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[Mpeancnosue

JlanHoe yueOHOEe mocoOue TMpencTaBisieT cOOO0M M3TIOKEHHE MaTepHalioB CIENKypca,
YUTAEMOr0 OJIHUM M3 aBTOPOB CTYJIEHTaM MaTeMaThyeckoro (Qaxynibrera SpociaBckoro
rocyJapCcTBeHHOro yHuBepcurtera. Llenpio mocobust sBisieTcsi nepBoHavyaibHOE 03HAKOMIIE-
HUE C UIEIMU U METOJAaMM YUCIECHHOIO MOJEIMPOBAHUSA TEYCHUN BI3KOW JKUIKOCTH B Ka-
Hajax ¢ pa3nnyHOU reomerpueit rpanull. [locobue mpencrapiser co00il KOHCTIEKTUBHOE U
MUHUMAJIbHOE U3JI0KEHUE UJIeH BBIYMCIUTENBHON THIPOJIMHAMUKH, MOAPOOHO U C MHOIO-
YUCJICHHBIMU JIETAISIMUA M NIPUMEpPaMU M3JI0KEHHBIX B KHUre I1. Poyua “BeruncnurenbHas
TUAPOJMHAMHUKA , KOTOPAsi, K COXKAICHHUIO, TPAKTUYECKN HEAOCTYIIHA JIJIS1 CTYACHTOB.

B nepBoii rinaBe npuBonsAtcs ypaBHeHHs HaBbe - CTOKca B NEPEMEHHBIX CKOPOCTH -
JaBJICHUE, U B TIEPEMEHHBIX - (PYHKIINU TOKA U BUXPS U U3JI0KEHBI HEKOTOPHIE 0O0IIHE CBe-
neHus. Bo BTOpOW M TpeTbel TIilaBax NMPUBOIATCS AJITOPUTMBI PEIICHWNW YPAaBHEHUM IS
(GyHKUMI TOKa U BUXPSI; MPOBOAUTCS aHATU3 YCTOMYMBOCTH. UeTBepTas riaBa MoCBsIleHa
aHAJIM3y YMCICHHOW annpOKCHMAlMM T'PAaHWYHBIX M HAa4daJIbHBIX YCIOBUH. B mpunoxeHnn
paccMaTpuUBacTCsl NMPUMEHEHUE M3JI0KEHHBIX AJTOPUTMOB Ul JBYX YaCTHBIX CIIy4aeB U

MPUBOJATCS PE3YyJIbTaThl PACUETOB, BBINOJHEHHBIX B AMUILUIOMHOW padore B.I'. Berommua
(1993).



[maBa 1. MaTemartunyeckme mogenu ogHOPOAHOW N30Tep-
MUYECKOWN BA3KOW XXNOKOCTU

1.1. icxogHble ypaBHEHUS B NEPEMEHHbLIX CKOPOCTU U AaBreHus.
HayanbHble 1 rpaHnYHbIE YCNOBUS

TedeHne BS3KOW JKUIKOCTH C HBIOTOHOBCKMM 3aKOHOM TPEHHUS OMHCHIBACTCS ypaBHE-
Husimu HaBbe - CTokca. BeiBog ypaBaenuit HaBbe - CTokca MOXeT OBITh caenan Juoo ¢e-
HOMEHOJIOTHYECKUM MYTEM Ha OCHOBE M3BECTHBIX MOCTyJaToB CToKca [ |, MO0 HA OCHOBE
MOJICKYJISIPHO-KUHETHYECKOU TEOPHH
[ ]. [Ans OIHOPOIHOW HECX)KUMAEMOU BSI3KOM KUAKOCTU cucTteMa ypaBHeHuil HaBbe - Cto-
Kca UMEET BH/I

(1.1)

B sr10ii cucreMe ypaBHEHUH MCKOMBIMU (DYHKLIMSIMH SIBJISIFOTCS BEKTOP CKOPOCTH ,
JaBJ€HHE , KOTOPbIE 3aBUCAT OT MPOCTPAHCTBEHHBIX KOOpJIMHAT U BpemeHu . [lapamer-
paMu OyIyT MJIOTHOCTh , Koo puIMeHT KHHEMATHYECKON BA3KOCTH ( -
KOA(PUIIMEHT JMHAMUYECKON BA3KOCTH);

- cusoBas QyHKITUS; - €IMHUYHBIN BEKTOP.

[lepBoe u3 ypaBHenuii B cucreMme (1.1), mpeacrapisioliee CUCTEMY TpeX YpaBHEHUH AJis
MIPOEKLUI BEKTOpa CKOPOCTH ( ), Ha3bIBAETCsl ypaBHEHUEM KOJIMYECTBA JABHIKE-
HUS U MIpeJcTaBisieT OajaHe MEeXIy CHJIaMH MHEpLUU, CUJIaMU JaBJICHUs, TPEHUS U Macco-
BbIMU cuiamH. Bropoe u3 ypaBHeHuil cuctemsl (1.1) Ha3bIBaeTcs ypaBHEHUEM Hepa3pbiB-
HOCTH (crtomHOCTH). OHO sIBIIsIETCS CIEACTBHEM Oosiee OOIIEro ypaBHEHUs HEpPa3pbIBHO-
CTH 1715l COKMMAEeMON KUAKOCTH

(1.2)

B MPEANOJI0KEHNUN TOCTOSIHCTBA TNIOTHOCTH (mocnenHee Urpaetr poJib ypaBHe-
HUSL COCTOSIHUS JJI1 HEC)KUMaeMOM KUAKOCTH). B CBsI3M ¢ 3TUM BTOpOE ypaBHEHUE B CUCTE-
Me (1.1) Ha3BIBAIOT TaK)KE YPaBHEHUEM HEC)KUMAEMOCTHU

[IpennonoxeHne 0 HEC)KMMAEMOCTH >KUJKOCTH B 3TOH (hopMe MPUBOAUT K CYIIECTBEH-
HBIM 0cOOeHHOCTSIM cucTeMbl (1.1). B wacTHOCTH, 1aBieHUE U3 ATOM CUCTEMBI ONPECIIsIeT-
Cs1 C TOYHOCTBIO JJO HEKOTOPOM TPOU3BOJIBHON OCTOSIHHOMN

Cucrema (1.1) mo3BonsieT npu 3alaHHbIX B HEKOTOPbII MOMEHT BPEMEHU

3HAYCHMSX MOJEH UCKOMBIX QYHKIMH , M COOTBETCTBYIOIIUX IPAHUYHBIX YCIOBU-
X OIpeAeNUTh 3HaUeHHE NoJiel 3TUX (PYHKIMI B HEKOTOPBI MOMEHT BpEMEHU , T1e
. JIBUXKeHHe KMJIKOCTH, OIUCBIBAEMOE HTON CHCTEMOMW, OCYIIECTBIIAETCS MO0 Onaronmaps
JeMCTBHUIO MAaCCOBBIX CHJI, JINOO NEHCTBHIO BHEIIHUX CHJI, CO3JAIOIIMX Iepenaj JaBiIeHUs
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. llocneanee ¢hopManbHO MPOSBIISIETCS TPU TOCTAHOBKE COOTBETCTBYIOIIUX IPaHUYHBIX yC-
JIOBUH.

O6cynum Goree moAPOOHO BOMPOC O TPAHUYHBIX yCJIOBUsX. [Ipy 3TOM MBI OyzieM pac-
CMaTpHBaTh KJIaCcC ABYMEPHBIX JIBI)KCHUH B JICKAPTOBON CHCTEME KOOPIWHAT X, Y, SIBIISIO-
HIMICSI OJHUM M3 YaCTHBIX CIy4aeB U 33/1aBa€Mblil YpaBHEHUSMHU

(1.3)

(1.4)

(1.5)

3nech - KOMIIOHEHTBI BEKTOPa CKOPOCTH.

B 3aBucHUMOCTH OT KOHKpETHOM (pr3HuecKoil cUTyaluy pa3inuyaroTcs CEAYOLUe BHUIbI
IPAHUYHBIX YCIIOBHI:

1. I'paHnYHBIE yCI0BUS HA HEMPOHNULIAEMOW TBEPAOM ITOBEPXHOCTH , Ha3bIBacMbIC
OOBbIYHO ycNoBUSAMHU “npuinnanus’. O003HaUUM CKOPOCTh ABUKEHHS MOBEPXHOCTU
Toraa rpaHMYHOE yCI0BUE HA 3TOM IOBEPXHOCTU UMEET BUJ

(1.6)

HauGomnee yacto B pa3nuyuHbIX NPUIIOKEHUIX BCTpEUYaeTCsl 0OTeKaHUE HETOABUKHON TBEP-
JIOM CTEHKHU, KOraa

2. I'panndHOE yClIOBHE BIIAaJM OT OOTEKAEMOTO Teja, UMEIOIIee aCUMITOTUYECKUIN Xa-
pakTep:

npu (1.7)

rae - paccTosiHME OT MOBEPXHOCTH o0TekaeMoro Tena. HecMoTps Ha cpaBHUTENIBHO
MPOCTOM BHJ yCJIOBHUS, €r0 JTOCTATOYHO TOYHAS YMCIIEHHAsI pealu3aliys, OCyIlecTBIIsseMast
0OBIYHO B 00J7aCTH KOHEYHBIX pa3MepOB, CBS3aHA CO MHOTUMHU TPYIHOCTSMH.

3. [lepuoanveckne rpaHUYHBIC YCIOBUS, MPEACTABIAIONINE CIICHUAIBHBIA TUI TPaHIY-
HBIX YCIJIOBH, KOTOpbIE OOBIYHO CTaBATCS MPU 00TEKaHUN OECKOHEYHON MOCIEeI0BaTEeIbHO-
CTH TOBTOpsfoIMxcs Ted. [Ipu 3ToM mapameTphl MOTOKa Mepes TEIOM paBHBI apaMeTpaM
MIOTOKA B CJIEZIE 32 TEJIOM:

(1.8)



B psne TeopeTMueckux HCCIETOBAHUI STH TPAaHUYHBIC YCIOBUS HCIOIB3YIOTCA Kak
croco0 orpaHMyeHus paccMaTpuBaeMoil obmactu TeueHus. C (QU3NYECKON TOUYKU 3PEHUS
STOT THII TPAaHUYHBIX YCIOBUHA UMEET JUIsl 3a/1a4 0OTEKaHUs UCKYCCTBEHHBIN XapakTep.

4. YcnoBusl CHMMETPHUH, TaK K€ KaK MEePUOJUYCCKHUE yCIIOBUS, MPEACTABIISIONINE CIie-
[IMAJbHBI THI TPAHWYHBIX YCJIOBHH, BOHUKAIOIIUX BCIIEJCTBHE OMPEACICHHBIX MpPEIIo-
JIO)KEHU O CBOMCTBaX CUMMETpHM TeueHus. Hampumep, npu o0TeKaHMM CUMMETPHYHOTO
npo¢uiIsi paBHOMEPHBIM TOTOKOM IO/ HYJIEBBIM yTJIOM aTaKd €CTECTBEHHBIM T'PaHHMYHBIM
YCIIOBHEM SIBJIIIOTCS CIIETYIOIIUE YCIOBHUSA HA OCH CUMMETPHUU:

(1.9)

rae - COCTAaBJISIONIAsA CKOPOCTH 10 HOPMAJu K OCH CUMMETPUH; - HaIpaBJICHUE,
HOpPMaJIbHOE K OCHM CUMMeTpuH. B ompeneneHHOM Auama3zoHe peXMMHBIX MapaMeTpoB (B
NEPBYIO OYepe/lb IPU MaJbIX 3HAYCHUSIX 4Kciia PelfHobca) 3T YCIOBUS MOTYT COOTBET-
CTBOBAaTh PEAJIbHO HAOMIOACMbIM TEUEHHUSIM, OJHAKO BO MHOTHX CIydasX MX MOCTaHOBKa
CYLIECTBEHHO CYXae€T KJIACC BO3MOXHBIX JIBMKCHUN M B3aMMOJICHCTBUM TaK ke, KaK U I0-
CTAHOBKA YCIJIOBHM.

5. I'paHnuHbIE yCIOBUS Ha NMOBEPXHOCTH pazfesa ABYX Cpel B cllyyae, Korja 3Ta Io-
BEPXHOCTh (PMKCHpPOBAHA M TPEHUEM B OJIHOM M3 Cpell MOKHO MpeHeOpeub (Hampumep Io-
BEPXHOCTH KUIKOCTH - Ta3), UMEIOLIKE BU]L

(1.10)

YTO aHAJIOTUYHO ycloBusiM cummeTpuu (1.9). Yenosue (1.10), B oTauume ot ycnoBuil mpu-
nunanus (1.6), gomyckaeT JBUKEHHUE >KUIAKOCTU BJIOJIb MOBEPXHOCTH U IMO3BOJIIET COBME-
CTHO ¢ pemeHueM cuctemsl (1.3) - (1.5) onpeneauTs CKOPOCTH ATOTO ABUKECHUS.

OTmeTuM, 4TO B TOYHOW MATeMAaTUYECKOM MOCTAHOBKE 3aJa4yM MPU 3aMUCH UCXOIHBIX
ypaBHeHuit B ¢popme (1.3) - (1.5) B pacCMOTpEHHBIX BBIIIC CAy4YasXx HE TpeOyeTcs 3aJaHus
TPaHUYHBIX YCIIOBUHN AJIs JTABJICHHUSL.

VYpaBHEeHUs] BMECTE ¢ HauaJbHBIMU yCJIOBUSIMU

JUISl TIOJIEH CKOPOCTH U JAaBJICHUS M COOTBETCTBYIOIIMMHU TPAHUYHBIMU
YCJIOBUSMH TMPEACTABISIOT 3aMKHYTYIO CUCTEMY, MO3BOJISIOLIYIO ONMPECIUTh MOJI CKOPO-
CTU U JIaBJICHUSI OAHOPOJHON HEC)KUMAEMOM BSI3KOM JKUJIKOCTH U UX U3MEHEHUE BO BpeMme-
Hu. OJIHaKO CUCTeMa ypaBHEHUH C ypaBHEHHEM HEpa3pbhIBHOCTU B GopMme Heyao0Ha s
MPOBE/ICHUS BBIYMCIIEHUN U MOKET OBbITh 3aMEHEHA SKBUBAJIEHTHOM cucTemoi. [l sToro,
Harpumep, MOXHO TpoauddepeHIupoBaTh YpaBHEHHUE MO X U Y, a Pe3yJbTaThl CIOXKUTD,
MCIIOJIBb3YSI MPY MOCIEAYIOIINX TPeoOpa3oBaHuUsIX ypaBHEHHE. Tor1a moaryanm

(1.11)



Cucrema ypaBHEHMI NPECTABIAET OJHY U3 pa3HOBUIHOCTEW ypaBHeHul HaBbe - Cto-
KCa B NIEPEMEHHBIX CKOPOCTh, JaBJICHHUE, UCIIOJIb3YEMYIO B BBIYMCIUTEIBHON MpakTHKE. B
9TOM CJly4ae TpaHUYHbIE YCIOBUS JUIsl 1aBJIEHUs, HEOOXOIUMBbIE JJIs POBEACHMS PacUETOB,
MOTYT OBITh HOJYYEHbl W3 YpaBHEHHMH KOJIMYECTBA JBUKEHUS IMPHU HCIIOJIb30BAaHUHU pac-
CMOTpPEHHBIX BbIILIE TPAHUYHBIX YCIOBUHM Ui mosisi ckopoctd. Hanpumep, Ha TBepaoil He-
MO/IBM>KHOM CTEHKE

FPAaHUYHOE YCJIOBHE JUIS 1aBJICHUSI UMEET BUJ

Huke MbI paccMOTpUM U Ipyrue GOpMBI 3aITUCH UCXOTHBIX YPaBHEHU.

