.28)
1+\/1+2§ 27 — Lon
ay P
3aMeTI/IM, 4TO 3HAK m allpuopu MOKHO OIIPCACINTH 110 3HAKY BbIPAKCHUA
2F—p,./pa
m>0&(2F—p, [pa)20, 1 m<0&s(2F-p,, /pa)<0 (5.29)

3Has BBITEKAIOIIMKA pacxoi m W BXOASAIIMA B y3€Jl WHBApUAHT 7/, JIETKO

[IOCYHUTATh, HA OCHOBE 3aKOHA OTpakeHUs (2.52), ¥ BBIXOJAIIUI U3 y3J1a NUHBAPUAHT

</
S

(5.30)

5.2.5 Pe3ynbratel pacuera

Ha puc.5.4 npeacraBieHsl pe3yabTaThl pacueTa U HKCIIEPUMEHTA.

PesynbraThl pacdera M €ro COIOCTABJICHHE C HATypHBIM O3KCIEPUMEHTOM
MOKA3bIBAIOT XOPOLIYIO CTENEHb COIJIACOBaHMUS KaK KOJMYECTBEHHBIX, TaK H

Ka4CCTBCHHLIX XapaKTCPUCTUK HECTAIMOHAPHOT'O IIPpOoICCCa.
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puc.5.4.

5.3. IlpumeHeHnE HESIBHOM CXEMBI OETYIIEro cueTa
Jlig pacdera MJIaBHOM3MEHSIOUIMXCSA, HU3KOMHTEHCUBHBIX IPOLIECC MOXKET
okazatbcsi 3(Q(EeKTHUBHBIM MPUMEHEHHE HEABHOM cxembl Oerymero cueta [137],

1a0JIOH KOTOPOU Ipe/cTaBleHa Ha puc.S.S.

t
N
k+1 ! ! !
L ~. M
k ! ) H
Ax Ax
ol id > >
0 "n-1 "n "'n+l X
puc.5.5.

Anmnpokcumupyst ypaBHeHus (2.53) —(2.54) mo HesIBHOM pa3HOCTHON cxeme

oerymiero cuera (MHAEKC i JJIsl IPOCTOTHI OMYIIEH)

k+1 k k+1 k+1
r —r r —-r
n n +a n n—1 :_B:'(rnk+l+Sf)
2
T h
k+1 k k+1 k+1
Sn+ B Sn Sn-&J-rl T Sn+ k k k+1 (53 1)
—a =B, -\r, +s, ),
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noJiydacm CJIeayromue paCuCcTHbIC 3aBUCUMOCTHU

kel _ H 7"k+1 7;1k _TBr]zC S;]; _ N

n 1+/,[+ZB’]; n—1 1+/,[+fo , IpU n = 1,...,1V; (5 32)
k+1 H k+1 S;Iz( _TB;lz{rnk -

Sn — i, opun=N;-1,...0.

_1+y+TBf "l p+ B

[lepas Qopmyna u3 cootHomeHu (5.32) MO3BOJSIOT TOCIEAOBATEIHHO
(mBurasice ot 1 10 ;) paccuyuTaTh Ha HOBOM k+/-OM Ilare 3Ha4Y€HUs HEW3BECTHBIX

¥, ecnM W3BECTHO 3HAYEHHUE BBIXOMSIIErO TPAaHUYHOTO WHBapWaHrta 7,

n

. Bropas

dbopmyna u3 cooTHomieHud (5.32) MO3BOJSIOT MOCIEIOBATENIbHO (JABUTAsACHh B
oOpatHoM HampaBineHun, oT N;—1 mgo 0) paccumtaTh Ha HOBOM k+/-OM miare

3HAYEHHUs] HEM3BECTHBIX s'™', €ClIM M3BECTHO TPAaHUYHOE 3HAYCHHE BBIXOSIIETO
MHBapHaHTa s,'. OTO TMO3BOJSET TMOJYYUTh «IEPEAATOUYHBIE)» COOTHOIICHHUS,

CBSA3BIBAIOINHNEC BBIXOIAINNME U BXOIANIUEC 3HAYCHUSA OTHOMMCHHBIX NHBAPUAHTOB

k+ k+1 k+1 k+1
ry =&t +®. . s =05+, (5.33)

rae nepenatoyHbie Kod()PUIMEHTHI ONPEAeNsIOTCsS MO CIEAYIOIMIUM PEeKYPPEHTHBIM

COOTHOIIECHUSIM
k k K
n n— -8
g :Lk.g@"w cD<r> :qu)i 1) +rn—ns,;{
1+ u+1B, ’ 1+ u+1B, 1+ u+1B,
1pun nzla“'aNia rae 8<0>:1a q)§'0>=O’ (534)
(n) _ Y7, lns) (n) _ U ) st —Brrk
ﬁ - k D= k ch + k
1+ pu+1B; ’ 14+ pu+18) 14+ pu+18;
npu n=N;-1,....0, rze ﬂ<N> =1, CDEN> =0,
B pesynbrare umeem
e=e™, o, =0, =" o =0, (5.35)

5.3.1 Haxox1eHre BhIXOAIIUX HHBAPUAHTOB B y3JIaX.
JUia ompeneneHusl 3HAUEHMH BBIXOJALIMX W3 Y3JI0B WHBAPUAHTOB MCIIOJIB3YIOTCS
IPAaHUYHBIE YCJIOBMS, TAKXKE, AHAJOTUYHO MPEIbIIyIIEMY CIy4yaro, 3allMCaHHbIE B

HHBApHUAaHTax W IIpH HCO6XOI{I/IMOCTI/I JIMHCAPU30BAHHBIC. Ho B otmimuume ot
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OpEeAbIAYIIEro ciydas, TIpPaHUYHBIE YCJIOBUS COBMECTHO C IPOrOHOYHBIMH
cooTHomeHUsIMH (5.33) 17151 Bcex TpyO OyAyT COCTaBIATH CBA3HYIO BOSUHO CUCTEMY
YPAaBHEHMH, KOTOPYIO YK€ HEBO3MOYKHO pelIaTh MO 4acTAM', IJIs KaXJoro ysija B
OTZIEJILHOCTH, KaK 3TO JI€JAJ0Ch B CIIy4yae MPUMEHEHUS SIBHBIX CXEM (CM. BBIIIIE).

Pemienune 3Toit GOJIBIION CUCTEMBI YpaBHEHHUM MPEACTaBIsIeT COOOH OCHOBHYIO
BBIYMCIIUTEIBHYIO TPYAHOCTh IIPU MCIIOJb30BAaHUU HESIBHBIX cXeM. [l ee pelieHus
OPUMEHSIOTCS Pa3IMYHbIe MOAXOJbI, OOJBIIMHCTBO M3 KOTOPBIX HCIOJIB3YIOT
NPUOJIMKEHHBIE YACTIEHHBIE METO/IbI.

Haubonee «yHuBepcaibHBIM» U3 HUX MOXXHO CUMTATh METObl, OCHOBAaHHbBIC Ha
uTeparnusax. Takol TMOAXOJ TpHeMJIeM IJisi TPYOONPOBOAHBIX CHUCTEM JIHOOOM
CTPYKTYPBI U JIFOOBIX BUIOB JUCCUITATUBHBIX TPAHUYHBIX yclioBHi [38, 39].

CyTb Takoro nojaxoaa COCTOUT B CIETYIOLIEM.

3a HysneBoe NpuOIMKEHUE MPUHUMAIOTCS 3HAUYEHUS BBIXOMSIIUX WHBAPUAHTOB,
MIOCYMTAHHBIE Ha MpENbIAYyIIeM IIare mno BpeMeHH. Vcnonb3ys mnepenatouyHbie
cootHoteHus (5.33), pacCUMTHIBAIOTCS 3HAUYECHUSI BCEX BXOJAIIUX B KaXKIbI y3em
WHBApUAHTOB. 3aTeM ISl KaXKJIOro Yy3Jla B OTHAEJIbHOCTH HAXOIATCS 3HAYCHUS
BBIXO/SIIMX W3 3TOr0 Yy3Jla MHBAPUAHTOB TaK JK€, KAaK 3TO JEJaJoCh B Cllydae
UCITIOJIb30BAHUS SIBHOM CXEMbI Oerymiero cuera (CM. mpuMephbl BbIlIe). ITH 3HAUCHHUS
OPUHUMAIOTCST 32 TMEepBO€ MPUONMKEHHWE UTepaluii, 3aTeM BCS Mpoleaypa
MOBTOPSIETCSI, MTOJIy4aeTCsi BTOPOE MPUOIMKEHHE, U T.1I.

T.x. mepenarounsie kKodpdumueHTs € 1 f B popmynax (5.33) mo mocTpoeHHIO,
3HAYNUTEJIbHO MEHBIIE €IMHMIIbI, & TPAaHUYHBIE YCJIOBHUS AUCCUNATUBHBI [137], 31O
rapaHTUPYET, YTO BO3MOKHBIE MOTPEIIHOCTH OYAyT JOCTATOYHO OBICTPO 3aTyXaTh B
npoiiecce ureparuii. Ha nmpaktuke oObI9HO XBaTano 3-5 urepanuid 1 TOCTHKCHUS
MIPUEMIIEMON TOYHOCTH Pac4eTOB.

[IpeumyImiecTBO Takoro mMoAxXojJa B TOM, YTO OH TpeOyeT MUHUMAJIbHOTO
YCIIO)KHEHHUSI aNrOpPUTMA pacyeTa IO CPAaBHEHHUIO C SBHOM PA3HOCTHOM CXEMOM.
JlononHuTENBHO TpeOyeTcs TOJIbKO HACUUTATh NepenaroyHbie cooTHoueHus (5.33);

a TpaHUYHbIE YCJOBHUS PA3PEIIAIOTCS TOYHO TaK XK€, KaKk M B Cllydae SBHOU
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pa3HOCTHON cXeMbl (TOJBKO MHOTOKpaTHO). [lpu 3TOoM, BOOOIIE roBOps, HE

TpeOyeTcs TMHeapu3aluy IPaHuIHbIX YCIOBUMN, UTO LIEHHO.

5.3.2. 3amevanue o JuHeapu3aluu GOpMyJibl MECTHBIX TOTEPb.
MecTHble CONTPOTUBIIEHUS SIBJISIETCS, MOXKAIYH, CAMBIM PacpOCTPAHEHHBIM BUIOM U
MPUCYTCTBYIOT MPAKTHUUECKHU B KaXKJOM TUAPABINYECKON CUCTEME.

TpaguMOHHO AJI HAXOXKICHHUSI MECTHBIX MOTEph Ucmoyb3yercs dopmyna [71,

147, 64]

i, Q|Q|2 , (5.36)

P

rae ¢ — 6e3pa3MepHbIii KOAP(GUIIUEHT MECTHOTO COMPOTUBIICHUS; V' — CKOPOCTh 3a

V.
AH = ¢ =
2g 2gw

MCCTHBIM COITPOTUBJICHUEM, Q — pacxod 4epe3 MCECTHOC COIPOTHBIICHUC, @, —
IIomanab IMpoxXoaAHOTO CCUCHUS.

HHOF,Z[a 9Ty 3aBUCHUMOCTL HUCIIOJIB3YIOT B BUJC

2gAH
¢

Henocrarkom atux dhopmy siBisiercst To, uto Q = 0 siBisieTcs 0co00H TOUKOM.

0 =ow,-sign (AH ) (5.37)

Hampumep, ecnu muneapuzaiuto (5.36) mpoBecTy CTaHAAPTHBEIM 00pa3oM

A~ —=—-folo|+2)|- @ - 0)]- ==~Clofg - 0o (s5.38)
gw, g0,

To npu Q=0 Ha mpeAblaylleM IIare mnojydaeM AH =0 Ha HOBOM IIAare, 4To
MOPOKIAET UCKYCCTBEHHYIO “‘O0JITAHKYY» PEIICHUS.
[Tonoxenue HE cracaeT, eciii BOCMOIb30BaThes hopmymnoit (5.37). Jluaeapusys

€€, MmoJry4yaem

_ AH ion (AH )-AH
ONAH ~o,- 25-' |”’g”2( ) : (5.39)

OTKyZa BHJHO, YTO MAJIBIM II€penajg Ha IpEeApIAyLIeM IIare mo BpeMEHH AH ~0

MOKET MOPOJIUTh HEOMpaBAaHHO OoJbIlINe 3HAYeHUs ) Ha HOBOM Iare, T.€. OISTh
uMeeM “O0JITaHKY» pelIeHus.

3n1ech uepTa HaJl IEPEMEHHOM 03HAYAET, YTO OHA PACCMATPHUBAETCS HA KHOBOMY,
k+1 —m 11are mo BpeMeHH, a OTCYTCTBUE YEPThl — YTO HA «CTapOM», k-TOM Il1are mo

BPEMEHU.
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[ToaTomy Gosiee KOPPEKTHO BOCIOJIB30BATHCA ABYWICHHOU (hopmynol moreps
(3.35), yuuThIBaOIIEH JTAMUHAPHYIO YacTh COMPOTUBIICHUS U HE UMEIOMIEH 0COOBIX

Toyek (rpu A’ = 0). B aTom ciyuae

Q|Q|2 »  (5.40)

P

(00| +2j0|© - 0)=| pua’ +4|£|2 0-¢
gw, 2gw

1

2 ga);

AH ~u-A"-pQ +¢
oTKyga BuaHo, uto HU QO =0, Hu gake =0 He NOPUBOIUT K BEIPOKICHUIO

K03 PULIHEHTOB.

5.3.3 PaspelieHre rpaHMYHbBIX YCIOBHI MPOTOHKOM

Ecnmu tpyOompoBoHas cucreMa He COAEPKUT 3aKOJIbLIOBAHHBIX YYacTKOB (e€
rpad TpencTaBiIseT COOOW MEepeBO), TO MOXKHO OpPraHu30BaTh IPGHEKTUBHBIMI
anroput™ mporonku [18]. Ilpu sToM motpelyercs nuHeapu3alus BCEX I'PaHUUHBIX
YCIIOBUU.

AJITOPUTM OMNMUPAETCS Ha CHEIUAIbHYI0 HyMEpaluio TpyO W Yy3/10B (KOTOPYIO
BCErJa MOXHO JIOOMTHCS MPU OTCYTCTBUU 3aKOJIBIIOBAHHBIX Y4acTKOB). TpyObl u
y3JIbl HyMEpYIOTCSl TaKuM 00pa3oM, uToObl 1) B KaKIblid y3€d BXOJUT TOJBKO OJHA
TpyOa, a Bce OCTalIbHBIE (€CIM OHU €CTh) — BBIXOJAIINE; 2) HOMED y371a COBIAJIAaeT C
HOMEPOM 3TOM BXOJsIIeH TpyOsl; 3) HOMEpa OCTAbHBIX (BBIXOASAIIUX U3 y3Jia TPYO)
OombIlIe, YeM HOMEpP €AMHCTBEHHOW BXOIsIIeld TpyObl. MIMeeTcs: TObKO OJUH y3el
(koTopomy nipucBoeH Homep ), OTKyAa Bce TPyObl TOJIBKO BBIXOJSAT.

Bce HenuHeliHble TpaHUYHBIE YCIOBUS JTOKHBI OBITh TUHEAPU30BAHBI.

B o06oOmennom Bume amroputMm wu3noxkeH B pabore [38, 39], xoHKpeTHas
peanuzanus s TpyOOoIpOBOAHOM CUCTEMBI onkcaHa B [18].

B oTnenbHBIX Ciaydasx BO3MOXKHO HCIOJIb30BAHUE MPSMBIX METOIOB PEIICHUS
(HanpuMep, MeTo1a UcKIItoueHus ['aycca), eciau pa3sMepHOCTb CUCTEMBI HEBEIHKA.

HesBHast cxema oOnagaeT aOCOJIOTHOW YCTOWYMBOCTBIO, TO3BOJISII BECTH
YCTOMYMBBIA cueT mpu JoObix uucnax Kypanra, T.e. mpu Jr00BIX 3HAYEHUSX
MPOCTPAHCTBEHHBIX M BPEMEHHBIX I1aroB. ITO JAa€T BO3MOXHOCTh MEHSTH IIar cYeTa
B [IPOLIECCE BBIUMCICHHM, YBEIMUMBAs IIAr cueTa Ha MEJICHHO MEHSIOIIENCs CTaauu

npoiiecca.
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OnHako HEAOCTAaTKOM HESIBHOM CXEMbI, IMOMHUMO €€ aJTOPUTMUYECKOU
CJIOKHOCTH, SIBJISIETCSI €€ CBOMCTBO «Pa3Ma3bIBaThy, CTIAKUBATH PEIICHUSI, 0COOESHHO
Ha ydacTKax ¢ OOJbIIMMU IpaaueHTaMmu. [103ToMy HEsIBHYIO CXeMy LEJIeCO00pa3HO
MPUMEHSITH ISl PACUETOB JIOCTATOYHO IJIABHO U3MEHSIOIINXCS TEUCHUH.

[IpumepoM Takolt TpyOONPOBOIHON CHUCTEMBI, Ubsi CTPYKTypa HE COJEPKHUT

3aKOJIbIIOBAHHBIX Y4aCTKOB MOJXKCT CIIY>KUTb HAIIOPHAA OPOCUTCIIbHAA CECTh.

5.4 HectanmoHapHbIi IpOoLECC B HAIIOPHBIA OPOCUTEIBHOM CETH.

Hamnopnast opocutenbHas ceTh u3o0paxkeHa Ha puc.5.6. TpyObl U y3ibl CUCTEMBI
npoHymepoBanbl. Homepa B Kpykkax — HOMepa Y3J0B, HOMepa 0e3 KpPYXKKOB —
HoMepa TpyoO. I'pad TpyOONpOBOMHON CHCTEMBI HAMOPHOW OPOCUTEIHHOW CETH
MpEICTaBJIEH Ha puc.5.7.

Hecraumonapueii  mpomecc B~ CHCTEME, BO3HUKAIOUIMKA  BCJIEICTBUE
MNOJKJIIOYEHUS] WA OTKJIIOYEHUS JOXKIEBaJbHBIX YCTAHOBOK, IMPEICTABISET COOOM
JIOCTATOYHO IITABHOMPOTEKAOLINN MpoLece.

PaccmarpuBaeTcs nepexomHOM MPOLECC, BO3HUKAKOIIMN IPU OTKIOYECHUU
ruapaHTa B KoHue 27-i1 TpyObl. DTOT mpouecc 3aaaércs rpaduKoM CHHKEHUS
pacxona B y3ie 27 ot 0,1 a’/cex 1o 0 B Teuenue nepBbix 40 cexyHn (kpuBas | Ha
puc.5.8); nanee THAPAHT 3aKphIT. OTOT TpadUK CHUKEHUS pacxona, SBISSACH
MCTOYHUKOM BO3MYULIEHHUS IMAPAMETPOB IMOTOKA BO BCEH CETHU, HOCUT JOCTATOYHO
IUIAaBHBIA  XapakTep; JOCTaToO4HO, Hampumep, mara 0,5 cekyHAbl, YTOOBI
anImpoOKCUMHUPOBATh JIOMAHOM JIMHUEW NPAKTUYECKM HE OTIMYMMOM OT HCXOIHOU
KpuBOii; T.e. mar 0,5 cekyHabl OyAeT BIOJIHE JOCTaTOUEH.

Takum oOpa3om. TeueHHs, BO3HHKAIOUIME B TPyOax HAMOPHOW OPOCUTEIbHOMN
CETHU, MOKHO OTHECTH K KJIacCy C1a0OMHTEHCHUBHBIX MPOIECCOB.

OpnHako, ecnu KMCIOJIb30BaTh SBHYKO PAa3HOCTHYIO cxemy (5.5), To ycioBue
KypanTa (5.6) TpeOyeT maroB 1o BpeMeHU Ha JiBa Nopska MeHblie, yeM 0,5 cek, T.e.
npumepHo 0,005 cek, 4TO NOPOKIDAET HEONPABHAHHO [JIMTEIBHBIA CUET BCETO
IIEPEXOTHOr0 mpouecca. Ecimm ke MpOBOAUTH CYET C  COOTBETCTBYIOIIMM

HHTCHCHMBHOCTH ITIpoHeccca MmaromM Io BPEMCHH OKOJIO 0,5 ceK, TO ITO HEN30EKHO
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noTpedyeT NPUMEHEHHUs HESIBHOW CXEMbl pacyeTa, a COOTBETCTBYIOIIHE 4YHCIIA

Kypanta g4 OyayT uCUnCIsAThCA JECATKAMM.

/ CTAHLUS @
© ' S -
12 @ 2 \ o @
® /
@ A @ BOXAEBANLHLIE YCTAHOBKM
@ / \,@
zs*:::;:a:s““ . 4 _—®

o @

01— Hacoc

puc.5.7. I'pad HanmOpHON OPOCUTEITHHON CHCTEMEI.
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[Ipumenenue HesBHOUW cxembl (5.32) oka3blBaeTCsl B JAaHHOM cliy4ae BechbMma
3¢ (HEKTUBHBIM; OTCYTCTBHE Y CETH 3aKOJBIIOBAaHHBIX yYaCTKOB TO3BOJISIET YCIICITHO
NPUMEHUTH AITOPUTM MPOTOHKHU VISl pa3pellieHUs TPAHUYHbBIX YCIOBHIA.

Ha pwuc.5.8 mpencraBnensl pesynbrarhl pacdyeta. Hambornee WHTEHCUBHBIN
BCILJIECK JaBJeHUs (TUAPABIMYECKUN ynap) OyneT HabIoAaThCs y 3aKPhIBAIOLIETOCS
ruapanTa (kpuBas 2 Ha puc.5.8); a Haubornee CHUIbHBIE U MPOJIOJKUTEIbHBIC

KoJieObaHus pacxoaa OyayT HAOMIOAATHCS HA BBIXOJIE U3 HACOCHOM CTaHIMH (KpuBas 3

Ha puc.5.8).
AMPAEHLE | PACXOA,
la o [ M¥/c
0,5
o2
{ f———
0,1
7 BPEMY, C
o 50 100 150

puc.5.8. I'paduku ©3MEHEHHUS MMapaMeTPOB MOTOKA B CETH.
1 — pacxon B koHIle 27-1 TpyOBI; 2 — TaBiIeHUE B KOHIIE 27-1 TpYyOBHI;
3 — pacxoa u 4 — naBieHue B Havyase 1-il TpyObl (BBIXOJ HACOCHOM CTaHIIUM).
5.5. SIBHO-HesiBHAsA cxema JUIsl pacueTa IOTOKOB B TPYOOIPOBOIHOM CHCTEME.
HaubGonee »>ddexktuBHON i1 pacuyeToB HECTAIMOHAPHBIX MPOILECCOB B
TpyOOIIPOBOJHOW CHCTEME NPEJCTaBIsIeTCS CIENyIolasl SBHO-HEsIBHAs CXeMa,

KoTopasi siBisgeTcss kKoMOuHamued cxem (5.4) u (5.32) (MHOeKcC i JJisi TPOCTOTHI

OMYIIICH)
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k+1
r

V14 p—nt 7B ) =r (l=n)+ 71+ (u=m) - —r-BE sk (5.41)
k+l k k k+l k

St p=ntr B )=st (=) +ip- sty +u-)sii—T BErt )

rae k - HoMmep Imara Mo BPEMEHM, 7 - HOMEp Iara 1o JJuHe, i — KO3 UIIUEHT

Kypanra (5.6).

[TapameTtp 77 BeIOMpaeTcs ClaeayIOIIMM 00pa3oM

ny=min(l, 1), (5.43)

[Ipu BeimoHeHUU ycioBus Kypanra (5.6) u3 ycnoBus (5.43) cinenyer 11 =u, u
ypaBHeHus (5.41)— (5.42) nmaror siBHyro cxeMy Oerymiero cueta (5.5); mpu 7=0
NoJiy4aeTcsi HesiBHasi cxeMa Oeryiero cyera (5.32), koTopas yCTOHYMBA MPHU JIFOOBIX
yuciaax Kypanra x4 (OTCyTCTBYIOT orpanuueHus Buga (5.6)), T.e. mnpu Jar000M
3HAYEHMH 1ara 7.

OTa cxema TMO3BOJIIET THOKO MpucrnocabiuBaThCsl K HHAUBUAYAJIbHBIM
0COOEHHOCTSIM CUCTEMBI M HECTAITMOHAPHOTO MPOIIeCcca, OCYIIECTBIISSI CYET Ha OHUX
(bonee «BaXXHBIX») YyyacTKax CETH MO SBHOW CXeMe, a Ha Jpyrux (MeHee
«3HAYUTENbHBIX») — MO HEABHOU. B ciydyae Hanuuusi ydyacTKOB Cy€Ta MO HEABHOM
CXeMe, TPaHUYHBIC YCIIOBUS PEIIAIOTCS MO OJHOW M3 METOJWK, OMUCAHHBIX BBIIIE.
OpHako B JaHHOM CJly4yae €IMHas CUCTeMa YpaBHEHMM MOXXET pachajaTrhCcsi Ha
HECKOJIbKO aBTOHOMHBIX TOJICUCTEM MEHBINEH Pa3MEPHOCTH, YTO YCKOPSET MPOIIECC

peuieHusl.

5.5.1. «1TuHHBIE» U «KOPOTKUE» TPYOBI

Kak yxe ymoMuHanoch BbIIIE, ISl pacyeTa BHICOKOMHTEHCHUBHBIX IPOILIECCOB
JKeJaTelIbHO NMPUMEHEHHUE SIBHOM CXEMBbI, HAllpUMEP, SIBHOM CXEMbl OEryliero cuera
(5.5). IlycTp ompeneneH mar mo BpeMeHu 7. BeiOop 1m1aroB mo JyiMHe Kaxaou TpyOsl
JKEJaTeIbHO OCYIIECTBIISITH TakUM o00pa3zoMm, uyToObl uyucio Kypanra ObL10
MaKCUMAaJIbHO OJM3KOM K erHHIIE. ITO YMeHbmaeT 3 dexT cueTHol Bs3kocth [137]
U TIPEIOXpaHseT OT «pa3Ma3bIBaHUS» KPYTHIX BOJH. Mcxoas u3 aTux cooOpaxeHui,
u3 (5.6) moxy4yaem, 4TO YUCIO LIATOB MO AJUHE i-TOW TPYObI CIeAyeT BHIOMPATh KaK

HauOoJblIee N;, yIOBIETBOPSIONIEE HEPABEHCTBY
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Nt N = B (5.44)
a,r a,t

1

rjae L; — nauHa i-Toi TpyOBI.
Ecm ¢opmyna (5.44) He TO3BOJISIET OMPEACIUTh MOJOXKUTENBHOE N;, (T.€. TIpH

L, <a,-7), TO Takyo TpyOy OyaeM Ha3bpIBaThb «KOPOTKOI», B MPOTUBHOM Cllydyae —

«ITMHHOWY. W3 BBINIECKa3aHHOTO CJIEAYET, YTO MOHATHE «KOPOTKAasi TpyOay SBISETCS
YCIIOBHBIM U 3aBUCHUT OT BbIOOpa miara cdeta 7. [Ipu 7— 0 Bce «xopoTkue» TpyObl
CTAHOBSITCS «JTMHHBIMI.

Hamuume «xopoTkux» TpyOd B TpyOOMpPOBOAHOM CHCTEME MOXKET OI[yTHMO
OCJIOKHHUTH pacueT. /lelicTBurensHo, TpeboBanue (5.44) HakIaaAbpIBaeT Ha Iar cyeTa

OTpaHHUYCHHC

7 < min ﬂ, (5.45)

i a.