[Ipu BBIMOTHEHWM BBIYMCICHHWI OOBIYHO HCTIONB3yeTcs Oe3pa3mepHas ¢opma 3amucH
MCXOJHBIX YpaBHEHUM, HayalbHbIX U IPAHUYHBIX ycloBUi. BBenem Oe3pasmepHyro Besu-
YUHY B BUJE , T7Ie - HeKOTOopbIi MaciuTad. be3pazmepHast 3anuch MOXKET ObITH
IIOJIy4€HA IIOJACTAHOBKOM B YPAaBHECHUS, HAYAJIbHbIC U TPAaHUYHBIE YCIOBUSA BMECTO pa3Mmep-
HOW BEJIMYUHBI

€€ BBIPAKCHHUSI B BUJIC . Be160p MacimtaboB 3aBUCUT OT KOHKPETHOM MOCTAHOBKHU
3anauu. IlycTs, HanpuMep, yCIIOBUAMH 3a7aud 3aJaHbl XapaKTEpPHAsl CKOPOCTh U pas-
Mep olnactu . Teuenust ¢ 3aaHHON XapaKTepHOU CKOPOCTHIO (PacXoJ0M) UM Ieperna-
JIOM JIaBJICHUSI HA3BIBAIOTCS 8bIHYIHCOeHHOU KOHGeKyueli. BbiOupas B KauecTBe MacIiTaboB
CKOPOCTH U JUIMHBI COOTBETCTBEHHO  ,  , a JUId TapaMeTpoB , - UX 3HA4YCHWs,
3a/1aHHBIE YCJIIOBUAMU 3aJa4d, MOXKHO IOJIYYHTbh, BBIIIOJIHSS YKa3aHHBIC BBIIIEC ONEPALUH,
CJIEYIOILYI0 O€3pa3MepHYIO 3alUCh UCXOAHON CUCTEMBI:

B aT0i1 cucteme nmeroTes Ba 0e3pa3MepHBIX apaMeTpa, MOCTPOSHHBIE M0 BEJTHYNHAM,
BbIOpaHHBIM B Ka4e€CTBE MacIITaboB: -
grcno PeifHonb/ca, mpeacTaBsioniee OTHOMICHHE CUIT MHEPIIUHU K CUJIaM BSI3KOCTH U OTIpe-
JETISoIee MHTEHCUBHOCTh BBIHYKICHHON KOHBEKITHH; ,

- KpUTepHuil moaoous, MpeACTaBIAIONUINI OTHOIIEHHE MAacCOBBIX CHJI K CH-

JaM MHepLuH, rie - yucino dpyna. 3aMeTuMm, 4To AJIsi BpEeMEHH
U JaBIICHUS B CUCTEME HCIOJIB30BaHbl MACIITA0bl B BUJIE , U COOTBETCT-
BeHHO. Vcnonp3oBanue 6e3pa3MepHoOil cuCTEeMBbI IpeciieAyeT ABE LeJn: IPUBEICHUE 3HaUe-
HUH BBIYMCIISIEMBIX BEIMYMH K COOTBETCTBYIOIIEH IIKaie, a TaKkke pacyeT U o0paboTka pe-
3yJNbTaTOB B 0OOIIeH KpUTEPHAIBHON (opMe, colepKaliell MUHUMaIbHOE YHCIIO TTapaMerT-
POB. DTH 1IeJTM MOT'YT AOCTUTaThCSl COOTBETCTBYIOIIMM BEIOOPOM MaciuTaboB.

1.2. NepemeHHble PYHKLUM TOKa N BUXPS

VYpaBHEHUsI MOTYT OBITh 3aIIMCaHbl B MHOU (opMe, He coaeprKallell TaBjIeHUs U B pse
ciyyaeB Oosiee yIOOHOHM ISl YMCIIEHHON peain3aluu. B 1ekapTOBBIX KOOpAMHATAX 3Ta
CUCTEMa 3aIIUChIBACTCS B CIEAYIOIIEM Oe3pa3MepHOM BUJIE:
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DyHKIUS TOKA U BUXPb 3a/1aHbl COOTHOIIIEHUSIMU
(1.14)
(1.15)
[Ipu 3TOM ypaBHEHHE HEPa3pbIBHOCTU YJIOBJIETBOPSAETCA TOKIAECTBEHHO. CBs3b BUXpPS
¢ ¢hyHKIHEH TOKa B Bujie (1.13) cnenyet u3 onpeaencHust BUXps. Y paBHEHHE JJIsi BUXPS
MO>KHO MOJIYYUTh U3 ypaBHeHUH, nudepeHuupys neppoe no  , BTOpoe - 1Mo , BBIUU-
Tasl pe3yJIbTaThl U UCIIONb3Ys onpeaenenue Buxps: (1.3), (1.4).
@DyHKIMUSA TOKa MUMEET SCHBIN (PU3MUECKUil CMBICI, @ IMEHHO: KacaTeJabHas K JTHHUH
OIpeJiesieT HalpaBjieHHe BEKTOpa CKOPOCTH, a PA3HOCTh MEX1y MOCTOSHHBIMH,

COOTBETCTBYIOIIMMU JBYM JINHUSAM
, , pacroj0KeHHbIM Ha HEKOTOPOM PacCTOSTHUU ,
OIpEJEIISIET PACX0/] JKUIKOCTH YEpPE3 ITO CEUEHUE.
['panunuHbIe yCIOBUS ISl CUCTEMBI CIEIYIOT U3 UX aHAJIOrOB JJIS CUCTeMbl. B yacTHO-
CTH, Ha HETIOJABUKHOM TBEPAOU CTCHKE uMeeM, yuuThiBas (1.14),

(1.16)

Tak kak 3HaYeHUE (1)YHKIII/II/I TOKa HaXOAUTCA C TOUHOCTBIO J0O HOCTOHHHOﬁ, TO JJIA 3aMKHY -
TOM OI[HOCBHSHOﬁ 00J1aCTH MOYKHO IOJIOKHUTh

(1.17)

Jlns He3aMKHYTOH (MHOTOCBSI3HOM) 001acTH (HarmpuMep TeueHue B Tpyoe, o0TekaHue MoTo-
KOM Tella B TpyOe) 3HaueHHUe MOCTOSTHHON OyJIeT pa3IuvHbIM Ha OTAEIbHBIX YYacTKax rpa-
HUIIBI.

Oco0eHHOCTh MOCTAHOBKH T'PAHUYHBIX YCIOBUH JIJISi CUCTEMBI COCTOUT B TOM, YTO OHU
3aJlaHbl JIUIIb JUIsl PYHKIUU TOKa U (POpMaIbHO HE 3a/1aHbl JJIsi BUXPS HEMOCPEJCTBEHHO HA
rpanuiie obnactu. [Tocinennee okaspiBaeTCs CylIECTBEHHBIM TP YHUCICHHON peali3aliyi.

Pemenne cuctemsl (1.12), (1.13) onpenenser u3MeHEeHUE BO BpEMEHHU moJiel BUxpsa  (
) U QyHKIMH TOKa ( ), C HOMOUIBIO KOTOPBIX MOKHO B COOTBETCTBUU C (1.14)



BOCCTAaHOBHUTbH IOJIE€ CKOPOCTH U 3aTeM IMPHU HEOOXOAMMOCTH OMpPENETUTh IO0JIEe JaBIICHUS,
ucnosb3ys ypasaenue (1.11).

JIist TOCTPOCHHS BBIYMCIUTEIBHBIX CXEM B HEKOTOPBIX CIIydasx HCIOJB3YETCS TaKkKe
YpaBHEHHE YETBEPTOTO TOPSIAKA OTHOCHTEIHHO (DYHKIIMU TOKA, MOITyYarolieecs MpH TO-
cranoBke (1.13), (1.14) B (1.12) u umeroriee BU

(1.18)

HavanbHble ¥ rpaHUYHBIE YCIOBUS /JIsl 3TOTO YPABHEHUS SBIISIOTCS CIEICTBUEM TEX, KOTO-
pbie ctaBsarcs ais cucremsl (1.12), (1.3).

YacTHOMY Clly4aro CTallMOHAPHOTO “TIOJ3YLIEr0” IBHXKEHUS TTPU
COOTBETCTBYET OMTapMOHMYECKOE YPAaBHECHUE

(1.19)

rae . OTO ypaBHEHHUE C IPAHUYHBIMU YCIOBUSIMU Ha TBepJoil creHke (1.17) aBis-
€TCsl OJJHOM M3 MPOCTEUIINX MATEMATUUECKUX MOJIENICH MPYU MOCTPOCHUN YUCICHHBIX METO-
noB ypaBHeHU HaBbe -CtoKkca JJ1s1 HECOKMMAaeMO#l BSI3KOM KUKOCTH.

1.3. HekoTopble ocobeHHOCTM ypaBHeHUN HaBbe - CToKca 1 Ux peLleHui.
TpeboBaHUs K BbIMUCIIUTENBHBIM METOAAM

VYpaBuenus Hasbe - Ctokca 00manaroT psaoM cnenu@uueckux ocoOeHHOCTEH, KOTOpbIe
MPOSIBIISIOTCS] B YMCIEHHON pean3aluy He3aBUCUMO OT GopMbl ux 3anucu. OaHa u3 cyuie-
CTBEHHBIX OCOOCHHOCTEH - MPOCTPAHCTBEHHO-3JUIMIITUYECKUI XapakTep ypaBHEHUMH, 00y-
CJIOBJICHHBIM BIUSHUEM BSI3KOCTH BO BCEM IOJ€ T€UeHUS. B CBA3M ¢ 3TUM AJi pelieHus
ypaBHeHuil HaBpe - CTOKCa HEOOXOAMMO HCIOJIb30BaTh TUIIWYHBIE UIS AJUIMNTUYECKUX
YPaBHEHUN METOJBI PeIIeHHA. B oTiimuue OT ypaBHEHHMH IOTPAaHUYHOIO CJOsA, IPU ITOM
TpeOyeTcs MOCTaHOBKA MPaHUYHBIX YCIOBUI Ha BCEX I'paHUIlAX paccMaTpUBaeMoil o0JacTy,
KOTOpasi B peaJIbHbIX YCJIOBUSIX YacTO ObIBa€T OECKOHEYHA, HO MPH YMCIICHHOM peanu3anuu
JOJDKHA OBITH KOHEYHOH. DTO MPUBOIUT B PsA€ 3a7a4y BHEIIHETO OOTEKaHMS K TaK Ha3bl-
BaeMoH “mpolsiemMe 3aMbIKaHus’, 4TO TpeOyeT pa3paboTKu NpUOIMKEHHBIX aCUMITOTHYE-
CKHUX PEIICHUM.

B cucreme ypaBHenuii HaBbe - CTOkCca nMeeTcst Maliblil mapaMeTp Mpu cTapuiei mpous-
BOJIHOM , I3MEHEHUIO KOTOPOr0 COOTBETCTBYET CYILECTBEHHOE U3MEHEHUE IIIaIKO-
CTH pELIEHUsl. DTO CBS3aHO C MOSBICHUEM Y CTEHOK IIPU POCTE YKCIIa ITOIPaHUYHOIO
CJI051, TOJILIMHA KOTOPOT0 OOBIYHO MPONOPLHOHAIBEHA BEINYMHE .

HakoHen, cucremMa HelnMHEWHA. JTa HEIMHEWHOCTD, TUIIMYHAS U1 CUCTEM T'MAPOJMHA-
MHUYECKOI0 TUIa, 00YCIOBICHA B ClIydyae HEC)KUMAEMON KUJAKOCTH MHEPIIUOHHBIMH COCTAB-
JSIOLMMU B YPAaBHEHUSIX KOJIMYECTBA JIBUKEHUsA. B coduerannu ¢ AByMsI yIOMHHABIIUMHUCS
BbIIlIE OCOOCHHOCTSIMU HEJIMHEWHOCTh ypaBHeHuid HaBbe - CTokca MpUBOAWUT HpH J1OCTa-
TOYHO OONbIIMX YHcaaxX PeifHonbaca K 00pa30BaHUIO BECbMa CJIOKHBIX MPOCTPAHCTBEHHO-
BPEMEHHBIX CTPYKTYP.



B GonpmmHCTBE cilyyaeB ISl KaKJIOTO THIIA TEUEHUS B HEKOTOPOM JUana3oHe YHcell
CYILIECTBYET €IMHCTBEHHOE YCTOMYMBOE CTallMOHapHOE pemieHue ypaBHeHuil Hasbe - Cto-
Kca, 7S TIOTYYeHHUsSI KOTOPOTO MOYKHO MCTIONB30BATh JIMOO0 CTAIlMOHAPHBIE YPaBHEHNUS, JIN0OO
HECTAallMOHAPHBIE, pacCMaTpUBasi HCKOMOE PELICHUE KaK Ipeae Ipu (meton ycra-
HoBisieHus). [Ipu yBenmuenun yucia PeliHonblica cTallMOHapHOE PEIICHHUE MepecTaeT ObITh
€AVHCTBEHHBIM U HAYMHAET 3aBUCETh OT HAaYaJIbHBIX JaHHBIX. [Ipu nanpHeimeM yBenude-
HUU YHClia pean3yIOTCsl TOJBKO HECTAalMOHAPHBIE peXuMbl. Perienue npu 3tom
MMEET HE TOJIbKO HEPEryJsipHbId XapaKTep BO BPEMEHHU, HO CYLIECTBEHHO YCJIOKHSAETCS U
€ro MPOCTPAHCTBEHHAsI CTPYKTYpa, B YACTHOCTHU, TEPSAET YCTOMUMBOCTb U JIPOOUTCS MOrpa-
HUYHBIN CIIOW, B SIApE MOSBIISIIOTCA BTOPUYHBIE T€UEHHUs, U T.A. sl ONMcaHus peKUMOB
TAKOI'0 TUIIA CTallMOHapHble ypaBHEHUs HaBbe - CTOKCA HETOCTATOYHBI.

B skcneprMeHTax npu 0oJbLIIMX YKCTaxX Ha0JIt0/1aeTCsl HEYNOPSAI0UEHHOE, Xa0TH-
YeCcKOe JBUKEHUE JKUJKOCTH, Ha3blBAEMOE TYpPOYJEHTHBIM JBMKEHHEM, JUIsI KOTOPOIo
IPEACTABISET UHTEPEC ONHMCAHUE CPEAHUX MPOCTPAHCTBEHHO-BPEMEHHBIX XAPAKTEPUCTHUK.
[lepexosl OT TaMHUHAPHOTO pEXHMMa TEUEHUS B TypOYJEHTHBIN B KpyrJyioil TpyOe mpoucxo-
JUT TIPU YHCIIe
(MacmiTab CKOpOCTH - CpeAHsIsl BO BPEMEHHM CKOPOCTh Ha OCH TPYOBbl, MaciliTad JUIMHBI - pa-
auyc TpyObl). B TeXHHYECKUX MPUIIOKEHUSIX U SIBICHUSIX MPUPOJIbI 3HaueHUs yucia Peii-
HOJIbJICA JOCTUTAIOT 3HAYUTENILHO OOJIBIINX BEIUYUH,

MO3TOMY TYpOYJICHTHbIE PEKHMbI UMEIOT LIMPOKOE pacmnpoctpanenue. Mudopma-
sl 00 3TUX PEKUMAX, TO-BUAUMOMY, COAEPKHUTCS B HECTALIMOHAPHBIX ypaBHEHUsAX HaBbe
- Crokca. Jlo HejaBHEro BPEMEHU YHUCIICHHbIE UCCIEIOBAaHUS MPU OOJBIIMX ObLIH
CBSI3aHbI JIMIIb C U3YUYEHUEM IOBEJACHUS OCCKOHEYHO MajblX BO3MYIIEHUN HAa OCHOBE JIH-
HEapU30BaHHBIX T'MJIPOJMHAMUYECKUX YpPaBHEHUH (TEOPHUS TMIPOAMHAMUYECKONW yCTOWYH-
BOCTH). B nocnennee BpeMs ISl OTAENBHBIX KIACCOB TEYEHUH ETAI0TCS MONBITKHU MPSIMOI0O
YHUCJIEHHOTO MOJIEJIMPOBAHMS MEPEXOIHBIX U TypOYJIEHTHBIX PEKHMOB Ha OCHOBE HECTa-
MOHApHBIX ypaBHeHU HaBbe - CToKca.

N3 ckazaHHOrO clefyer, yTo TpeOOBaHUS K BBIYUCIMTEIBLHBIM METOJIAM JJIsl PElIeHUs
ypaBHeHHil HaBbe -CTOKCa JOMKHBI pa3auyarhbcs B 3aBUCHMOCTH OT PaccMaTpuUBaeMOI0
Jyana3oHa yucen PeliHombIca U TeX LeJei, KOTOPBIE CTaBITCSA MPU YUCIEHHOM MOJEIUPO-
BaHUU.

O61mue TpeOoBaHUSI K BBIUMCIUTENILHBIM METOAAM MOXHO C(hHOPMYJIUPOBATH CIEIYIO-
MM 00pa3oMm:

1). BeruncnurenbHast yCTOMYUBOCTb.

2). ToYHOCTH pacyeTa OCHOBHBIX XapaKTEPUCTHUK, MIPUEMIIEMAst ISl COOTBETCTBYOLINX
MPUIIOKEHU .

3). DKOHOMUYHOCTh; MUHUMAJIbHBIMH 00BEM OMEPATUBHON MaMSTH; MPOCTOTA peaan3a-
LUH.

[lepBoe TpebGoBaHUE 3aKIIIOYACTCS B TOM, YTOOBI BECh BHIYMCIUTEILHBIN MPOIIECC B IIe-
JoM ObL1 ycToiunB. OHO OTHOCUTCS Kak K CaMOM Pa3HOCTHOM CXeMme, TaKk U K METONy pe-
HICHUSI COOTBETCTBYIOIICH CHUCTEMBI alIreOpandecKux ypaBHEHUH.

Bropoe TpeboBaHue 03HauYaeT HEOOXOIMMOCTh BBICOKOM MPOCTPaHCTBEHHO-BPEMEHHOM
pa3pemumMocTi, KOTOPOH MOYKHO B TNPHUHIIMIIE JOCTUTHYTh, JIMOO MPHUMEHSS CXEMbl He
CJIMILIKOM BBICOKOI'O TOpPSJKAa TOYHOCTH, peaanu3yeMble Ha MOAPOOHBIX MPOCTPAHCTBEHHO-
BPEMEHHBIX CETKaX, JMO0 CYIIECTBEHHO IMOBBIIIAs MOPSAJOK TOUHOCTH cxeM. [[is ypaBHe-
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Huil HaBbe - CTOKCa 0COOCHHO Ba’KHBIM SIBJISIETCS TIOCTPOCHUE PA3HOCTHBIX CXEM, aIlIpOK-
CUMHPYIOIIUX OOIINMe HECTallMOHApHBIE ypaBHEHUS (M IMO3BOJIAIOIIMX B YACTHOM Cllydae
ONpEENATh CTallMOHAPHBIE PELLIEHUs, €CIM TaKOBblEe CyllecTBYIOT). IIpu aTom mpakTuka
MMOKA3bIBAET, YTO ISl pacyeTa BEChbMa IIMPOKOIO KJIAcCa TEUEHHUM JOCTATOYHO HUCIIOJIb30Ba-
HUS CXEM IIEpBOrO MOPsSAKAa TOYHOCTHU 110 BpEMEHU. B oTiinune OT Te4eHui HEBA3KON KU-
KOCTH, TPU 3TOM XapaKTepHbl OoJjiee BbICOKHE TPeOOBaHMs K MPOCTPAHCTBEHHOW arIpoK-
CHUMallUU petieHus (MOrpaHuYHbIe CJIOW, OCHOBHBIE U BTOPUYHBIC TE€UYEHUS, U T.I.). HAHOO-
jee yAOOHBIMU SIBJIIFOTCSI PA3HOCTHBIE CXEMbl BTOPOTO MOPSAKAa TOYHOCTU MO MPOCTPAHCT-
BEHHOW KOOpJMHATE Ha HEPAaBHOMEPHOM CETKE, CTYIIAOIICHCS B 30HE OOJIBIIUX TpaJvcH-
TOB.

Tpetbe TpeOoBaHMe HAa caMOM JieJe MOXKET COCTOSITh M3 ABYX (WM Jaxke Tpex) Tpedo-
BaHUW: MUHUMAJIBHOIO YKCIIA ONEPALM HA BPEMEHHOM CJI0€, MUHUMAJIbHOTO 00beMa orie-
patuBHOU mamsaTd OBM M MUHHMAaIBHBIX 3aTpaT TpyJa NPOrpaMMHUCTA Ha Pealn3alnio
IIPOrPaMMBI.

[lepeuncrnennblie TpeOOBaHUS B W3BECTHOM Mepe YCJIOBHBI, TaK KaK 3HAUEHUE KaKJI0TO
U3 HUX 3aBHCUT OT psJa JOMOJHUTENbHBIX (PaKTOPOB, TAKUX, HAIPUMEP, KaK PEKUM Teue-
Hus 1o yucay PeliHonbaca, Tun 9BM, kBanudukauus UCHOIHUTENS, OTPAaHUYEHUSI Ha Bpe-
Msl JUIs TTOJIy4Y€HUs pe3yJibTaTa, CEpUHHOCTh pacyeToB, U T.A4. DTU TpeOOBaHUS, KpPOME TOTO,
IIPOTUBOPEYMBBI, TaK KaK OJHOBPEMEHHOE U IOJHOE MX BBINOJHEHUE MPAKTUYECKU HEBO3-
MOJKHO, YTO TpeOyeT KOMIIPOMHUCCHBIX PELICHUH.

[maBa 2. OCHOBHbIE YMNCMEHHbIE METOAbI pacyeTa
TEYEHUNIN HECKNMAEMOM XNOKOCTU

B sTOM pasnmene paccMaTpuBarOTCS OCHOBHBIE YHMCIIEHHBIE METOJbI PELICHHs 3a1ad O
TEYEHUU HECKHMAEMOH KHUAKOCTH B 00JIACTU C PEryJIPHBIMU I'PaHULAMM, TIOKPBITOHN Mpsi-
MOYTOJIbHOM KOHEYHO-PA3HOCTHOW CETKOM.

[Ipexne yeM Morpsi3HyTh B U3y4YEHUU JeTajel, YaCTHBIX 3a7a4, BAPUAHTOB U BTOPOCTE-
MIEHHBIX BOIIPOCOB, CTOMT, BEPOATHO, OMKICATh B OOIIMX YepTaxX BCIO MPOLEAYPY PEIICHHUS
ITOJTHOM 3a7a4¥ TMIPOJUHAMUKHU. /[ KOHKPETHOCTH MBI OIUIIEM BBIYMCIUTEIIBHBIA UK
TOJIBKO ISl MIPOCTEUILEro MOAX0AAa, OCHOBAHHOTO HA PEIICHUHM HECTALIMOHAPHBIX ypaBHE-
HUM.

Uccnenyemasi 065acTh TEUSHHS] TTOKPHIBAETCS KOHEUHO-PA3HOCTHOM ceTkoil. KoneuHo-
pPa3HOCTHOE penieHre OyAeT ONpenessiThCs B y3Jlax CETKH, JIEKAUIMX Ha MEepPEeceueHuu Jiu-
HUM CETKHU.

Pemenune HaunHaeTCs ¢ TOro, YTO BO BCEX Y3JIaX CETKUM B MOMEHT BPEMEHU

CTaBSITCS HA4aJbHbIC YCIOBUSA s QyHKUMH . OTH HayaJbHBIE YCIOBUS MOTYT
COOTBETCTBOBATh HEKOTOPOM peaibHOM HaydaJbHOW CUTyalMH (€Ciu pedb UIET O PELICHUU
HECTAallMOHAPHOHN 3a7jauM) WJIM HEKOTOPOMY TpyOOMy NpHUONMKEHHIO K CTAl[MOHAPHOMY
peleHuto (ecau pedb UAET TOJIbKO 00 YCTAaHOBUBLIEMCS PEXUME).

Jlanee HayMHAETCS BBIYMCIUTENBHBIN LUK, KOrja I HPUOJIMKEHHOIO OIpe/eleHus
BO BCEX BHYTPEHHHUX TOYKAaX PACCUMTHIBAEMOW OOJACTH HCIOJB3YETCs] HEKOTOPbI KOHEY-
HO-pa3HOCTHBIM aHajor nuddepeHunanbHoro ypaBHenus neperoca Buxps (1.12). Hossie
3HAYCHUs BBIYHCIISIIOT HA HOBOM BPEMEHHOM CJI0€, COOTBETCTBYIOIEM IIPUPAILEHUIO
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BpEMEHHU ,
MPOJIBUTAS] yPAaBHEHHE MIEPEHOCA BUXPS 10 BPEMEHU, HAIIPUMED Tojaras
(HoBoe  )=(ctapoe )+ . Clie1yo1uMm 1aroM BbIYUCTUTENHHOTO
LUKJIA SBJISIETCS PEIIeHHEe KOHEUHO-Pa3HOCTHOTO aHajora ypaBHeHus I[lyaccona (1.13) s
oTpeieNIeHNs] HOBBIX 3HAYCHUH (DYHKIIUM TOKA , TPUYEM B “UCTOYHHMKOBOM™ UJICHE YpaB-
HeHus (1.13) ucnonb3yroTCsi HOBbIE 3HAYCHUS

BO BHYTpPeHHUX y3lax ceTku. CyliecTBeHHO, uTo ypaBHeHue IlyaccoHa st HOBBIX

HE 3aBHUCHUT OT IPAaHUYHBIX YCJIOBUHW ISl HOBBIX , KOTOpbIE TIOKa €Ill¢ HE WU3BECTHBI.
OO6BIYHO penieHue Al HOBBIX MOJIy4YaeTcsl UTEPallMOHHBIM IyTEM, TaK YTO UTEPAL[MOH-
HBIH MpoIiecc I HaX 0K ICHUS BKJIFOYAETCS B OOIIUI BEIYUCTUTENbHBIN ITUKI. Terneps,

MCIOJIb3Ysl KOHEYHO-PAa3HOCTHBIN aHanor ypaBHeHuit (1.14) B 6e3pa3MepHbIX epeMEHHbBIX,
HaxoJUM HOBBIE COCTaBJsitolIMe cKopocTu. [locnenHuii mar BIYUCIUTEIBLHOTO LUKJIA CO-
CTOUT B pacyeTe HOBBIX 3HAYEHUH HA IPaHULIAX paccMmaTpuBaeMol obsactu. OOBIYHO 3TU
HOBbIE T'PAaHUYHbIE 3HAUCHHUS 3aBUCAT OT HOBBIX (y>K€ BBIUMCIICHHBIX) 3HAUEHUI U
BO BHYTPEHHHUX TOYKaxX OOJIaCTH, PACIIOJIOKEHHBIX BOJM3M €€ IpaHULbl. 3aT€M BBIYHUCIIH-
TEJBHBIM IIUKJI TIOBTOPSETCS IO TE€X MOp, NoKa He OyAeT NOCTUTHYTO 3aJaHHOE 3HA4YCHHE
BPEMEHU WM MTOKA PEILIEHNE HE BBIMJIET HA CTALIMOHAPHOE C 3aJaHHOU CTENEHbI0 TOYHOCTH.
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Hauano

l

CTpOI/ITCH KOHCYHO-PAa3HOCTHAasA CCTKa

l

CraBsTcs HayaJbHEBIC YCJIOBUA IIpU

PaccuutsiBaeTcs HOBOEC , PACCUHMTHIBACTCS HOBOE
BO BHYTPEHHHUX TOUYKaX 1Mo ypaBHeHuto (1.12)

[IpoBoasiTCst UTEepanyu Jyisl ONIPEICTICHUS HOBBIX ~ BO BCEX TOUKaX
M0 YPaBHEHUIO C UCIOJIb30BAaHHEM HOBBIX BO BHYTPEHHHUX TOYKaX.
PaccuutsiBaercs HOBOE no gopmynam (1.14)

PaccunThiBaloTCs HOBBIE I'paHUYHBIC 3HAYCHUWA C UCIIOJIB30BAHHUECM

u BO BHYTPCHHHX TOYKaAX

I[OCTI/Il"aeTCSI 3a1aHHOC 3HAYCHNC BPCMCHU
niun
PEIICHNEC BBIXOAWUT HA CTAlIMOHAPHOC C SaﬂaHHOﬁ CTCIIC-
HBIO TOYHOCTH

Konern peenus
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CxeMaTnuecKky JaHHas mpoleaypa ndobpaxena Ha c. 13. JIng pa3audHbIX KOHKPETHBIX
3aJla4y HEKOTOPbIE JIETaIN ATOU Mpoleaypbl OyAyT MEHSITHCS, HO OCHOBHAsI CXeMa OCTaeTCs
HEU3MEHHOIA.

2.1. MeToab! pelleHns ypaBHEHNS NepeHoca BUXPS

[TapaGonucTrueckoe ypaBHEHHE TMEepeHOCa BUXPS U AUIHNTHYeCKoe ypaBHenue Ilyac-
COHA €CTECTBEHHO PAacCMAaTpUBATh 110 OTAEIBHOCTH, TaK KaK METOJBI UX PELICHUSI, OYECBU-
HO, paznuyHbl. OgHAKO cpa3dy cleayeT 3aMEeTUTh, YTO IPU YHUCICHHOM PEUICHUM 3aJa4dd
THJIPOJMHAMUKY (PaKTUUECKU CYIIECTBYEeT OOpaTHasi CBSA3b MEXIY S3TUMHU YpPaBHEHHUSIMH.
Hanpumep, B crily TOro, 4TO 3T ypaBHEHHs PEIIAIOTCS LUUKIWYECKH, YBEIMUYECHHUE JIOITyC-
TUMBIX BPEMEHHBIX LIArOB JJIsl YPAaBHEHUS MEPEHOCA BUXPS JIOJKHO ObITh KOMIIEHCHPOBa-
HO YBEJIMYCHHEM 4YHCJA UTEpAlMil MPU UTEPALMOHHOM penieHuu ypaBHeHus llyaccona.
HenpasunpHoe oOpaleHre ¢ rpaHUYHBIMH YCJIOBUSIMU B OJIHOM YPaBHEHUH MOXET IpH-
BECTH K HAPYILICHUIO CXOIAUMOCTH B IPYTOM.