1

rie MMHUMYM paccMaTpuBaercs Mo BceM TpyOam cuctembl. Eciiu B cucTeme ecTb
«KOPOTKHE» TPyOBl, TO IIAr 7, BbIOpaHHBIX MO (5.45), MOXKET OKa3aThCs CIMILIKOM
MEJIKUM, a CYET C TAKUM IIaroM — CIUIIKOM MeyIeHHbIM. [Ipu 3TOM, eciiu BHIOUpATh
[iard Mo MPOCTPAHCTBY, PYKOBOACTBYSCH (5.44), TO MOIY4YUTCA OYEHb OOJIBIIOE
KOJIMYECTBO PACUETHBIX TOUEK, YTO 3HAYUTEIBHO YBEIMYMUT BpeMms cuera. Eciu xe
COXPAHUTH OOJIBLINE IIard MO MPOCTPAHCTBY, 3TO MOPOIAUT MaJible 3HAUCHUS YHCE
Kypanra, 1 npuBeseT K CueTHOMY pa3Ma3bIBAHUIO BOJHOBBIX (PPOHTOB.

st 60pbObI ¢ «d(PPEeKTOM KOPOTKUX TPyO» MOKHO TMPUMEHSITh, HaIlpuMmep,
MCKYCCTBEHHOE YJIMHEHUE 3TUX TPYO 10 MUHUMAJIbHO MpUEMIIEMBIX pa3MmepoB. Ho
TaKOW TMOAXOJ YpeBaT HCKAKEHHUEM YAaCTOTHBIX XapaKTEPUCTHK CUCTEMBI H
pesyabTatoB pacuera [194]. Jpyrodl myTh COCTOUT B 3aMEHE «KOPOTKOH TpPyOBI»
HEKUM Y3JI0M (0OBEKTOM C COCPEIOTOUYEHHBIMU NapaMeTpamu). Takol MyTh BEAET K
YCIIOKHEHUIO allrOpUTMa (MHOTa CYIIECTBEHHOMY).

HaubGonee »s¢pdextuBHBIM (M yHUBEpCadbHBIM)  TMPEACTABIACTCA  TYT
NpUMEHEHNEe SBHO-HEsiBHOM cxembl (5.41) — (5.42), korma <«JITMHHBIE» TPYOBI

CUMTAIOTCS I10 IBHOM CXEME, a KKOPOTKHE» — 11O HESIBHOM.
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5.6  Pacuer pacnpocCTpaHEeHUsI BO3MYIIEHUN B CUCTEME TEXHOJIOTUYECKUX
TpybomnpoBogoB ADC.

VYrpoiieHHass  cXeMa  CHUCTEMbl  TEXHOJIOTHYECKHMX  TpyoOompoBoaoB  ADC
IpeacTaBiIeHa Ha puc.5.9.

Pabouast >xuakocth (Bofa) OT YEThIpEX TJIaBHBIX LUPKYISIUOHHBIX HACOCOB
(I''TH) moctymaer B Hamopubslii kosuiekTop (HK), oTkynma mo 22 pasmaroyHbiM
kouiektopam (PK) momaercs yepe3 cucreMy BOASHBIX TpyOOmpoBoaoB (mo 45

TpyOONPOBOOB OT KAXKIOTO pa3AaTOYHOrO KOJUJIEKTOpa) B pabouylo 30HY.

EHT
PR
EHRE
Her R
| e, e
Lo e, proo
[ s pros
[ e proe
T
B

puc.5.9. YroporieHHasi cxemMa CHCTeMbI TEXHOJIOTUYECKHX TpyOoompoBoaoB ADC.
I'TIHI - 4 — rnaBHbBIE HUPKYJIALMUOHHBIE HAacockl; JIP1 - 4 — npoccenu-perynsaTopsrl;
HK - nHanopnsiii kosuiektop; PK1 — 22 — paznatouHble KOJUIEKTOPHI;
BT - BonsiHbie TpyOOTIPOBOIBL.

Hecraumonapuslii pexum pabOThl B CHUCTEME BO3HUKAET BCIJIEJICTBHE
HECTAIIMOHAPHOCTH paboThl npocceneit-perynaropos JIP1 — JIP4, pacrnonoxeHHbIX
Ha HamopHbix matpyOkax I'IIH (manpumep, kpuBas 1 Ha puc.5.10). Bozmymenue
HOCUT JOCTaTOYHO XAaOTHYECKUM XapakTep, W pPaACHpPOCTPAHSIETCA MO BCEM

TpyOONIPOBOJAMH CHCTEMBI.
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Uccnenyemass cucrema coctour u3 1017 TtpyOGompoBomoB u pazbuBaeTcs
npumepHo Ha 2000 pacueTHbIX y4yacTKOB. [IpuMeHeHHe SBHOW cxembl TpeOyer
BBINOJHEHMsI yCnoBUA (5.44) i KakIOro M3 3THX YYacTKOB, UYTO TPeOyeT TaKux
OOMBIINX BBIUYUCIUTEIBHBIX PECYpcOB (ONMEpaTUBHOW MaMiATH U MAIIUHHOTO
BPEMEHM), UYTO JEJNAET MHOTOKPATHBIM IPOCUET pa3IMYHbIX BapUaHTOB BECHbMa
3aTpyJHUTENbHBIM. [ yBenuueHus >(QPEKTUBHOCTH CYETa HCXOJHAs CXEeMa
TpyOONIPOBOJHOW CHUCTEMBI 3aMEHSUIACh Ha YOPOIICHHYIO C SKBHBAJICHTHBIMU
XapaKTepUCTUKaMH 0 METOJIMKE, OIIMCAHHOM B HUXKE (CM. pa3zel 6), YTO MO3BOJIUIIO
B JIECATKA pa3 YBEJIMYUTH IPOU3BOJUTEIBHOCTh BBIYUCICHUM NpPU COXpPaHEHHUH

IIPUEMIIEMON TOYHOCTH Pac4eTOB.

HaeaeHue , HMIMa
10.6

10.4

0.2

10.0 ] ] ] 1 ] I

0.0 0.1 o.2 0.3 0.4 0.5 0.6
BperA, cek

puc.5.10. JlaBneHue B pa3iM4HbIX TOUKAX CUCTEMbI TEXHOJIOTUYECKUX
TpyOomnposogoB ADC.
| — naBneHue B UICTOYHUKE BOo3MYyIleHUs (3a npoccenem [P1),
2 — naBnenue B cpeaneit yactu HK; 3 — naBnenue B Tynuke HK (Touka “B”).

Ha puc.5.10 npexncTtaBieHbl pe3yiabTaThl pacyeTa HECTALIMOHAPHOTO MPOLIECCa B
CHUCTEME BCJECACTBUE CIydalHBIX KoJiebaHui npoccens-perynastopa JIP1. 3mech
KpuBas 1 omuchiBaeT JNaBjieHWE B MCTOYHMKE BO3MYyIIeHHs (3a apoccenem [IP1),
KpuBas 2 — naBienue B cpeanerd yactu HK (touka “A”) u xpuBas 3 — B Tynuke HK

(Touka “B”).
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P C3yJIbTaTbl PACUCTOB HCIOJb30BAJIMCh IIPU OHLCHKAX HAJACKHOCTH pa6OTBI

ADC.

5.7. Pacyer TeueHU! ¢ KaBUTALUEN

['uppaBnuuecknii  ynap, CONPOBOXKIAAIOIIMMCA  paspbIBOM  CIUIOIIHOCTH,
OTHOCHUTCSI, HECOMHEHHO, K BBICOKOMHTEHCHBHBIM mpoueccam. Kak mokazaHo B
pasznene 4, pa3pbiB CIUIONIHOCTA MOXET MPOSABIATHCS Kak B BHUAE 00pa3oBaHUS
OTHENbHBIX, W30JIMPOBAHHBIX KaBEPH, TaK W BHUAEC OOMMPHON MPOTHKEHHOM
KaBUTAIMOHHOW 30HBI (HApUMeEpP, MEJKOIMY3bIphKOBOM KaBUTAIMK). BO3MOXHO sH
ONUCATh «MPOTHKEHHYI0» KABUTALMIO B BUJE OTACJIBHBIX HU30JMPOBAHHBIX KaBEPH?
B pabote aBtopa [154] Oblm OOOCHOBAaH TaK HAa3bIBAEMBIM «METOJ] KOHTPOJIBHBIX
TOYEK», TAE IMOKA3aHO, YTO €CIM PacCPEAOTOYUTH IO MOTOKY HEKOTOPOE YHCIO
OT/ICJIbHBIX U30JUPOBAHHBIX KABEPH, TO MPU YBEIIMUECHUHN «TYCTOTBI» PACIIOIO0KEHUS
TaKMX «MPOOHBIX» KaBepH pe3yJbTUpYIOllee TedeHue Oyner Bc€ Ooree
NpUOJIMKATECA K «IIPOTSHKEHHOW» (QopMe kaBuTaimu. Pasymeercs, Takoll Mmoaxon
OXBAaTBIBACT U CIIy4ail 00pa30BaHus OTJAEIbHBIX «OONBIINX) KaBEPH.

Ha mpaktuke anropuTMu4eckd yA0OHO MOMENIATh TaKue «IPOOHBIE) KABEPHBI
(«KOHTPOJIbHBIE TOYKW») B PACYETHBIE TOUKU PA3HOCTHOM CETKHU.

Wtak, OyneM cuuTaTh, YTO B KaXKJI0M pacye€THON TOYKE C HOMEPOM 7 1O JIMHE
(0<m <N, conepxurcs HeKas «IOTEHUHUaJbHas» KaBepHa. lIpu3Hakom

BO3HUKHOBCHHU:A pa3pbiBa CINIONIHOCTHU B ATOM TOUKE 6y,ueT CUCTCMa HCPABCHCTB

k k+1 5.46
pﬂzpcav’ pﬂ <pcav, ( )
d MOMCHT aKTuUBalluHu TaKOﬁ KaBepHH OHpeI[eJI}IeTCH COOTHOLICHUECM
" pr-p
toy =t 4 g EnFear (5.47)
p}’l - pn

rae ¢ — MOMEHT BpeMeHH, COOTBETCTBYIOMIHIT A-TOMY Iiary.

C »TOro MOMEHTa HAYMHAETCS POCT KaBEPHBI, OMpPENesieMblii COOTHOIIEHUEM
(4.22).

Ha rpanuiie kaBepHbl CTaBATCA rpaHUuHble yciioBus (4.24). Jlanee, moBeaeHue

KaBepHbI onuckiBaeTcss MoAenbio (4.21) — (4.22), a MOMEHT CXJIONBIBAHUU KaBEPHBI
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onpenensercs no (4.23). Ilocne cxionblBaHHUsS KaBEpHbI pacyeTHas TOYKA 71 OISATh
CTAaHOBUTCS «OOBIUHOI» PAaCUETHOM TOUKOU CO «CIIALICH MOTEHIIUAIbHOW KaBEPHOIA.
Ha yyacTkax MexJ1y KOHTPOJIBHBIMH TOYKAMHM TE€UYEHHE CUUTAETCS OJHOPOIHBIM
(cxkumkas dasza) ¥ pacCUUTHIBACTCS IO IBHOW pa3HOCTHOU cxeme (5.5).

Jlnst y310B CO3AAETCS TOMOJIHUTEIBHBIM KOMIUIEKT I'PAaHWYHBIX YCJIOBMM JUIS
CllydaeB, Korja TaMm oOpa3yeTcsi KaBUTallMOHHAs nojocTh. Hanmpumep, obpasoBanue
MIOJIOCTE HA MECTHOM COINPOTUBJIEHUH, MOSBICHUE MOJOCTH B MECTE COECIUHECHHS

TPY6, KaBUTallM BO BCAChIBAOIIEM nany6Ke Hacoca, 1 T.II.

A L > B
pﬂﬂ
— 5
Vi

puc.5.11. IIpocToit TpyO6OTpoBO/I.

Jns  TecTupoBaHMA ~ yKa3aHHOM ~ METOJUKM  MpoOBOJAMJCA  obOcuer
AKCIIEPUMEHTATBLHBIX JAaHHBIX JIJIS MIPOCTOTO TPYOOIPOBOA, IPUBEACHHBIX B padoTe
[145]. B wnauvane tpyOompoBoga (Touka A, cMm. puc.5.11) 3amaHo MOCTOSIHHOE
JaBJIEHUE p; ; B KOHIIE TpyOoIpoBoia (Touka B) pacnoyioxkeHa ObICTpoAeCTBYOIas
3aaBrkKa. HauanbHas CKOpOCTh TE€UYEHHs KHUAKOCTU B TpyOompoBoae Vy 3amaHa.
['unpaBnuyeckuil yaap B TpyOONpOBOJAE CO3/aBaJCS MNPAKTUYECKH MIHOBEHHBIM
3aKPBITUEM 3aIBUKKH.

[locne HavanbHOrO BCIUIECKA JAaBi€HUS (THAPABIMYECKUM  yaap) B
nociuenyronieil  gaze TNOHWKEHMS JaBi€HUST NpU OOJBIIMX 3HAYCHUAX Vi
HAOJIFOAJIOCH TIOSIBJICHUE Pa3phIBa CILIONIHOCTH TIOTOKA (KaBUTAITUH).

3aMeTUM, 4YTO [Jis YCJIOBUM SKCIEPUMEHTAIbHOM YycTaHOBKU [145] umeem
3HaYeHUe KpuTuueckol ckopoctu V. = 0,2 m/cex (cM. (4.49)), 4TO 3HAYUTEIIBHO
npesbiaer u 0,48 m/cex, u 0,6 m/cex. ITO TOBOPUT O TOM, JIJIsI pacCMaTPUBAEMbBIX

CJIy4dacB JOJIKHA Ha6J'IIOI[aTBC$I pa3BUTast KaBUTALIUA.
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0,2 -

puc.5.12 JlaBnenue y 3aaBuxku npu V,= 0,48 m/cex.
I — sxcnepument [145]; 2 — pacueT o METOy KOHTPOJBbHBIX TOYEK.
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puc.5.13. JlaBnenue y 3aaBuxku npu V,= 0,6 m/cex
I — skcniepument [145]; 2 — pacdeT o METOy KOHTPOJbHBIX TOYEK.

Ha puc.5.12 u pwuc.5.13 mnpuBEIEHO COINOCTABICHUE HKCIEPUMEHTAIbHBIX
JAHHBIX C pe3yJibTaTaMU pacyeTa JUisl pa3InyHbIX HauyallbHbIX CKOPOCTEM.

Ha pI/I0514 IMPUBEACHO COIIOCTABJICHHUC OKCICPUMCHTAJBHBIX JaHHBIX,

IIOKAa3bIBAKOIINX 3aBHUCHMOCTh MAKCHUMAJIBHOI'O OdaBJICHHUA B pr60np0B0J:[e oT

HayaJabHOU CKOpPOCTH  ABMIKCHHUA JKHAKOCTH, C PpE3yjlbTaTaMM pacdye€Tra 110

BBILICONMMCAHHOM MCTOJHUKE.
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Pmax, Mlla
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0 ] 2 3

puc.5.14. MakcumanbHO€ JaBJI€HUE THIPABINYECKOTO y/lapa B 3aBUCUMOCTH OT
HaYaJIbHOM CKOPOCTH.
I — sxcniepument [145]; 2 — pacdeT o MeTOly KOHTPOJIbHBIX TOUYEK.

HpI/IBC,ZIéHHI)IC INPpUMECPBI IIOKA3bIBAIOT BBICOKYIO CTCIICHb COIJIaCOBAHMA
YUCJICHHBIX PE3YJIbTATOB W JKCIICPUMCHTAIIBHBIX AAHHBIX, YTO AOKAa3bIBACT BIIOJHC
MNPpHUEMIICMYIO TOYHOCTb U aICKBATHOCTb MCTOAAd KOHTPOJIbHBIX TOYCK AJIA PaCyYCTOB

TC‘{CHI/Iﬁ, COIMPOBOKIAOIIUXCA pa3pbIBOM CINIONTHOCTH ITOTOKA.

5.8. I'mppaBnuueckuid yaap B IpoOIeCCe TAMIIOHUPOBAHUSI CKBAXKUHBI.
['uapaBnuyeckuil yaapa B CUCTEME KOAKCHUANBHBIX TPYO CYIIECTBEHHO OTINYAETCS OT
TUIPABIMYECKOTO yJapa B IPOCTOM TpyOOIpOBOJie HAIUYMEM B3aUMOJIEHCTBUS
4yepe3 CTEHKY BHYTPEHHEH TPYOBI.

[IpuMepoM HECTAaIMOHAPHOTO IMPOLECCA TAKOTO POJAA MOXKET CIYKHUTh
TUAPABINYECKAN Yap, BOSHUKAKOIIMN BO BpEMS TAMIIOHAKA CKBAXKUHBI MPH MOCAJIKE
pa3aenuTeNnbHON MPOOKH Ha THO 00CaTHOM TPYOHI.

[Ipornecc TaMnoHa)ka CKBaKMHBI 300pakeH Ha puc.5.15. [To BHyTpeHHEH TpyOe

B CKBOKHHY 3aKauMBAETCs MPOJIABOYHBIN pacTBOp J, rpaduk momaadu KoToporo Q,(?)



127

cuuTaercs M3BeCTHbIM. [lox maBneHWeM NPOAABOYHOTO PACTBOPA Pa3ACIMUTENbHAS
npoOka 6 mepeMeiaeTcsi BHU3 W BBITECHSET LEMEHTHBIH pacTBOp 4 B 3aTpyOHOE
npocTpaHcTBO. [locine nmpoxokaeHust BCeil MPOTSKEHHOCTU CKBaXKMHBI L (T.e. Korjaa
BECh LIEMEHTHBIA PAacTBOP BBITECHEH B 3aTpyOHOE MPOCTPAHCTBO) pa3ieiuTeNIbHas

Hp061<a YIIHUPACTCA B CIICHUAJIBHBIC OIPAaHUYUTCIIN U OCTAHABIIMBACTCA.
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puc.5.15. Cxema 3anonHeHuss MeXTPyOHOTO MPOCTPAHCTBA U MOCATKU
pa3leaUTeNbHON TPOOKH.
3nech 1— cTeHka ckBaKUHBI; 2 — o0caiHas TpyOa; 3 — OypoBOii pacTBOp;
4 — TaMIOHAXHBIN (LIEMEHTHBIN) PaCTBOP; S5 — MPOJIABOYHBIA PACTBOP;
6 — pazaenurenbHas IpooKa.

Bo3Hukamomuii npu 3TOM THIAPABIMYECKUI yaap SBISIETCS CYIIECTBEHHBIM
(dakTopoM, BAMSIONIMM Ha TUAPOPA3PHIB U IMOTJIOIIEHUE 1acToB. s mpaBUIbHOU
OLIGCHKM 93TOro (akropa U BbIOOpa ONTUMAIBHOTO pEXMMa 3aKauWBaHUA
TaMIIOHAKHOTO pacTBOpa B OOCAJHYI0 KOJOHHY HEOOXOAMMO HMMETh JOCTATOYHO
TOYHYI0 METOJAMKY pacyera Ipolecca. YKa3aHHas METOAMKA JOJDKHA OIMUPATHCS Ha

COOTBCTCTBYIOINYIO AOCTATOYHO TOYHYIO H HO,ZIpO6HYIO MAaTeMaTH4ICCKYI0O MOACIIb
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HCCIIEIyEMOTO MPOoLIeCCa.

OTHOCUTENBHO TUJIPOJUHAMUKN TaMIIOHUPOBAHUSI CKBAKMHBI BECh MPOLIECC
MOXHO pa3JeiuTh Ha JBe craauu. llepBas cramusi mpoiiecca BKJIOYaeT B ceOs
M0Ja4y TaMIIOHAXXHOTO pAacTBOpPa W BBITECHEHHWE €ro IMPOAABOYHBIM BIUIOTH O
MOMEHTA JOCTH)KEHUS pa3eTuTeIbHON MPOOKOM HUKHEH OTMETKH 00CaaHON TPyObl
U TEPEeKPBITUS TIOTOKA; BTOpas CTaaus — COOCTBEHHO THAPABIMYECKUN yrap,
Pa3BUBAIOIIMICS B CHUCTEME CKBa)XXMHA — O0CajgHas KOJOHHA MOCJ€ NEPEKPBITUS
MIPOXOJIHBIX OTBEPCTUN PA3AETUTEIIEM.

XoTs nepBas CTaius MPOLEecca HOCUT HECTALIMOHAPHBINA XapakTep, HO MPHU 3TOM
TEUYECHHUE PACTBOPA UMEET JOCTATOYHO IJIABHBIN XapaKTeP, T.€. BOJHOBBIE MPOLIECCHI B
HEM UTPalOT HE3HAYUTEIBbHYIO POJIb.

B nanHOM pasznerne paccmaTrpuBaeTcs BTOpasi CTaus NpoLecca IEMEHTUPOBAHUS
CKBa)KHMHBI TIOCJI€ TEPEKPBITUS MMOTOKA Pa3ICIUTEIIbHON MPOOKOH, KOT/Ia BOJHOBBIC
SABJICHHS UTPAIOT TJIABEHCTBYIOIIYIO POJIb.

CxeMa 3armojHeHUs] CKBRKHHBI B MOMEHT MOCAJIKH Pa3IeIUTEIHHON MPOOKH Ha
JTHO, TIpeJicTaBieHa Ha puc.5.15. J[BukeHue KUAKOCTH B JAaHHOW TPyOONpPOBOIHOM

CHUCTEME OINKCHIBAETCA CUCTEMOM ypaBHeHUM (2.65) — (2.68) (cM. paznen 2.6).

5.8.1. I'pannuHbie ycnoBUs
Jlnst Bepxa CKBa)KMHBI (JHEBHAs MOBEPXHOCTH) 3aJaeTcs mojada JJjisg TpyObl U
paBeHCTBO aTMOC(epHOMY MABICHHIO Ha BBIXOJE M3 3aTPyOHOIrO MPOCTPAHCTBA.

VYuuteiBas uto z(())=0 (HyneBas OTMETKa PacloyiO’KeHa Ha JIHEBHON MTOBEPXHOCTH),

v0.)=2 4 _p  _Paw (5.48)

K K,am

® oS

Otcroma, wucnonb3ys Gopmyasl  (2.91), momydaem YCIOBUS OTPaKCHHUS

HHBAPHUAHTOB OT ,Z[HCBHOﬁ IMOBCPXHOCTHU

a, —nn.a a,-nn.age " a.-nn.a

. ) (5.49)
Lt o (-nnda, e, {S_Qn(l mn)a]
wg

st )@, e g,

K K K,am

a, —mm.a Coa.-nn.a a.-nna
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Ha nHe ckBa)KHHBI 3a/1at0TCSl TPAHUYHBIE YCIOBUS (YCIOBHS HEMTPOTEKAHUS) KaK

JUIs TPYOBI, TaK M 715 3aTPYOHOTO MIPOCTPAHCTBA, B BUJIE

v(L,t)=0, V.(Lt)=0, (5.50)
OTKYJ1a, UCTIONB3Ys hopmydsl (2.91), momydaem ycnoBUs OTPaKEHUS WHBAPUAHTOB
sS=-r, §_=-T,. (5.51)

5.8.2. Metoauka pacyera
JIist pacyeTroB HKCMONB3YETCS MPSAMOYTOJIbHAS PA3HOCTHAs ceTKa ¢ wmarom A¢ mo
BpeMeHu u 1marom Ax=L/N no gnmuee, Tae L — pmHa TpyOomnpoBoaa, a N — 4uciio
11aroB M0 JJIMHE.

PacueTHas cxema npejcrasiieHa Ha puc.5.16.

[lycTh k — HOMED 11ara 1Mo BpeMEHU U 7 — HOMEp 1i1ara 1o jjuHe, n=0,...,N, npu
3TOM n=( COOTBETCTBYET Hauajay TpyOompoBoja, a n=N COOTBETCTBYET KOHILY
TpyOOIpOBOAA.

[TpounrterpupoBaB ypaBHeHHs (2.86) IO COOTBETCTBYIOIIEH XapaKTEPUCTUKE
(2.90), momydaem pacueTHbIC COOTHOIICHUS

- =(1_1u1)7'nk + ok, +At~<Fl> s n=1,...,N;

n

o

k+1

5, =5 = (1= g, )s* + w55, +At-(F,) nns n= N-1,...,0; (5.52)
=rit = (= Ik, + prt o+ A (F)) st n=1,..,N;

3

3 = (L= )5k, + pysh o +At-(F) s n= N-1,...,0;

N/ SK',}'I

rae u; — xo3pdunuentsr Kypanra

W =|A A A, i=1,...4. (5.53)

k+1

At

puc.5.16. Pa3HocTHas ceTka.
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3nech obOo3HaueHne <F> o03HAYaeT HEKOTOPOE CpeaHee 3HaueHue F BIOJb
COOTBETCTBYIOIIETO y4YacTKa MHTETpUpoBaHUS. B 3aBUCHMMOCTH OT BbIOOpa 3TOTO
cpenHero OyAyT MOJIy4aThCsl pa3IMuHbIE BAPUAHTHI PACYETHOU CXEMBI.

TpeboBaHue yCTOMYMBOCTH Pa3HOCTHOM cxeMbl [ 137] Hamaraet orpaHu4YeHHE

w <1, i=1...4. (5.54)
OTKyJa CIeAYyeT OrpAaHUYEHUE Ha 1Iar CETKU

A< A i=1,...4. (5.55)

“max/4, max(a,aq,)’
1

CootHomeHus (5.52) mo3BoISAIOT BHIYKMCIUTE 3HAYEHUSI HA HOBOM, k+/-0M 11are
110 BPEMEHHM JIJI BCEX BHYTPEHHUX Touek n=1,..., N-1.
J{ns rpaHUYHBIX 3HaYeHUM n=0 1 n=N HUCTIOJIb3yIOTCS O JABa COOTHOIIECHUS U3

(5.52) u aBa rpaHUYHBIX YCIOBUS (I1s1 TPYOBI U 3aTpyOHOTO MPOCTPAHCTBA).

5.8.3. Pe3ynbTarhl pacueTosB.
PacueTtsl mpoBOAMINCH MIPU CIEAYIONTUX UCXOAHBIX TAHHBIX.

JlanHbIe IO CKBaxkmHE M oOcamHou koioHHe: D = 0.3;d =0.2; 6= 0.01; &d =
0,01; E,,, = 2,1x10"" Ia (ctams); Ex = 2,0x10" ITa.

JlaHHbBIE TIO XUAKOCTHU: E,., = 2,0><109 [Ta; p = 1020 KF/M3; o = 1820 KT/M°
(LLleMeHTHBIH pacTBoOp); P, ~ 1360 kr/m’ (6ypoBoii pacTBOp).

Torna umeem k.~ 0,5; K, ~ 1,05x10'%; K,  9,55x10”; K = 1,0x10" .

Pacuet ckopocteii Bosabl o H.E.)KykoBckoMy 1a€T 3HaUCHUS:

c=1309,84 m/c; ¢, = 827,016 m/c;

KoadhummenTsr B3anMOBIUSHNUSA:

e~ 0,183333; & ~0,151724; &&~0,028; I-5.6~0,972.

CKopocTH pacmpoCTpaHEHHs] MalbIX BO3MYIIEHHH B Tpybe u 3aTpyOHOM
npoctpanctse: a = 1340,29 m/c; a, = 819,709.

Koaddummentst 7= 0,137313; n, = -0,174279; n-n, = -0,0239307.

Pesynbpratel pacueToB npencrasiieHbl Ha puc.5.17 u puc.5.18.
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puc.5.17. JlaBneHust y pa3aeIuTeIbHOM MPOOKHU.
3nech: 1 — naBnenue B 06cagHo TpyOe; 2 — AaBJIeHHE B 3aTPYOHOM MPOCTPAHCTBE.

Ha mepBoM 3 HuX moka3aHbl rpadMKu TOBEACHUS JaBICHUS Y PA3eIUTEIbHON
npoOku (Ha gHE o0caJHOW KOJOHHBI) KaKk B camoul Tpyoe (nuHus 1), Tak U B
3aTpyOHOM MpocTpaHcTBe (MuHUA 2). Ha momydeHHBIX Tpadukax OTUYETIMBO BUIHBI
JIBa BCIUIECKA [IaBJICHWS, BBI3BAHHBIE JBYMSI BO3MYIICHUSIMU C Ppa3IMYHBIMU

CKOPOCTSIMU PacCIpOCTPAHEHHUS.

b, m

500 \ 3

|

_EJ

N/
0 o 200 400 500 \\ / 800 L

puc.5.18. Ilpodunu naBnenus B MomeHT BpemeHu 0, 35 cek.
3neck: 1 — naBienue B 00cagHoOM TpyoOe; 2 — JaBlieHHE B 3aTPyOHOM IIPOCTPAHCTRE; 3
— JaBJ€HUE TUPABINYECKOTO yapa B 00caaHoi TpyOe nMpu OTCYTCTBUU
B3aUMOBJIMSHUS; 4 — TO e JJIsI 3aTPyOHOr0 MPOCTPAHCTBA.

Ha puc.5.18 mnpencraBieHbl MrHOBEHHbIE MPO(UIN [aBICHWA MO JJIMHE
CKBA)KMHBI JUIsI (UKCUPOBAHHOTO MOMEHTa BpeMeHU. Ha pucyHke Taxkxe OTY4ETIMBO
BUJIHO, YTO 3a MEPBHIM (PPOHTOM BO3MYIIECHHS PACIIPOCTpaHsIETCs] BTOPOil (PPOHT ¢

MEHbIIIEH CKOpOCThO. JlJii CpaBHEHHS HA PUCYHKE IMPEACTABICHBI PE3YyJbTaThl
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pacuera 0e3 B3auMOBIUsiHUA, T.e. npu &=0 u &~0 (Koraa BO3MYUICHUS
pacnpoCTpaHsIOTCs MO TpyOaM «HE3aBUCUMO» JIPYT OT apyra). B atom ciyuae, BO-
MEPBbIX, OTCYTCTBYET BTOPOM BCIUIECK BO3MYIIEHUS (BTOpasi BOJIHA), & BO-BTOPBIX,
3HAYUTEIBHO OTJIMYAETCS AMIUIUTY/IA.

OTtcroga BHJIHO, YTO THAPABIMYECKUNA yAap B CUCTEME KOAKCHAIbHBIX TPYO
UMEeT CBOIO CIenu(uKy, W HaJU4he B3aWMOBIUSHUSA 4YEPe3 CTCHKY CKa3bIBACTCS

BC€CbMa CYHICCTBCHHBIM.
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['JIABA 6. YIPOIIEHHBIE METO/IbI PACYHETA HECTAIIMOHAPHBIX
[TPOLIECCOB B THUAPOCUCTEMAX HA OCHOBE MOJEJIEM C
COCPEAOTOYEHHBIMU ITAPAMETPAMU

6.1. [Ipoueaypsl 1€KOMITO3UIIUU U SKBUBAJIEHTUPOBAHUS OOJIBIINX TPYOOIPOBOIHBIX
CUCTEM KaK CIOCOObI IPE010IEHUS OOJIBIION Pa3MEPHOCTH CUCTEMBI.

TpyOonpoBoaHbIE CUCTEMBI MOTYT UMETh OOJBIION O00BEM U CIOKHYIO CTPYKTYpY.
Hampumep, cucrema texHonoruueckux TpyoonpoBonoB ADC cocTouT u3 6ojee yem
2000 Tpy6 m OnM3KOro KOJIMYECTBA Y3/0B. PacueT HecTallMOHApHBIX MPOLIECCOB B
TaKUX CHUCTEMaxX TpeOyeT 3HAYUTENIbHBIX BBIYUCIUTENBHBIX pecypcoB. [loaTomy
3aJja4a CHUYKEHHSI 3aTPaT BBIYUCIUTEIBHBIX PECYPCOB SIBISIETCS BECbMa aKTyaJIbHOM.
C apyroil cTOpOHBI, MHOTHE BO3HHUKAIOUIME HA MPAKTUKE 3a/a4yM, HAIpUMED,
3aJja4ya OMEePaTUBHOIO yIPaBIEHUs, TPEOYIOT ObICTPHIX BHIYUCICHUM U MPECKa3aHUs
COCTOSIHUH CHCTEMBbl B PEXKHUME pEalbHOTO BpEeMEHU. XOTS YBEIUYCHHE
NPOU3BOJIUTENILHOCTH  BBIYMCIMTEIBHONM  TEXHUKM M yCOBEPLICHCTBOBAHHE
BBIUHCIIUTENBHBIX AJITOPUTMOB MPUBOIUT K YMEHBIICHHIO BPEMEHHU cueTa, HO Oosee
NEePCIEKTUBHBIM MPEACTABISIETCS pa3paboTKa «OBICTPBIX» (YIPOIIEHHBIX) MOJIENIEH.
PaccmatpuBatoTcsi nBa MyTH pemieHust 3To mpobiembl. OAMH COCTOUT B
npsAMOil (U3NYECKOl SKBUBAJIEHTH3AIMM, T.€. 3aMEHE HCXOJHOM cHucTeMbl Oojee
IPOCTOH, HO C SKBUBAJECHTHBIMU (B HEKOTOPOM CMBICIIE) XapaKTepUCTUKAMHU. 3a1a4a

nn

COCTOMT B pa3pabOTKe METOJAMKHU yIpolleHus 1 "ynanenus" "Mano3Hadamumx' yactei
CUCTEMBI C LEJIbI0 YMEHBIIEHUSI 00bEMa BBIYMCICHUN ¢ COXpAaHEHUEM, TEM HE MEHEe,
OCHOBHBIX XapaKTEPUCTUK UCXOHOM ("'O0NIBILION") CUCTEMBL..

OnauH U3 myTell pelieHus 3ToM 3a1a4yll OCHOBAH Ha 3aMEHE MCXOIHBIX CHUCTEM C
pacnpenenennbiMu  napamerpamu  (CPII) Ha cucrteMbl € COCpPEIOTOYEHHBIMU
napametrpamu (CCII). IIpu stom Tpebyercss momoOpaTh XapaKTEPUCTUKA HOBOMU
CUCTEMBI TaK, YTOOBI IapaMeTpbl Mpolecca B HEM OBLIM KaK MOXHO OJIMKe K
napaMmeTpam IMpolecca B UCXOJAHON CUCTEME.

Jpyroi nonxon OCHOBAaH HA JIEKOMIO3ULIMM UCXOJHOM CUCTEMBI Ha OTIEIbHBIE

JaCTU M MOACIHUPOBAHHMHU €€ «II0 YacCTAM» C HCIOJIb30BAHUCM HWMHUTAIMOHHOI'O
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MozenupoBanusa. B sTom ciydae uccienyemasl MOACUCTEMA PACCMaTPUBAETCA Kak
OTZENbHAs CUCTEMA, a OCTajJbHAs 4YacTh CHUCTEMBI PAacCCMATPUBACTCS KAK BHEIIHSS
cpena. Torma, MMHUTHpPYsS CIHEKTpP BHEIIHMM BO3MYIUEHHM, BO-IIEPBBIX, MOYKHO
NOCTPOUTH (PYHKIIMIO OTKJIMKA MOJCUCTEMbI; BO-BTOPBIX, MOKHO OIICHUTH BKJIaj
pa3IMyYHBIX NapaMeTpPOB MOJACUCTEMBI U OTOPOCHUTH MaJIO3HAYAIUE, YTO MO3BOJISET
YOPOCTUTh PAaCcCMaTPUBAEMYI0 MOJEIb. TakoW ITyTh IO3BOJISET JEKOMIIO3UPOBATH
CIIOXKHYIO 3aJauyy Ha HECKOJIbKO 0ojiee MNpOCTBIX 3ajad, KOTOpblE MOTYT OBITh

YCHEIIHO PEIICHBI.

6.2. Onucanue TpyOONpPOBOJAa MOJAETBI0 C COCPEAOTOYEHHBIMU MapaMeTpaMu
NEPBOTO MOPSAIKA

[Io npunaroit B Hacrosimiee Bpemst kinaccupukauuu [106, 144], y37abI
TpyOONIPOBOJHOM CHUCTEMBI MOXXHO OTHECTM K TaK Ha3bIBAEMBIM CHCTEMaM C
cOCpeoTOYeHHbIMU mapameTpamu [94, 8], a TpyObl — K cuUCTeMaM C
pacnpeneneHHbIMU napametrpamu [ 178, 106, 144].

Hcnonb3zoBanne st TpyO Monened CUCTEeM € COCPEOTOYEHHBIMU
napamMeTpaMHM Ja€T CyIECTBEHHYIO SKOHOMHIO BBIUUCIUTEIBHBIX PECYPCOB.

WUrtak, Oynem mo-NpeXKHEMY CUMTaTh, 4YTO TEYEHHUE B TPyOOIpoBOjE
OTMCHIBAETCS YpaBHEHUSAMH THApaBinueckoro yaapa (2.43) —(2.44) (unuekc i s

IPOCTOTHI OIYILIEH).

6.2.1. BjIOKM MHEPIIMOHHOCTHU U YIIPYTOCTH
TIpOMHTErpHPOBAB MO X YMHOXEHHOE HAa @/ pa’ ypaBHEHHE Hepa3phIBHOCTH (2.43) U
IPUMEHUB TEOPEMY O CPEHEM, MOTYUYUM
W dp,
K, dt
Ie p. — CpeAaHee NHO JAJIMHE TpyOolpoBoAa aAaBieHue, (J;— pacxoi B KOHIIE

=0, -0, (6.1)

TpybomnpoBoaa (x=L), O, — pacxon B Hauaje TpyoomnpoBoja (x=0), W:LL o(x)dx —

00beM KHAKOCTH B TpyOomposose, K, = pa’ — NpUBENSHHBIH MOIyiIb 0OBEMHOTO

CKaTUsl JTaHHOTO y4yacTKa TpyOONpOBOJA, YUYHUTHIBAIOUIUN YHNPYroCTh >KUJIKOCTU U
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CTEHOK TpyOompoBoaa. Hampumep, nnasi TOHKOCTEHHOTO TPyOONpOBOJa KPYTrioro
CEYEHHUS] MOXKHO MPUHSATH

Ef)l(‘
[+ 2RE. (62)
o E
rie E,. — OOBEMHBIM MOJYyJb YHPYrOCTU KUAKOCTU; E — MOAYJIb YNPYrocTH

K, =

Marepualia CTEHOK TpyObl; R — paauyc TpyObl; O — TOJIIMHA CTEHOK TPYOBI, HHIEKC i
(HOMep TpyOBI) AJISt MPOCTOTHI OMYLIEH.

B tom cmyuae, xorga mepenajoM AaBi€HUS MO AJIUHE TPYyOOMpPOBOAAa MOXKHO
npeHeOpeub, Tojaras JaBiCHHE B KaXXIOM TOUKe TPyOOmpoBOAa paBHBIM p.(?),
IpoliecC U3MEHEHHS STOTO JIaBJIEHHs BO BPEMEHM OMHUChIBaeTcs ypaBHeHueM (6.1), a
OMUCHIBAEMBI TaKUM 00pa30M y4YaCTOK THAPOCHCTEMBI MOXKHO Ha3BaTh OJIOKOM
yIPYTOCTH.

VYyuThiBasi U3BECTHYIO aHAJIOTHUIO MEXIY OMUCAHUEM TEUEHUS BJIEKTPUUYECKOTO
TOKa TIO MPOBOJHHKAM M TEUEHHUEM >KUIKOCTH B TpyOe, MpU KOTOPOH pacxon
aHaJIOTMYEH TOKY, a JIaBJICHUE - HANIPSDKEHUIO, MOKHO KOA((UIIMEHT

Cy = WK, (6.3)
TPaKkTOBaTh KakK 'TUAPABIMYECKYIO E€MKOCTh' IaHHOTO Yy4YacTKa TUAPOCUCTEMBI
(aHAJIOTMYHO 3JIEKTPUYECKON EMKOCTH).

[IpounTterpupoBaB mo x paszaeliecHHOE Ha ®/p ypaBHeHue (2.44) u MPUMEHUB

TEOPEMY O CPEIHEM, ITOJTyYUM
ﬂ-/
[ ‘Q‘Q

pLdQ. )
®, dt Po~ P 'Og(ZL ZO) r 2d.w>°

rae Q.- CpeHUu Mo JAJIMHe TPyOONpoBOJa pacxoi, p, U z; - NaBICHUE U OTMETKA B

(6.4)

KOHIIe TpyOompoBoaa (x=L), py u z) - TaBlieHWE U OTMETKAa B Havasie TpyOOmpoBoaa
(x=0), w+, d. — cpeaHue MO IJWHE 3HAYEHUS IUIOMIAJM TMOMNEPEYHOTO CEUCHUSI U
auaMeTpa TpyOOompoBOja, COOTBETCTBEHHO, X‘Q‘Q - CpemHee 1o JJIMHE 3HAauYCHUe

COCTABAIOIIHNX YJICHA TPCHUS.

Cpennue Bennmausbl B opmynax (6.1) u (6.4) moHUMArOTCS Kak
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14 17 Too- L
p*=zlp(x,l)dx, Q*=Z£Q(x>f)dx, 1|Q|Q=Z£/1|Q|de- (6.5)

B dopmyne (6.4) nocaennee cinaraemMoe MOXKHO IPEJICTaBUTh B BUAE pLay, Tle
BEJIMUUHA d; UMEET Pa3MEPHOCTh YCKOPEHUS M IpeJCTaBIsieT coOOi cpenHee
YCKOPEHHUE CHIIBI TPECHUS

70 66

a =
" 2de?

3aBUCUMOCTH (6.4) y4YUTHIBA€T MHEPLUUOHHBIE CBOMCTBA KUIAKOCTU (ypaBHEHHE
bepHyu ¢ HHEPUMOHHBIM YIEHOM, TJIe B MPaBOM 4acTH 3aBUCUMOCTH (6.4) mepBoe
cllaraeéMoe OTBEYAET 3a JEeMCTBHUE CHJI JABJIEHUS, BTOPOE - 3a CUJIbI TSXKECTHU, TPETHE -
3a CWJbl TPEHHUS), U B TOM CJyyae, KOrja CXKUMAeMOCThIO MOXKHO IpeHeOpeub,
nojarasi pacxojJi KUJIKOCTH B KaxJou Touke TpyOompoBoaa paBHbIM (.(?);
OMKCHIBAEMBI TakKUM OOpa30M YYacTOK THUIPOCHUCTEMBI MOXHO Ha3BaTh OJOKOM
WHEPLMOHHOCTUA.  YUMUTHIBas  BBILICYNOMSHYTYIO  3JEKTPO-TUAPABIMYECKYIO
aHaJIOTUI0, MOXXHO 3aMETUTh, UTO ypaBHEHHE (6.4) MOJHOCTHIO AHAJIOTMYHO 3aKOHY
OmMa, Ha OCHOBaHHUH 4ero KOd(PPHUIIUEeHT

L, =pLlw (6.7)
MO>KHO TPAKTOBATh KaK '"TUIPABIMYECKYIO HHIYKTUBHOCTD' .

Takum oOpa3zom, umMeeM JBa OJOKa - JABE HHTErPAJbHBIX MOJEIH, OJHA W3
KOTOPBbIX — ypaBHeHHE (6.1) — onmuChIBaeT ynpyrue CBOMCTBAa CUCTEMBI, a Apyras —
ypaBHeHue (6.4) — MHEpUMOHHBIE. YTIPOILIEHUE ONMKUCAHUS MEPEXOIHBIX MPOIIECCOB B
TUAPOCUCTEME W COCTOMT B TMEpexoie OT OCHOBHOM wmoxenu (2.43)—(2.44),
npeacTaBisifonie  co0oil  cucreMy ypaBHEHMH B YacTHBIX  IPOM3BOJHBIX,
OMHCHIBAIOUIMX TOBEJIEHHE CHUCTEMbl C paclpe/leeHHbIMH MapaMeTpaMu, K
KoMOuHaIuu ypaBHeHuit (6.1), (6.4), mpeacTaBiasiomux co00i MPONHTETPUPOBAHHBIC
M0 OTJEIbHBIM Yy4YacTKaM THApOCcUCTeMbl ypaBHeHHs (2.43) u (2.44) — Onoku
YOPYrOCTA ¥ MHEPIIMOHHOCTH, OMUCHIBAIOLIUE MMOBEJEHUE TUAPOCUCTEMBI B paMKax
CHUCTEMBl YPAaBHEHUM C COCpPENOTOYEHHBIMM IlapaMmerpamu. M mposectn Ttakoun

NnepexoJ MOKHO AAJICKO HE OAHO3HAYHO.
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6.2.2. Cnoco6bl KOMOMHALIUN OJIOKOB

a) [TapannensHoe coeuHEHNE.

Camoii mpocToil cxemMoil (CXeMOl ¢ MHUHMMAJIbHBIM YHCIIOM IapaMETPOB) SIBIIAETCS
CXeMa MOJEIUPOBaHMsI, NPEACTaBICHHas Ha puc.6.1, Korma HHTETPUPOBAHHE
ypaBHeHuil (2.43) u (2.44) npou3BOAUTCA MO BCEW JUIMHE KaXJAOro ydacTKa

paccMaTprUBaEeMON THIPOCUCTEMBL.

In

—0 O—

El

puc.6.1. IIpocToe mapamiensHOE COeTUHEHNUE OJIOKOB.
3neck In - ”HEPIMOHHBIN 0JI0K, E/ - OJI0K yIpyrocTH.

[Ipy TaKOM «COEIMHEHUW» UMEEM CUCTEMY YPAaBHEHUIN

dp.
" =0,-0,, (6.8)
do, A
b dg =po=p = e, -Zo)-pLﬂg =Py =P~ P8z, —2,)- pS|0I0, (6.9)
t 2dw
rje S — CONpOoTUBIIEHUE TPYOOIIPOBOAA,
L 1
S=A— .
d 20" (6.10)

I[J'If[ 3aMbIKaHUsA CHCTCMBI HCO6XO,Z[I/IMO 3a1aTb CBA3b MCXKIAY CpCIHHUMU

napameTpamu p . 1 Q. U KPaeBbIMU 3HAUYCHUAMH Py, pr, Oy, O, HAIPUMED, B BUJIE:

p*zaopo'i_aLpLa (611)
Q.= B9, + .9, (6.12)
AQo =~y Alolo, +7,4.]0.0,, (6.13)

rae a o, B P Y, 7. — BecoBble KOADPUIIUEHTHI:
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a,20,a, 20, a,+a, =1, (6.14)
B,20,8,20, B, +p, =1, (6.15)
7,20,7, 20, y,+y,=1. (6.16)

Torna CUCTEMaA ypaBHeHHﬁ, OITMCBIBAIOIICC TCUCHUC KHUIKOCTHU B

TpyOoTpoBoOE, OyAeT UMETh BUJI

dp dp
a,C +a,C L=0 -0, , 6.17
o~H g Lo Qo QL ( )
d d
ﬁOLH&-FﬂLLH 9 =Py~ P _pg(ZL _Zo)_
- ZdHa) (70/10|Q0|Qo + 7L/1L|QL|QL)

[Tpu BBIOOpE KO3(PPULIEHTOB

a,=1/2, a, =1/2, B, =1/2, B, =1/2, y,=1/2, y, =1)2 (6.19)
MMeEM aIllPOKCUMAIIMIO CPETHUX BEIMYHH 0 (GOpMyJIE Tpareruii

Cy(dp, dp,)_ _

2 (dt T j_Q° Qs (6.20)
Ly(dQy dO)_ oyt

2 ( dt * dt j po=p. - ez, -2) 4dw(ﬁ“0|Q0|Q0+lL|QL|QL)' (6.21)

0) IlocnenoBarenbHOE COSTUHEHUE

Cxema MoJieTMpoBaHus NpeACcTaBieHa Ha puc.6.2.

—+O— In O El O In —O—

puc.6.2.

OTOH cXeMe COOTBETCTBYET CUCTEMA YPaBHEHUI

(4lolo), .
2dw?

do,..
ayLy T?: Py~ D- —pg(z* _Zo)_paoL

5

dp
C,~*>=0,.-0,.,
H dt QO,* QL,*

(2lclo),

- :p*_pL_pg(ZL_Z*)_paLL rdw?
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JUIs  3aMBIKaHHUS CHUCTEMBbI HEOOXOIUMO 3a/JaTh CBS3b MEXKIY CPEIHUMHU
napametpamu QO », Qs » U P« A KPACBBIMH 3HAYEHUSIMH Py, p;, Oy, 0. B pabote [188]

Obl1a MMpCJIOKCHA CIICAYIoIasa CXeMa 3aMCIICHUA:

QO,* ~ Qo s
QL,* ~ QL s
(2010),. = %[00,

(A0lo), .~ 4010,

KOTOpast MOPOXKIAET CIEIYIONIYIO CUCTEMY YpaBHEHUMN

d 2,10,10
a,L, % =p, — p. — pelz, —zo)—paoL%, (6.22)
dp.
u :Z =0,-0,, (6.23)
d A
aLLH%:p*_pL_pg(ZL_Z*)_paLL%' (6.24)

dakTUYECKd 37eCh MPOU3BEJCHA 3aMEHA Y4YacTKa pPeaJlbHOro TpyOONpoBojaa
Tpemsi ¢pparMeHTamMH: ABYMs y4acTKaMH HEYIpPYroro TpyOOmpoBOjia, 3alOJIHEHHOTO
HECKUMAEMOMN JKHJIKOCTbIO (MHEPLMOHHBIE OJIOKH), COECIMHEHHBIMHU C MOMOIIBIO
«BOJIIHOTO KOJITIAKay, alllIPOKCUMUPYIOILIETO YIIPYTrue CBOMCTBA BCEro TpyoOIpoBoia
(bmox  ympyroctu). OTOM  cXeM€  COOTBETCTBYeT  (pu3nWyeckass  MOJEb,
npejcTaBieHHas Ha puc. 6.3, 0).

[Tpu Takoi anmpoKCHMalMUd HUMEET MECTO YHUBEPCAJIBbHOCTb IMPEACTABICHUS
1000  CKOJb YrOAHO CIIOKHOW THUIAPOCUCTEMBbI, T.K. OCHOBHBIE YpPaBHEHMHS
3aMEHSIOTCS  BBIIIEHA3BaHHBIMU TpeMs OJoKaMU (JUHAMUYECKHE TIPOLECChl Ha
paccMaTpuBaéMOM i—TOM Yy4YacTKe TpyOONpoBOJa MpU ATOM OMNHCHIBAIOTCA TPEMs
napamerpamu: Qyt), O.(t) - pacxolamMu Ha JIEBOM M Ha TIPaBOM Yy4yacTKe
TpyOOmpoBOJa U p(t) - AABICHHEM B «BOJISHOM KOJIAKe»), a KpPaeBble YCIOBHS,
oTpaxaromue paboTy yHpaBISIOIIUX OPraHOB, a TAaK)KE BHEIIHHE BO3JCUCTBUSA Ha
THIPOCUCTEMY, OITUCHIBAIOTCS COTJIACHO paszely 3.

Kpome TOro, B paMkax Takod CXeMaTHU3allMd K OMHMCAHUIO JUHAMUYECKUX

npouecCcoB B HpOPI3BOJIBHOﬁ ruapoCuCTeMEe IpUMCHHMA MOACPHHU3UPOBAHHAA
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(y‘-II/ITBIBaIOIHaSI HHCPOHWOHHYIO COCTABJIAIOINYHO IICPCIiaza I[aBJIeHI/II;'I N HaJIN4uc B
BCpIIMHAX BOJAJAHBIX M BO3AYIIHBIX KOJIIAKOB, KOMIICHCATOPOB U T.H.) TEOpHUs

ruapaBnuyeckux neneit (TT'LL) [110, 20].

Ipo,Qo pr, 91 &’ Q—L’ @&)Q_L,l

T
1

L/2 i L/2
a) 0) 6)

puc.6.3
3amMeTuM, YTO MPEeAJIOKEHHBIM B padotax [67, 206767] moaxon K OMUCAHHUIO

4
!
i
]
i
!
i
i
i
i
=
Y
-

HECTAIlMOHAPHBIX MPOIECCOB B TPYOOIIPOBOIHBIX CHCTEMAaX BEPHO YYHUTHIBACT JIUIIIb
TUHAMHAYECKHE CBOMCTBA IMOTOKAa B BHUAC ypaBHEHHS BEepHYIM ¢ WHEPIIMOHHBIM
claraeMbiM, B TO BpEeMsS KaK YNPYTHE€ CBOWMCTBA THIPOCHCTEMBI YUUTHIBAIOTCS
HEBEPHO.

6) CII0)KHBIE COCTUHECHUS

MoxHO paccMaTpuBaTh U 00Jiee CIIOKHBIE BHJBI COCIMHEHWS, KakK, HampuMep,
IPE/ICTaBIICHHOE Ha PUC.6.4, KOTOPOMY MOYKET COOTBETCTBOBATH (DM3UYECKasI CXeMa,

n300paxxeHHast Ha puc. 6.3, ).

o m o Fodm o Fodm o
l '.
0 L
puc.6.4
Jlns cxeMbl coeiMHEHUs OJIOKOB, MPEJICTaBICHHON Ha puC.6.4, UMEEM CUCTEMY
YpPaBHEHUM
d 490 |Q
a,Ly, % =Py~ Py _pg(z*,l _Zo)_paoL% =0,
C,, dp,
a9
d 410,10
alLH % = p*,l _p*,z _pg(Z*,Z - Z*,l)_pall’% = O b (6'25)
C,, dp,
TH dt’Z =0-09
do 410,10
a,Ly d—tL =P, P~ pg(ZL - Z*,z)_ paLL% =0
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co,=l/4, a,=1/2, a, =1/4.

MoaenupoBaHue cucTeMaMy TaKOro poja AJis MPOU3BOJIBHOTO YKCIIa 3BEHHEB
paccMoTpeHo noApoOHOo B pabote A.A.AtaBuHa u aBtopa [188]. IIpu 3TOM nokazano,
YTO C YBEJIMYEHUEM YKCJIa 3BEHbEB TOUYHOCTh MOJEIM TAaKOro THIA BO3PAaCTaeT, a

pellieHne MPUOIMKACTCS K PEIICHUI0 MOJEIU C PaclpeesIeHHBIMH MapaMeTpamu

(cm. puc.6.5).
APpal,

puc.6.5. [1oBblillIeHHE TOYHOCTH pacyeTa C pOCTOM YHUCJIA 3BEHBEB.
1 — TouHoe pemieHue; 2 — OAMH «KOJAMaKk» (puc. 6.3, 0); 3 — 2 konmaka (puc. 6.3, 8);
4 — 20 3BeHBEB («KOJIIAKOBY).

6.3. Mogenb BTOpOro nopsijika

Kak mokazanu 4ucieHHbIe SKCIEPUMEHTHI, UCIIONIb30BAHUE MPHUOIMKEHUS MEPBOTO

nopsiaka (6.11) — (6.13) nns oLlEHKU CpeAHUX BEJIMYMH, HANPUMEP, UCIIOIh30BaHUE

dbopmyiel Tpanenuii (6.19), 3ayactyro 1aé€T HEYTOBIETBOPUTENbHBINA PE3yIbTAT.
Bmecto anmpokcuManuu CpeIHUX BEIHYUH p. U Q. TO (QopMyse Tpameuuu,

MO>KHO HCTIOJIB30BaTh Oosiee TOUHYIO (hopmyny anmpokcumaruu [95], o6obmaronryto

dbopmyiy Tpaneuii:

L
de~ 2L (), (6.26)

lL
P _le(x’l) 2 12
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17 L9+0
0.=- [O(x,t)dx ~ :

0

(Qo Q0;), (6.27)

rIe

' a 4 a ! a
5 =200, = L) =200, 0= L), (628)

X

Ha BO3MOXHOCTh HCIOJIB30BaHUSI AMMPOKCUMAIIMA TAaKOTO BHUAA BIICPBHIC
obparun BHuManue M.I".CyxapeB B pabdote [171].
3anuceiBas ypaBHeHus (2.43)—(2.44) na rpanunax x=0 u x=L u BbIpaxkas

MNPOCTPAHCTBCHHBIC IIPONU3BOJIHLIC YCPEC3 ITPON3BOAHBIC I1I0 BPCMCHH, IMOJTyHaCM:

I(dp, dp,\ pL(d’Q, d’Q,\ pL (,d0Q, , d0,\_ pa’
2[ i j 120,( j [Ro R j —@-0) (629

dt  dt d*  df 24dw* dt b dt

pL(dQ, d0,) L (d'p_d'p, oy Hdlo
2(0( i dtj 12a2( el e TSRO yme (6.30)
NIn
Cy(dp,  dp, CyLy d2Q0 szL CHLH( do, dQLj
— — — R —R =0. —
2 [dr ’ dtj 12 [dtz dr* 24dew \" " dr " dt Qo =L (6.31)
L,(do, d0,\ C,L,(d*p, d’p, Alolo
7( §°+ ij— = (dﬁ‘)— dji J=po—pL—pg(ZL zy)- pL2|d|2, (6.32)
rae
R= (2/“— j|Q| (6.33)

OTMeTuM, UYTO AaQHAJIOTMYHO  CIIy4al  KojeOaTelbHOrO  KOHTypa B
ANEKTPOTEXHUKE [66, 79], Benmuuumna ./C,L, HWMEET Pa3MEPHOCTb BPEMEHU U
MPEACTaBISAET COOO0M MOMYNIEPHOT THAPABINYECKOTO yaAapa

JC,L, =Lla=T. (6.34)

[Iponomkas  aHAJOrWIO,  BEJIUYUHY L,/C, HAa30BEM  BOJIHOBBIM

COIIPOTUBJICHUCM

JL, /C,, = paja. (6.35)
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Ecmu ynanuts B (6.31) — (6.32) Bce crnaraembie co MHOkUTeNEM Cyly, MOAENb
(6.31)—(6.32)  mpeBpamiaercs B (6.17)—(6.18) ¢  koaddunmenramu,
COOTBETCTBYIOIMUMH GopMyiie Tpamnerui (6.19).