Eme Baxknee To 00CTOATENBCTBO, YTO MPUXOAUTCS SBHO HUCKYCCTBEHHO OTAEISATH HaXo-
KJICHHE pElIeHHs] BO BHYTPEHHUX TOYKAX OT pacyeTa rpaHUYHbIX YCIOBHM, TaKk Kak 00e 3Tu
IIPOLIELyPHI TOJKHBI BBIIIOIHATHCS COBMECTHO.

OxoHuaTeNIbHBIM BBIOOP METO/A pEIICHUs] YPAaBHEHUS [IEpeHOCca BUXPS 3aBUCUT OT MHO-
rux ¢axropos. Takoii BEIOOp HE BCerja O4eBHJICH, M YUTATEIb JOJDKEH 3HATh, YTO pa3 Ha-
BCET/Ia YCTAaHOBJICHHBIX PEKOMEHIAINH 1O BHIOOPY JYUIIEro METOa HE CYIIECTBYET.

2.2. HekoTopble OCHOBHblE KOHEYHO-PA3HOCTHbIE (POPMYIbI

OCHOBHBIE KOHEUHO-PA3HOCTHBIC (OPMYJIBI JIJISI YACTHBIX IPOU3BOJHBIX MOTYT OBITh
MOJIyYEHBbl TMpPU TOMOIIM pasyioxkeHus B psiabl Teinopa. Mcnonb3dyemas mpsiMOyTOJbHas
CeTKa IoKa3aHa Ha puc. 1.

Puc. 1. IIpsmoyroiyibHast KOHEYHO-PA3HOCTHAs CETKa
HwxHue nanekcel  u OTHOCATCA K M, a BEDXHHUU MHJIEKC

14



OTHOCHUTCSI K BpeMeHHOMY cioto. Illaru ceTku B HampaBieHUAX U 0003HA4aroTCA
gyepes u COOTBETCTBEHHO. /[ HecKMMaeMOil )KUIKOCTU OHH OyAyT MOCTOSTHHBIMH.
Ilepemennas O3HaYaeT KaKyro-1100 (yHKIHUIO.

@opMBI OJHOCTOPOHHUX PA3HOCTHBIX NPEACTABICHUN I IEPBOM IPOU3BOJHOMN
MO’KHO BBIBECTH CJIEIYIOIIUM 00pa3oM. MBI mpemoiaraéM HenpepbIBHOCTh IPOU3BOIHBIX
U pacKJIaJbIBaeM B psan Teinopa B OKpECTHOCTH TOYKHU . Bepxuuit un-
JeKC (BpEMEHHOM) J1s1 IPOCTOTHI onmycTuM. Toraa

(2.1)
Pa3pemas oTHOCUTENBHO , IOJTy4aem
(cokpamenue YUBII o3HauaeT “dneHbl BHICHIMX MOPSAJIKOB”) WIH
(2.2)
i€ 3aIUCh YUTAETCA TAK: “‘WIEH IOpsAIKa OTHOCHUTCS K WICHAM, COAEPKaIIUM
MHOKHTEIN , U T.JI.
O003HaYMM KOHEUHO-Pa3HOCTHBIM aHaIor yepes . Torma mis
MIPY PA3HOCTHOM aNMnpoOKCUMAIMU BIIEPE]] MTOJIyYaeM BhIpaKEHHUE
(2.3)
C OMIMOKOI anmpoOKCUMAIUH TOPSIIKA , T.€. C IEPBBIM MOPSAAKOM TOYHOCTH.
PacknanpiBas B OKPECTHOCTH TOYKHU ( , ), TIoJTy4aem JJist
BBIPQ)KEHUE TIPU PA3HOCTHOM alllIpOKCUMAalUU Ha3al:
(2.4)

KOTOpOE TaKe MMEET MEePBBIM MopsAok TouyHOCTH. LleHTpanbHas (cuMmeTpuyHasi) pa3Ho-
CTHasl anmpOKCUMAIIUS MOJIy4aeTcs Kak pa3HOCTh Pa3i0KEeHUI
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(2.5)

(2.6)
Bbrunras u3 mepBoro BTopoe, moixydum
Paspemras oTHOCUTENTEHO uMeeM
(2.7)
Takum 006pazoM, IIeHTpaIbHAs PA3HOCTHAS AMMIPOKCUMAITUS JACT BRIPAKCHHE
(2.8)
C OIMMUOKOHN anmpoKCUMAaIMN TOPsIKa , T.€. CO BTOPBIM TMOPSIIKOM TOYHOCTH.
AHAJOTUIHO MOYKHO TIOJTYYHTh BBIPAXKCHHUSI JIJIS1 IPOU3BO/THBIX T10
U0  ; HAIIPUMeEp, IICHTPATbLHO-PA3HOCTHBIN aHAJIOT UMeeT BUJT
(2.9)
BriBeem Teneps HEeHTpalbHO-PAa3HOCTHBIM aHAJIOT . CxnanpiBas (2.5) u (2.6),
uMeeM
Paspemias oTHOCUTENHHO , TOJTy4aemM

16



(2.10)

N3 (2.10) nns uMeeM

(2.11)

CO BTOPBIM MOPSIIKOM TOYHOCTH.
Pa3HocTHBIE aHanmoru BHepel M Hazaa 0oJiee BHICOKOTO MOPSAKA OMPEACIISIOTCS PEKyp-
PEHTHBIMU COOTHOILICHUSIMU

(2.12)

B kauectBe mpuMmepa NpuBEAEM KOHEYHO-PA3HOCTHYIO AIMPOKCUMAIIMIO BIEPE] BTOPOM
MPOU3BOJHOU

(2.13)

AHAJIOTUYHO JJISI pA3HOCTEN Ha3ald:

(2.14)

OpHako mocienHuE /1Ba aHajora MUMEKOT JUIIb MEPBbIM MOpsoK TOYHOCTH. C MOMOUIbIO
BbIBEJICHHBIX GopMyi (2.13) u (2.14) MOKHO BBIBECTH KOHEYHO-PA3HOCTHBIE aHAJIOTH BIIe-
pen ¥ HazaJ MPOU3BOJHON MEPBOro MOPSAIKA, UCIOJIB3YIOLINE TPU TOYKU U UMEIOIUE BTO-
POii OPSIAOK TOYHOCTH:

3aMEeHHMM BTOPYIO IPOM3BOIHYIO0 KOHEYHO-Pa3HOCTHBIM aHAJIOIOM BIEPE]
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(2.15)

AmHanornyto - “"asan’:

(2.16)

KoMOuHanusi nosy4eHHbIX KOHEYHO-PA3HOCTHBIX BBIPAKEHUM JJIs1 YACTHBIX MPOU3BOJ-
HBbIX MO’KHO HCIIOJIb30BaTh JAJI HAlMCaHUs KOHEYHO-PA3HOCTHBIX (opmyn auddepeHim-
aJbHBIX YPaBHEHMI B YaCTHBIX NPOU3BOAHBIX. Hanpumep, ypaBHenue Jlamnaca

OyZleT UMETh PA3HOCTHBIN aHaJIOT

nJIn

(2.17)

Tac - OTHOHICHHEC PasMCPOB IIAros, . JTO TaK Ha3bIBa€MbIM MATUTOUYCUYHBIN
AHaJIOI' YpaBHCHUA Jlannaca. HpI/I IMOJYYacTCA N3BCCTHOC YPABHCHUC

(2.18)

KOTOpPOE O3HAYaeT, 4TO SBIIIETCS CPETHUM 3HAUCHHUEM B UETBHIPEX COCEJIHUX
TOYKaX. DTU (HOPMYJIIBI CXEMATUIHO N300paKEHBI HA CIICIYIONIEM PUCYHKE
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Puc. 2. CxemaTtnyHoe IpeicTaBiIeHUE NATUTOYEYHOTO aHajora ypasHeHus Jlamaca;
. JleBast cxema COOTBETCTBYET POU3BOJILHOMY 3HAYEHUIO , lIpaBast

Hcnonw3ys it anmpOKCUMAIIMH TPOCTPAHCTBEHHBIX MPOW3BOIHBIX M TIPOU3BOIHON IO
BPEMEHH DPa3HOCTHBIC BBIPAXEHUS BTOPOTO MOpSAKA TOYHOCTH, JIMHEHHOE MOJENbHOE
ypaBHenue (1.12) nepenuiercs B Buze ( )

MO3BOJISIIOLIEE SIBHBIM 00Pa30oM BBIPA3UTh yepe3 3HAYCHHS MEPEMEHHBIX Ha MPEIbI-
OyIIMX BPEMEHHBIX cl0siX. OQHAKO Takas cxeMa B JIEHCTBUTEIbHOCTH OKa3bIBACTCS HENPH-
emseMoi. [ Bcex 1 BCEX BO3MOKHBIX

3Ta CXE€Ma YHCIEHHO HEYyCTOMYMBA, T.€. MPUBOAUT K BOZHUKHOBEHUIO XaOTHYECKHUX
pENICHMIA, He UMEIOIIUX OTHOIICHUS K pelieHuio AuddepeHITMaAIbHOrO ypaBHeHUs. Takoe
MOBEJACHUE MOJYEPKUBACT PA3TUUME MEKY TOYHBIMU KOHEYHO-PA3HOCTHBIMHU aHAJOTaMu
JUTSL IPOU3BOAHBIX M TOYHBIM aHAIOroM JuddepeHnaibHOro ypaBHeHusI.

Ecnu BMeCTO LIEHTpaIbHBIX Pa3HOCTEW B HECTALIMOHAPHOM YJIEHE MCIIOJIb30BaTh Pa3HO-
CTHU BIIEPE] II0 BPEMEHH, TO MOJYUYUTCS PA3HOCTHBIMA aHAJIOT JIMHEWHOTO MOJEIIBHOTO YpaB-
HEHUS, UMEIOIIMN BTOPOU MOPSAIOK TOUHOCTH MO MPOCTPAHCTBEHHBIM IMEPEMEHHBIM U TOJIb-
KO TIEPBBIM - [0 BPEMEHHU.

(2.20)
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B nanpHeiimem OyaeT moka3aHo, 4TO ATa cxeMa ycTolunBa (1o KpalHel mepe, Ipu He-
KOTOPBIX YCIOBUAX, HAIOKEHHBIX HA , 1 u ).

CylecTBYIOT U JPYTU€ METOJIbI MOJyYEHUs KOHEYHO-PA3HOCTHBIX BBIPAXKEHUMN: METO/I
MOJIMHOMHUAIBHOM anmpoKCUMAaIliy, HHTErPaJbHbIA METO/ U METOJI KOHTPOJBHOI0 00bema.
Kaxapiit u3 MeTonoB 00JaaeT CBOUMH JIOCTOMHCTBAMM, MPUYEM IOCJIEIHUN U3 Mepeyuc-
JICHHBIX SIBJISIETCS JIYYIIUM B HEKOTOPOM cpelHeM cMmbicie. [logpoOHO 3T MeTonbl pac-
CMOTpEHBI B [2].

2.3. VlccnepoBaHne yCTOMYMBOCTH

Crtporoe 060CHOBaHHE YCTOHYUBOCTH CXEM JUIA T€X YPaBHEHHI, KOTOPbIE BCTPEUAIOTCS
B COBPEMEHHBIX MPHUKIAIHBIX UCCIEOBAHUAX, KaK MPABUIIO, TPOBECTH He ynaeTcs. O0bsic-
HSETCS ATO CJIEIYIOUMMHU NMpuurHaMu. [[1si OONbIIMHCTBA HEIMHEHHBIX YpaBHEHUN Mexa-
HUKHU CIIOLIHOW Cpefbl MOKa ellle He pa3padoTaHa JJOCTATOYHO IOJIHAS MaTeMaTHyYecKas
TEOpUsl, B YACTHOCTH, HE JOKa3aHbl TEOPEMBI O CYLIECTBOBAHUM U €AUHCTBEHHOCTH pelle-
HUS U HENPEPBIBHON 3aBHCHUMOCTU OT UCXOJHBIX JAaHHBIX 33/1a4d. CeToYHble annpoKcHUMa-
MK OOBIYHO HE MEHEE CJIOKHBI JUJISl UCCIIEJOBaHMS, YeM COOTBETCTBYIOLIUE AU PEepeHIIH-
asbHble ypaBHeHMs. bosee Toro, mpu nepexone or nudpdepeHnnaIbHbIX YpaBHEHUH K ce-
TOYHBIM AaMIMPOKCUMALUSM MOTYT yTPauMBaThCA MM MAacCKUpPOBAThCS (DyHIaMEHTaJIbHbIE
CBOMCTBA, JIEXKAlllMe B OCHOBE COOTBETCTBYIOIIEM MAaTeMAaTUYECKON TEOpUHU, HAIPUMED
CBOMCTBO MaKCHMyMa JIJIsl TApabOIMYECKUX U DIUTUINITUIECKIX YPaBHEHU.

Jlis uccnenoBaHMs CXeM, anmnpokcumupyromux ypasHeHuss Haebe - Crokca, pazpabo-
TaHbl HEKOTOPBIE NMPAKTUYECKUE AJTOPUTMBI, MO3BOJSAIOIIME OTHOCUTENIBHO JIETKO OTCEM-
BaTh HEYCTONUYMBBIE CXEMBbl. DTHU MPHEMbI HMPOBEPEHbI OOJIBIIMM OIBITOM MPAKTHUYECKUX
pacueToB U 0OOCHOBAHBI TEOPETHUECKH HA HEKOTOPHIX JOCTATOYHO OOIIUX MOJIEIbHBIX 3a-
Jadax.