[locneqnee cnaraemoe B JeBodM dyactu (6.29) (umm (6.31)) sBusercs
HEJIMHEHHBIM. OJTO €AMHCTBEHHAs HEJIMHEWHOCTh B AuddepeHIrnanbHOil YacTH
ypaBHeHuil (6.29) —(6.30). OTMeTuM, YTO UCXOJIHbIE YPaBHEHHS THAPABIMYECKOTO
yaapa (2.43) —(2.44) He couepkaT HeJduHEWHOCTeW B auddepeHInalbHON YacTHu.
Ota HEJIMHEHHOCTh BO3HMKJIA  MpHU POBEICHUU JOTIOJTHUTEIBHOTO
muddepeHIMpOBaHUsT U SBISETCS B KakKOM-TO Mepe MCKYCCTBEHHOH. B ciyuae
TeUeHU Oe3 TpeHus 3Ta HEJIMHEWHOCTh ucyesaeT. [loatomy He Oyner OOJbIION
ommuOKou, ecnu B ypaBHeHm: (6.29) (u, coorBeTcTBeHHO B (6.31)) mocnennee
HEJIMHEHOe cJjaraemMoe B JieBOW dYacTh Oyner otOpoiieHo. Takum o0paszowm,

MOJIy4aeTcsl cleytonias, yrpoIleHHas, CHCTeMa YpaBHEHUM:

(0l ) e 630
D e e SRS -
00041

Ho - e e 639
e e b O

ComnocraBiieHHE pe3yJbTaTOB pacyera MO ATOM YHPOIIEHHOM MOJEIu C
pacueraM IO TOJIHOW MOJEJIH, NMPOBEICHHOE HUXKE, MOKA3bIBAET HE3HAUNUTEIIBHOE

pPacxoKaACHUEC, BIIOJIHC JOITYCTHUMOC B OOJIBIIMHCTBE MMPAKTUYICCKUX CIIy4YacB.

6.4. TectupoBanue MozeIel ¢ COCPETOTOUEHHBIMH MapaMeTpaMu

HpC,Z[J'IO}KCHHBIG CXEMBEI TECCTUPOBAJIMCH Ha CICAYIOMINMX MOACJIbHBIX 3aJavdax.
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a) I'uapaBaudeckuii yaap B mpocTtoM TpyodomnpoBose (puc.6.6 — puc.6.7) ¢ 3aqaHHBIM
NOCTOSIHHBIM JIaBJIEHUEM B Hayalle TpyOompoBoaa (MTHOBEHHOE M IOCTEIEHHOE
3aKpBITHE 3a/IBIKKU, IPSIMON U HETIPSMOH yAap, C yueToM 1 0e3 yueTa CHII TPEHUs);
0) T'unpaBnauueckuid ymap B MPOCTOM TpPyOONpPOBOJAE C HACOCOM B Hayaie
TpyOOIpoBoa (aHATOTUYHBIE CITy4an);

6) 3a1auya 00 UCTCUYCHUM.

= =
e -
| puc.6.6 |
o — X
| [
"0 L X

puc.6.7. IIpocToii TpyGOTIpOBOI.

Hixe PACCMOTPECHBI PE3YJILTATEI PACUCTOB 3TUX TCCTOBLIX 3a4a4 I10 Pa3JIMYHbIM

CXEMaM.

6.4.1. 'uapaBnuueckuii yaap B IpoCTOM TPyOOIPOBOIE
Paccmorpum  cHawanma cimydaiik ©6e3 TpeHHMST B TOPU3OHTAIBHOM  TIPOCTOM
TpyOomnpoBoae (puc.6.6). Jlomyctum, Ha J€BOM KOHIIE TPyOOMpoBOIa 3aqaHO
MIOCTOSIHHOE JTaBJICHHE p,=pgH, a Ha MpaBOM 3aJlaH 3aKOH 3aKPHITHS 3aJIBIKKHU B
BUJIE

OL.1)=0,(0)=0,/(), (6.40)
rae O, — HadallbHOE 3HAYEHUE pacxoja; f(¢) — MOHOTOHHO yObIBaromiasi (pyHKIIHS,
XapaKTepu3yIoIasl 3aK0H 3aKpbITUS 3aABWKKU: f(t)=1 tipu t<0, f(t)=0 tipu t>t, u

f(t) nenipepbiBHO yOBIBaeT ot / 1o 0 npwu ¢, meHstomeMcs ot 0 710 ¢,.
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1 1) v

0 t 0 t, t 0 t, t

a) 0) 8)
puc.6.8 Pa3znuuHblie 3aKOHBI 3aKPBITHS 33 IBUKKU:
a — MTHOBEHHOE 3aKkpbiThe (£,=0); 6 — TMHEHHOE 3aKPBITHE;
6 — TJIAJIKOEe 3aKPHITHE.

3necb f, — BpeMs 3akpbhITHS 3aABWXKKH, =0 COOTBETCTBYET Haydally
HECTALlMOHAPHOTO Mpoliecca (3aKpbITHE 3aIBUKKH).
PacueTsl MpoBOAMINCH U1 3AKOHOB 3aKPBITUS 3aJBUKKH, IPEACTABICHHBIX HA

puc.6.8, B YaCTHOCTH, JIJIsl TUHEHMHOTO 3aKOHA 3aKPBITUSI 3aJIBIKKH (pHUC.6.8, 6):

1, npu t < 0;

fle)=31-1/t,, npu 0 <t <t (6.41)
0, npu t, < t;

Y JI7IS TTIQIKOTO 3aKOHA 3aKphITHS (pUC.6.8, 8):

L, npu ¢ < 0,
1+ cos(7t/t,

f()= #, pu 0 < (<1, (6.42)
0, npu ¢, < 1.

OTMeTHM, YTO MTHOBEHHOE 3aKkpbiTHEe (pHUC.0.8, @) SBIsIeTCS TNpeAeTbHBIM
ciaydaem s (6.41) u (6.42) npu ¢, — O.
B nHauvanpHBIE MOMEHT BpeMeHH (= () 3aJaHbl TIOCTOSIHHBIE JaBJICHHUE W

pacxon:

—zg—p | ZQ"LQ" ., 00)=0, (6.43)
w

pL (0) = pu
PaccmoTpum ciyuaii A= 0.
B sToM citydae paccmarpuBaeMast 3a7a4a UMEET aHAUIUTUYECKOE TIEPUOINIECKOE

pemienue, onpenensiemoe ¢popmynoit H.E. XKykosckoro:
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p,+220,  mpu 2T(k-1) <t < 2Tk, tne k=1,3,5,...;
)

P, (t): ’ (6.44)
pﬂ—% . snupu 2T(k-1) <t < 2Tk, tne k=2,4.,6,...;

"
B 0 ,pu 2T(k-1/2) <t < 2T(k+1/2),tne k=0,2,4,...;
O, :{ ’

-0, ,nupu2T(k-1/2) <t <2T(k+1/2), rne k=1,3,5,.... (6.45)

Monens ¢ cocpenoToueHHbIMU mapamerpamu  (6.17) — (6.18) ¢ HavanbHBIMU

JTaHHBIMU (6.43) ipH BBITIOJIHEHUH TPAHUYHBIX YCIOBUN UMEET pellieHue BUIa

B pa Py t _ t
pL(t)_pu+ W \/ZQH SlnTma QO(I) QH COSTma (646)

OTKyJa BHJHO, YTO JJIS BBITIOJHEHHS COBMAJCHUSA C TOYHBIM perieHueMm (6.44) —
(6.45) Mo yacToTe ¥ MAaKCUMAJILHOM aMIUTUTYIE HEOOXOIUMO, YTOObI
a, =B, =2/r~0,6366, a,=p,=1-2/r~03634. (6.47)
®dopmyna Tpameuuit (6.20) — (6.21), npu BBIOOpPE BECOBBIX KOA(DPUIIMEHTOB
(6.19), Takxke obecreunBaeT COBIAJIEHWE C TOYHBIM PEIICHHEM MO MaKCUMaJIbHOU

AMILIUTYAC, HO AA€T UCKAXKCHUEC 10 YaCTOTE.

r/p,

1
2 ] / 2

,

T

puc.6.9 Cpennee nasnenue npu A=0.
1 — TouHOE pemnieHne (110 MOJIETH C PacpeIeICHHBIMH MTapaMeTpaMHu);
2 — pacyeT 1o MOJICNIU ¢ COCPEOTOUCHHBIMU MapameTpamu (6.17) — (6.18) npu
«CTenrabHOMY BBIOOpE BECOBBIX KOAhuimeHToB (6.47);
3 — pacyeT o MOJIeNId ¢ COCPEAOTOUYEHHBIMHU MapameTpamu (6.17) — (6.18) npu
«CHUMMETPHUYHBIX» BECOBBIX KO3 Ppunnentax (6.19).

Pe3ynbTaThl BEIYUCICHUIN IO 3TUM MOJIEIISIM IIPEACTaBIEHbI Ha pUC.6.9.
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L I I I I T I I I I i0 I I I Ifff,

puc.6.10. Cpennee napinenue npu A#0.
O6o3HaveHwus T€ e, 9TO U Ha puc.6.9.

VYuer BIUSHUS TPEHUS COXPAHSET ATy 3aKOHOMEPHOCTH (CM. puc.6.10).

%]

p/p,

a2 |

L)

L]

'

1 A
)

!

!

-
-armw -

---,..-ll

ey
-
LT

1
'
]
S . .
5 | 10?

v at/L
puc.6.11 JlaBneHue y 3aIBMXKKH B TIPOCTOM TPYOOTIPOBOIE

IIPY TUJIPABIMYECKOM yaape. 1. — TOYHOE penieHue;

2 — pemenue o Gopmysam BToporo nopsaka (6.31) — (6.32).

it

]
]
]
[
[

!

i
]
¥
i

T
]

Paccmotpum Ternepb Monens BToporo nopsiaka (6.31) — (6.32) ¢ onMHaAKOBBIMH

BECOBBIMU KOd(duimenTamu, pasabimu 0,5.

Pelienre 3TOi CUCTEMBbI YpaBHEHUH NpPEACTaBIseT COOOM CyMMYy TapMOHHUK C

qacTOTaMu
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(6.48)

~48w,,

482727
2T

65+\/a ~

2T.

1
T
4aCcTOTOM THMJAPABIMYCCKOIO yaapa 7

w, =

b

2T

65—@ ~ 1,00757[

[

_ L
T

1

@
OTKYyIOa BUIHO, YTO OoJiece HU3KaAs («HCCYHI&H») JacToTa @; NPAKTUYCCKHU COBIIAAAcCT C

1o

T

o

puc.6.12 I'mapaBandeckuil yaap B IpocToM TpyoomnpoBoe npu A=0.

1. — pemienne Ha OBM «monHOI» 3a1a4u;
2 — pemenue o Gopmysam BToporo nopsaka (6.31) — (6.32).

at/L
=0.

puc.6.13. I'mapaBnuyeckuii yaap B mpocToM TpyOompoBoe mpu A

1 — TouHOE pemenue; 2 — pacyer 1o MOJAENH 1-ro mopsaka
C cocpeoToYeHHBIMU TTapameTpamu (6.17) — (6.18) npu «CUMMETPUYHBIX» BECOBBIX

ko3punmentax (6.19); 3 — pacuer 1o MojaeNH 2-TO MOPSJIKA C COCPETOTOUCHHBIMHU

napamerpamu (6.31) — (6.32).
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Pesynbratel pacueTroB monarBepxkmaroT 3TOT (akTt (puc.6.11). Ha rpaduxax

BUJTHO, YTO MPOIIECC KOJEOaHUl peacTaBisgeT co00i cyMMy ABYX CUHYCOUJ, T/ie Ha

OCHOBHYI0 HU3KOYAaCTOTHYIO COCTaBJISIOLIYIO C YaCTOTOM @; HaKJIaJpIBatOTCs Oolee
BBICOKOYACTOTHBIE KOJI€OaHUSI C 4yacToTo @,. Ilpu sTOoM obecrneumBaeTcsi Mo4TH

IMOJHOC COBIMAACHHUEC C TOYHBIM PECIICHUCM I10 YaCTOTEC, U B CPCAHEM (I/IHTeraHBHoe)

— IO aMIIJIMTYJC.
Bnusiaue TPCHUA IIOCTCIICHHO YMCHBLIIACT aMIUIMTYAYy, HO 06ma>1 KapTHHA

npoiiecca coxpansiercs (cM. puc.6.12).
Ha puc.6.13 mnpencraBneno comnocrtaBienue Gopmyn 1-ro u 2-ro mopsiaka npu

OJIMHAKOBOM BBIOOpE BeCOBBIX KOd(pduiineHToB (6.19).

6.4.2 BnusiHre BpeMEHU U 3aKOHA 3aKPbITUS 3aIBUKKHU.

Ha PUCYHKAX HUKC IIPUBCIACHBI Fpaq)I/IKI/I IMMOBCACHUA NABJICHUSA Y 3aABWIKKHN IJIA

PsIMOTO THUAPABIMYECKOrO ynapa (¢, <27 ) mpu pa3IuyHbIX BpeMeHaX 3aKpbITUS i,

0 JIMHEHHOMY 3aKkoHYy (6.41).

/B,
2

o
G
*
o

[
-
-
-

-

e

- -

-
-

-
-.-.-.-..-.-,--..
-

aE/L

o

YAV

]
puc.6.14 JlaBrieHue y 3aaABUXKKH Tipu £,/T = 0,5 (JIMHEWHOE 3aKPhITHE).
1 — ToyHOE peleHue; 2 — pacyeT no Mmojenu 1-ro mopsiaka (6.20) — (6.21);
3 — pacyet no mojenu 2-ro nopsaka (6.29) — (6.30).
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W3 pucyHKOB BHAHO, YTO Ja)k€ MPU OTHOCUTEIBHO OBICTPOM 3aKpBITUU
3aABWKKU (1,=0,5T) w™moxaenp 2-ro mopsaka (6.29)—(6.30) maer xopoiee
COBMAJICHUE TI0 YACTOTE U B CPEAHEM — M0 aMIUIUTY]IE, UMes 3aBbIIICHHBIC TUKOBBIC
3HA4YEHHsI 0 CPABHEHMIO C TOYHBIM pemeHueM. [Ipu yBenuueHnu BpeMeHu 3aKphIThs
3aIBIOKKM (popMa KPUBOM, PACCUMTAHHOW MO YIPOIIEHHOW MOJEIN 2-T0 MOpsijaKa
OBICTpO TMPHUOIMKAETCA K TOYHOMY pELICHHIO, U Tpu £, = [,5T OTKIOHEHUE He

TOJIBKO B CPETHEM, HO U 110 MAKCUMYMY CTaHOBHUTCSI HE3HAUUTENbHBIM (pUC.6.16).

p/p, 2
3
‘S

I Yy

.,
"
K
bk,
-
-
-
-
-
-
-
-
-

L

-
J"-'

R '/ W S VSN W S ¥ .
0 5 V v V 10 v U at /L

puc.6.15 JlaBnenue y 3aaBWKKY nipu £,/T = 1,0 (JIMHEHHOE 3aKPBITHE).
1 — Tounoe penienue; 2 — pacyeT no mojenu 1-ro nopsiaka (6.20) — (6.21);
3 — pacuet o mojenu 2-ro nopsaka (6.29) — (6.30).
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n}

at,/ L
puc.6.16 JlaBnenue y 3aaBuXKH npu ¢,/T = 1,5 (MuHEHHOE 3aKphITHE).
1 — TouHOE perienue; 2 — pacyeT no mojenu 1-ro mopsaka (6.20) —(6.21);
3 — pacuet o mojenu 2-ro nopsaka (6.29) — (6.30).

Jlnst Gosiee TpaBAOMOAOOHOTO TIAAKOTO 3aKOHA 3aKpPBITUS 3Ta TEHACHITUS

CTaHOBHTCS ele bosiee oueBUIHOM (puc.6.17 — puc.6.18).

VA W
AVARRVARRVARET

puc.6.17. JlaBnenue y 3aaBuxku nipu ¢,/T = 1,0 (rimaakoe 3aKpbITHE).
1 — TouHO€ perienue; 2 — pacyeT no mojenu 1-ro mopsaka (6.20) — (6.21);
3 — pacuet no mojenu 2-ro nopsaka (6.29) — (6.30).
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’

R VAR VAR V A VA7
puc.6.18 JlaBnenue y 3aaBwxku mipu ¢,/T = 1,5 (Tnagkoe 3akpeiThe).
1 — Tounoe penienue; 2 — pacyeT no mojenu 1-ro nopsiaka (6.20) — (6.21);

3 — pacuet no mojenu 2-ro nopsaka (6.29) — (6.30).
/P, 2 1

o S 10 ﬂ.t/L

puc.6.19 JlaBnenue y 3aABWXKH npu £,/T = 2,3 (T1aKOe 3aKpbITHE).
I — Tounoe petienue; 2 — pacyeT no mojenu 1-ro nmopsiaka (6.20) — (6.21);
3 — pacyet no mojenu 2-ro nopsaka (6.29) — (6.30).
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pP/p,

at/L
puc.6.20 JlaBnenue y 3aABWXKY 1pH £, /T = 3,5 (TuHEHHOE 3aKpPBITHE).
1 — Tounoe pewenue (pacuer Ha OBM);

2 — pacuert o mojaenu 1-ro nmopsiaka (6.20) — (6.21);
3 — pacuet o mojenu 2-ro nopsaka (6.29) — (6.30).

p/p,

1.5 |

at/L
puc.6.21 JlaBnenue y 3aABWXKH npu £,/T = 3,5 (r1ankoe 3akpbITHE).
1 — Tounoe pewmenue (pacuer Ha OBM);

2 — pacuer o mozenu 1-ro nopsiaka (6.20) — (6.21);
3 — pacyet no mojenu 2-ro nopsaka (6.29) — (6.30).

6.4.3 I'mapaBianyecKuil yaap B HAMOPHOM JIMHUM LIEHTPOOEKHOTO Hacoca.

PaccmoTpuM OCTaTOYHO TUMUYHYIO CUTYAIMIO PaOOTHI IEHTPOOEKHOTO HAacoca Ha
HanopHbI Tpybonposoj. Cxema TpyOompoBoa mpeacTaBieHa Ha puc.6.7; B Hadasie
TpyOompoBoga (x=(0) pacmojio’)keH LEHTPOOEXKHBIII HAcoC ¢ HHCMAJAIoNIeH

XapaKTEPUCTUKOM, KOTOPYK OyIdeM 3ajJaBaTh YIPOILIEHHO B BHJE HUCXOIAUIEH
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JUHEMHON 3aBUCHUMOCTU. B koHie TpyOompoBoaa (x=L) pacmosio’keHa 3aBHXKKa,
3aKpBIBAIOIASCS 110 3aKOHAM, OITMCAHHBIM B IPEBIIYIIEM ITyHKTE.
Hwxe mpencraBieHsl pe3yibTaThl pacue€ToB ISl Pa3IMYHbBIX 3aKOHOB 3aKPBITHS

3aJBUXXKH.

p/p,

o Gl

puc.6.22. JlaBnenue y 3aaBuxku npu A=0 (MrHOBEHHOE 3aKphITHE).
1 — To4HOE pelIeHre Mo MOEIHU C pacipeie]ICHHBIMU MTapaMeTPaMH;
2 — pacyer 1o MOJIEIH C COCPEAOTOUYEHHbIMU NTapameTpamHu (6.17) — (6.18) mpu
«CHMMETPHUYHBIX» BECOBBIX Koa(pduunentax (6.19);
3 — pacyeT no MOJIesii ¢ COCPeAOTOYEHHbIMU MapameTpamu (6.17) — (6.18) npu
«CTICTIMATBHOM» BBIOOPE BECOBBIX KOAhuimeHToB (6.47).
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puc.6.23. [laBnenue y 3aABHKKH pU A=0 (MIHOBEHHOE 3aKPBITHUE).
1 — TOYHOE pelIeHue o MOENH C pacipeieIEHHBIMU MapaMeTpaMu;
2 — pacyer 1o MOJIeNIA 1-To Mmopsijka ¢ COCpe0TOUeHHBIMU TapameTpamMu (6.17) —
(6.18) npu «cUMMETPUIHBIX» BeCOBBIX Koadunnertax (6.19);
3 — pacyeT 1o MoJIeNIu 2-TO MOPSAKA C COCPEOTOUCHHBIMU napameTpamu (6.31) —
(6.32).
p/p,

2.0

°© T e gy

puc.6.24 JlaBnenue y 3aaBuxku npu t,/T = 0,5 (rmagkoe 3aKpeITHE).
1 — ToYHOE pelIeHne MO0 MOEIHU C paclpeie]ICHHBIMU MTapaMeTPaMHU;
2 — pacyeT 1o MOJICNIU ¢ COCPEOTOUCHHBIMU MapameTpamu (6.17) — (6.18) npu
«CUMMETPUYHBIX» BECOBBIX KO3 uimenrtax (6.19);
3 — pacyeT o MOJIeJii ¢ COCPEAOTOYEHHbIMU apameTpamu (6.17) — (6.18) npu
«CTIeTIMATBHOMY BBIOOPE BECOBBIX KOAhuimeHToB (6.47).
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p/p,

2.0 ]

5 T T T T .5 T T T T I.'I.D

at/L
puc.6.25 JlaBnenue y 3aaBwxku mipu ¢,/T = 0,5 (Tmagkoe 3akpeiTHE).
1 — Tounoe penienue; 2 — pacyeT no mojenu 1-ro nopsiaka (6.20) — (6.21);
3 — pacuet o mojenu 2-ro nopsaka (6.29) — (6.30).

° s ey

puc.6.26 JlaBnenue y 3aABYOKKHU nipu £, /T =2,2.
1 — pacuer Ha OBM no Mozenu ¢ pacnpeaeneHHbIMU TapaMeTpaMu;
2 —pacyer o MOJIENH C COCPEAOTOUEHHbIMHU MTapameTpamiu (6.17) — (6.18) nmpu
«CHUMMETPHUYHBIX» BECOBBIX KO3 punnentax (6.19);
3 — pacyeT mo MoJIesii ¢ COCPEAOTOYEHHbIMU MapaMmeTpamu (6.17) — (6.18) npu
«CTEeUaIbHOMY BBIOOpPE BECOBBIX KOAPDUITEHTOB (6.47).
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o I I I I I5 I I I I I.'I.D I I I Iath
puc.6.27 JlaBnenue y 3aABWOKKH nipu £, /T =2,2.
1 — Tounoe pewmenue (pacuer Ha OBM);
2 — pacuert o mojaenu 1-ro nmopsiaka (6.20) — (6.21);
3 — pacuet no mojenu 2-ro nopsaka (6.29) — (6.30).

Takum 00pa3om, pe3yibTaThl PacdyeToOB IMOKA3bIBAIOT, YTO B JAHHOM Cllydae
MIPUMEHEHUE MOJICTTH C COCPEAOTOYCHHBIMU MapaMeTpaMu JaeT emie 0osee OMu3Kuii
pe3ynbTaTa K «TOYHOW» MOJENHU, BBUAY AEMII(UPYIOIIEr0 CBOMCTBA HArPYKEHHOTO

Hacoca.

6.4.4 Vcreuenue XUIKOCTH U3 TPYOOIIPOBOIA

PaccMoTpum ucTedeHrne U3 ONpeccoBaHHOTO TpyOonpoBoAa (cM. puc.6.28)
|

(: > (i) n—>

|
0 'L x

puc.6.28. Cxema UCTEUEHUS.

Ha neBom koHIie (x =(0) 3a1aHO MOCTOSIHHOE JIaBJICHUE P,

po(t)=p,, (6.49)

a MpaBbIi KOHEII (X = L) MTHOBEHHO coeAnHsIETCs ¢ aTMocdepoit ipu ¢ = 0):

D, ,ecmn t<0;
t)= )
pL( ) {pamu ,ecma t> 0. (6.50)



158

B nauyanpHblli MOMEHT BpeMeHU (¢ = ()) XKUIKOCTb MOKOUTCA IMOJ JaBICHUEM
OTPECCOBKH P,

p0)=p,. 0,0)=0,=0. (6.51)

B sTom ciiydae Mojenb MepBOro Mopsiika JaeT CPEAHIO JIMHUIO Ipoliecca
(cM.), a Mozenb 2-ro MOpsJKa yJIaBIMBAeT AaXKe HEKOTOpble KoJieOaHus; U Ta, U

Apyraia MOACIIb XOPOHIO OIIMChIBAKOT ACHMIITOTUKY IIpoHecca MW B CPCAHCM

napaMeTpbl UCTCUCHUS.

eavV/p,

et /L

o 3 10
puc.6.29 CxkopocTh ucTeYeHUE U3 TPYOOTIPOBO/IA.
1 — Tounoe pemienue (pacyet Ha DBM);
2 — pacuert o mojaenu 1-ro nmopsiaka (6.20) — (6.21);
3 — pacuet no mojienu 2-ro nopsaka (6.29) — (6.30).

6.4.5 ComnocTaBiieHUE HEIMHEMHOW U YIIPOILIEHHON MOJIeJIE BTOPOTO MOPAIKa

Cornocrabiienre HenuHeHoW moxaemu (6.31)—(6.33) u nuHeWHOM (YNpOIIEHHOM)
mozenu (6.38) — (6.39) Broporo nopsijika npeactaBieHo Ha puc.6.30 — puc.6.34.

Ha »Tux pucynkax mo ocu opAHHAT OTJIOXKEHO Oe3pa3MEPHOE NABICHUE P/Pou, &
1o ocu abciuce — 6e3pazmMepHoe Bpems at/L.

[Tpu pacuerax HpPAMOTO THUAPABIMYECKOIO yJapa C MTCHOBEHHBIM 3aKPBITUEM
3aABMKKH (cM. puc.6.30) npeneOpexeHrne HeIMHEHHBIM cliaraeMbIM (6.33) BbI3bIBAET
OoJee MeUIEHHOE 3aTyXaHWE OCUWUIALMM MO CPAaBHEHHUIO C HETMHEHHON MOJEIbIO,
YTO BIIOJIHE OOBSACHHUMO, T.K. OTOPOILEHHBIM HEIMHEHHBIN UJIEH MOSBWICA IPH

mudpepeHIpoBaHUY CIaraeéMoro rnoTepb Ha TPEHUE B UCXOJHBIX YPABHEHUSX.



159

7
——
Py
-‘- A
by
L 3
-

——

-
L 3
-

[{t]
[ —— ]
—— ]
oAt %
g
el 1 1

]
L
H

-
o

-
-

-y

LR

[
»—
figa——
—
——— 4
——
k| —i
——
 —ey

3 4

- =
-

AN
|
¢=[r:
l
|'
al

]| [
o ** A i
_ A . ' nm o |;
o -:: 5 ! ',.I Y ::t
] lE y ! s LN
vy O LAy :l [
L] s A :| l: L)
M II ! lI ::
LI t‘: '.: n
', ¥ Y
%

puc.6.30 JlaBneHue B MpocTOM TPyOOIPOBO/IE TPH MTHOBEHHOM 3aKPBITHU
3aJIBUKKH.
1 — pacuet o moxenu 2-ro nopsiaka (6.31) — (6.32);
2 — pacyer 1o JIMHeapu30BaHHOW Mojiesn BToporo nopsiaka (6.38) — (6.39);
3 — rouHoe pemerne (pacuet Ha DBM mo monenu ¢ pacnpeaenaeHHbIMA
napamMeTpaMH).

o T T T T |5 T T T T |1u

tine

puc.6.31 [laBneHue B mIpoCTOM TPYOOMPOBOAE MPHU HEMTHOBEHHOM 3aKPBITHH
3aaBuKKH (1,/T = 0,8). O003HaUCHUS TE KeE.
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1] i i0 time

puc.6.32 JlapneHue B mpocToM TpyOOIPOBOIE MPH HEMIPSMOM THAPABINYECKOM
yaape (BpeMsi 3aKpbITHH 33aJBUXKKU 1,/T = 2.4).
O003HaueHUs T€ Ke.

B cnywae ruapaBmumyeckoro yaapa B TpyOOIpOBOAE, HarpyXaemMom
IIEHTPOOEIKHBIM HACOCOM (CM. BBIIIIE), AK€ MPU MTHOBEHHOM 3aKPBITHH 3a/IBHKKH,
HEIMHEWHAasT W JIMHEeapU30BaHHAS MOJENU AT TMPAKTUYECKH COBIAJAIOINIA
pE3YIbTAT U B 1IEJIOM XOPOILO OMUCKHIBAIOT Mpoliecc (cM. puc.6.32).

Ha puc.6.34 mpexncraBineHbl pe3yiabTaThl pacdyera 3afadd 00 HMCTEYCHUU (CM.
puc.6.28), Tae mo ocu OpJIMHAT OTIIOKEHA Oe3pa3sMepHasi CKOPOCTh, a OCH abCIUCC —
oe3pasmepHoe Bpems at/L. B stom cimydae o0e Momenu MarOT MPaKTUYECKH

HCOTINYUMBIC PC3YJIbTAThI.
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1] o 10

time

puc.6.33 JlaBieHue npu rUAPABINYECKOM yIape B TPOCTOM TPyOOTPOBO/E,
MUTAaeMOM HEHTPOOEKHBIM HacocoM. OO03HAYECHHUS TE KeE.

tine

puc.6.34 CkopocTh UCTEUEHHUS U3 HAIIOPHOTO TPYOOIpoBOIa.
1 — pacuet o moxenu 2-ro nopsiaka (6.31) — (6.32);
2 — pacyer 1o JIMHeapu30BaHHOW Mojiesin BToporo nopsiaka (6.38) — (6.39);
3 — TOUHOE peleHue (pacyeT Mo MOENHU C pacipe/ieICHHBIMU MapaMeTpaMu).

Takum oOpa3oM, B Tex ciydasX, KOrja MPUMEHEHHE MOJeIe C
COCpPEOTOUYEHHBIMU MapaMeTpaMy OIpaBAaHO (T.e. JUIsl THIPAaBIMYECKUX YIapOB

cpenHel U cnaboi MHTEHCUBHOCTH M JUISI IPYTHX BUOB HEMHTEHCUBHBIX TECUECHUN),
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JMHEapu30BaHHAsT Mojenb 2-ro  mnopsaaka (6.38) —(6.39) maer a0CTAaTO4YHO
aJIeKBaTHBIE PE3yJIbTaThI.

3anynenue R B ypaBHeHusx (6.31) —(6.32) ocnabinser 3aTyxaHue OCIMIISAINH,
YTO TOBOPUT O TOM, YTO OTOpaChIBa€MbIii HEJIMHEHHBIN YJIEH OTBEYAET 3a 3aTyXaHHe
BBICOKOYACTOTHBIX OCHMUIALIMKN, 1 MOKHO TpakToBaTh KodhduimeHt R (cMm. (6.33))
KaK K03()(PUIIMEHT YaCTOTHOTO TPEHHUSI.

OpHako 1Mo Mepe CHKEHUS] MHTEHCUBHOCTH THIPABIMYECKOTO yaapa Aaxe JUis
npsIMOr0 THApaBiIMYecKoro yaapa ¢ t/T=0,8 (cm. puc.6.31), roe ¢, — Bpems
3aKpBITUS  3aJBWKKH, pa3IMuUsl MEXAY HEIMHEMHOM M JIMHEAPU3UPOBAHHOU
MOJICJISIMUA CTJIQKUBAIOTCSI, 1 00€ OMUCHIBAIOT HECTAIIMOHAPHBIN Mpolnecc Bce Ooee
TouHO. 71 HEempsAMOro THAPABIMYECKOTO yaapa 00e MOJeaH AT MPaKTHYECKH

COBHaI[aIOH_II/Iﬁ PE3YyJbTAaT U U XOPOIIO OIIMCBIBAIOT HCCTaHI/IOHapHBIfI Imponecce (CM.

puc.6.32).

6.5. Cnoxknas TpyOorpoBoHas cucrema. [Iporeaypa sKkBHUBaleHTU3ALINY.
PaccMoTpuM crnoknyio TpyOompoBoaHyio cuctemy /. 3ajada >KBUBaJCHTHU3AIUH
COCTOHUT B TOM, YTOOBI 3aMEHUTh YaCTh ATON CUCTEMBI /; C [ HEKOTOPBHIM Y3JIOM C
HKBUBAJICHTHBIMM XapaKTepUCTUKaMH. Takum oOpaszoMm, mnojacucrema [, JUis
ONMCaHUsI KOTOPOM NPHUMEHSIOTCS KaK MOJENH C paclpeAesieHHbBIMU MapamMeTpamu
(mns TpyO), TaK U MOJEIH C COCPEIOTOUCHHBIMH TapaMeTpaMmu (IU1sl y3710B), OyaeT
OMUCHIBATHCS OOJIEE MPOCTON MOJIEIBIO C COCPETOTOUYEHHBIMU MapaMeTPaAMHU.
[IepBblii 1mar HKBUBAJICHTHU3AllMM COCTOMT B 3amMeHe i [; MoHeneu ¢
pacnpe/ielieHHbIMU MTapaMeTpaMu, OMUCHIBAIOIIUX T€YEHUs! B TpyOompoBojax /;, Ha
MOJIEH C COCPEIOTOUEHHBIMU NTAPAMETPAMHU COTJIACHO METOAUKE, ONMCAHHOW BBIIIIE.
[TycTb n — uncno TpyO, a m — YUCIO Y3JI0B, BXOASIIMNX B / j; COOTBETCTBEHHO, i},
i .., i, — HOMepa TpyO W j; j», ..., j» — HOMeEpa y3ioB, Bxoasumx B /. Torma
(GYHKIIMOHUPOBAHHUE YacTU TPYyOONPOBOAHOM ceTu /; OyJaeT ONMUCHIBATHCS CUCTEMOMN

u3 2xn nuddepeHIHaTbHBIX YPaBHEHUH B YaCTHBIX NPOU3BOAHBIX U, B OOIIEM
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b
3

clIy4ae, CUCTEMOM M3 (r«f +17 ) anreOpanvecknx U OOBIKHOBEHHBIX YpaBHEHUH, TIie
=1

bl

r’ = |R/| — umcno TpyO, MPUMBIKAOIIUX K Y31y j, I/ — 4HMCIO COOCTBEHHBIX
napaMeTpoB y37a j. Eciu jke s onucaHus MpoIeccoB B TpyOax OyayT IPUMEHSITHCS

MOJIEIA C COCPEAOTOYCHHBIMH TIapaMmeTpamu, TO (yHKIuonupoBanue [/, Oymer

k=m
OMHCHIBATHCS CMEIIAHHOW CHUCTEMOW W3 77n+2(r] +lf) anreOpanvecknx Hu
k=1

OOBIKHOBEHHBIX YpPaBHEHUW, TJE€ 7] 3aBUCUT OT TPUMEHSEMBIX MOJENeH is
OJIMHOYHOU TPYOBI: 17 = 2 mnsa mojenei (6.8) —(6.9) u (6.31)—(6.32), n = 3 nus
Mojenei (6.22) — (6.24), u T.x.

Takum o6pa3zoM, GyHKIIMOHUPOBaAHUE TPYOONPOBOIHON MOJACUCTEMBI /; OyaeT
OTMCHIBATHCSI TOJBKO OOBIKHOBEHHBIMH JU((PEepeHIINATbHBIMU  YPABHCHUSIMU |
anreOpanvdecKuM  ypaBHEHUSIMHU, [UIsl PEIICHUS KOTOPBIX TpeOyeTcs MeHbIee
KOJIMYECTBO BBIYMCIUTEIBHBIX PECYPCOB IO CPABHEHHIO C YPABHEHUSIMU B YaCTHBIX
IPOU3BOTHBIX.

Bropoii miar sKkBUBaJeHTHU3AlMM OCHOBAaH HA TOM, YTO B HEKOTOPBIX CIIydasx
omucanre (yHKIIMOHUPOBAHUS TPYOOIPOBOJHON TOJICUCTEMBI /; MOKHO CBEPHYTH
710 OJTHOM MOJIENIN C COCPEOTOUECHHBIMU TTapaMeTPaMH.

Omnpenenenve. BHyTpeHHUME y37aMU TIOJCUCTEMBI /; OYIyT HA3BIBATHCS Y3IIbI
BaJICHTHOCTH HE HWXKE 2, I KOTOPHIX BCE HHIMJICHTHBIE TPYOBI MpHUHAIJIEKAT
noacucteme /. Bece octanbhbie y3mbl /; OynyT Ha3bIBaThCSI TPAHUYHBIMH.

JlormycTM, BHYTpEHHHUE Y37bI, BXOIsIMe B [, TIpencTaBiseT coOoi
coennHEeHHE TpyO Oe3 yreuek, omucbiBaemoe ypaBHeHusmu (3.4) —(3.5), a TpyOs
OIMHCHIBAIOTCS MOJCIIBIO C COCPEOTOYCHHBIMU Napamerpami (6.1), (6.4) wiu, 9To TO
xKe camoe, (6.8) — (6.9). Otmetum, uto mojensb (6.1), (6.4) sBasercs 6a30BON Kak JJist
Mojeneld 1-ro mopsaka, Tak W JUIsl MOJENEW 2-r0 TOpSaKa, B 3aBUCUMOCTH OT

croco0a anmpoKCUMaIuu CpeaHUX BeauduH (6.5).



164

[Ipouenypa 1.

PaccMoTpum mocenoBaTebHOE COeIMHEHUE IBYX TpYO 0e3 yTeuek (puc.6.35, a).

L = DO
a) 0)

puc.6.35. Cxema 3KBUBaJICHTU3AIIMU MTOCIEIOBATEIBLHOIO COEIMHEHUS TPYO.

HomnyctuMm, y3en j npeacTtaBiser coO0il MOCIeI0BaTENbHOE COEIUHEHUE TPYO
0e3 yreuek. Ilycts TpyObl 1 W 2 ONKMCHIBAIOTCS MOJAENBIO C COCPEAOTOUYECHHBIMU
napametrpamu 1-ro nopsjka (6.8) — (6.9).

CknagpiBast ypaBHeHusi (6.8), 3amMcaHHble i1 KaXA0ro TpyOompoBoaa H

YUHTBIBASI YCIOBUS conpsbkeHus (3.5), umeem

dp., dp.,
CH,I 71 + CH,2 72 = Qo,1 - QL,2

OHpCI[GJIHSI CpE€AHCC 3HAUYCHUC JABJICHUA KaK

CyiPuy +Cyabis
P =" — (6.52)
CH,l +CH,2

MoJiy4aeM, 4TO JJisi SKBUBAJIEHTHOTO ydacTka (puc.6.35, 6) Taxxke CIpaBeIJIMBO
ypaBHeHUE BUA (6.8), C SKBUBAJIEHTHON XapakTepucTukoit (6.3) («ruapaBIndecKon
EMKOCTBIO»):
Cp'=Cy,+Cyy. (6.53)
AHaJIOTUYHO, CKJIaJbIBasg ypaBHeHUS (6.9), 3anmucaHHbIe JUIsl KaKIO0ro y4acTka,

U YYUTBIBas yclIoBUs conpsikeHus (3.4), moimyyaem

do, do,
Ly, 71 +Ly, 72 =Py~ Pyt pg(ZO,l —Zip )_ p(Llafr,l + L2afr,2 )

Ompenensis cpeiHee 3HAUEHUE Pacxo/ia KakK

— LH,IQ*,I +LH,2Q*,2
LH,I +LH,2

0.

U Cpe/IHee YCKOPEHHE TPEHUs KaK

q. = Llafr,l + LZafr,Z
u L+L,

(6.54)
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MoJIy4aeM, 4TO JJisi SKBHBAJICHTHOTO ydacTka (puc.6.35, 6) Takxke CIpaBeIMBO
ypaBHeHue Buaa (6.9), ¢ HKBUBAJICHTHOW XapaKTEPUCTUKON «THApPABIMYECKAS
WHJYKTUBHOCTBY (6.7):
9K6
Ly =Ly,+Ly,. (6.55)
Hcrnonb3yst TMOHSATHE CONPOTHUBJICHHUS TpyOompoBoAa S, ypaBHEHHE IS

SKBUBAJICHTHOTO Y4acTKa C XapaKTepUCTUKOH (6.55) MOKHO MPEJICTaBUTh U B BUJE

(6.9), roe
S‘Q‘Q = SI‘QI‘QI + Sz‘Qz‘Qz .

B cnyudae ctaunonapuoro pexxuma umeeM Q, =0=0, =0, u

Sl‘Ql‘Ql = SI‘QI‘QI s Sz‘Qz‘Qz = SZ‘QZ‘Q29 (6-56)
TOraa

sidlo =s|ojo (6.57)
rIe

S=5+5,. (6.58)

CootHorienne  (6.55) MOXeT CAYXKHTb Ui Haxoxaenuss S™° s

9KBUBAJICHTHOI'O yHacCTKa.

[Ipouenypa 2.

Paccmotpum napannenpHOE coeTMHEHNE NBYX TpyO (puc.6.36, a).

@ @

2
a) 6)

puc.6.36 Cxema SKBUBAJICHTU3AINH MMAPAJUICITLHOTO COSTUHEHHUSI TPYO.

CknagpiBast ypaBHeHusi (6.8), 3ammcaHHble i1 KaXA0ro TpyOompoBoxa H
yuuThIBast, 4To Oy = Qy; + Qpou O = Q1 + 012, Ioaydaem

dp*,]

C
U gy

dp.
+CH,2 #:Qo _QL-
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Onpenensiss cpeiaHee 3HA4YeHUE MAaBieHus 1o (6.52), momydaem, 4YTO MJis
AKBUBAJICHTHOT'O y4acTka (puc.6.36, 6) Takxke crpaBeIMBO ypaBHeHUE Buaa (6.8), C
HKBUBAJICHTHOM XapaKTepUCTUKOM (6.53).

AHaJIOTUYHO, CKJIaJbIBasg ypaBHeHUs (6.9), 3anmucaHHbIe JUIsl KaKI0ro y4acTka,
U YYHUTBIBas, YTO TPyOOmpoBoJbl / U 2 MMEIOT OOIIMU Mepernaji HalmopoB MEXKIY

TOYKaMH a U b, ojiydaeM

do,, do,, 1 1 La,, Ly,
—+ — = + : -p,+ Zo— 2z, )|— P —+ — .
a a o\t [Py =P, +pelzy—2,)]-p Lot

Cuwras, 9To

Q* = Q*,l + Q*,z (659)

MoJly4aeM, 4TO JJisi SKBUBAJIEHTHOTO ydacTka (puc.6.36, 6) Takxke CIpaBeIJIMBO

ypaBHeHue Buaa (6.9), ¢ 3KBUBaJIEHTHON XapaKTEPUCTUKOM:

-1
L, -L
Ly :[L_,_ 1 J =M H2 (6.60)
LH,I LH,Z LH,I +LH,2
IIpH OTOM cCJIara€Mo€ TpCHHA OIIPEACIACTCA KaK
-1
La,, +La, 1 1
L*a, = 141 T e " (6.61)
4 Lyy+Ly, \Lyy Ly,

Hcnonp3yss MOHSATHE COMPOTUBIEHUS TpyOOImpoBoAa S, ypaBHEHHE IS

HKBUBAJICHTHOI'O y4acTKa C XapakTepucTtukou (6.60) MOXKHO MpPEICTABUTh U B BUJIE

(6.9), rne

LH,2 SI‘QI‘QI + LH,I Sz‘Qz‘Qz
LH,l +LH,2 '

Slolo=

(6.62)

B cinywae crammonapHoro pexuma mmeeM O, =0=0, +0,, U CHpPaBEIIUBO
(6.56) — (6.57), Torna
Sl 'Sz

S :W. (6.63)

CootHomienne  (6.63) MOXeT CAYXKHTb Ui Haxoxaenuss S™° s

9KBUBAJICHTHOI'O yHacCTKa.
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Takum oOpa3om, KOMOMHHpYS omepauud | U 2, MOXHO YIPOCTUTH
TpyOONIPOBOJHYIO CHUCTEMY, TIONydass Ha KaKJOM Iare YIPOIIEHUS MOJICIb C
COCpeloTOYeHHBIMU MmapameTpamMu Buma (6.8) —(6.9), xo3pdUIMEHTH KOTOPOit
MOCJICTIOBATEIHHO ONpeaessitoTcs mo hopmynam (6.53) u (6.55) umm (6.60).

Jlis  OKOHYATENBHOTO 3aMBIKAHUSI MOJIEIM HaJI0 BBIOPATh TOIXOMISIIYIO

UHTEPHIPETALUIO CPETHUX BEIUUUH Ps U O .

6.6. DKBUBANICHTH3AIMS YaCTU CUCTEMbI TEXHOJIOTHYECKUX TpyOomnpoBogoB ADC.
Cucrema TexHonoruyeckux TpyoOompoBonoB ADC mpencraBieHa Ha puc. 5.9. Ona
NpEeACTaBIsgeT co00i 22 pa3gaTOUHBIX KOJIJIEKTOpa, MPUCOEAMHEHHBIX K OOLIEMY
HAIlOpHOMY KOJIEKTOpY. OT KaXIoro pas3fgaroyHoro KoJUIEKTopa Bojga mo 45
BOASHBIM TpyOOINpoBOAaM mMojaercs K pabodeil 30He. PaccMoTpuMm B KaudecTBe
MOJICUCTEMBI /; OJTHY BETBb, COCTOSIIIYIO U3 Pa3laTOYHOTO KOJUIEKTOPA C BOJSHBIMU
TpyOOTIpOBOAaAMHU.

Ha xoHIIEBBIX y371ax BOJSHBIX TPYyOONpPOBOIOB (MOAXOMAUINX K paboueil 30He
peakTopa) 3aJaHO MOCTOSIHHOE JaBJCHUE p,,. OcTalibHble Y3I1bl [ TMPEaCTaBISIOT
coboii coenuaenus Tpyo 6e3 yreuek (3.4) — (3.5).

[Ipouenypa HSKBUBAJIEHTHU3AIMM  HAYMHAETCS C  «BUCAYUX»  BOJSHBIX
TpyOOINIPOBOJOB, HA4yMHAs C CaMOMl «JallbHEW», KOTOpas 3aMEHAIOTCS OIHHUM
Y4aCTKOM B COOTBETCTBUU C MPOLEIYpOH 2 , 3aT€M 3TOT Y4acTOK U TPyOONpPOBOJ
3aMEHSIOTCS. OJTHAM SKBUBAJIEHTHBIM YYaCTKOM I10 Mporeaype 1, 3aTeM 3TOT y4acToK
U TPYOOITPOBOJ] 3aMEHSIOTCS OJHOM SKBHUBAJICHTHBIM YYaCTKOM COTJIACHO MPOILEAYpPE
2, ¥ T.J., KaK MPEJICTaBIEHO Ha puc.6.35 — puc.6.36.

B pesynbTare Bcs nojcuctema [/ (BETBb) OyAET HEKOTOPHIM y3JIoM Buja (6.8) —
(6.9) ¢ SKBUBaJNIEHTHBIMH XapaKTEPUCTUKAMHU

i a®—0-0,

0 p p 0 (6.64)
Lo | p-2 (1= )2 | = p p, + pgz = 5"[0]0,
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rae C™ — ko2 GUIMEHT YIPYrOCTH TPyOOIPOBOIHON TTOJACHCTEMBI, MOACYATAHHBIN
o ¢opmynam (6.53) B cooTBeTCTBUM ¢ mpouexypamu 1 - 2; L7 — ko3pduIHeHT,
XapaKTepU3yIOIIUA WHEPIIMOHHBIE CBOWCTBA IOJCHCTEMBI, MOJCYUTAHHBIA TIO
dopmyrnam (6.55) wm (6.60); a, f — BecoBble KOAPGUIUEHTHI; S°™ — 0000IIEHHOE
COTIPOTUBIIEHUE TPYOOIPOBOJHONW CHCTEMBI, XapaKTEPU3YIOIIUN MOTEPU Ha TPEHUE,
nocyuTanHoe 1o dopmynam (6.58) u (6.63).

3necb O M p — COOTBETCTBEHHO, PACXOJl U JaBlieHUE B y3ie; (J, — CyMMapHbIii

pacxox Mo BceM Tpy6am B /; p. — CpeaHee AaBieHHe Ha KOHLax tpy6 B /7, Az —

CpCaHsaAa PasHOCTL BEPTUKAJIBHBIX OTMCTOK.

11,0_ P, MPa

10,0

I I I I I
0 0,1 0,2 0.3 0.4 05 ts
puc.6.37. JlaBieHHE B CUCTEMbI TEXHOJIOTHYECKUX TpyoornpoBo10B ADC.
ConocTaBieHle pacyeToB Mo MOJHOU (KpuBas 1)
U YIPOILIEHHON MOJIesIM (KpuBas 2).

Ha puc.6.37 npuBeneHO COMOCTABICHUE PE3yJbTATOB pacuera IO MOJHOU
MOJIETM W  COOTBETCTBYIONICH  YIPOIIEHHONH MOJENH, KOTOpOE IOKa3ajo

pacxoxaenue 0,5% — 0,9%.

6.7. CrienuanabHbIN UCTIBITATEILHBIN CTEH («TpyOa B TpyOe»)

PaCCManI/IBaeTC}I BApHUAHT MaT€MaTHYCCKOI'O MOICIIMPOBAHUA MNEPEXOAHBIX

r'maApOINHAMHUYCCKUX IIPpOUCCCOB, BO3HHKAIOIIUX B CHCHI/IaJIBHOﬁ HCIBITaTEIILHOM
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KOHCTPYKLMH, KOIJla BO3MO>KHOCTH YHPOLIEHUS OCHOBHBIX YpPaBHEHHI anmpHOPHO
npeaonpeaensaoTces GU3NKON NPOTEKAOIINX B TUAPOCUCTEME SIBIICHUM.

PaccmoTrpum rugpocucteMy, COCTOSIIIYIO U3 BHEIIHETO KPYroBOro HWjmHApa 1,
OTPaHMYEHHOTO MO TOopuaM mnodychepamMu, U KOAKCHAIBHO PAaCHOJIOKEHHOTO
BHYTPEHHETO IWJIUHJpa2 C T[UIOCKUMH OCHOBaHUSMH, OJHO U3 KOTOPBIX
IPUCOEINHEHO K COOTBETCTBYIOLIEH moiycdepe BHEIIHEro cocyla MNEepeXOTHOM

TpyOoii 3 (cM. puc.6.38)

Dpio

D20

puc.6.38 CneunanbHasi TUAPABINYECKAs] CUCTEMA.

CucrteMa HaxXOQUTCA TMOJ TOCTOSIHHBIM BHEIIHUM JABICHUEM Py = Pamu-
[IpocTpaHCcTBO MEXTy BHEIIHEW W BHYTPEHHEW 000J0YKaMU 3aMOJIHEHO >KUIKOCTHIO
MOJI BBICOKMM JIaBJIEHUEM p;o. BO BHYTpEHHEM cocyle M MepexoJHON Tpyoe
HAaXOJUTCS KUIKOCTh MOJ JAaBICHUEM D5, KOTOPOE MOKHO CUUTATh PABHBIM Py

PaccmoTpuM ruApOIMHAMUYECKHIN MPOLECC, BO3HUKAIOIINMKN MPU pa3pyLICHUH
nepexoaHou TpyObl B ceueHUU A U BOCCOEAMHEHUH MOJIOCTEH BBICOKOTO M HU3KOTO
JIaBJICHUW, COMPOBOXAAKIIMNCA NEPETEKAHUEM XUJIKOCTA W3 OJHOM IIOJOCTU B
JIPYTYIO.

OnHUM U3 OCHOBHBIX BOIPOCOB, MOJICXKAIIMX W3YUYEHHIO, SIBJSIETCSI BOMPOC O
BO3MOXKHOCTH B TIPOIIECCE BO3HUKAIONIMX KOJECOAHWI TPEBBINMICHUS [aBJIICHUS B

TrHApPpOCUCTEME Had HAYaJIbHBIM U O MAaKCUMAaJIbHOM 3HAYCHHH 3TOT'O IIPCBLIINICHMA.
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6.7.1 TlocTaHoBKa 3aJja4M B paMKax TE€OPUHU FUAPABINYECKOTO yapa
PaccmoTpuM BO3HUKAIONIMIT HECTALMOHAPHBIM MpOILIECC C TO3UIUMU OJHOMEPHBIX

YpaBHEHUN TEOPUH THAPABINUYECKOTO yAapa B CHCTEME HAIOPHBIX TPYOOIIPOBOIOB.

|
' N
!

L/

N

-
-

A

i

i
A
T

puc.6.39 Cxematuszanus CieMaIbHON TUAPABINYECKON CUCTEMBbI
B BHJIE TIOCJIEIOBATEIBHO COCTUHEHHBIX TPYO.
CxeMatu3upyeM THIPOCHCTEMY, H300paKEHHYI0 Ha puc.6.38, B BHUAE Tpex

MOCJIEA0BATEILHO COCIMHEHHBIX KPYIJIBIX TPYO, Kak Mmoka3zaHo Ha puc.6.39. Camas
JeBas W3 WX 2 WMEET pa3Mepbl BHYTPEHHErO IMWIMHIPA, CpPemHsisi 3 - pa3Mepsl
NepexoTHOM TpyObl, a camas mpaBas [ WMeeT IUIOIIAAb IMONEPEYHOrO0 CEUCHHS,
pPaBHYIO IUIOMIAIN KOJBIIEBOTO 3a30pa MEXITY BHYTPEHHUM M BHEITHUM IHJIMHIPAMHU
UCXOJHOU Tuapocuctembl (@;) wu amuny L; = W;/w;, tne W; — 0o0BeM BOJIBbI,
3aKJTFOYCHHOM MEXKTy BHYTPEHHUM U BHEIITHUM IUJIUHIPAMH.

CKOpOCTh pacnpocTpaHEHHUsI BOJIHBI THAPABIMYECKOTO yJapa a BO BCeX Tpyodax
cuctembl Oynem ompenensite no dopmyne H.E. XXykosckoro (2.19) nns
TOHKOCTEHHBIX TPYO KPYTJOr0 CEUCHHSI.

Torna uccienoBanne HECTAIMOHAPHBIX MPOIECCOB B THAPOCUCTEME CBEIIETCS K
pPELIEHUIO CHCTEMBbI YpaBHEHHI rujpaBiuyeckoro yaapa (2.43)—(2.44) (ungekc i

JUTSI IPOCTOTHI OITYIIEH )

2
op  pa 00 _ 0 (6.65)
ot o O0x
yl
8_Q+28_p:f5—&—ga)d—z, (6.66)

ot p Ox ARw dx
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ONPENICIICHHBIX Ha KaXJOM I-TOM YYacTKe pacueTHOU cxemsl puc.6.39 (i=1,2,3), npu
COOTBETCTBYIOIIUX HAYATHHBIX U TPAHUIHBIX YCIOBHSX.
3necs p=p(x,t) - napnenue, Q=0(x,t) - pacxoa, A - KO3DPUIHUEHT TPEHUS O

cTeHku [3], z=z(x) - BepTUKaJIbHast OTMETKA OCU TPYOHI (B JaHHOU 3a/1aue z =const ).