2.3.1. On1ucaHne HeyCTONYMBOCTH

JIns 03HaKOMJIEHHSI C HEKOTOPBIMHU aCIIEKTaMHM YMCIEHHOM HEYCTOMYMBOCTH PaCCMOT-
pUM OJIHOMEpPHOE MOJIeIbHOE JUHEHHOe ypaBHeHue st . Ha puc. 3(a) mokazaHo cranuo-
HapHOE pelieHue Ha BPEMEHHOM cJlo€, a Ha puc. 3(0) - HaJOXKeHue Ha BO3MY-
uieHus  , gopma KoToporo mnpenacrasiieHa Ha puc. 3(B). Takue BO3MylIeHUSI MOTYT TIOpO-
XKAAThcsl TMOO0 MAITMHHBIMU OLTMOKAMU OKPYTJEHUS, OO0 MOMEPEUYHBIMU JABUKCHHUSIMHU B
peanpHOM NIByMepHOU 3anaye. Mcnonap3yst cxeMy ¢ pa3HOCTSIMU BIIEpE]] 10 BPEMEHU U IEH-
TpaJbHBIMU PA3HOCTSIMU TIO MPOCTPAHCTBEHHOW MEPEMEHHOM, MPOCIEAUM 3a pPa3BUTHEM
HaJIO)KEHHOTO BO3MYyIleHUs. JIMHeltHOe MOJIeIbHOE YpaBHEHHE B KOHCEPBATHUBHON (opme
UMeeT BUJI

a pa3HOCTHOE - BUJI
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(2.21)

[IpencraBum BeUUUHY KaK CYMMY CTaI[MOHAPHON KOMITOHEHTBI u
BO3MYILICHUS : (2.22)
[Tocne atoro ypaBHenue (2.21) 3anuiiercs Tak:

(2.23)

CyMMa mepBbIX JIBYX 4WICHOB B MpaBOi "acTtu ypaBHeHus (2.23) npencraisieT coOoi
KOHEUYHO-PAa3HOCTHOE 3HAUCHUE , paBHOE HYJIIO B CHIIy HPEINOJI0KEHHS, YTO Ha
BPEMEHHOM CJIO€ CYIIIECTBYET cTalluoHapHoe perieHue. Torna ypaBHeHue (2.23) cBoaurcs
K CIEAYIOIIEMY:

(2.24)
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Puc. 3. PocT ommOku npu UCTIOIB30BaHUN KOHEUHO-PA3HOCTHOM CXEMBbI C PA3HOCTIMHU
BIIEPE/I 110 BPEMEHH U LIEHTPAIIbHBIMU Pa3HOCTAMH 10 POCTPAHCTBEHHOM Tie-
PEMEHHOM ISl MOJIEIBHOTO YPaBHEHUS, OMTUCHIBAIOIIETO KOHBEKIIMIO U TU(-
¢by3uro: a) - CTallMOHAPHOE PEIICHNE HA  -M CJIO€ 110 BpeMeHH; 0) - BO3MY-
IICHHOE PEIIICHUE Ha -M CJIO€; B) - BO3MYIIICHUE HA  -M CJIO€; T') - KoJyieOa-
TEJIbHBIA POCT OIUOKH, CBI3aHHBIN C YpE3MEPHO OOJBIIUM LIATOM
(IMHAMUYeCcKas HeyCTOWYUBOCTH); 1) - MOHOTOHHBIM POCT OMIMOKH, 00YCIIOB-
JICHHBINA TPUMEHEHUEM IIEHTPATBHBIX Pa3HOCTEH JIsI KOHBEKTUBHOTO WiEHA
(craTHueckasi HEYCTOMYMBOCTD)
[TepBrlii uneH B paBoOM yacTu ypaBHeHUS (2.24) naeT u3MeHeHue, 00yCIOBICHHOE KOHBEK-
IIUEH, a BTOPOH - 00ycioBieHHOe Audy3uei.
Paccmotpum ypaBHenue (2.24) ToAbKO ¢ 0AHUM JU((HY3UOHHBIM YJICHOM U OLEHUM €ro

B Touke. [lockombky , u , IMeeM
(2.25)
3HauuT, 1)1 BCeX MpeBpalleHue MOJIOXKUTEIBHO U CTPEMUTCSI KOPPEKTUPO-
BaTh OTPHUIATEIIHLHOE BO3MYIIICHHUE
AHaJIOTUYHO, paccMaTpuBast B TOUKE , IMeeM , ,
; IOATOMY
(2.26)
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T.C. IIOJIOKUTCIIbHOC BO3MYIICHUC KOPPCKTUPYCTCA OTPULATCIBHBIM IIPpUPAICHUCM

3amMeTuM, YTO IpHUpaICHHUE (a Taxxke U T.J.) IPONOPIIMOHAIEHO
mary . Ecnu mar CJIMIIIKOM BEJIMK, TO MOIMpPaBKa 3a CYET MPUPAICHUS OKa-
KeTcsl Ype3MepHOu. [ TaKuX CIMIIKOM OOJBIINX BEJIMYKMHA HOBOTO Oyner

60.]11)]].[6 HaYaJIbHOT'O BO3MYIICHHA, KaK 3TO IMOKa3aHO Ha PpHC. 3(I‘)I

(2.27)
Hn aHAJIOTHUYHO

(2.28)

[TosiBeHME TaKMX OCUMJUISLIMI HapacTaloUel aMIUIUTYIbl, 00YCIOBIEHHBIX YpE3MEPHO
OOJIBIIMM HIArOM IO BPEMEHM, HA3bIBACTCS JMHAMUYECKON HEYCTONYMBOCTHIO, KOTOPYIO
MO>XHO YCTPaHWUTh YMEHBUIEHHEM Illara MO BPEMEHH, CIEJIaB €ro MEHbIIE HEKOTOPOIo
“KPUTHUYECKOrO 11ara 1o BpeMeHu”’

Paccmotpum teneps ypaBHeHue (2.24) TOIBKO ¢ OJHUM KOHBEKTHBHBIM WieHOM. Olie-

HUM OTO YpaBHCHHE B TOUYKE  , IMoJjaras . I[IpeanonoxuM, 4To BO3MYIIIEHHE KOIeO-
JIETCA M0, @ €ro aMIUIUTYJa PACTET C POCTOM
[ToaTomy , , n

(2.29)
T.€. IPHUPAILCHHUE , 00yCJIOBICHHOE KOHBEKIIMEH, OTPUIIATEILHO JaXKe MPU

. OTO 0O3HayaeT, 4yTo OIMMOKA pacTeT MOHOTOHHO (cM. puc. 3(x)). [losiBneHue Takon
HapacTaroIIe OMMOKN HAa3bIBACTCSI CTATUYECKONM HEYCTONYMBOCTHIO, KOTOPYIO HEIb3s yCT-
PaHUTh YMEHBIIEHUEM I11ara 1o BpEMEHU U MOXKHO YCTPaHUTh TOJBKO MEPEX0JOM K KaKoil-
100 Apyroi KOHEYHO-Pa3HOCTHOU CXEMe.

Ecnu npocTpancTBeHHOE HaNpaBiIeHUE POCTa 10 OTHOIICHHUIO K OTJIMYAETCS OT
MOKa3HOro Ha puc. 3(x), T.e. eciu 6o , 100 aMILTUTYy 12 YMEHBIIIAETCS 110
, TO KOHBEKTUBHBIN YJICH CTAHOBUTCS CTATHUECKU YCTOWYMBBIM, HO MPH JOCTATOYHO OO0JIb-
X elie MOXKET UMETh MECTO JUHAMUYecKash HEyCTOMYMBOCThL. B mo0oi peanbHOM
3a/laye HauyajbHble OMIMOKM pacrmpeneseHbl 0ojiee WM MEHee CIy4yallHO, U MOXXHO OBITh
YBEPEHHBIM, YTO B HEKOTOPBI MOMEHT BPEMEHU U B HEKOTOPOI TOUKE MX paclpejiesieHne
OyZeT moxoske Ha U300pakeHHOe Ha pHc. 3 “KaTtacTpoduueckoe” pacupe/iesieHue.

Ecmu B ypaBuenue (2.24) BXOAAT M KOHBEKTHBHBIN, U AU(PHY3UOHHBIA WICHBI, TO OHH
B3aMMOJECHCTBYIOT. Kak MBI BCKOpE yBHIMM, JJII PACCMAaTPUBAEMON Pa3HOCTHOM CXEMBI
BO3HUKAET OrPaHUYEHUE Ha , 00ycnoBieHHoe U Py3MOHHBIM YIEHOM, U APYroe orpa-
HUYEHUE Ha , 3aBUCSALIEEC OT CPABHUTEIbHON BEIUYMHBI CTATMYECKU HEYCTOWYMBOIO
KOHBEKTUBHOTO WJEHA M CTAaTHYECKU YCTOWYMBOro aAupy3HMOHHOrO ujeHa, T.e. OT YMCia
PeitHonbca. DT MOMEHTHI CTAHYT SICHBI B CIEAYIOIIEM pa3fere.
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2.3.2. iccnepoBaHue yCTOMYMBOCTUM METOAOM OUCKPETHBIX BO3MYLLIEHUN

Meton nccnenoBaHus yCTOMYMBOCTH, KOTOPBI Mbl Ha3bIBAEM METOJOM JHUCKPETHBIX
BO3MYIIIEHUH, MPEACTaBIsIET coO0i 0000IIeHne MEeTOa, BIEPBHIE HCIOIB30BaHHOTO To-
MoM u AnenbtoM (1961) u paszsutoro Tomanom u lleBunkom (1966). 3ToT MeTon MOJTHO-
CTbIO OTBEYACT YK€ JAHHOMY HaMHU ONMCAaHUIO HEyCTOMYMBOCTH. OH MpsM U HPOCT MO
unee. Koporko rosopsi, B ypaBHEHHUsI B HEKOTOPOI TOUKE BBOJUTCA JUCKPETHOE BO3MYIIIE-
HUE BEJIMYUHBI U MIPOCIEKUBAETCS BIMSIHUE 3TOI0 BO3MYILEHUS; KOHEYHO-PA3HOCTHASI CXe-
Ma OyJeT YyCTOMYMBOM, €CITM BO3MYILEHUS 3aTyXaloT.

[IpocToThl pamu cHaudama paccMOTpuM ypaBHeHHE (2.21) Tombko ¢  audy3rMOHHBIM
YJIEHOM U IPEANOI0KIM, YTO HalJIEHO CTAllMOHAPHOE pellIeHne

JUIsl BceX . BBeneM B penieHue BO3MYLIEHHUE u u3 (2.21) no cxeme ¢
Pa3HOCTSIMU BIEPE IO BPEMEHU U LEHTPAJIBbHBIMU PA3HOCTSAMU 10 IPOCTPAHCTBEHHOW Tie-
PEMEHHOU MOJTYy4YUM

(2.30)
WA

(2.31)

(2.32)
rae nuddy3MoHHOE YNCIIO0 OTpeieiIeTCs PaBEHCTBOM

(2.33)

B cuny tpeGoBaHMs yCTOWYMBOCTH 3TH BO3MYIICHUS JOJKHBI 3aTyXaTh. [t mepBoro mara
10 BPEMEHHU 3TO IIPUBOJMT K YCIOBHIO

(2.34)

NN
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(2.35)

[IpaBoe HepaBEHCTBO SBISETCS PE3yJbTAaTOM TPeOOBaHMS CTATUYCCKOW YCTOMYMBOCTU U
ABTOMATHYECKH BBITIOJHSETCS MPU TOJIOKUTETBHBIX , T.€. IPU

u . JIeBoe HEpaBEHCTBO SIBISIETCS TPEOOBAHUEM JTUHAMUYECKOW YCTOMUYNBOCTH
Y BBITIOJHAETCS TIPU . Ecniu, cnenyst Tomany u llleBuuky (1966), morpeboBaTts eie,
9TOOBI YHCICHHOE PEIICHUE MOJCIHPOBAIO (PU3UIECKOE SIBICHUE, HE JOMYyCKasi OCIHIIIS-
U, 00YCIIOBJICHHBIX YPE3MEPHO OOJIBIIUM IIaroM 0 BPEMEHH, T.€. YTOOBI

(2.36)

TO IIOJIY4YacTCA OI'PaHUYICHUC

(2.37)

HepasenctBo (2.36), oHaKo, He SIBISIETCS] YCIOBUEM YCTOWYMBOCTH B CMBICIIE YMEHb-
HIEHUS aMIUTUTYAbl BO3MYIlleHUsl. HTepeCHO OTMETHUTh. YTO €CJIM paccMaTpuBaTh JOCTa-
TOYHO OOJBIIOE YHMCIIO CIOEB MO BPEMEHHU, TO TMOTPeOyeTCsl BBIMOJHEHHWE HEPABEHCTBA
(2.37). CHayana mo cxeme ¢ pa3HOCTSIMU BIEPE] 0 BPEMEHH U IIEHTPATbHBIMHU PA3HOCTSAMHU
M0 MPOCTPAHCTBEHHOMU IMepeMeHHoM (ypaBHeHue (2.21)) BbIUMCIUM BO3MYIIEHUE B COCE/-
HUX TOYKaX:

(2.38)
J171s1 clie1yIoIero ciios Mo BpEMEHH MOTyYrM
CHoBa notpebyem, 4ToObI UMEJI0O MECTO HEPABEHCTBO

(2.39)
OTKyJa MOoJIy4aeTcs

(2.40)
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JleBoe HEpaBEHCTBO BBIMOJHAETCS BCEIIa, B TO BpeMsl KaK MPaBO€ HAKJIAAbIBAET OrpaHHUye-
HUE .
TakuMm 00pazoMm, pacCMOTpEHHE MEPBOIO BPEMEHHOIO CJIOSI MPUBOAUT K YCJIOBHUIO
, @ BTOPOI'O - K YCJIIOBHUIO . MoxHO paccMaTpuBaTh U MOCIEIYIOLUME BPEMEHHbIE
CJIOM, KOTOpBIE MPUBOJAT K ellle 00Jiee OrpaHUYUTENbHBIM YCIOBUAM JUIS . HauanbHoe
€AMHUYHOE BO3MYILIEHHE B TOUYKE
ACUMITOTUYECKU CTPEMUTCS K OCHUJUIMPYIOLIEMY paclpeleIeHUI0 ,
rae - HEKOTOPOE BO3MYULIEHUE MEHbILIEH aMIUIUTY/Ibl, KaK IOKa3aHOo Ha puc. 4.

Takum 00pa3oM, BUIHO, YTO HaMOOJIee OrpaHUYUTENBHOE YCIOBUE IS
MOSIBJIIETCS. TIPU TAKOM THIIE PacIpelleieHnss BO3MYLICHHI; HaYMHasl pacyeT ¢ TaKuM OcC-
LAUIMPYIOIIUM BO3MYILEHUEM  , HAJIO)KCHHBIM Ha , 1 mpuMeHss cxemy (2.21) c
Pa3HOCTSIMU BIEPE IO BPEMEHU U LEHTPAJIBHBIMU PA3HOCTSMU 10 IPOCTPAHCTBEHHOW Tie-
PEMEHHOM, MOTy4aeM

2.41)
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Puc. 4. AcumntToTnyeckoe pacnpeaesieHue €IMHUIHOTO BO3MYILICHUS B TOUKE OISl
ypaBHeHus 1 dy3un, peraeMoro 1mo cxeMe ¢ pa3HOCTIMH BIIEPE]] 0 BpeMe-
HU U C UEHTPaJIbHBIMHU PA3HOCTSIMHU 10 TPOCTPAHCTBEHHBIM NIEPEMEHHBIM: a) -
HayaJabHOE BO3MYIIEHUE; 0) - BO3MYIIEHUE MTOCJIE OJJHOTO I1ara o BpeMeHH;
;

B) - BO3MYILEHHUE TI0CIIE OYEHB OOJIBIION0 YMCIIa IaroB Mo BpeMEHU

TpeboBanue ycroitunBocTu

(2.42)

naet
(2.43)

W
(2.44)

Jlyis mocienyomux BpeMeHHbIX ciioeB ycioBue (2.44) He mensiercs. Takum oOpazoMm, 3TO
ycnoBue st OOJIbIINX 3HAYEHH BPEMEHHM SKBUBAJIEHTHO YCIOBHUIO (2.37) - yCIIOBHIO OT-
CYTCTBHS OCHMJUTSIIINI, 00YCIOBICHHBIX YPE3MEPHO OOJIBIIMM IIAaroM MO0 BPEMEHH, B CITy-
9Yae W30JIMPOBAHHOTO BO3MYIICHHUSI.

N3 popmymst (2.33) cnenyer, 4to npu (PUKCHPOBAHHOM IIIare MPOCTPAHCTBECHHOMN CETKH
1 (QUKCUPOBAHHOM  YCJIOBHE HaKJIaJbIBACT OTPAHUYCHHE Ha IIIar 10 BPEMEHHU:

(2.45)

OTtmeTuM, YTO OrpaHUYEHHE, HaKJIaJblBaeMoe YycJaoBHEM (2.45), sBISETCS TSKEIbIM B
CMBICJIE 3aTpaThl BPEMEHU JUIsl YUCIIEHHOrO pelleHus ypaBHeHUs auddysuu. [Ipenmosno-
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UM, YTO pacyeT BEAETCS ¢ HEKOTOPHIM MPOCTPAHCTBEHHBIM I1aroM 710 HEKOTOPOTO
0e3pa3MepHOro BpeMeH! , T7Ie

- MaKCHMaJIbHO BO3MOJKHBIN IIAar 1Mo BpeMeHU. Ecnu skenaTenbHO MOBTOPUTH
pacueT ¢ BABOE MEHBIIINM MTPOCTPAHCTBEHHBIM IIIarOM

(HampuMep ISl TOTrO, YTOObl KOHTPOJUPOBATh YMEHbBIIEHUE OMIMOOK arl-

MIPOKCHUMAIUH), TO Ha/10 OpaTh 1iar o BpeMeHU

. 3HAUUT, YTOOBI TOCTUTHYThH TOTO K€ 3HaYeHHUs Oe3pa3MepHOro BpeMEHU
noTpedyeTcst BUeTBEpO OOJIbIIIE IAr0B 110 BPEMEHH, T.€.