6.7.2 I'paHUYHBIE YCIOBUS U YCIOBUS CONPSHKEHUS

['pannyHbBIE yCIIOBHS 3aJ]a€M B CIIEAYIOIIEM BHJIE: HA JIEBOM KOHIIE MEPBOM TPYyObI U
IIPaBOM KOHIIE BTOPOM TPYOBI CTaBUM YCJIOBHSI HEMPOTEKaHUs (pacxoj paBeH HYJIIO),
a B MECTaX COEIMHEHUs TPYO CTaBUM YCJIOBHE PABEHCTBA pacxojoB (0asaHC Macc) U

naBieHul (mpeHedperaeM pasHOCTbIO CKOPOCTHBIX HAMTOPOB U MOTEPSIMH ):

0,(L,,t)=0,0,0,6)=0,0,(L,,t)=0,(0,1), 0,(L,,t)=0,(0,¢).  (6.67)
p(L.t)=p,(0,1). p,(L,,1)= p,(0,2). (6.68)

rjae L; - iuHa i-Tod TpyOHI.

6.7.3 HavanbHble yCIOBHS
B kauecTBe HauaJbHBIX YCIOBHUI NPUHUMAEM, 4TO MpH =0 AaBleHUE B IEPBOM TpyOe
pPaBHO p;p, @ BO BTOPOH U TPEThel TpyOax JaBJICHUSI PABHO p), HAYAIbHBIE CKOPOCTH

BCIOJIy PaBHBI HYJIIO:
pl('x’o) =D, P> (x,O) =Ps (x,O) = P> O (x,O) =0, (x,()) =0, (x,O) =0. (6-69)

6.7.4 Pe3ynpTaThl YACIEHHBIX PACUETOB

3agava (6.65)—(6.69) Obuta pemieHa Ha OBM 4YHCIEHHO KOHEYHO-Pa3HOCTHBIM
MeromoM Oerymiero cyera (cm. m.5.1.3) nnsd HWKENPUBEICHHBIX 3HAYCHHM
apaMeTpOB THAPOCHCTEMBI:

L;=278m; L, =16,6 m; L;=52 m;

@ =591 M @, =454 7" ;= 1,04 1°;
P = 16,6 Mlla; p,y = 0,1 Mlla;,

a; =972 m/c; a, = 1222 m/c; az; = 1265 m/c.

(6.70)

Pe3ynpTaTel pacueToB npeacraBieHbl Ha puc.6.40.
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p, Mfia |V, m/c
20,0 /1
e
2
10,0 _

i 4
“‘“x{
0.1 Vo,s 0,4 Tt

| -200,0

puc.6.40. [lepexoaHbIi MPOLIECC B CUCTEME.
[ - naBieHUE B Hayaje BHEUTHETO WIMH/PA; 2 - JaBJICHUE B KOHIIE BHEIIHETO
UUWIMHAPA; 3 - JaBJIEHUE B HaYajle BHYTPEHHETrO HUIMHAPA; 4 - CKOPOCTh B KOHIIE
nepexoaHoro naTpyoka (3-s Tpyoa).

AHanu3 MOJyYeHHBIX Pe3yJbTaTOB MOKA3BIBAET, YTO, BO-TIEPBBIX, KAK JaBJICHUE,
TaK U PAacXOJl )KUJIKOCTH B Pa3INYHBIX TOYKAX THAPOCHCTEMBI MPEACTABISIOT COOOM
MPAKTUYECKA TEePUOAUYECKre (PYHKIIMU BPEMEHH — TapMOHUYECKHE KOJeOaHUs C
nepuojioM okoio 0,29 cex.

Bo-BTOpBIX, AaBlieHWE BO BHEIIHEM cocyle / TPaKTHYECKd HE MPEBHIIIACT
HaYaJIbHOTO 3HA4YeHUS 167 amm, NaBieHne e BO BHYyTPEHHEM COCY/I€ IEPUONICCKH
nocturaer BenuduHbl 260 amm. Ileprogndeckw BENUKH W CKOPOCTH TEUYCHHUS,
oOpa3ytomerocsi B IepexoaHon Tpyoe, nocturatoniue Beananabl 140 w/cex.

B tperhux, mepenagamu gaBiaeHus BAOJb [/ B 2 COCYJOB MOKHO TIpeHEeOpedh B
CPaBHCHHMH C U3MEHEHHEM JTUX BEJIMYUH BO BPEMEHH, a B MEPEXOAHON TPyOEe MOKHO
npeHeOpeyb W3MEHEHHWEM pacxojla BAOAb OTOM TpyOBl, T.e. mMpeHeOpedb

aKKyMYJIMPYIOIIMMH CBOMCTBAMU MEPEXOIHOTO NMaTpyoKa.
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[Tocnenmnee OOCTOSTENHCTBO TO3BOJSET CYIIECTBEHHO YIPOCTUTH CHUCTEMY
ypaBHeHHI (6.65) — (6.660), HCMOAB3YsT MOJEIM COCPEAOTOUYEHHBIX IapaMeTpOB

(mpennoxeno A.A.AtaBuHbiM B padote [15]).

6.7.5 YnpolueHHOe penieHre 3a1a4n
Kak cnemyeT W3 pe3ynbTaToB BBINICHPUBEICHHBIX pPacyeToOB, A cOocynoB [/ u 2

MOXXHO TIpeHeOpeyYh 3aBHCHUMOCTHIO MJaBJICHHS OT X, T.e. BMecTO (6.60) B3STH

ypaBHEHHE
op
L _
L =0, (6.71)

T.€. 10 CYILECTBY NMpeHeOpeub OCTABIIMMHUCS WiIeHAMH ypaBHEeHUs (6.66) BciencTBue
MaJIOCTH CKOPOCTEM TeUEHUs KUIKOCTU B cocynax / u 2.

Torna naBnenus B cocynax [/ u 2 OyAyT TOJIBKO (PYHKUIUSIMH BpPEMEHU p;(1) U
pa(t). YpaBuenue (6.65) mpu 5TOM MOXKET OBITh MPOUHTETPHUPOBAHO TO JIJTUHE

KQ)KJ0T0 U3 cocyioB / u 2. B utore noixy4um

dp

711 =—a,,0;, (6.72)

dp

712 = 50 (6.73)
3nece Q; — pacxon uepe3 COEIUWHUTENbHBII NaTpyOOK 3, KOTOpBIM B

COOTBCTCTBHMM C PE3yJIbTaTaMHU TEX KCE PACUCTOB TaAKXKC MOXKHO CUHTATb HC

3aBUCSIINM OT X, T.€. O3 = Os(1), a

2 2
a a
a. = pra, a. = pra,

10 ’ 20 T :
a)lLl a)sz

Takum 00pa3zoM, Il COETUHUTENILHOM TpyObl 3 ypaBHeHue (6.65) 3ameHsem

(6.74)

COOTHOILICHHUEM

90 _
=0, (6.75)

a u3 (6.66) mocine WHTETPUPOBAHUS IO JUIMHE U TPEHEOPEKEHUS MOTepsSIMU Ha
TPEHUE, MOJIy4yaem

a9,

» =b(p, - p,), (6.76)
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rac

@,

b = .

pPL,
Cuctema ypaBHenuii (6.72), (6.73), (6.76) ¢ HauaIbHBIMU YCJIOBUSIMHU
. (0)=p,» p.(0)=py, 0,(0)=0 (6.78)

U J1aeT NpUOIMKEHHOE OMMCAaHNE N3Y4aeMOro mpoIecca.

(6.77)

3agaua (6.72), (6.73), (6.76), (6.78) nuMeeT aHATUTUYECKOE PEILICHHE:

1-cos t/(a,, +a, )b

pl(t):plo_(plo_pzo)'alo ’
Ay + ay,

1- t\(a, +a, )b
)-a, — > N0 T A )7 (6.79)

alO + aZO

pz(t): Pyt (plo — P

sint./(a,, +a,, )b.

Qs(t): (plo - pzo)'
[Tpu ucxoansix ganueix (6.70) pemenue (6.79) gaet cieayoomme pe3yabTaThl:
nepuon konebanuit 1 = 272'/ 1/iazw +a,, b ~0,2778 cex,

P1max = 16,6 MIla; p; in = 9,17 MIla; p; o = 25,67 MIla; p; i = 0,1 Mlla;
/Q3/max =143 Mj/C; /VS’/max = ]37,5 m/c.

alO + aZO

3aBucumoct (6.79) ¢ wucxomHbiMH JaHHbIMH (6.70) KauyeCTBEHHO W
KOJIMYECTBEHHO XOPOIIO COTJACYIOTCS C pe3ylbTaTamu cdeta Ha DOBM mo cxeme

TUAPABIMYECKOIO yaapa.

6.8 3axiroueHue

Ha ocnHoBanum pE3yJIbTaATOB pPaCYCTOB MOJKHO CACJIATh BBIBOJ, YTO MOJCIU C
COCPEAOTOUYCHHBIMHA ITapaMETpaMH B ILCJIOM YJIABJIMBAIOT OCHOBHBLIC XapaKTCPHBIC
YCPThI OIIMCBIBACMBIX ITPOLICCCOB. YTto KacaeTcs KOJMYECTBEHHOIO coBaacHusd, TO,
KOHCYHO, MMCIOTCA MCKaXXCHHUA KaK 10 aMIINIMTYAC, TaK U 110 4aCTOTE, 0COOCHHO JJIA
BBICOKOMHTCHCHUBHEIX IMPOHCCCOB THIIA IPAMOIO T'MAPABIMYCCKOro yaapa. OI[HaKO
9CM MCHCC HMHTCHCHBCH HeCTaHHOHapHBIﬁ mponecc, TEM OoJbIIE CTENEHb
coriacoBaHus. bonee TOro, €CTb OCHOBAaHHA I10JJararb, 4TO IIpU IPHUMCHCHHU

MOJIeIel ¢ COCPETOTOUCHHBIMH NapaMeTpaMH K CHCTeMaM TPyOONpOBOJOB CTEIECHb
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corjacoBaHusi OyaeT emie OoJblIeii BBULY TOTO, YTO MOTPEIIHOCTU JUISl Pa3TUYHbBIX
TpyO OYIyT B CyMME YaCTUYHO KOMIIEHCUPOBAThH APYT ApYTa.

WUtak, w™Momenn ¢ COCpPEAOTOUYEHHBIMH I[apamMeTpamu, SBISSICH — OoJiee
HYKOHOMUYHBIMHU, YEM MOJIETIH C PACIPEICICHHBIMH MapaMeTpaMu, B OOJIBIINHCTBE U3
paccMaTpUBaeMbIX CIIy4aeB JIOCTATOYHO aJ€KBaTHO OIHCHIBAIOT OCHOBHBIE

napamMceTphbI HCCTALIMOHAPHBIX mpoueccoB B TuAPOCUCTCMAX.
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['JTABA 7. NMUTAIUOHHOE MOJEJIMPOBAHUE

7.1. Ponb UMHUTALIMOHHOTO MOAEIUPOBAHUS

Paccmotpum 1moaxon, OCHOBaHHBIM HAa HMMUTAIMOHHOM MOJCJIMPOBAHUM, Ha
MIPUMEPE CUCTEM aBTOMATHUYECKOTO PETYJIUPOBAHUS.

ObGecrieueHue TpeOyemMoill CTaOMWIBHOCTH UM 3(P(EKTUBHOE  yIIpaBIICHUE
COBPEMEHHBIMH TPYyOONPOBOJHBIMU CHCTEMAMH HEMBICIUMO 0€3 NPUMEHCHUS
CHUCTEM aBTOMATHUYECKOTO PETYJHMPOBAHUS W YIpPaBJICHUS, SBIAIOMIMXCS, B OOIIEM
ciy4yae, TOJCUCTEMaMH TpyOOINpPOBOJHOM cHUCTEMbl. TakoBBIMH  SIBISIIOTCH,
HanpuMmep, pasjInuHbIe JPOCCEIIU-PETyISATOPhl, MOAJICPKUBAOIINE  3aJaHHOE
JABJICHUE WJIM PacxXojl B OINPEAENICHHbIX TOYKaxX cucTeMbl. OT (YyHKIMOHUPOBAHUS
CHUCTEM AaBTOMATHYECKOTO PETyJUpPOBaHUS BO MHOTOM 3aBUCUT 3(PGHEKTHBHOCTH
paboOThI CUCTEMBI B 1I€JIOM, B TOM YHUCJIE B AKCTPEMAJIbHBIX U aBAPUUHBIX CUTYaLIUSX.

Jns  Ttoro  yrtoObl  MPaBWIBHO  OLIEHUTH  pe3yJbTaThl  BO3ACUCTBUS
WCIIOJTHUTENILHBIX 3BEHBEB PETYJUPYIONMIMX YCTPOUCTB Ha (YyHKIIMOHUPOBAHHE
CUCTEMBI B II€JIOM, HEOOXOAMMO HMETh AJEKBATHYIO MOJZENb pabOThl YCTPOWCTB
pEryJIMpOBaHUS U YIIPABJICHUSI.

Hawubonee mocTroBepHBIC pe3yiabTaThl MOXKET JaTh MOJICTUPOBAHHUE TOJHOM
CHUCTEMBI, B KOTOPYIO CUCTEMBI aBTOMAaTUYECKOTO PETYJIMPOBAHHS BXOJAT B KQUECTBE
oTHenbHBIX moacucteM. OQHAKO MOIETUPOBAHHUE B IIEJIOM TPEOYyeT 3HAUYMTEIbHBIX
BBIYMCIIUTEIBHBIX U MaTEMATUYECKUX pPeCypcoB. [10ATOMY CyIIECTBEHHOU SIBIISETCS
npobsiemMa JEKOMIO3ULUU CHCTEMbI, TO €CTh, HCCJIEJOBaHMUS ToJCUCTEM (B
YaCTHOCTH, CUCTEM aBTOMATHYECKOTO PETYJIMPOBAHUSI) HE3ABUCHUMO JAPYT OT Jpyra,
HO C YY€TOM UX B3aUMOJICHCTBUS C 00IIIEH CUCTEMOA.

Mopenb paboThl y371a peryJupOBaHUS MOXET ObITh BeChbMa CIIOXKHOM (Takou
y3eJ1 MOXKET, B CBOIO O4Yepelb, MPEACTABIATH COOON CIIOXKHYIO CHUCTEMY);
TpyOONPOBOJHAS CUCTEMA MOKET COJiepKaTh OO0JbIIOE KOJIMYECTBO TaKUX, YaCTO
OJHOTUIIHBIX, Y3JIOB PEryJUpOBaHus. Bapbupys 3HaAY€HHS BXOIHBIX MApPAMETPOB B

3aJaHHOM Jrara3oHe, MOJKHO IMOJIY4YUTb (I)YHKIII/IIO OTKJINKa CHUCTCMBbI
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peryJMpoBaHMs Ha BO3MOXHbBIE BO3MylleHus. J[lanee, npu aHanuse BHEIIHEU
CHUCTEMBI, BMECTO MOJENH JAaHHOTO y3Jla PEryJIMPOBAHUS MOXKHO IOJIb30BATHCS YXKE
3TON (DyHKIMEH, IMUTHPYIOIIECH pEeaklrio y37a yIpaBiIeHHs Ha pa3iInyHbIe BHEIITHHUE
BO3MyIleHus. Takum o00pa3oM, 3agada aHaimu3a palbOThl CIOXKHOM CHUCTEMBI
pazOuBaeTcsi Ha JBe Oojee MPOCThIE CTAIUU: CHayala OTACIbHO UMHUTHUPYIOTCS
BO3MYIIAIOIIME BO3JACUCTBUSI HA OTJEIbHBIE Y3JIbl CUCTEMBI (y3JIbl PETYJIUPOBAHUS U
yIOpaBJICHMs), a 3aTEM [OJyYEHHbIE MHTETpalbHbIE XapPaKTEPUCTUKUA PEAKIIUU
UCIIBITBIBAEMOTO y3J1a 3aKJIa/IbIBAIOTCS B KAYECTBE YIPOILIEHHOW MOJIENU ATOTO y37a
B COCTaBE PACCMATPUBAEMOU CUCTEMBI.

7.2. JICKOMITO3UIIUS CUCTEMBI

Brinenuts "B unicToM BUIE" peaklMIO0 CUCTEMbI PETryJIHPOBAHUS U YIIPABICHUS
Ha BHEIIHHE BO3MYIICHHUS OBIBACT 3aTPYAHUTENILHO, TOTOMY YTO PE3yJbTUPYIOLIHA
HECTallMOHAPHBIN MPOIECC MPEACTABISIET COOON CyMMY BO3MYIIIEHHS, BOSHUKIIIETO B
CHUCTEME, PEAKLIUH Ha 3TO BO3MYLIEHNE CUCTEMbI aBTOMAaTHYECKOT O PETYJINPOBAHUS U
OTKJIMKa CO CTOPOHBbI BHEIIHEW 4YacTHM CUCTEMbl Ha 3Ty peakuuto. PaccmarpuBas
CHUCTEMY B LIEJIOM, 3a4acCTyl0 HE YAAETCA ONPENENIUTh, KaKOE BIMAHUE KaXaas W3
COCTaBIISIIOIIUX CUCTEMBI OKa3bIBaeT Ha ee pabory. OTcioga BO3HUKAET MOTPEOHOCTD
B JICKOMIIO3UIIMM CUCTEMBI, BbIJICJICHUS, B YAaCTHOCTH, OOBEKTA PEryJUpPOBaHUS U
CaMOro peryJisiTopa B OTAEIBHYIO IOACUCTEMY, PacCMAaTPUBAEMYIO ABTOHOMHO OT
octanpHOM cuctemMbl. Ha puc.7.1 @) mokazan y3en ynpaBiaeHus CU kKak 4YacTh
cucteMbl S; Ha puc.7.1 6) mpeacraBieHa cxema JEKOMIO3UIMH, IMPU KOTOPOI
BBIJICJISIIOTCSL KaK OT/EJIbHbIE CHUCTEMBI y3ea yrpaBieHuss CU U ocTalibHash 4acTh
cucteMbl S’ (B kauecTBe oObeKTa ympamieHwus). s 3aBeplieHHs] JEKOMIIO3UIIUU
napameTpbl B3aumozeicTBus Mexay CU u S’ (Ha puc.7.1 6) moka3aHbl CTpeIKamu)

HEO0OXOJIMMO Pa3/IesIuTh Ha BXOJISAIINE U BBIXOSIINE CUTHAIIBI.
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puc.7.1
a) Cxema cuctemsl S ¢ y3iaom ynpasienus CU;
6) Cxema JeKOMIO3UIIUA CUCTEMBI.
3necy CU paccmaTpuBaeTcsi Kak OT/AeNbHasi cucrema, S’ — OCTaBIIasicad 4acTb

CHUCTEMBI.

7.3. MareMaTHU4eCKUHN UCIILITATEILHBIN CTEH/T

B tpy6ompoBoaHbIx cucTtemMax "ecTecTBeHHBIE" Qu3nueckue napamerpsl p u Q,
Oyay4u mapaMeTpaMu €IMHOTO THAPOJWHAMUYECKOrO Mpoliecca, SBISIOTCS CYMMOM
pesyibTara paboThl cuctembl peryaupoBaHuss CU W peakiuu Ha 3TO OCTaJIbHOU
4acTU cUCTeMbl. Tak Kak MpollecC pacnpoCTpPaHEHHUs BO3MYIICHUM SIBISETCS MO
CBOCH MPUPO/IE TUTIEPOOIMUECKUM, ‘€CTECTBEHHBIC MapaMeTphl Ipoliecca SBISIOTCS
KOMOHWHAIIMEH TMPHUXOJAIIETO BO3MYIIECHUS W OTPAXEHHOTO CHTHANA, KOTOPHIC
paclpoCTpaHsIOTCS.  BIOJIb ~ COOTBETCTBYIOIIMX  BXOMSIIMX W BBIXOJSIIHUX
XapaKTepuCcTUK. B 3TOM cllydae MOXKHO ONHUCATh MPUXOASAININE W BBIXOISAIIUE
CUTHAJIbI KaK NPUXO/ISAIIME U BBIXOASIIME HHBapuaHThl Pumana (cm. pazaen 2) [137].

MoxHO cuuTaTh, YTO paccMaTpuBaeMblii y3en yrpabieHuss CU kak Obl
W3BJICYEH M3 CHUCTEMbl M TOMEIIEH Ha HMCHBITATeNbHBIN CTEHH, I'ZIeé BO3MYIICHHS,
MOCTYNAIOIINEe W3 BHEIIHEHM 4YacTh CUCTEMBbI S', 3aMEHSIOTCS MPUXOISIIUMU
uHBapuaHtamMu Pumana. DTo ma€T OCHOBaHME Ha3BaTh TaKOHW  IOJIXOJ

"MaTeMaTHYeCKUM MCIbITaTeIbHBIM cTeHaoM" [165, 216].
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7.4. CucreMa aBTOMAaTHYECKOTO PETYJIHPOBAHMUS JaBICHUA B OOpaTHOM
MarucTpajiy CEeTH TEMIOCHA0KEHUS

B xauecTBe mpumepa NMpUMEHEHHS BBINICH3I0KEHHON METOIUKH PacCMOTPUM
pacdyer pabOTHl KiamaHa PETYJIMPOBKH JaBJICHWS B TeruioBod cetu. Cucrema
PEryJIupOBKM MOAOOHOrO pojAa SBISETCA JOCTAaTOYHO pACHpOCTPaHEHHBIM U
TUMIAYHBIM ~ TIPEJCTABUTENIEM CHUCTEM  aBTOMATHYECKOTO  PEryJupOBaHUS B
TpyOOIIPOBOJHBIX CUCTEMAX.

CxeMma y371a peryidpoBaHusl MpeAcTaBieHa Ha puc.7.2. Y3el pacrnoyioKeH Ha
BCACBIBAIOIIIEH JIMHUM HAcOCOB mnepekaunBaronieid HacocHo ctanuuu (ITHC) nHa
o0paTHOI MarucTpainu, uayien or norpedutens. Llenpio perynupoBaHus SBIsIETCS
NOJIEPKAHNE TTOCTOSHHOTO JABJIEHUS Ppe. = 1,3 amu B Touke A Ha BCACHIBAIOLIEM
naTpyOke Hacoca. [lonoxxutenpHoe HampaBlIeHHE OCU X MPUHSATO OT TOYKU A K B,
yepe3 O 0003HaUYEH pacxo/1, MPOXOSAIINI Yepe3 y3ei PeryJIupOBaHUs, YEPE3 Py, 'y U
Ps, Sp 0003HAYEHBI NABJIICHUS W WHBAPUAHTHI B TOUYKaX A W B, COOTBETCTBEHHO.
WcronHUTENbHBIM ~ MEXaHU3MOM  SBJISIETCSl  perynupytomui  kinanan PK-1 ¢
d, =700 mm. Pabortoii xnanana PK-I ympasnsger pene napineHus P/[-3a, xotopoe

pearupyet Ha U3MEHEHUE JaBJICHUS B TOUKE A.

1 M
Q /
A ~ c D B
— ——— ———
om nom- AN AN K r\j_' k TOL
pebumens CH © P K'1/
PL-3a
2

6 ammocgepy

pI/IC72 Cxema cucTeMbl aBTOMAaTHYECKOTO PETYIUPOBAHMA JaBJICHHUS.
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IIpn py = ppe. BCA CHCTEMa aBTOMATUKM HAXOAWTCA B paBHOBecuH. Ecmm
JABJICHUE B TOUKE A IMaJaeT, TO paBHOBECUE HAPYLIAETCA — JABJICHUE B UMITYJIbCHOM
KaMepe yMeHbLIaeTcs, ITOK P/{-3a moJx BO3AEHCTBHEM IMPYKHUHBl NEPEKPHIBAET
BEPXHEE COIUI0O W BBICOKOE JAaBJICHHWE, NEpeAarolleecss U3 TOYKM B B monocts /,
HAYMHAET MepeMellaTh BHU3 IITOK perymupytouiero kinanaHa (PK), ymenbiuas
pacxo 4Yepe3 HEero M yBEIMYMBas €ro CompoTuBiieHue. B pesynbrare 3toro py
HAaYMHAET YBEIIMUMUBATHCA, a pacxod ) yMEHbIIATHCS.

[Ipn moBbIIEHUU p, TEPEKPBIBAECTCS HIXKHEe comio P/[-3a, mpekpamaercs
JIOCTYN BBICOKOTO JIABJICHUS B YIPABISAIONIYIO MOJOCTh 2 U MOJOCTh [, U TONOCTh [
COeIMHSIETCS CO CIMBOM. [IpoucxomuT ciauB BOAbl U3 mosioctd [ B arMmocdepy, u
IITOK PETyJHMPYIOLIEro KjanaHa MEepeMENIaeTCsl BBEPX, YMEHbIIAs CONPOTHBIICHHUE
KJIallaHa ¥ yBeIM4uBas pacxo Q yepes Hero. BeyencTBue 3Toro JaBjieHHE B TOUKE A

rmajaer.

%))

6 ammocghepy

puc.7.3.

OtmeTuM, 4TO MBI HE MOXKEM 3aJaTh, HAIIPUMEP, BO3MYIICHUE JABJICHUS WU
pacxona Kak Mpou3BOJbHYIO (PYHKIIMIO BPEMEHH, T.K. BEJIHUUUHBI Py, pp U O 3aBUCIT
apyr or apyra. OmHako MOXHO 3aJaThb B KadeCTBE BXOJHOIO BO3MYILIEHHS HX

KOM6I/IHaI_[I/IIO B BHUAC HWHBAPUAHTOB » MW §, IMNOCTYIAOIIHUX OT BHEILIHEM 4YacTH
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TpyOONIPOBOJHOW CHUCTeMBbI ', KaK MOKa3aHO Ha puc.7.3, rae uHBapuaHThl Pumana

OIIPEACIIATCA KaK

r=(p+pcgj/2,32(—p+pcg]/2. 7.1)

31ech ¢ — CKOPOCTh PACIpOCTPAaHEHHUS BOJHBI BO3MYIICHUS, O — TUIOTHOCTH
KUIAKOCTH; @ — TUIOMAAL CeueHus TpyoompoBoda (@, — IS TIOAXOSIIETO
TpyOONpOBOA, (s — IJI OTBOJIAIIETO TPYOOIIPOBO/IA).

“EctecTBeHHbIE” (PU3NYECKUE TIEPEMEHHBIC BBIPA3SATCS Yepe3 7 U S CIASAYIOIINM
obpazoM:
o(r+s)

pc
Takum oOpa3oM, BHEIIHHE BO3MYIICHUS MOKHO 3a/71aBaTh B BHJIE€ U3BECTHBIX

p=r-s, O = (7.2)
byHkMi ry; = ry(t), sp = sp(t). He ymanss npuHIUINAAIBHO OOIIHOCTH, MOYHO
3aJaBaTh BO3MYILIEHHWE TOJILKO B OJHOM TOYKE, Hampumep, B A, cuuTas CHUTHAI,
OPUXOJALIUM B TOUKY B, IOCTOSIHHBIM:
ry = (D(t)a Sy =const , (73)

T.€. Ha BBIXOJI€ PETYJIMPYIOLIErO KlanaHa 3aaeTcsl HEBO3MYILIEHHOE COCTOSIHUE.