U . 1 KpOME TOTO0, JJIs pacyeTa KakJJoro BpEMEHHOI'O CJIOs TI0-
TpeOyeTcs BABOE 0OJIbIlle BPEMEHH, TaK KaK ,
a 3TO 03HAYAET, YTO YMCIIO PACYETHBIX TOUEK B UCCIEAyeMOi 061acTi Bo3pociio BaBoe. Ta-
KUM 00pa3om, IJIsl OTHOMEPHOTO Cydasi yMEeHbIIICHHE BABOE IIara MPOCTPAHCTBEHHOM CET-
KM yBEJIIMYMBACT 3aTPAaThl MAITUHHOTO BPEMEHHU B BOCEMb pa3!

B /IByMepHOIf 3a/[ade YMEHBIICHHE BIBOE IIArOB u YBEJIMYUBACT YHUCIIO
pacueTHBIX TOYEK B YEThIpE pa3a, yBeJIMYMBasl TEM CaMbIM HEOOXOIMMOE MAIIMHHOE BpeMs
B 16 pa3. B tpexmepnoii 3amaue muddy3un yMEHBIICHHE BCEX TPEX MPOCTPAHCTBEHHBIX
[IIar0B BJIBOE YBEIMYHMBAECT MAIIMHHOE BpeMms B 32 pa3a. B oOmem cimydae ymeHbIIeHHE
pa3mepa mara ¢ hi (0] IPU PEIIEHUH  -MEpHOH 3anauu AU Py3un ¢ HCIoIb30Ba-
HUEM SIBHOM CXEMBbl C Pa3HOCTSIMH BIEpE] IO BPEMEHU U LEHTPAIbHBIMH PAa3HOCTSIMH IO
MPOCTPAHCTBEHHBIM NIEPEMEHHBIM YBEJIMUMBAET MAIIIMHHOE BpEMS B pa3. fcHo,
9TO METOJIbI, B KOTOPBIX yJIaeTcs U30eKaTh yCIOBUS YCTOMUUBOCTHU (2.45), OblTH OBI BECh-
Ma JKeJIaTeIbHbI.

B mpuBeneHHBIX BBIIE PACCYKIACHUSX NPEINOIO0KEHHE O CTALMOHAPHOCTU PELICHMS
HeCyIleCTBeHHO. Eclii M3 BO3MYIIEHHOTO ypaBHEHHUS BBIYECTh IMOJHOE HEBO3MYILEHHOE
HECTAllMOHAPHOE ypaBHEHUE, TO MOJIYUUTCS ypaBHEHHUE IS POCTa OLIHOKH.

(2.46)

C YCJIOBUEM yCTOWYMBOCTH u T.1. Pe3ynbTaTel B 3TOM ciyyae OyIyT Te
e, YTO U BbIIIIE.

PaccmoTtpum Teneps ypaBHeHue (2.21) ¢ KOHBEKTUBHBIM U 1U(DPY3UOHHBIM UJICHAMU U
0e3 moTepu OOILHOCTU MOJOKUM . (Ecau , TO U3MEHUTCS POJIb UHIEKCOB
u ). CHOBa MPUMEHUM CXEMY C Pa3HOCTSIMU BIEPE] MO BPEMEHU M LIEHTPAIbHBIMU
Pa3HOCTSIMU I10 IPOCTPAHCTBEHHOW NMEPEMEHHOM, HaKIaIbIBask Ha B TOUKE  BO3MY-
HIEHUE , YTO JIacT

%k
B 1ByMepHBIX M TpeXMEpHBIX 3aJa4ax OTPaHWYEHHUs HA IIar 10 BPEMEHH MMEIOT BUJ
, Tae U
COOTBETCTBEHHO.
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(2.47)

HccnenoBanue 3TOro ypaBHeHUs HE JTaeT JOMOJHUTENbHON HH(OpMALMU 110 CPAaBHEHHIO C
MPEIBITYIIMM aHAJIN30M yPaBHEHUS C OJHUM TOJBKO MU (Yy3MOHHBIM YICHOM, TaK KakK Ha

KOHBEKTHBHBIX YJ€HaX B TOYKAX HE CKa3bIBaeTcsl BO3MyuleHue B Touke . [Ipu-
MEHSISl CXeMY C Pa3HOCTSIMM BIIEpe]l MO BPEMEHU M LEHTPAJIbHBIMH Pa3HOCTSAMU IO MPO-
CTPAaHCTBEHHOH MEPEMEHHOH B TOUKE , TOJTy4aeM

(2.48)
WIH

(2.49)
rae - yncio Kypanra, a , KaKk "1 paHee.

JI71s1 yCTOWYMBOCTH OMATH MOTPEOYEM, UTOOBI

(2.50)
WA

(2.51)
JleBoe HEPABEHCTBO aBTOMATHUUECKH BBIMIOJHACTCS MpPU . IIpaBoe HepaBeHCTBO (Tpe-

OOBaHME CTATUYECKON YCTOMUMBOCTH) JIa€T APYroe He0OX0IMMOE YCIOBHE YCTOMUUBOCTH:

NN

(2.52)
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OOpaTHBIIKCH TENEPh K TOUKE , IIOJIy4UM

(2.53)

1 TpeOOBaHUE yCTOMUYUBOCTH 371€ECh JAET

(2.54)

PaccmarpuBasi cHavasia npaBoe HepaBeHCTBO (2.54) (craTucTuyeckasi yCTOWYMBOCTD),
MoJy4aem

(2.55)

Ecnu unen B kBaJpaTHBIX CKOOKaX OTPUIIATEICH, TO 3TO HEPABEHCTBO OYIET CIIPaBEIMBO
JUTSL BCeX , €CJIM 7K€ YJICH MOJIOXKUTEIIEH, TO MOJIy4aeM

(2.56)

[TockonbKky 3HaMEHaTeNb MOJOXKUTENEH, ycioBue (2.56) MeHee OrpaHHYUTENIbHO, YeM
(2.52), 1 mOATOMY NIEPEKPBIBAECTCS UM.
UccnenoBanue neBoro HepaBeHcTBa (2.54) (muHaMuueckasi yCTOMYMBOCTD) 1aeT

(2.57)

Ecau unen B KBaJIpaTHBIX CKOOKax IMMOJIOKUTCIICH, TO 3TO HCPABCHCTBO BBITIOJHACTCA IJIA
BCEX , €CJIN JKC OTOT YJICH OTPUIATCIICH, TO ITOJy4YacM

(2.58)

re 3HaMEHATedb IOJIOKHUTEICH. YcioBue (2.58) Takke MEHee OTrpaHMYUTENIBLHO, YeM
(2.52), 1 moATOMY UM TIEPEKPHIBACTCA.

Takum oOpa3om, U3 aHAIN3a YCTOMYMBOCTH YPAaBHECHHMSI, BKIIFOUAOIIETO0 KOHBEKTHBHBIN
u mudPy3nOHHBINA WICHBI, TTPH MTOMOIIX METOJa TUCKPETHBIX BO3MYIICHHUN CICTYIOT JBa
HEOOXOIUMBIX yCIOBUsA-ypaBHeHUs: (2.45) u (2.52). Ecnu pacupocTpaHuTh 3TOT aHAIU3 Ha

30



MOCJIEYIONINE CIIOW M0 BPEMEHH, TO MOTYT MOSIBUTHCS Apyrue 0ojiee OrpaHUYMTEIbHBIC
yCJIOBUS, HO METOJ] aHaJIN3a MMPU TOM CTAHOBUTCS OYCHb HEYJAOO0HBIM. 3aMeTUM (U 3TO Oy-
JIeT TIOKa3aHo HIKE), 4TO aHanmu3 ycrowunBocty mo Jx. ¢pon Heitmany maer apyroe ycio-
BUE (HEpaBEHCTRBO (2.82)).

Kpome Toro, ecnmu cinenoBath padbore Tomana u llleBunka (1966) u 10MOTHUTEIHHO TO-
TpeOOBaTh OTCYTCTBUS B TOUKE OCHIUISIUHI, 00YCIOBICHHBIX Ype3MEpPHO OOJIBITUM
[1aroM 1o BpEMEHH, TO JOJHKHO OBITh

(2.59)

2.3.3. AHanusa yctonumocTu no [x. oH Hermany

B sTOM MeToze pellleHHE MOJENBHOrO YpaBHEHUs npenocTaBisiercs psjaoM Dypwe ¢
KOHEUHBIM YHCJIOM WICHOB U YCTOMYMBOCTH (MJIM HEYCTOMYMBOCTH) OMPEAEIACTCS TEM, YTO
KaXKJ10€ OT/AeNIbHOE Koyie0aHue 3aTyXaeT (WM HapacTaer).

PaccMoTpuM cHauana JIMHEHOE MOJEIBHOE YPaBHEHHE C OJHUM TOJbKO IUDPy3u0H-
HBIM 4YJICHOM, CHOBa HUCIONb3ys cxeMy (2.21) ¢ pa3HOCTAMH BHEpe] MO BPEMEHU U IICH-
TpaJIbHBIMHU Pa3HOCTSIMHU 10 TPOCTPAHCTBEHHON NIEPEMEHHOM:

WIH
rae . Kaxxnas ¢pypbe-KkoMnoHeHTa pelleHus 3a1ChIBaeTCs B BUJIE
(2.64)

rae - aMIUIUTyAa OTJENbHOW KOMIIOHEHTBI C BOJIHOBBIM YKCIIOM (nmMHA BOJIHBI
) HA  -M BPEMEHHOM CJIO€ U . IIpocTpancTBeHHast 001acTh CUMTAETCA OECKOHEU-
HOH).

Ecnu BBecTH pa3oBslii yron , T (2.64) mpumer BUJ
a ypaBHeHue (2.53) nacr , (2.60)
T.C. (2.61)
WIIN (2.61)

B ypaBHeHue nepeHoca BUXps U 4JIeH
npeacTaBisieT co00i ceTouHoe unciio PeliHonbaca . Takum oOpazom,

€CcTh yucio PeliHonbaca, MOJy4eHHOE MO JIOKAJIBHONW CKOPOCTU M XapaKTEpHOM JIMHE,
paBHOI pa3Mepy Iara NpoCTPAHCTBEHHOM CETKU . Jl7ig OTCYTCTBUS OCHMIIALIUN, 00Y-
CJIOBJIEHHBIX YPE3MEPHO OOJBIIHNM IIIarOM 10 BpeMEHH, TpeOyeTcst, 4TOObI (2.62)
HE3aBUCHUMO OT . Eciin TpeGoBanmue oTcyTcTBus ocimuisinuid (2.61) ckoMmOUHUPOBATH €
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ycioBueM (2.45), HakiaaeiBaeMbiM AU(dy3ueid, TO B pe3yibTaTe MOJy4aroTCs CIeAyoIIne

orpanudeHus: yucio Kypanra u

(2.65)
AHaoruyHo,

(2.66)
[ToncraBnss B ypaBHeHue (2.63) BeipaxkeHus (2.65) u (2.66), monydaem

(2.67)
WJIH, TIOCJIE JISTICHHSI Ha OO MHOKUTEIh ,

(2.68)
Hcnone3yem TOXaeCTBO

(2.69)
1 OTIPEJICIIMM MHOXHTEIIb TTepexoa PaBEHCTBOM

(2.70)
N3 (2.68) nns UMEEM

(2.71)
3ameTuM, 9TO , T.€. B 3TOM CJIy4ac MHOXKHTEJIHU Tepexoa sl pa3IndHbIX (y-

pbe-KOMIIOHEHT Pa3IuyYHbI.
PaBenctBo (2.70) sicHO MOKa3bIBAET, UTO IS TOT'O YTOOBI PEIICeHHE OCTaBaJIOCh OIPaHU-
YEHHBIM, JJI BCEX JTIOJDKHO BBITIOJIHATHCS YCIIOBUE

(2.72)
OT0 ycia0BUE ABISETCS KPUTEPUEM YCTONUMBOCTH 7Sl ypaBHeHUs (2.63) ¢ nudPy3uoHHBIM

YJICHOM.
N3 (2.71) u (2.72) nomy4aem ycloBHs

32



(2.73)

KOTOpBIC JOJI?KHBI BBITIOJIHATHCS OJISI BCEX BO3MOXKHBIX , T.€. BCEX BO3MOXKHbIX q)ypbe—
KOMIIOHCHT. HpaBoe HCPAaBCHCTBO BLIMMOJIHACTCA AJIA BCCX . JleBoe HCPABCHCTBO CTAaHO-
BUTCA KPUTUYCCKUM IIPH )
YTO HAKJIAJAbIBACT HA yCJIIOBUC yCTOfI‘-IHBOCTH NN

(2.74)

DTO ycllIOBHE COBIAJAeT ¢ KpuTepueM (2.45), moJydeHHBIM MPU MTOMOIIHM METOJA TUCKPET-
HBIX BO3MYIICHHIA.

Tenepb paccMOTpUM CXEMY C Pa3HOCTSAMHU BIEPE] IO BPEMEHH U LIEHTPAJIIBHBIMU PA3HO-
CTSIMU IO NIPOCTPAHCTBEHHON NEPEMEHHOM AJi ypaBHEHUs (2.21), BKIOYAIONIEr0 KOHBEK-
TUBHBIN U 1M ()y31MOHHBIE YJICHBI; 3TO TaCT

(2.75)
[ToncraBnsas (2.65) u (2.66) u cokparmas Ha , CHoBa mosrydaeM (2.70), HO ¢ MHOXHUTe-
JIeM Tmepexojia  , UMEIOIIUM BH/]T

(2.76)
Ucnonw3ys ToxaectBo (2.69) u TOxKAECTBO

(2.77)
MoJIy4aem

(2.78)

B oTiinuume oT mpeapiayiero ciydas ypaBHEHHE, BKIIIOUAKOIIee KOHBEKTHBHBIN U 1ud-
(y3MOHHBIN YJIEHBI, MPUBOJUT K KOMIUIEKCHOMY MHOXHUTENIO miepexosa (2.78). DToT kom-
TJICKCHBIM MHOXKUTEb CBOJIUTCS K JCHCTBUTEIIBHOMY MHOXKHTEITIO , OIIPEJICIICHHO-
My paBeHcTBoM (2.70), mpu , T.c. KOTJ]a YpaBHCHHE, BKJIFOYAOIIEe KOHBEKTHBHBIN U
b y3MOHHBIN YIeHBI, CBOAUTCA K YPaBHEHUIO, COJEpKaIleMy TOJIbKO HAU(Qy3nOHHBIN
YJICH.
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Puc. 4. 'ogorpad MHOXUTENS TIepexo/1a , 3anucanHoro B Buze (2.70). [Ipu ,
u AJUTUTIC JISKUT BHYTPH STUHUIHOTO KPyTa, YTO COOTBETCTBYET yC-
TOWYHUBOCTHU

YcnoBue yCTOMYMBOCTH B PACCMATPUBAEMOM CIIy4ae UMEET BUL

(2.79)
r7ie Ternepb - MOZyJIb KOMIUJIEKCHOTO MHOKHTEJS MEPEXOIA , Togorpad KOToporo
MOCTpPOEH Ha puc. 4. YpaBHeHue (2.78) MOKHO IIepenucaTth B BUJC

(2.80)
YTO COOTBETCTBYET YPABHEHUIO JUIAICA C HEHTPOM B TOUKE Ha JIEUCTBUTEIILHON
OCH U C MOJYyOCSIMU "u . YCTONYNBOCTE MMEET MECTO B TOM ClIydae, Korjaa
ATOT AJUIMIC UETUKOM JIEKUT BHYTPU €AUHUYHOTO Kpyra.