7.5. Marematndeckass MOJIENIb CHCTEMBI PETYJIUPOBAHUS

MatemaTnueckass MOJIENb CUCTEMBl PEryJIMpPOBaHUS MPEACTABISAECT COOOMU
KOMOMHHMPOBAHHYI0 CHCTEMY HEIMHEHHBIX aireOpanyeckux ypaBHEHUH U
OOBIKHOBEHHBIX AU(PepeHIInanbHbIX YpaBHEHUI, KOTOpas BKJIIOYAeT B ceOs:
YPaBHEHUS, ONKCHIBAIOLIME MTPOTEKAHNE )KUJIKOCTH 110 TPAKTy PETYJIUPOBKU A — B C
y4eToM paboThl Hacoca, nepeMeHHoro comnpotusieHuss PK-1 m apyrux mecTHBIX
COTIPOTUBIICHUH; YpaBHEHUS JAMHAMUKH NEPEMEUICHHs IITOKA KJalaHa; ypaBHEHHUS,
OINUCHIBAIOLIUE TUHAMUKY MPOTEKAHUS KUIKOCTH [0 BHYTPEHHUM TPyOaM CHCTEMBI
pPEryIupoBKY NpH B3auMozeiictsuu ¢ PJ1-3a.

7.5.1 IlpunsiThIC JOMYIICHUS.

B ocHoBYy MaTeMaTH4eCcKOW MOJETN CUCTEMbI aBTOMATUYECKOTO PEryIHPOBAHUS

JdaBJICHUA OBUIH ITOJIOKEHBI CJICAYONMEC OOIMYIICHWA!
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* YuuTeiBaroTCs ynpyrue cporictsa nosnoctu 4 kinanada PK-1 u Haxonsiuelicsa B
HEM KUJIKOCTH;

* YYUTBHIBAINCh HWHEPLUOHHBIE CBOMCTBA JKUIKOCTH B COEIMHHUTENIbHBIX
TpyOOIIPOBOJAX CUCTEMBI PETYIUPOBKHY;

*PexxuM  OBMOKEHUS KMIKOCTH B MOJEIBHOM CHCTEME MPUHHUMAJICS
TypOYJICHTHBIM;

e [lonaraercs, 4yro wacrora BpameHus HacocoB CH Bo BpeMms mepexomHOro
polecca oCTOsIHHA.

7.5.2 JluHaMuKa MOTOKOB *KHUJIKOCTH B TPyOax CHCTEMBI PEryJIHpPOBKU

Ilepenan naBnenus Mexay toukamu A, C, D 1 B COOTBETCTBEHHO ONMCBIBACTCS

CHUCTEMOW YpaBHEHUM:

l..d
pa-pe=—f@+p1c %y e 100 (7.4)
w dt
l. d
pC_pngon‘Q-i_pﬂ_Q (75)
w dt
l.. d
Pp—Pp =S Q\Q+pﬂ—Q. (7.6)
w dt
rn€ P4, P, Pcs Pp — JHNaBICHHE B COOTBETCTBYIOIIMX TOUKaX; &,

conpotuBnenue obparroro kmamana OK; e, lcp, [pp — IIVMHBI y4aCTKOB MEXKITY
COOTBETCTBYIOIIMMH TOYKaMH. 37ecCh f(() — XapakTepUCTHKa ceTeBbIX HacocoB CH,
KOTOpasi 3a/1a€TCs B BUE

Q) =-a,0"+b,0+c,,, (7.7)

TA€ deyy Deyy Cory — KOO PUIIMEHTHI, XapaKTepu3ytole pabouuil pexxuM Hacoca

([179)).

[lepemeHHOE CONMPOTUBIECHUE KialaHa PETYIUPOBKU &, 3alaeTcsi B BHJE

(YHKIIMM OTHOCUTEIBHOTO XO/[a IITOKA KJIalmaHa Xy,

Eo =5,;[’“kf j : (7.8)

Xk

7

rae &, — COINPOTHBJICHUE KiIalaHa PeryJIupOBKU IIPHU IIOJHOM OTKPBITHH; X, —

MaKCHUMAaJIbHbIN X0 KJiallaHa pEryJInpOBKHU; N-— OMIIMPHUYICCKAs KOHCTaHTa.
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Hcnonwiys cootHouenue (7.8), ypaBHeHue (7.6) MOXKHO 3amucaTh B BUAE

n*“(pp—py)=EL10l0+ p22 Lap dQ (7.9)
rae o = N/2 — smnupuyecKkas KOHCTaHTa, 77 — OTHOCUTENbHBIN X0/ KilanaHa
p=—k_ 7.10
x]I:rlaX M ( * )

Beanuuna 1 UMECT €CCTCCTBCHHLIC OT'PaHUYCHUA:

0<n<lI. (7.11)
TedyeHne KUIKOCTU Yepe3 COENUHUTENbHbIE TPYOONPOBOJLI IO JIMHUIM
MOJIOCTh / — TOJIOCTh 2, TOYKa B — MOJOCTh 2 W 4epe3 JAPEHaKHbI MmaTpyOoK,

OIIMCBIBAKOTCS, COOTBETCTBCHHO, CJICAYIOIUMHA YPABHCHUSMMU:

ly, dO,
b~ P> :é?op‘Qap‘Qop +pw—;7p, (712)
do
B_p2:§B|QB|QB+pw_Zd_tBa (713)
lam M an mm
— — + _dmm __ =dimm , .
p2 paﬂL’ll 5&7 QamM QamM p a)amj” dt (7 14)
rae p, - JaBleHUWe B mojocTu 2 pene pasnenus PSR; &, ;.8 —

CONPOTHUBJICHUS JPEHANKHOMN JIMHUU MOJIOCTh [ — MOJIOCTh 2, HArHETATEIbHON JIMHUU
TOYKa B — TOJIOCTh 2 ¥ CTMBHOM JIMHHUH TOJIOCTH 2 — atMocdepa.

3nech Qop, Op, Qumy — PACXOJBI HA COOTBETCTBYIOLIUX JIMHUAX, IIPU 3TOM
Q()p +QB :Qanm b (715)

7.5.3 YpaBHEHHS AUHAMUKM KJIanaHa

ypaBHeHI/IH JUHAMHKH IIITOKA KiIallaHa UMCIOT BHU /.

(7.16
)

rac Meq — OKBHBAJICHTHAd MaccCa ABWIKYIIUXCA YacTel KiamaHa (BOHOTHI/IKa,

M d‘xkr

eq

=S, (P,,~R)+S.(P,~B)~F,+F,; (0<x<x}

atm tr

MTOKa, MeMOpaHbl, IPOTUBOBECA); S, — dPdexkTuBHAS TUIONMIAAb MEMOpaHbl;, S, —
IUIOIIAb 30JI0THUKA; [, — cuia "cyxoro" TpeHHs B CalbHUKOBOM YIUIOTHEHUU IPU

JABUKCHHH IIITOKA, Fgr — CHJIa IIPpOTHBOBECA.
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N3MmeHenne naBiaeHUs KUJIKOCTH p; B MOJOCTU [/ 3aBUCUT OT XOJa KialaHa,
YIPYTHX CBOWCTB IIOJIOCTM M HaXOIALIEHCS B HEH JKMIKOCTH M OTTOKa (O,

CIIEYIOIUM 00pa3oM:

E dt 4 dr
rae £ — uHTEerpanbHbId MOAYJIb YIPYTOCTH MHOJIOCTH | M HaxomsIIencs B HEu

2
W, dP, _ 7Dy dx,, 0, (7.17)

KUAKOCTH; W; — 00beM nosoctu 1 kianauHa.

Ha pewmwenne ypaBuenuit (7.16) m (7.17) HaknaaplBaeTcs €CTECTBEHHOE
orpanunuenue (7.11).

7.5.4 Mogenb ynpasisiiolIero 3BeHa

B ocHoBy momenu paGoThl penie MaBieHUs TOJOKEHA THUIOTe3a O JMHEWHOUN
3aBUCUMOCTH TIPOBOJMMOCTEM B TOJOCTH 2 OT U3MEHEHUs [aBJICHUS py.

ConpoTuBiieHHE CIMBHON JMHUHU (MOJOCTh 2 — atMmocdepa) OyaeM HaXOAUTh W3

(bopMyIIBI:
0, ecnu P, ~A>P,;
%:Jépf‘_fgﬁA, ecimu P, —A<P, <P, +A; (7°1§
0
cn \1/50 , eCclIu Preg +A<P;

rae &) — COMPOTUBJICHHE CIMBHOM JMHUU MPHU MOJHOCTHIO OTKPHITOM KIIalaHe
P/I-3a; .A — TOYHOCTH peryaupoBaHusl.
ComnpoTuBiieHHE HarHeTarelbHOW JHHUM (Touka B — monocte 2) Oyaem

HAXOJUTh U3 (POPMYIIBL:

£, eci P, —A>P,;
$p = L Frg Py v 4 ectu P, ~A<P, <P +A; (7.1
B 9&2 A ) g TAS LS B, A 9)
0, ecnmu P, +A<P,;

rac fg — COIIPOTHUBJICHUC HarHeTaTeabHOM JIMHUU TIPU IOJIHOCTBKO OTKPBLITOM

KJIaI1iaHe.

7.6 MeToauka U pe3ynbTaTbl pacueToB
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7.6.1 Mertonuka pacueToB

Wtak, monenupoBanue pabOThl CUCTEMBI PETYJIUPOBKHU AABICHHUS CBOJUTCS K
peuieHuto cucremsl ypaBHeHuit (7.3) — (7.19) npu 3aaHHBIX BHEIIHUX BO3MYIIEHUAX
(7.3). B HauanbHBIII MOMEHT BPEMEHHM CHCTEMa HAXOJUTCA B paBHOBECHUU. PacueTsl
MPOU3BOAWIIMCH YHUCIEHHBIM MeTooM. Ochb BpeMeHH pa30uBajliach Ha Ilard c
MOCTOSSHHBIM ~ IIIarOM IO  BPEMEHHW, TPH  OTOM  BCE  OOBIKHOBEHHBIC
muddepeHnranbable  ypaBHEHUSI aNMpPOKCUMHUPOBAIUCH IO HESIBHOM Pa3HOCTHOM
cxeme. Jlanee, ecnu JIMHEApU30BaTh BCE HEMMHEHHOCTH B ypaBHeHUsX (7.3) — (7.19),
TO MOJy4aeTCsl CUCTEMA JIMHEHWHBIX YPAaBHEHUH, PEIIEHUE KOTOPBIX HE MPEACTaBIsET
Tpyaa. Takom oOpa3oM, MOKHO HaXOIUTh 3HAYEHUS MCKOMBIX BEJIMYMH HA HOBOM
1iare Mo BpeMEHH, U MEePEXOIUTh K CIEAYIOLEMY IIary.

OpHako BBUJY HaIW4Msi OCOOBIX TOYEK MpU pabdoTe KIanaHoB (TOJHOE
3aKpBITUE) U OrpaHUYEHUN (ITOJIHOE OTKPBHITHE KiaraHa) Takas cXeMa JaeT OYeHb
CUJIbHBIE CUETHBIE BO3MYIIECHUS TPHU TPUOTMKEHUH K 0COOBIM Toukam. [loaTomy,
cienyeT wu30eratb JHMHeEapu3aluu MpU KBAJAPATUUYHBIX 4YJI€HaX, OCOOEHHO TIpH
MEPEMEHHBIX COMPOTUBICHUSIX KJIamaHoB. B 3ToM cnydae pelmraemas Ha KaKIOM
miare CUCTeMa YpPaBHEHUM CBOJUTCS K CHCTEME KBaJpaTHBIX YpPaBHEHUU
OTHOCUTENBHO pacxonoB O, O, (p, HalAd KOTOPbIE, JETKO ONPEACINUTh U
OCTaJIbHBIE MAapaMeTPbl mporecca. Takol METOJ PEelIeHUs YCTOWYHUB OTHOCUTEIBHO
MOMEHTOB 3aKPbITHSI U OTKPBITHUS KJIAMIAHOB.

7.6.2 Pe3ynbpTarhl pacueToB

VYkazaHHass METOAMKAa MO3BOJISIET 3a/laBaTh MPOU3BOJIBHBIE BO3MYIICHUS Ha
BXOJI€ CHUCTEMBI PETyJMpOBaHUS W HAOJIOAaTh 3a peakieil Ha HUX CUCTeMbl. B
KaueCTBE MpHUMEpPA PACCMOTPUM BO3MYILEHUE B BHUJAE CIJIAKEHHOTI'O CTYNEHYATOTO
UMITyJIbCA C AMIUIMTYIOU A;y,, B KPYTU3HOU (PPOHTA BOSMYWEHUSA Vi = Ajmp/timp, THE

timp — BIMTENBHOCTh HAPACTAHUS UMITyJIbca (CM. puc.7.4).
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tim|.'| |

Jﬂlimpn

time

puc.7.4. ®opmMa BO3MYILICHHUS.

Ha puc.7.5 npencraBieHbl pe3ynbTaThl pacdyeTOB B BHjAC (YHKIIMH OTKIIMKA
CHCTEMBI  PETYIMPOBAHUA  lresp = Lresp (Aimp, Vimp) Ha  BO3MyHieHHEe. DyHKIUA
MOKa3bIBACT, CKOJIBKO BPEMEHHM HEOOXOJAMMO CHCTEME Il BOCCTAHOBJICHHS
peryiupyeMoi BEJIMYMHBl B 3aJaHHBIX TMpeaenax peryiaupoBanus. Ilo ocu y
OTJIO’KE€HA aMILJIUTYa BO3MYILIEHUS B JJOJISIX OT HEBO3MYIIIEHHOTO CUTHAJIa HA BXOJIE,
M0 OCH X OTJIOKEHA KPyTH3HA BO3MYIIEHUS B l/cex, U MO OCH z — BpeMs peaKiuu

CUCTCMBI B CCKYHAX.

Lyes 1

puc.7.5 IloBepxHOCTh (QYHKIIUU OTKIIUKA.
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W3 puc.7.5 BugHO, 4TO TpU KpyTOM (POHTE BO3MYUICHHSI BpEMs PEaKIUU
CUCTEMBl 3aBUCUT MPAKTUYECKU TOJIBKO OT aMIuMTyabl. Ilpu manoil kpytusHe
BO3MYIUEHHUSA I, =0, T.e. CHCTEMa YAEPKUBACT DETYIUPYEMBIM IapaMeTp B
3aJlaHHbIX Mpeaenax B TEUYEHHWE BCEro mporecca. M nuimp npu MpoMeEKyTOUHBIX
3HAYEHUAX V,, BPEMS PEAKIIUU CUCTEMSBI .5, 3aBUCHT KAaK OT aMIUIUTYHBI, TaK U OT
KPYTU3HBI BO3MYILICHHUS.

7.7  ABTOMaTHYECKOE  pEryliMpoOBaHUE  TEMIEpaTypel B  CHCTeMax
BOJOTIOJTOTOBKH

Cxewma y35a noJiorpeBa CbIpoil BOIbI MPEJCTaBlieHa Ha pUc.7.6. 3nech uepes S; u

S, 0603HaUYeHbI BHEILIHUE YaCTH TPYOOIPOBOIHON CUCTEMBI.

XOJl

5

puc.7.6 Cxema y3ia noforpeBa ChbIpoil BOJIbI.

7.7.1 Mopenb paboThl PEryJIMPOBOYHOTO KilaraHa
Cxema perylIMpoBOYHOIO KJamaHa, BbIAEJICHHas W3 oOmieil cxemsl puc.7.6,

MpeaCcTaBjeHa Ha puc.7.7.
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7)) i oo ’-

a) 0)
puc.7.7
[lycte 717 — oTHOcuTenbHbIM X0 kiamaHa (7.10), torma, anamorudyHo (7.9),

ypaBHEHHE MTOTEPh HAIIOpA Ha KJlalmaHe MOYKHO 3aIiCcaTh B BHIIE
rlojo
252

rac f{) — COIIPOTUBJICHUEC KJlallaHa B ITOJIHOCTBIKO OTKPBITOM COCTOSHHMU, Snp -

n** (p, - py)=¢o o= &[0)0, (7.20)

IUIOLIAb IPOXOIHOTO CEYEHMsI KilanaHa, © — INIOTHOCTh KUIKOCTH.

AHAOTUYHO TPEIBIAYIIEMY CIIy4aro, OyJeM MOACIUPOBATh, BO3MYIICHUS,
MPUXOJISIIIKE OT BHEIIHUX YacTeil cuctemsl S; u S, uHBapuantamu Pumana » u s (cM.
(2.36)).

Amnanornuyno (7.3), Oynem 3amaBaTh BO3MYIICHHE HA BXOJIE PETYIUPYIOIIETO
KJanmaHa B Buae 7= ¢(f), a BO3MYIIEHUE, Mpuxojslee OT S, MojJaraeM
MOCTOSTHHBIM.

Pemras comectno (7.20) u (7.3), nmonydaem ypaBHeHHE HJisl onpenesieHus O B

3aBUCUMOCTHU OT NPUXOOAIINX BO3My1].[€HPII>i

477a(§0(t)+sz)
Qn +\/Q2 188 () + s,

(7.21)

b

rac

c c
O = & + & , (722)
@, @,
7.7.2 Mopenb nomorpeBaTens

Paboty mogorpesatenst Oyaem ONMMUCHIBATH ypaBHEHUEM

05T = 110, T, 00T, 0.23)
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rac
—[1—W2”f’ kF
W 1 —e wal wal
' ' g ' ' \ 20p
f( zop’Tzop7Qx0ﬂ’Tx0ﬂ)_Txm+(Tzop_Txm/W W [ W”J (7
_ 1_ 20, _ .
xon
1 _ 2cop e wal J 24)
xon
2
3nech
Wzop = pzop Cp,zop onp ) WxOJl = pXOJl Cp,xozz QXOJZ ) (725)
rie p — IIOoTHOCTh, () — 00BEMHBIA pacxon, C, — TEMIOEMKOCTS,

COOTBCTCTBCHHO, MHJICKCHI «2op» UIIN «XO0/»» OTMCYAIOT IPUHAIJICIKHOCTD K FOpH‘-ICfI

WIN XOJIOJHON BOJE.

7.7.3 Mopnens [IN/]-perynaropa ¢ HHEPUUOHHOCTBIO
Pa6ory MPONOPIIMOHAIBHO-UHTETpaANIbHO- T PEepeHITNaTIBEHOTO (ITN 1)

perynsaropa [42, 140] ¢ MHEpPLIMOHHOCTHIO OYyJIEM OMKUCHIBATh YPABHCHHUEM:

d’n n _, dT_i_T—Tpee d’T

0, + +t 7.26
dt*  dt "\ dt , *dt* )’ (7.26)

rae  k, — KOdQQUIUEHT IPONOPIHOHATBHOCTH; t, — TIOCTOSIHHAs
UHTETPUPOBaHUs; ¢, — MocTosiHHas auddepeHunpoBanus; 6, — TMOCTOSHHA

BPEMEHHM, XaPAKTEPU3YIOIIAsl HHEPLUUOHHBIE CBOMCTBA PETYIIATOPA.

7.8 Pe3ynbTaThl pacyera.
PesynbraTtel  pacuera = pearupoBaHUs =~ CHCTEMBl  HAa  BO3MYILCHHUE

TUAPOAMHAMUYECKUX XapaKTEPUCTUK ITOTOKA PEICTaBlIeHbI Ha puc.7.8 — puc.7.12.
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x00| T/ Tpee

0.5

3
0.25.9995 4
2
"o 1 2 3 cex

puc.7.8 Peakiusi cCUCTEMbI PETYIUPOBAHMS HA CTYIIEHYATOE BO3MYILEHHUE.
1 — BO3MyIIeHHE; 2 — XOJ KJlanaHa peryJIupoBKU; 3 — TeMIepaTypa Ha BbIXO/IE;
4 —«upaeanbHbIN» XOJ KianaHa peryJupoBKU; 5 — yCTaHOBOYHAs TEMIIEpaTypa.



191

X00 T/]}) o

05 1

0.3/ \3

lO 1 2 3 CeK

puc.7.9 Peakuus cucTeMbl PEryJIMPOBaHUS HA MIPSMOYTOJIBHBIA UMITYJIbC

x00| T,

0.5

o
w

o
[S)

BOo3MylIeHHUs. OO03HAUYEHUS TeE Ke.

/\

A \/\\/ \/\

N4 \/
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3AKJIIOUEHUE

[TogBoast UTOTH, MOKHO CIENATh CIEAYIOIINE BHIBOIBI.

Maremarruueckasi MOCTaHOBKA 3adada (opMyIupyercs B JIOCTATOYHO OOIIEM
BUJIC KaK CMeIIaHHAas 3ajava s runepOonmdeckux auddepeHmanbHbIX
ypaBHEHUN THAPABIMYECKOTO yAapa, ompeneleHHbIXx Ha rpade. Hcmonp3ys
anmapar Teopud TpadoB, JErKko OMNHUCHIBAIOTCA TPYOONPOBOJHBIE CETH
IIPOU3BOJIBHOU CTPYKTYPBI.

TpyOonpoBoaHasi cucrema CTPYKTypupyercss Ha TpyObl u y3ibl. [loToku B
TpyOax XxapakTepHu3yrTcs ABYMsl (HapUMep, 1aBJI€HUE U CKOPOCTh) WM TPEMs
(1aBIEHHE, CKOPOCTh, TeMIeparypa) GU3NYecKuMu mapamerpamu. s y3mos,
NOMUMO  3TUX  (U3MYECKMX [apaMeTpoB, MOTYT OBITb  OIpPEAEIEHBI
JOTIOJTHUTENBHBI COOCTBEHHBIE TapaMeTphl y3ia (Hampumep, 4ucio o00poTOB
Hacoca, X0/ KJjanaHa u Jip.). B y3max 3amatoTcst kpaeBble (TpaHUYHBIE) YCIIOBHS,
KOTOpbIE MOAPA3ACIAIOTCS Ha YCIOBUS Moaxoja (TpyObl K y31y) U YpaBHEHHUS
y3I1a, T/ie, B YaCTHOCTH, 3a/IeHCTBOBAHbI M COOCTBEHHBIE MapaMeTphl y3na. Takas
METO/IOJIOTHSI TTO3BOJISIET 3a/1aBaTh I'PAHUYHbIE YCIOBUSA B JIOCTATOYHO OOIIEM
BUJIE.

Hcnonp3oBaHne MaTeMaTHMYECKON MOCTAHOBKM 3aJladd B JOCTATOYHO OOIIEei
dbopme mnOANEPKUBAET PACHPOCTPAHEHHYIO C HACTOsIIEEe BpeMsi OOBEKTHO-
OpPUEHTUPOBAHHYIO MapaaurMy [25] © TO3BOJISIET JIETKO BBICTPauBaTh
TEXHOJIOTUYECKYIO LIETOYKY «OOBEKT UCCIEAOBaHMS — MaTeMaTH4ecKas MOJIeb
— METOJIMKa pacyera — pa3paboTka MPOrpaMMHOI0 obOecreueHus», obneryas
pa3paboTKy COBPEMEHHBIX BBICOKOA((DEKTUBHBIX MPOTPAMMHBIX MPOTYKTOB.
PaccmMoTpenHas 3amada O THUAPABIMYECKOM yJIape B  KOAKCHAJIbHBIX
TpyOOIIPOBOJaX OMUCHIBACTCS CBSI3HOM CHUCTEMOM YETBIPEX YpaBHEHHUHU.
[Tokazano, 4To MaHHAs CUCTEMa OTHOCHTCS K THUMEPOOTUYECKOMY THUITY; IS
YOPOUIEHHOW cUCTEeMbl YypaBHEHUH (0€3 KOHBEKTHMBHBIX 4YJIEHOB) YAalOCh

BBIPA3UTh CKOPOCTH PACIPOCTPAHEHHsI BO3MYILEHUN B IBHOM BHJE. B maHHOM
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Ciydae BO3MYIIIEHUE OYIET pacpOCTPAHITHCS HE C ABYMSI CKOPOCTSIMHU (TIpsiMast
u oOpaTHas BOJHBI), @ C YETBIPbMS, T.€. OYIyT CYIIECTBOBATH YETHIPE
pa3IMYHBIX BOJHBI THApABIMYEcKOro ypaapa. Ilpudem nBe w3 HuUX OyayT
pacpoCTpaHsAThCS BAOJIb M0 MOTOKY (MPSAMbBIE BOJIHBI), U JIB€ — MIPOTUB MOTOKA
(oOpaTHbIE BOJIHBI).

K nocromHcTBaM npUMEHSEMOT0 MaTeMaTHUYE€CKOTrO OMUCAHUs CIIETyeT OTHECTH
HIMPOKOE MPUMEHEHHE UHBAPUAHTOB PuMaHa, KOTOpblE MOKHO TPaKTOBAaTh Kak
«o0pa3» BOJIH, WIK, B JPYrod HHTEpPHpPETAlMH — KaK «CHTHaJbD». Takum
o0pasoM, HapsIy ¢ «HATYpPaJbHBIMIY MEPEMEHHBIME (HAIIPUMED, JaBICHUE p U
CKOpOCTb V), UCTIOJIB3YETCSl «BOJHOBOW MOAXOA» (BOJHBI — MHBAPUATHI ¥ U S).
['pannyHbie yclioBUs, Nepe@oOpMyIUpPOBAHHBIE B TEPMHHAX 7 U S, MOXKHO
TPAKTOBAaTh KAaK YCJIOBUSI OTPAKEHUS BOJIH.

B pamkax oOmeii maTeMaTHYeCKOM MOCTAHOBKU 3a7audl  IIPEIJIOKEHbI
MaTeMaTUYECKUe MOJeNn paboThI Pa3IUYHOTO TUIPABINYECKOTO
000pyI0BaHUs: COECMMHEHHUE TPYO, KOMIIEHCATOP, YPAaBHUTEIBHBIA pe3epByap,
MECTHOE COMPOTHUBJIEHUE, OOPATHBIM U MPEIOXPAHUTEIbHBIN KiIanaHbl, HACOCHI
(meHTpOOCXKHBIH U OOBEMHBIN), MOTPEOUTENH TEIUIOBOM CeTH, U T.1.
Marematuueckue omnucaHus pabOThl 3TUX VY3JOB CHENAHBlI B paMKax
BBIIICYIIOMSHYTOM  OOBEKTHO-OPUEHTUPOBAHHOM MapagurMbl, T.€. JIETKO
BBIJICIISIIOTCSL  «0a30BbIE», «POAMTEIbCKUE» KIACCHl (HAMpUMeEp, MECTHOE
CONPOTHUBIICHUE), HA OCHOBE KOTOPBIX CTPOSITCA  «JOUYEPHUE»  THIIbI
(perymupyemMoe MECTHOE COMPOTHBICHHE, (UIBTP, NPEIOXpaHUTEIHHBIN
KJIamaH v T.i.). Takod mNOAXOJ, BO-MEPBBIX, MO3BOJIIET JIETKO HapalluBaTh
«OUOIMOTEKY TpaHUYHBIX YCIIOBUI» B 3aBUCHUMOCTHM OT KOHKPETHBIX 3aJa4 U
MOSIBJICHUS] HOBBIX THUIIOB YCTPOMCTB, a BO-BTOPBIX, MOJJIEPKUBAECT U 00JIeTHAET
IPOrPaMMHYIO peaTu3alMIo.

JlanbHeilliee pa3BUTHE MOMYYWIa TEOPHsl KABUTHUPYIOIIETO THUIPABIMYECKOTO
yaapa. SfIBieHue pa3pbiBa CIUIOMIHOCTA MOTOKAa PAaCCMOTPEHO Ha MOJEIU

MPOCTOr0 HAaKJIOHHOTO TpyOompoBoja. KpurepueM BO3ZHMKHOBEHHUS MOJIOCTEH
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(kaBepH) B TOTOKE CIYXKUT TaJCHHWE IABICHUS N0 JABJICHUS HACHIIMIEHHBIX
napoB KuakocTu. OIEHWBAIOCh BIWSHUE HAKIOHA TPyOOIMpPOBOJZA, TPEHUS O
CTCHKHM, HAYaJlbHOM CKOPOCTH Ha BO3HUKHOBEHHE M DPa3BUTHE KaBHUTAIIWU.
YcTaHOBIEHO, YTO pacnpoCTpaHEHHAs MOJEIb «OTPBIBA» CTOJ0A KUIKOCTH
(«column separation») sBasieTcss HE coBceM To4yHOM. IlomuMo oaHOM
«OOINBIIION» KaBEpHBI, 3aHUMAIOIICH BCE TMOMEpEYHOE CEUYEHHWE TIOTOKa,
oOpasyercs emé€ 30Ha OOMMPHONW (MEJIKOMYy3BIPHKOBOW WM TIEHOYHOM)
KaBUTAllMM, PACIPOCTPAHSIONICHCS 1O TMOTOKy. EjuHu4yHas  kaBepHa
TEOPETUYECKH BO3MOXKHA TOJBKO TMPU HYJIEBOM VKIOHE, M TOJBKO JJIs
U7eaNbHON KXUAKOCTU. Hanmuue TpeHus: Takke CrocoOCTBYeT BOSHUKHOBEHHUIO
OOIIMPHO 30HBI MEIIKOMY3bIPEKOBOM KaBUTAITHH.

Onenensl  mapaMeTpbl  BO3HUKAIONIEH  KaBUTAllMM  —  BpeMsl W
MECTOPACIOJIOKEHNE KaBEPH, MOMEHT CXJIOTIBIBAaHUSI KaBEpH, paclpe/esieHne
JaBJICHUS B TOTOKE TOCIE CXJIONMBIBAHUA KaBepH W 30Ha MaKCUMAJIBHOTO
nasneHus. OnpeneneHpl mapamMeTpbl HEe TOJIBKO TEPBUYHOW, HO M BTOPHYHOMN
KaBUTalMU (B MOCIEIyIONIeH, BTOpoil (ase moHmkeHus naBieHus). ONeHEHBI
MaKCUMaJIbHBIC NTaBIICHUS, BPEMs CYIIECTBOBAHHS KaBEPH, MOMEHT M TOYKa
BO3HUKHOBEHHSI U MOMEHT CXJIOTIBIBAHUS B 3TOM CJIydae.

O1ieHeHO BIMSIHUE TPEHHS HA THAPABIMYECKUN yAap C pa3pblBOM CIUIOIIHOCTH
noToka. Tpenue cinabo BIMSET HA MAKCUMAILHYIO BEIMYUHY THUIPABINYECCKOTO
ylapa npu CIUTOITHOM TedeHnHu (crpaseminBa ¢popmyna H.E.JKykoBckoro), HO ¢
BO3HMKHOBEHHUEM pa3pbiBa CIUIOMIHOCTH TOTOKAa (hAaKTOP TPEHUS CTAHOBHUTCS
o6onee BecombiM. [lomyuena ¢opmymna, OIEHHBAIOMAs BEChbMa TOYHO
MaKCUMaJbHOE IaBJICHHUE MPH TUAPABIUYECKOM yaape, COMPOBOXKIAIOIIUMCS
pa3phIBOM CIUIOIIHOCTH TIOTOKA, W SIBISIONMIASCS OOOOIEHUEM H3BECTHOMN
dbopmynsl H.E.XKykoBckoro.

Pa3pabotanHbie METOIBI pacyeTa, B OTIMYKE OT BEChbMa TOIYJIIPHOTO JIO CHX
MOp METOJIa XapaKTePUCTHK, UCTIOIL3YIOT SIBHBIE W HESIBHBIE CXEMbI OETyIero

cueTta. SIBHbIE CXEMBI 66FYH1€FO cucTa XOpomo OTCICKNBAIOT KPYThIC BOJIHOBEIC



11.

12.

196

(GpPOHTBI M XOPOUIO MOAXOMAAT JJIsl pacuera BBHICOKOMHTEHCHUBHBIX IMPOLIECCOB.
[IpuMeHeHne SBHOW CXEMBl MOPOXKAAET JIOCTATOYHO IIPOCTOM U SCHBIU
anroput™M pacuera. K HeroctaTkaM 3TOH CXEMBI CIIEyeT OTHECTH OTPaHUYCHUE
Ha IIary cyera. B kadecTBe mpumepa pacuera MMEHHO TaKOIO Ipolecca
IIPUBEJEH pacyeT rUAPABIMYECKOro yaapa B THAPONPUBO/IE MAILINHBI JJIsl JIAThS
101 JaBJICHUEM, BO3HHUKAIOILErO B CUCTEME TP y1ape NPECC-IIOPIIHS O KUIAKOU
METaJLI.

Jng  pacueta MEAJEHHO MNPOTEKAIOUIMX CIA0OMHTEHCUBHBIX IPOLIECCOB
Ope/UIo’KeHa MeETOJMKa pacyera [0 HEesBHOW cxeme Oerymero cuera,
MO3BOJIAOIIAs CUATATh C JIOOBIMU MPUEMIIEMBIMU 110 TOYHOCTH IIATraMH CYETA.
[IpuMeHeHne HESIBHOM CXEMBI ITOPOXKAAECT BECbMa CIIOKHBIN AJITOPUTM pacyera.
JIpyrum HETOCTAaTKOM 3TOM CXEMBI SIBJSIETCS TO, YTO OHA MPU PACUETaX CHIIBHO
CIJIQXKUBAET pe3Kue (PPOHTHI BO3MYIIEHUH, TIOATOMY XOPOIIYIO TOYHOCTh JAET
TOJIBKO IIPH pacdyeTax HU3KOMHTEHCHUBHBIX, JOCTATOYHO IUIABHBIX IpoLeccoB. B
KaueCTBE IPUMEpPA IMPUBEAEH pacdeT HECTALMOHAPHOIO IPOLECCa B HAIIOPHOMU
OpPOCUTENBHON CETH, BOZHUKAIOIIMI IIPY MEJICHHOM 3aKpbITUU THIPAHTA.
3HauYuTENbHON MpOOIeMON MpH pacueTax MO SBHOW cxeMme (a Takke U IO
METOJy XapaKTEpPUCTUK) SIBIAETCA «IpobiieMa KOpPOTKMX TpyO», Korjga B
TPyOOIIPOBOJHON CUCTEME HAJIMYECTBYIOT KaK <(UJIMHHBIEY, TAK U «KOPOTKHE»
TpyObl. Hannune «kopoTkux» TpyO JTUMHUTHPYET IOMYCTUMBIH IIar cuera, 4To
HOPOKIAET HEONPABJAAHHO OOJBILIOE YNCIIO IaroB AJis JUIMHHBIX TpyO. HesiBHas
cxeMa CBOOOJIHA OT 3TOr0 HEJJOCTaTKa.

ABTOpPOM mpeayiokeHa KOMOWHUpPOBAaHHAs SIBHO-HESBHAs cXeMa OeryImiero
cyeTa, KOTopasi Ha «IJIMHHBIX» TpyOaxX CUUTAET BBICOKOI(PPEKTUBHBIM SBHBIM
METOJIOM, a Ha «KOPOTKHX» — aBTOMAaTHYECKU NEPEXOAUT Ha HESBHBIN cyeT. B
KauyecTBE IMpUMEpa MPUBOAMUTCA PACUET PACIPOCTPAaHEHUs] U TpaHchopMalui
BO3MYILEHUI B CUCTEME TEXHOJIOIMUECKUX TpyOonpoBoaoB ADC.

Jlnst pacuera Te4eHUH, COMPOBOXKIAIOIIMXCS MMOSBICHUEM Pa3pbiBa CILIOIIHOCTH

INPpUMCHACTCA aJIrOPUTM, KOI'ZJda B KaXAYIO PACYCTHYIO TOYKY IIOMCHIACTCA
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«BBIPOXKIEHHAS KaBEpHA, KOTOPasi HAUMHAET PACTU MPU TOCTUKECHUU JTaBICHUS
HACBIIIEHHBIX MapoB KUAKOCTH. [Ipoiiecc pocTa v CXJIONbIBaHUS TAKOM KaBEPHBI
OmpeesieTCs mapaMeTpaMi OKpYKalolllel KaBepHy XUAKOcTH. Kpome Toro,
3a1a10TCs €lI€ JIOMOJTHUTEIbHBIE KOMIUIEKThI TPAHUYHBIX YCJIOBUN Ha cliydail
BO3HUKHOBEHHS KaBEPHBI B y3JIC.

Ha ocHoBe mnpumeHeHHs] Mojeleld C COCpPeAOTOYEHHBIMU IapaMeTpaMu
NPEAJIOKEH OPUTMHAIBHBIA TOAXOJ K YOPOIIEHUI0 METOJUKH pacyeTa
HECTAIIMOHAPHBIX TMPOIECCOB B TPyOONPOBOAHBIX cucTeMax. Pa3pabotana
METOJIMKA TOCTPOCHUS «OBICTPHIX» MOJNENEH MEePBOrO0 W BTOPOrO TMOPSIKA
TOYHOCTH, TIO3BOJISIIONIMX CYUTaTh B COTHH W Ooyiee pa3 OwIcTpee, Yem
«OOBIYHBICY» YHUCJICHHBIE METOJbI JJIA ypaBHEHUM THIPABINYECKOrO yiapa.
Onenena TOYHOCT, W cdepa TPUMEHUMOCTH Takux wmojened. OnucaHsl
MPOIIEAYPHI SKBUBAJICHTU3ALMK OOJBIINX TPYOOIIPOBOAHBIX CUCTEM. MCmomnb3ys
ATy METOAMKY, OblIa MpOBEJCHA AKBUBAJICHTH3ALMS YacTH TPyOONPOBOIHOM
cuctembl ADC, 4TO MO3BOJIMIO 3HAYUTEIHHO YMEHBIIUTh OOBEM BBIYMCICHUI
IpU  COXpaHEHWW TMpUemMiIeMOl TouyHOCTH. Ha mnpumepe crenuanabHOTO
UCIIBITATENIbHOTO CTEHAA ObLIO MOKa3aHO, YTO MOJIEIh THAPABIMYECKOrO yaapa
B JIaHHOM cllydae, 0e3 oco0oro ymepOa aJjis TOYHOCTHU BIIOJHE MOXKET OBITh
3aMEHEHA CHUCTEMON OOBIKHOBEHHBIX aH((dEepeHIIMaTbHBIX YpPaBHCHHH Ha
OCHOBE MOJIEJIM C COCPEIOTOUEHHBIMU MTapaMeTpPaMH.

[IpenoxxeHHbIM OPUTMHAIBHBIA TOAXO0[ («MAaTEMAaTHUUYECKUNA HCIBbITATEIbHBIN
CTEH/») SBIACTCS OYCHb TMOJE3HBIM U JIPGEKTUBHBIM HHCTPYMEHTOM
MpEABAPUTEIBHBIX HCCIEIOBAHUMN, YTOUYHEHUS MOJAENEH U UCHOJIb3YEMbIX
napaMeTpoB, M T.II. DTOT IMOJXOJ OMHUPAETCS HA TPAKTOBKY BXOJAIIUX H
BBIXO/ISIIMX WHBAPUAHTOB PrMaHa Kak BXOMSIIUX M BBIXOSIINUX CUTHAJIOB; OH
MO3BOJIIET TECTUPOBATH CIIOXKHYIO TPYOONPOBOAHYIO CUCTEMY «II0 YacTsim». B
Ka4eCTBE MPUMEPOB MPHUBOAATCA pPacyeThl CHUCTEMbl aBTOMATHYECKOTO
pPETYIMpPOBaHUS JIABJICHUS B OOpaTHOW MAarucTpalid CETH TEIJIOCHAOKEHUS U

y3i1a ABTOMATHYCCKOTO PETyInpOBaHnA TEMIICPATYPLI B CHUCTEMAX
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BOOAOIIOAIOTOBKH. HpI/IMeHﬂeMblﬁ nmoaxoa IoO3BOJBICT JICTKO OLCHHUTL BpPCM:

pEaKIUM YCTPOMCTBA HA BO3MYILCHUS.
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ITPMJIOKEHIM A

Cnpagxka o BHeapennn ot HTII «Tpy6omnpoBoa
Cmpaska o Baenpenuu ot ®I'VII Cu6HUA
CrpaBka o BHepeHuu B yueOHsbii mporecc HFACY

CrnpaBka o BHeIipeHHH B yueOHbIH miporiecc PI'Y
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CNPABKA
O BHBAPEHKA paIYNLTATOR
[OKTOPCKON AMCcepTaunoHHon paboTe B.B, Tapacesnya

«PA3BUTUE TEOPWW W METOOOB PACYETA
rMaAPOAVNHAMUYECKWUX NPOLIECCOB
B HAMOPHLIX TPYBOMNPOBOAHLIX CUCTEMAX»

Peaynetatel gucceprauwoHHoll pabote Tapaceewwa Bnagwmupa Bnagumuwposwda
BHEApeHsl B npaktaky  geatensHoctd 000 «HTM TpyGonposoas. PaspaBotaddsie 8
AMCCEpTALWMN

- MaTemaTHieckan NOCTAHOBKE B oblWlEeM BMOE 3A08MW O TWApaBNHYeckoM ynape B
CNOMHOA TpYDONPOBOOHON CUCTaMa;

- CemeicTRo meTopoR pacyeta Ha  ocHope cxem  Berywero cueta  ane
BRICTRONPOTEKAIOWMY W NNABHO NPOTEKAKLWE NPOLUSCCOB,

- PeaynbTaThl WCCNEAOBAHWA rMOPABNWYECKOrD yAapa, CONpOBOXAAIOWErocA Pa3pLiBom
CRAOWHOCTH NOTOKE,

nerni B OCHOBY MOAYNA pacyeTa rugpaenuyeckoro yaapa «lwapoygaps nporpammbd
«lMwppocucTemas, paspabotaddod 000 «HTT TpyGonposoas W cTaslwed ooHOR K3 BEOYLLMX W
Hanbonee NoOMNYNAPHLIX OTEMECTEEHHLIX NporpamMmM rTMopasnuyeckoro W TennoBorno pacyeTa
TpyGonpoBoaos.

Bnagwwup Bnagumupoewy Tapaceewy B COTRYOHWYECTEE C KONNEKTWEOM CNEUWANWCTOR
Q000 «HTN Tpybonporoas pazpaboTan pacyeTHy YacTe mogynsa «Mwapoynapys, peanvaoseas
B HEM OMWCAHHYIO B AWCCEPTAUMKM OG0 MaTEMaTWYECKYHD NOCTAHOBKY 3a4adYv pacdeTa
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rMapoyaapa Kak cMeladHodl 3agadd OnR onpefeneHdel Ha rpade  runepBonudeckus
AnchchepeHUMansHblX  YPABHEHWA MMAPABNWYECKOrD YOEpa, C BOIMOMHOCTHK pacueTa
TPYGONPOBOAHLIX  CETER  NPOWIBONLHOA  CTPYKTYPel, PacueT ©Owin peanqacead ¢
Wcnons3oBadven WHBapWanToB FumaHa Ha OCHOBE ABHOR CXEMb ﬁar)ru.uarn cHeTa, KoTopana
NOKA3ANA CEOK AMPAKTHRHOCTE NPW BKCNNYATALMA MoayNnA. MpH NporpaMMApoOBaHUR MOIYNA
Guin nenonsaosak cospemeHtbii 0GLeKTHO-0pHeHTHPORaHHLIA Nogxon.

PaspafoTaHHuid Mogyns SHAYMTENEHO PAcLUWPMN PACMETHBIE BOSMOMHOCTH MpOrpaMMbl
«lMopocHETEMar NPW MENONBI0BEHWM KaKk caMmuM 000 «HTT] TpyGonpoBsoae, Tak 1 WHPOKMM
Kpyrom none3oBaTened nporpammel. K HacToAwemy momenty mogyne «lwgpoypaps
NUUEHIWpOBaH W WenoneayeTca 34 opradnaaguamy Pocoun, Kasaxcrada W Yipawdol (cnucok
nonssoeatenad npunaraaten). OH Tawke ¢ 2015 ropa wenonsayerTca B yyvefinoMm npouyecce Ha
Kacheape NpoeKTUpoOBAHWA W akcnnyaTauuy razodedirenposogoe PIY Hedomn w Maza wa. WM.
MyGruma (yuebusii knace Ha 40 paBouny mecr).

B 2016 rogy B pameax npoekTa mogepHusauvm mogyna «Muppoypape © yyacTuem
awccepranTa Beina paspaGoTada v nNepefasTCd NONbIOBATENSM NPOrpaMMbl HOBSS BEPCHA
MOOYNA, PEANKIYIDLAA PACYET TMAPABNMHECKOrD YAAPA ¢ HENONbLIOBAHWEM NPeanoKeHHbIX B
AWCCEPTALMKM  METOOOB MATEMATHYECKDID MOOENWPOBANWA  KABWTALWK, BKNIOYAR  y4aT
MENKONYILIPEKOBOR KABWTALUMK W CXNONBIBAHWA KABWTALMOHHEIX kasepd. Pabota wWapg
YCOB@PLUEHCTBOBAHWEM yyeTa kaewTauwk B mogyne «lwgpoypap» Ha OCHOBE HayuHbIX
pazpaboTok AMCcepTaHTa NPoACIKaETCA.

BHeppeHue peayneTaTOB HaydHeX WocnepoBaHuil Tapaceewsa B.B. noasonwno OO0
«HTM  TpyGonpoeogs OTEPLITE  HOBOE HANpaBNeHWe OSATENEHOCTH -  pazpaboTka
nporpammiore  obecnevyedHna W OKA3IAHWE pacueTHel yonyr B obBnactd  pacueta W
MOOENUPOBAHHA HEeYCTAHOBMBLUWXCA nNepexodHblX rMOpaBnuYeckks NpouLeccoB B cNoMHBIX
TpyBoNpoBOaHEIX CHCTEMAY = UMEIDLLEE BANHEALIEES 3HAYEHWE ANA NOBLILEHWA HEQEMHOCTH |
Ge3onacHocT pasHoobpaiHey BUaos TpyGonpoBonos.

3amecturens gupektopa 000 «HTN TpyGonposogs no HayuHol paborte
KanowaaT dmanko-maTteMaTHHeckuy Hayxr

AK N.B. Kopenewreid

Pykopoautens npoekra paspaboTin nporpamMmil «fwgpockctamas, MCNasxsii cneuwannet
KananaaT TeXHWIecKnx Hayk
" /P E®.10posmHa

i
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TNMPHIIOMKEHHE

K CHPRIRKE O BHEIPEHRN PELYIRTATOR

JgokTopexodt gucceprannontoi pators BB, Tapacesnua
uPa3sBHTHE TCOPHH M METOI0B PACYETA
FHAPOIHHAMHYECKIK TPOIECCoR

B HAMOPHER TPYROMPOBOANEIR CHCTEMAX Y

Conecox noassosareaedt moxyan «wapoyaapy nporpasmsis «lmapocnereman
(KoMMEPUECKAR REPCIHN)

Nio | HanMenoBaHHe l'opog Web-caiiT Yneno
n/ KONKA
n
1| JAC Dupma Mocikna g e pin. 1
"TOANHHKHHAPHHT™ o
2 | OAQ "HUINMHraznepepaboria" Kpacuogap | hitp://nipigas.ru/ 1
3 | AOD "NMonac Texnonorus" Cangr- hittpe/iwww lonas. ml/ 2
) | Herepsypr
4 | OAC Hleknnoasor Hlexnuo hittp:d/n-azot. 1
Tynuekoi
i,
5 | 000 "MCK" CHTH-Misnmnpuir” | Cankr- 1
[eTephypr
6 | @IEOY BIIO YTTY Yxma hitp:/'www.uglu. net/ 1
T | AQ aKacnomitcrmii Mockna httpa/ifwww.cpe.m
TpyGonponomuii Koncopumym-e
& | 000 wilenrnnponedresnms Camgr- ipdwww lgnch. s 9
IleTepbypr
9 | 000 "JIYKOHJI-TPAHC" Mocina http./lukoil-trans. lukoil.m' | 1
10 | 000 HrrepuiHATNPOSKT Mockna 1
11 | AQ "BHHH lanyprun" Cangr- huipvniipalurgy. m/
| lerepGypr
12 | AC HHUITH "Kaenuisynafiran” Aruapay hittp:/fweww. niph.emgp. k! ]
(Knaaxceran)




Ne | Hasmenonanme [MNopon Web-cafiT Yncmo
n/ KONHi
n
13 | 3A0 "TT Moperpoi” Cancr- MLk i 1
Llerepbypr
14 | OAD "Cunonsie ot Caners JIWwWW, powers 2
[letepGypr
15 | GO0 "HEDTEL AITPOEET" Crasponos 1
16 | OO0 "HHITH sedmn & raza Yiba hittp:Vpeton ! 2
""m”
17 | OAOQ "HHHE" Jepmunck i 3
I8 | AD Anrapcknefrexnsipock Anrapek : |
19 | OO0 "Teppa-10" Fpacuoaap hitp:/ferra-yug. 1
20 | AO "I'MC Hedrrenam" Tionent http://hms-neftemash.ru/ 2
21 | I'l sl enpoxokcs XapeKoB, http:Vgiprokoks.com/ 1
Yrpawna
22 | 000 "Kokcoxummontaxe-npoext” | Mocksa | http://kxm-p.ru 1
23 | QOO HII O3HA-Hinswnuprir Yipa hitp:Vezng nweompany/strg |
cture/ozna_engineering php
24 | OO0 "HII "Cneureonapk” Muockna http:/www specpeopark.ow’ | 1
25 | AQ "KapaoxanOacmymaii" AxTay hittp:iwww. kbm. kz/ 2
(Kazaxcran)
26 | OAO HHYHOD Yepenosen hittp:/fwww niuif ! 1
27 | AQ «3peyan-Dnepremikay Cangr- hitp:fwww energostar.com/ | 1
[lereplypr
28 | OO0 "Hedrexmmmnmmminpanr" Pasant 1
29 | AQ eHucturyr THIAPOIMMPOEKT® | Mockea httpffwowow mhiporushydro.r | 2
{
30 | OO0 "Canasprnedmexumnpoekt” | Canasar http:/www snhpro.r' 1
31 | 000 "PHXIT" PocTop-Ha- heprwww endemhp.com/ 1
~ Jlony
32 | 000 Pemowmnpoekt Mockna hittpss'www, mos-rep 2
13| 000 Kpacunonap 1
"["pannucnepriumnnmpaar”
34 | OAD CubredreTpancnposks Omecg https:/fwww sntp.ru/ 1
BCEI'O MECT 56

Jamecturens auperropa 000 «HTI TpySonposons no nayanoll pabore

HAYYHO-

TEXHMMECHOE
ju] MPEAMPMETHE |
\SATPYROMNPOEO Ja

Kannpaar durinko-MaTeMaTHICCKNX HAYE

JLE. Kopensumeiin
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CIMPABKA O BHEJPEHHH

Brnana Tapacepwwy Braawsmpy Braamuuposnyy 408 NpelocTasicHHA B
anccepraunonnpil Coper, CBMASTEALCTBYIOWAA O TOM, YTO PeIyALTaTH AOKTOPCKOR
anccepraumn «Pa3sBiTie TEOPHE M METOIOB PacyeTa rHAPOAHHAMHYECKHX NPOLIECCOB B
HAMOPHBEIX T‘p}rﬁcnpnaﬂmmx CHECTEMAX» BHEJIPEHLl B MNPAKTHHECKYHO AeATeIBHOCTR
OIYI «Cubupernii Hayu nO-HCCACI0BATENRCKHA HHCTHTYT asmawnn wvenn C. A,
Yannuirmsas (OFYTT «CobHHAA nw. C. A, Hannwrumas ).

PaspaGotaikbie B.B. Tapacemsuesm MaTeMaTHuyeckMe MOJeNH THAPONPHEBOLA
ABHALMOHHOMO MCMBLITATENBHOIO CTEHZa M payinduore oDOpPYIOBAHMA, METOLMKA
pacuéta M COOTBETCTBVIOlWEe nporpamuoe ofecnedenne OBUIH HCNOABIOBANK! 414
PAcueTOR PALIHMHEIX LITATHEIX W HELITATHLIX PERNMOB palioTa CTEHIA, YTO NO3BOANI0
VCOBEPIICHCTBOBATD KOHCTPYKUMID M KOMIOHOBKY CTeHAa.

[N NpOBEPKH CTENEHW JOCTOBEPHOCTH Pe3yabTatos pacuetos, caamn CnGHHA
fwa 8 2002 ronax nposeadH  watypHeiii  oxcnepument.  Conoctamiexne
IKCNEPHMCHTATBHBIX QAHHEIX W PEINNLTATOR PACHCTOR NOKAIAT0 XOPOWYK CTENcHb
COTMACOBAHMA H NOATBEPAMIO JOCTOBEPHOCTE NPUMEHAEMBIN MOAeIed W METOI0B
pacuéra. Pesyabtarsl Guan onyGankoBans! B OTKPITON nevary.

Buenpenne peayastatos paGorw B.B. Tapacesnua cnocoOCTBOBAIO YBEANUCHHIO
HaakHocTH 1 2PheKTHBHOCTH PatoThl ABHALMOHHBIN HCNBITATEIBHBIX CTEHI0R,

HauansHik oTaena, K.T.H. %f‘”""ﬂ H3.B. Konepatos

Beayumii Hayunsiil coTpyAHNK, %{?@,
K.T.H., JOLEHT B.H. Cafiensuukos

e ——
5 A CHAPLYGIN SIBERIAN AEROMNAUTICAL RESEARCH INSTITUTE
21, Polzuncy 5t Movosbirsk-51 BM0051 Russia  Telephons 279.01-55 Fax Z27-84-TT E.mall sibniaflsbng no BHp e Sibria re
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CNPABKA
0 BHCAPEHHH PEIYILTATOR
pokTopekoi guccepraunonnoil paborm B.B. Tapacennua
«PAIBUTHE TEOPHH M METO/IOB PACYETA
TMJAPOJHHAMHY ECKHX MTPOUECCOB
B HAIMMOPHBIX TPYBONMPOBOJAHBIX CHCTEMAX»

PI'Y wedu w raza (HHY) smeun MM, ['vBxnsa nogreepaaaet, 9mo peavibkTaThi
muceepraunonnoii paborw B.B.Tapacesnta, peainioBaHHbLIC B NPOrPAMMHOM MOJYIE
pacueTa MAPARIHYECKOTO Yiapa nporpassel «lmapocuereman, YCTaHOBICHHOH Ha
kadeape  NPOCKTHPOBAHMA M JKCIUYATAUMK  rasonedTenpoBoios,  AKTHBHO
HCHONBIYIOTCA B yueGHOM Mpolecce NO HANPARICHIIO MOAroTOBKH Oakanaspos -
21.03.01 "Hedrerazopoe neno”, npodmas — «Ixenayarauns n obcayxusanmne oibeKTon
TPAHCHOPTa W XpaHeHHs HedTh, rasa M NpoayKTOR nepepaboTku» H N0 HANPARIEHHIO
noaroTopkl Marvctpon - 21,0401 "Hedrrerazonoe aeio”, MArHCTEPCKHE NPOTPAMMEL —
«TpyGonpoBoameiil TpaHENopT yriaesogopososs, «[IpoeKTHPORAHHE H PEKOHCTPYKIIHA
o0 beKTOB MAMHCTPAIEHEX Hedme- # HedTenpoay KTONpOBOLOR:,

Komnstorepuas nporpamma «HApocHcTemMa» M B TOM YHCIE MPOTPaMMILIH
MOAYAL,  paspaboTAHHEIN  HA  OCHOBE PE3VALTATOB  JMCCEpTauMoHHOi  paboTwi
B.B.Tapacernua, yCTAHORIEHa Ha Kadoape NPOCKTHPOBAHHA H KCIUTYaTaiHm
ra30oHe TENPOBOIOR B TPEX KOMMBIOTCPHBIX KNACCAX M HCNOAb3yvercs kadeapoii npn
nposeieHHH 1abopaToOpHBIX 3aHsTHA 10 IHCUMIVIHHE # TeXHOMOTHYECKHE NMPOULCCE
TpyGONPOBOAHOTO TPAHCTIOPTA HEedTH M rasay, 4 TAKKE NPH NOATOTOBKE DaKanaBpaMi i
MArHCTPAMH CROMX BEIMYCKHEIX paboT.

[lpopexTtop no yuebuoil pabote KM{/{ gL et A.Kowenes

% Henonmerrens: mmamyeoumsl ealeagod [T 3CHIN
- aTh. CACapmmannm
Tenedai: B (195) 307-88-16
E-mail: Sirdsiashil S@putkinm
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