JI71s1 yCTOMYMBOCTH, OYEBUIHO, HEOOXOAUMO, YTOOBI u . bonee o0miee
YCJIOBUE MOXKHO HAWTH, UCTIONB3YSI I MOZYJIS CIEAYIOIIEE BbIPAKEHUE:

(2.81)
(3meck yepe3 0003HaYCHA BEIMYMHA, KOMIUICKCHO-CONPsDKCHHAS ).

Hcnonw3yst 3eMeHTapHbIe METO/Ibl ONPEICICHUS] MAKCUMYMa B 3aBUCHUMOCTH OT
, MO’)KHO yOEeIUThCSI B TOM, UTO MIPU

(2.82)
BHYTpHU UHTEpBaJIa MaKCHUMyMa HE CYIIECTBYET. DTOT MAKCUMYM JIOCTHU-
raercs npu Y TIPOCTO JTa€T yCIOBUE , KOTOpOo€ OBLIO MOJYyYECHO IJIS
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ypaBHEHUs ¢ oTHUM AU PYy3MOHHBIM WwieHOM. [Ipu MaKCUMyM MMEET MECTO B
WHTEpBAJIC U BCerja . CrienoBaTenbHO, IBOWHOE HEPABEHCTBO
SIBJISICTCS. HEOOXOAMMBIM U JIOCTATOYHBIM YCJIOBHEM JIJISI YCTOMYHBOCTH.

Ycnosue (2.82) MOXXHO 3amucaTh B BUJIE

(2.83)

OTKYJla cpa3y CJEAyeT, YTO MPU OTCYTCTBUU BSIZKOCTH ( ) cxema ¢ pa3HOCTSIMU BIIE-
peA MO BPEMEHU U LEHTPAIBHBIMU Pa3HOCTSAMH 110 IPOCTPAHCTBEHHOW NEPEMEHHON HEeycC-
TOMYMBOCTHU IIPH BCEX

JlBa ycnoBus U SBJISIFOTCS] JOCTATOYHBIMU ISl YCTOMYMBOCTH B Cllydae
JTMHEWHOTO ypaBHEHHS B OECKOHEYHOH 00JacTH MpU MOCTOSTHHOM . Cnyuyaii, xorga
sBisieTCsl (PYHKIIMEH MPOCTPAHCTBEHHOM MEPEMEHHOM, TaK)Ke MOXKHO HUCCIIEIOBATh MIPH IMO-
MOIIY JAHHOTO METO/A, HO 3TO TPYAHO.

B ciyyae Gonee oOIMX KOHEYHO-PA3HOCTHBIX CXEM, MCHOJB3YIONIMX HE MEHee Tpex
BPEMEHHBIX CJIOEB, YpaBHEHHE, COOTBETCTBYOIIEE (2.70), CTAaHOBUTCSI MAaTPUUHBIM ypaBHe-
HUeM. {151 yCTOMYUBOCTH MPU 3TOM TpeOyeTcsi, 4TOOBI

, TE - Bce COOCTBEHHbIE 3HaueHus matpuisl . Korna

- IPOCTO YKCIIO, ITO YCIOBHE SKBUBAJICHTHO YCIOBHUIO (2.72).

Paccmotpum npumenenue metona [x. ¢on HeliMana HemocpeaCcTBEHHO 711 ypaBHEHHUS
(2.20).

Boipazum u3 (2.20) Ha BPEMEHHOM CJIO€.

(2.84)
3anuieM Kaxayro (pypbe-KOMIIOHEHTY pELICHUs B BUIE

(2.85)
rae  SBISETCS aMIUTUTYIOW Ha BPEMEHHOM CJIO€ -4acTHOM (hypbe-KOMIOHEHTHI, UMEI0-
LIl B HAMPABIEHUAX U BOJIHOBBIE YHCTIA
u (ITMHBI BOJTH u ), a . BBons pazoBsie yriibl U
Uil KOOpAMHAT U , 3anMmeM BelpaxeHue (2.85) B Buze
b
aHAJIOTMYHO
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(2.86)

O6o03HauuM yepes

nepenuineM (2.84) B Bume

(2.87)

[loncraBnsist B 3TO BhIpakeHuEe (ypbe-KOMIIOHEHTHI M COKpPAaTHB Ha OJMHAKOBBIM YJIeH
, TIOJTy4UM

OTCroJa

Hcnonw3ys Gpopmynel Diinepa:
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NEpCINUICM IMOJTYUYCHHOC BbIPAKCHUC B BUJIC:

(2.88)

Takum 00pa3oM NpULLIK K BUAY

rae

(2.89)

PaBenctBo (2.89) moka3zbIBaeT, 4TO IS TOrO YTOOBI PElIeHHEe OCTABAJIOCh OIPAaHUYCHHBIM
JUTSL BCEX u JTOJKHO BBITIOJIHSITHCSL YCIIOBUE

(2.90)

DTO BBITIOIHSAETCS MPU yCIOBUSIX
Otcroga MOKHO MOJTYYUTh COOTHOIIEHUS MEXKY IIAaroM IO MPOCTPAHCTBEHHOM MEPEMEH-
HOW ¥ 11aroM 1o BPEMEHH:

W11

(2.91)
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To ecthb JOJIKHO OBITh MOpSKA . DTO yCIIOBHUE JOCTATOYHOE Il CXOAUMOCTH
JAHHOW CXEMBbI, HO B PEAIbHOCTH YacTO KO3(PUIMEHT, KOTOPbIA MbI MPUHSIIN 32 KOHCTaH-
Ty, CWJIBHO MOXET BIIUATh Ha CXOAUMOCTb, OCOOEHHO MpHU

2.3.4. HesBHble cxeMmbl

PaccMoTpeHHas Bblllle cxema SIBJISIETCS SIBHOM, T.€. B HEW 11 BBIYMCIIEHUS 3HAYCHUM Ha

( )-M cJI0€ 110 BpEMEHU HEOOXO0IUMbI TOJIbKO U3BECTHBIC 3HAUCHUS HA  -M, ( )-
M, ... closx. Termepb MpUCTYIUM K OOCYKIACHHUIO HESIBHBIX CXEM, B KOTOPBIX B IPOCTPAHCT-
BEHHBIX TIPOM3BOIHBIX UCIIOIB3YIOTCS 3HAYCHUS Ha ( )-M CJI0€ IO BpEMEHHU U TIOATOMY

JUIsL  TIPOJABUKEHHUS pacuera HY)KHO OJHOBPEMEHHO peulaTh CHUCTEMY YypaBHEHUN Ha (
)-M coe.

3anuieM OOIIyI0 CXeMYy MOJIEIBHOTO YpaBHEHHs, OMKCHIBAIOIIECTO TEUEHHE HEBI3KOU
YKUJKOCTHU, B CIEAYIOIIEM BHUJIC:

(2.92)

3nech OyneT paccMaTpUBAThCS IMPEACTABICHUE MPOCTPAHCTBEHHOW MPOU3BOJAHOM TOJBKO
HEHTPATBLHBIMHU PA3HOCTSAMHU, TaK YTO

(2.93)

rac CJIOH 1o BpEMCHU ITOKa €1IC HC OIMPCACIICH. AHaJ'IOI‘I/I‘IHO, AJIT YPAaBHCHUA III/I(l)(I)YSI/II/I
IIOJIOXHM

(2.94)

Ecnu npoctpancTBeHHbIE MPOU3BOAHBIE B (2.92) nnu (2.94) Beinucath Ha
-M CJIO€ IO BPEMEHH, TO MOJIYYUTCSI PACCMOTpPEHHAsl paHee sBHas CXeMa C Pa3sHOCTIMMU
BIIEpE]] 110 BPEMEHU U LIEHTPAJbHBIMU PA3HOCTSMHU IO IMTPOCTPAHCTBEHHOM IEPEMEHHOM U C
OIMOKOM MmopsaIKa . Ecnu xe unen
B YPaBHEHUU KOHBEKLMH (2.92) 3anucath Ha HOBOM ( )-M cJi0€, TO MOJTYy-
YUTCS TAK Ha3bIBaeMasi IIOJHOCTHIO HESIBHAS CXema

(2.95)

Ommbka mpu 3TOM MO-MPESKHEMY UMEET MOPSI0K , HO 3Ta cxema o0yaaer cy-
HIECTBEHHBIM MPEUMYIIECTBOM B CMBICJIE YCTOMYMBOCTH. Vcciaenyss yCTOMYMBOCTh METO-
nom JIx. don Heiimana u monaras ,

MOJy4aeM
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(2.96)

(2.97)

(2.98)

(2.99)

Taxum 06pazom, ISt MOJIHOCTBIO HESBHOM CXEMBbl UMEEM

HE3aBUCHMO OT BEJIMYHMHBI . JlaHHast cxema abCOJIIOTHO yCTOMUYMBA, YTO AAET BO3MOX-
HOCTb BECTH PAaCcUeThbl C MIPOU3BOJILHO OOIBIIUM IIATOM 110 BPEMEHH, a 3TO SBJISIETCS 3HAUM-
TEJbHBIM IIPEUMYILECTBOM.

[TommHOCTBIO HEsIBHAS cXeMa MEPBOro MOPsIKa TOYHOCTH aOCOJIIOTHO YCTOMYMBA TaKXKe U

s ypaBaenus nuddysun. [pu HOJTy4aeM
Tak kak JUTSL TFOOBIX , IMeeM
TUTS TFOOBIX WA TF00BIX . 3aMeTUM TaKXe, YTO JUIS TFOOBIX

; Kak ObUIO YKa3aHO paHee, 3TO YCJIOBHE OTBEYaeT ClIydaro, KOrja OCUMIUIALUH, 00Y-
CJIOBJICHHBIE YPE3MEPHO OOJIBIIKM IIaroM MO BPEMEHH, OTCYTCTBYIOT.
Ecnu B ypaBHeHMH KOHBEKIMH (2.92) BenUUHUHY BBIYUCIIATH KaK CpeJlHee
3HAYEHHE Ha -mu (  +1)-M cnosix, To Oy/1eM UMETh
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(2.100)

,Z[aHHa}I CXCMa TAKXKC HCABHAA, HO IIOCKOJIBKY OCPCAHCHUC LCHTPUPYCT IMMPOCTPAHCTBCHHY IO

MIPOU3BOJHYIO OTHOCUTEIIBHO , OIIMOKa UMEET MOPSA0K . MHOXHUTEND
Mepexo/ia i 3TOM CXeMbl TOKIECTBEHHO PAaBEH €IMHUIIE, . JleicTBU-
TEIBHO,
rae
TOorga
u

(2.101)

Takoe ke yCcpeaHEHHE MO BPEMEHH, MPUMEHEHHOE K ypaBHeHmo muddyzun (2.94),
IPUBOJIUT K CXeMe, TaK)Ke MMEIOLel OIMOKY MopsiIKa

(2.102)

Amnanu3 ycroiunBoctu no metoay JIx. pon Heitmana naer
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(2.103)

s nMeeM . PaccmotpuMm Teneps citydan, Korua
. Ecau , TO , KaK 3TO U JOJIKHO OBbITh MPHU
. Ecin , TO . Takum oOpazoM, aHHast cxema a0COIOTHO yCTOM-
yuBa U JUUISE OOJIBIINX ; HO OOJIBIIIKE 10 BEJIMYMHE MIPUBOAT K 00Yy-

CJIOBJIEHHBIM YPE3MEPHO OOJBIIMM IIaroM MO BPEMEHH OCHWUISAIUSAM HEKOTOPHIX Gypbe-
KOMITOHEHT.

OnuH U3 HENOCTATKOB HESIBHBIX CXEM, IPUMEHSIEMBIX K YPAaBHEHHIO KOHBEKLIUU B CIIy-
yae HEBSA3KOM KUAKOCTH, 3aKI0YAETCS] B TOM, YTO OHU MPUBOJAT K OECKOHEUHOM CKOPOCTHU
pacnpocTpaHeHusi Bo3MyuleHus. JlJis MOJenbHOr0 YpaBHEHUS B CIydae HEBSI3KOW KUIKO-
CTH BO3MYLICHHE BEIMUMHBI  PACHpPOCTPAHSETCS 3a BpeMs Ha PacCTOsSIHUE .
JIns mpocToil SIBHOM KOHEYHO-PA3HOCTHOM CXEMbI BO3MYILIEHHE BCET/Ia PACIPOCTPAHSAECTCS
3a mo0oe Bpems B COCE/IHIOIO Y3JIOBYIO TOUKY HA pacCTOSIHUE . Ho nnisa nesis-
HOI CXeMbl, MOCKOJIbKY B HEHl Bce paccMaTpUBaIOTCSl OHOBPEMEHHO, BO3MYIIICHHE
pacnpocTpaHseTcsl Ha PAcCTOSIHUE (MM 10 TPaHUIl PAaCUETHOM CEeTKH). 3aMeTHM,
OJTHaKO, YTO 3TO CBOMCTBO KeJIaTeJIbHO I ypaBHeHus auddysun, kotopoe B nuddepen-
UATBHOHN (popMe nMeeT OECKOHEUHYIO CKOPOCTh PACIPOCTPAHEHUS BOSMYIIICHHS.

JIpyruM OYeBUAHBIM HEIOCTATKOM PACCMOTPEHHBIX HESIBHBIX CXEM SIBJII€TCS HE0OXO-
JUMOCTb OJJHOBPEMEHHOTO PEIlIEHUsI HA HOBOM IIIare Mo BpeMeHU
anreOpanyecKux ypaBHEHUH, Te - YUCJIO TOYEK 10 IPOCTPAHCTBEHHOU IEPEMEHHOI,
B KOTOPBIX PELIEHUE HE ONPEEISIETCS N3BECTHBIMU I'PAHUYHBIMU YCIIOBUSIMHU.

Hpyroii 3aciyKuBarouiuii BHUMaHUs MOAX0/ K pemenuto cuctemsl (1.3) - (1.5) cocrour
B PCILIEHUU ypaBHEHMsI YETBEPTOrO MOpPSAKA JJI1 €IUHCTBEHHOW MepeMEeHHOU - (QyHKUIUU
toka. [loacraBnss ypaBuenue Ilyaccona (1.13) u BbIpaskeHUs ISl COCTABIISIOIIMX CKOPO-
CTH B YpaBHEHHUE NIEPEHOCA BUXPA, II0JIydaeM

(2.104)

Hecmotpst Ha TO, 4TO TO ypaBHEHHME B NPHUHIIMIIE ONMCHIBAET HECTALlMOHAPHOE TEUEHUE,
OHO OOBIYHO paccMaTpPUBAETCS B CTALlMOHAPHOW (hopMe, KOT/a ero JieBas 4acTh paBHA HYy-
mo. bonpmmHCcTBO MccnenoBareneil - bpaumnosckas, Uyznos, Ilapuc u Yurekep (1965)
CTOJIKHYJIUCh 3€Chb C TPYIHOCTSIMH, CBSI3aHHBIMU C IPAHMYHBIMHU YCJIOBHSIMU M C Majou
ckopocThio cxonumocTtu. [Tupcon (1964, 1965) BeimoaHUA pacueThl B MPEACTHHOM Clydae
OTCYTCTBHUSI KOHBEKTHBHBIX YJIEHOB, T.€. KOTJa JJI CTAalMOHAPHOIO TEUYEHUs ypaBHEHME
(2.104) cBOIUTCS K YpaBHEHHIO

(2.105)

41



C NPOCTEUIIMMH TpaHUYHBIMU ycioBusiMu Jupuxie. OH oOHapyXuJjl, 4TO JaXe B ITOM
IIPOCTOM CIIy4ae CKOPOCTh CXOJMMOCTH Ha MOPSAJOK MEHBIIE, YEM B ClIydae, KOI/la penaeT-
csl cUCTeMa JBYX ypaBHEHUH (a7 GyHKIIUHU TOKA | JUTsl BUXps). [leificTBUTEIHHO, U3BECTHO,
4yTO Hambosee 3PPEeKTUBHBIA UTEPALMOHHBIA METO/ PElIeHUs OMTrapMOHUYECKOr0 ypaBHe-
HUs (2.105), oOwmenpuHATHIN B 3a71ayax TEOPUHM YIIPYIOCTH, 3aKIKOYAETCS B Pa3/ieiIeHUU
9TOr0 YpaBHEHHUs Ha JiBa ypaBHeHus [lyaccoHa, eciii 3TO 10IyCKaeTcs 3aJaHHbIMU TpaHU4-
HBIMH YCJIOBHUSIMHU.
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[naBa 3. MeToabl peleHnda ypaBHEHUN AN YHKUMN
TOKa

B npeapiaynmx pasaenax Obuia pacCMOTpPEHa OJHA M3 TPEX yacTel MOJIHOM 3ajauu 1u-
HAaMHUKHU HEC)KMMAaeMOH KHUJIKOCTH, a UMEHHO pellleHue napadouiyeckoro ypaBHEeHuUs mepe-
Hoca Buxps. [Ipu aToM pemanace 3aa4a ¢ Ha4aJIbHBIMHU JTaHHBIMH, T.€. 3aJa4a “MaplIeBO-
ro” TUIa 1o BpeMeHu. PaccMOTpUM Teneph BTOPYIO YacTh MOJHOM 3a7jaul, @ UMEHHO METO-
JIbI peleHus danunTudeckoro ypasuenus I[lyaccona (1.13) nast pyHKIMu ToKa

(3.1)

31ech UMeeT MECTO KpaeBas 3ajjaua, Uil PelIeHHs KOTOPOW TpeOyroTcs Ipyrue METO[bI.
Mps1 OyneM paccMaTpuBaTh pelieHus ypaBHeHus [lyaccoHa ¢ qByMsI THIIaMU TpaHUYHBIX
YCJIOBHMM BIOJIb PA3IMYHBIX YacTell IpaHulbl: 100 ¢ yciaoBueM Jlupuxiie, Korja Ha rpaHu-
1€ U3BECTHBI 3HaUCHUs (PyHKLIUN , 6o ¢ ycnoBueMm HelimaHa, korja Ha rpaHuie u3-
BECTHBI 3HaUECHHsI HOPMaJIbHON POU3BOAHOMN . UmenHO Bompoc o Tom, Korjaa
9TH YCJIOBHS SIBJISIOTCS MOAXOMASAIIMMH, COCTABIISET 3aKJIFOUNUTEIbHYIO YacTh MOJHOM 3a1a-
4y 1 Oy/IeT paccMaTpuBaThCs B IJ1. 4.
HuckpetusupoBanHas popma ypasaenus [lyaccona

(3.2)
HCIIOJIb3YyIoHias pasHOCTH BTOPOI'O IIOPAAKA, IIPCACTABIIACT CO601>1 ISITUTOYEYHBIN H_Ia6J'IOH
(3.3)

rac HN3BECTHO
3.1. lNpsamble meToabl

B npsimoyronbHO# o6nacTH, riue u ,
ypaBHeHuUs (3.3) ¥ rpaHUYHBIC YCIOBUS 00Pa3ylOT B COBOKYITHOCTH CUCTEMY
JUHENHBIX anreOpanvyeckux ypaBHEHHM. DTa cuctema sBisercs 0J104-
HO-TpEeXIMaroHaJbHOM, KaK U CHUCTeMa, KOTopas ObLla MOoJly4eHa MPH MCIOJIb30BAHUH T1OJI-
HOCTBIO HESIBHOM CXEMBI JIJIsl pElIeHHs IByMEpHOTo ypaBHeHUs: 1uddy3uu, OTIndaeTcs ot
MOCJEeAHEN JUIIb HAMYUEM ‘“‘UCTOUYHUKOBOTO’ HEOJHOPOJHOrO YJIEHA U TaKXXe HE
MOXET OBITh pelieHa MPU MOMOIIA METO/Ia TPOTOHKH.
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Haubonee sneMeHTapHBIMH METOJAMH PELICHHUsS TaKOM CHUCTEMBbI SIBJISIOTCS MPABHIIO
Kpamepa u pasnuunble BapuaHThl MeToAa UCKIOoUeHus ['aycca. g 3ama4, npeacTaBisio-
LIMX MPAKTUYECKUN UHTEpPEC, BECHbMa BEJIMKO U 3TU METOJIbl CTAHOBSITCS HEMOIXOISLIH-
mu. B npasuiie Kpamepa TpeOyercs BBINOIHUTH HEBEPOATHO OOJBIIOE YUCIO ONEpALMM -
OpUOIN3UTENBHO ( )! YMHOXEHH, U JJaKe €CJIM UMEETCsl IOCTaTOYHO MAIIMHHOIO Bpe-
MEHH, TO TOYHOCTh pelieHust OyaeT (pakTUYeCKH CBe/IeHa Ha HET OIIMOKAaMHU OKpPYTJICHHS.
Yucno ymMHOXkeHUH B MeTo1ax ['aycca npsmMo MponopuyoHaIBHO  , U MOKHO 0’KMATh, UTO
TOYHOCTb peLIECHUs OyIeT YXyAIIAThCsA IPU  , OOJBIINX MATUIECATH.

3a mocieaHue rojpl ObLIN pa3padoTaHbl BHICOKOA((PEKTUBHBIC TTPsIMbIe MeTOIbI. OTHA-

KO 3TH METObl 00J1a1at0T OJHUM HJIM HECKOJIbKMMHU M3 CJIEIYIOIINUX HEeO0CTATKOB: OIpaHu-
YEeHbI NPSAMOYTOIbHBIMH, WM -00pa3HbIMH O0JIACTSIMHU U BHIOOPOM I'PaHUYHBIX YC-
JIOBUW THIIA ; TpeOytoT OosbIioro o0bema namsaTH DBM; HempUMEHUMBI B CiTydae
CUCTEMbl KOOPJMHAT, OTJIMYHON OT JEKapTOBOM; M3-3a HAKOIUICHHS] OUIMOKH OKpYIJIEHUS
MOTYT OBITh MCIIOJIb30BaHbI JIMIIb /7151 001acTell OrpaHUYEHHOI 0 pa3mepa (T.€. Ui OrpaHu-
YEHHBIX 3HAYCHMU u ); HaKJIaJbIBAIOT OIpaHUYEHUE HA BBIOOP Y3JI0B pacyeTHOI
CETKHU (Hanmpumep U JOJIKHBI UIMETh BH/T ,rme -
LEJI0€ YMCIO0); TPEOYIOT TPOMO3AKUX MPEIBAPUTEIbHBIX BBIUUCICHUH 1)1 MOCTPOEHHUS CET-
KH; OPUBOIAT K CIOXHBIM IporpaMMaM M ainroputmam. OpHako Ajs perieHus OosIbIInX
3a1a4 Bce OoJblliee MPUMEHEHHE HaXOJIT MMEHHO IpsIMble METOJbl, OCOOEHHO METO/bI,
OCHOBAHHBIE Ha Pa3JI0’KEHNUHU B psabl Dypebe.

[lIo cpaBHeHMIO C MPSAMBIMM METOJAMHU Pa3IUYHbIE UTEPALMOHHBIE METOJbI MPOILIE C
TOYKH 3pEHHS] TOHUMaHUS U MPOTPAaMMHUPOBAHUS U ABJIAIOTCS JOCTATOYHO rMOKuMHU. Cko-
POCTh CXOAMMOCTH B TAKMX METOJAaX CYIIECTBEHHO OOJIbIIE€ CKOPOCTH CXOJMMOCTU B CTa-
PBIX IPSIMBIX METOJAX.

3.2. MeTtoa PunyapacoHa n metoa Jlnbmana

Kak oOcysxnanoch panee, pelieHue (CTallMOHAPHBIX) YPAaBHEHUH IIITMITUYECKOTO THIA
AQHAJIOTMYHO IOJIyYEHUIO0 ACUMITOTUYECKH CTAllMOHAPHOI'O PEUIEHUs] HECTAallMOHAPHOM 3a-
nauu. IIpenmnonoxum, 4To paccmMaTpuUBaeTCsl HECTalMOHApHOE ypaBHEHUE AUPPy3un asis
¢ “UCTOYHUKOBBIM ujieHOM™ U ¢ Koadduunentom nupdy3uu, paBHbIM €UHUILIE:

(3.4)

@uU3NYECKN CMBICIT HECTALIMOHAPHOTO PELIEHUS 3/1€Ch HE UTPAET POJIU, HO KOTJa PEIICHHE
TaKOro ypaBHeHUs AUPPYy3un NpudInKaeTcs K CTallMOHAPHOMY, OHO CTPEMUTCSI K UHTEpe-
cytoieMy Hac pemeHuto Ilyaccona (3.2).

B HEKOTOpBIX ciayyasx Takas aHAJIOTHs BBINOIHSAETCS TOYHO. {1 Toro 4toObl mpoje-
MOHCTPUPOBATh MOI0OHYIO SKBUBAJIEHTHOCTb, BHIBEJIEM UTEPALIMOHHBIN MeTo Puyapacona
JUISL DJIMNTHYECKOro ypaBHeHMs [lyaccoHa u3 HecTallMOHApPHON CXEMBI C Pa3HOCTSIMU BIIE-
pea 1o BPEMEHM M LIEHTPAJIBHBIMU Pa3HOCTSIMU [0 IIPOCTPAHCTBEHHBIM IEPEMEHHBIM JUIS
ypaBHeHUs AU dy3un napaboamdecKoro TUIIA.

[Ipumensist k ypaBHeHHIO (3.4) pa3HOCTHYIO CXEMY C Pa3HOCTSAMHU BIEPE]] 10 BPEMEHU U
C LICHTPAJIbHBIMUA PA3HOCTSMU 110 IPOCTPAHCTBEHHBIM IIEPEMEHHBIM, ITOJIy4acM
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(3.5)

J1J1s1 IpOCTOTHI BPEMEHHO OTPaHUYUMCS CITy4aeM, Koria
U ypaBHeHuUeE (3.5) IpUHUMAET CIEaYIOIUNA BUI:

(3.6)

IToxaxeM cHayaja, 4TO HE OKa3bIBaeT BJIMSHUA HA YCTOWYMBOCTH YPaBHECHHS
(3.6). Jlanee Oymem paccMaTpuBaTh rpaHW4HbIC ycioBusa [lupuxiie u 0003HAUYMM uepes
TOYHOE KOHEYHO-PA3HOCTHOE PEIIeHHE KOHEYHO-PAa3HOCTHOTO ypaBHeHus Ilyaccona (3.2).
Torpa ommubka 3HAYCHUS
MocJje uTepal  OyJeT COCTaBIATh

(3.7)

[ToacraBinss monyyeHHOE OTCIOJA BhIpaXKeHHUe 111 B ypaBHeHue (3.2), OyieM umeThb

(3.8)

Tak kak B TOYHOCTH YJIOBJIETBOpsieT ypaBHeHuUto (3.2). ypaBHeHue (3.8) cBoauTCS K
ypaBHeHuto Jlarutaca

(3.9)

[TockonbKy rpaHUYHBIE YCIOBUS 3aJaHbl, HA BCEX IPAHMUIIAX , NN
. Toraa aHanoru4HO UTEPAlMOHHOMY KOHEUHO-Pa3HOCTHOMY ypaBHEHHIO (3.8) MOXk-
HO 3alMcaTh AJs OLIMOKH CJIElyIOLIee YpaBHEHUE:!

(3.10)

Takum o6pazom, urepaunoHHoe ypaBHeHue (3.8) i SKBHUBAJEHTHO UTEPALUOHHOMY

ypaBHenuto (3.10) nns , IpUYEM TOCJIeIHEE, OUYEBUIHO, HE 3aBUCUT OT
VYcnoue ycroitunoctu ypaBHenus (3.8) winu (3.10) umeet Bua
WY TIpH , . ITockombKy KemaTenbHO
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JOCTUYh ACUMIITOTUYECKOTO PEIICHHUS KaK MOXXHO CKOpee, BhIOepeM MaKCHUMallbHO BO3-
MOKHO€ 3HaYCHUE . [loncranoBka 3Toro 3HaueHus B ypaBHenue (3.8) naer

(3.11)

[TpuBoast MogO00HBIE YICHBI, COJEPIKAIIUE , IoJlyuyaem
(3.12)

DTOT aJIrOPUTM NpeaCcTaBIseT coboil Metoa Puuapacona npu .

B yactHoM cnydae anis ypaBHenus Jlamnaca ( ) OH CBOJUTCS MPOCTO K TPeOOo-
BaHMIO, YTOOBI 3HAUCHUE Ha HOBOH MTEPALlUH PaBHIIOCH CPEAHEMY apU(PMETHIECKOMY
3HAYEHMIO B YETHIPEX COCEAHUX TOUKAaX.

VYpaBuenue (3.12) npencraisieT cOOOH TOT ke Pe3yJabTaT, KOTOPbI MOXKHO TIOTYYHUTh,
paszpemas cTanimoHapHoOe ypaBHeHHE (3.3) 3JUIMNTHYECKOTO THITAa OTHOCUTEIHHO , TIpH
YCIIOBHH, YTO 3TOT YJIEH B JIEBOI YacTH ypaBHEHHs OepeTcsl Ha UTepaluu , a BCe uJie-
HBI B [IpaBOi yacTu OepyTcs Ha uTepauuu . BBeaem BelM4MHY OTHOILIEHUS pa3MepoB Ia-
TOB CETKHU ; TOTJa

(3.13)

DTOT aNropuTM IMpeacTaBisieT codoit meton Pruuapacona mpu :

HccrnenoBanne CKOPOCTH CXOAMMOCTH METOI0B MOYHO IMPUBECTH TakK ke, Kak U hccle-
JIOBaHWE YCTOMYMBOCTH JJIsi ypaBHEHUS MEPEHOCA BHUXPs, MOACTABIAS B ypaBHEHUE IS
omn6Oku (3.10)

(3.14)

WM packKianeiBas orepartop Jlaruiaca B qucpeTu3upoBaHHON (OpMeE MO ero cOOCTBEHHBIM
GyHKIUSIM; pe3yabTaThl OKa3bIBAIOTCS WICHTUYHBIMU TP yCJIIOBUHU, YTO TPAHUYHBIE YCIIO-
BUS MIPaBUJILHO YUTEHBI.

KoMroHeHTh! omubKku ¢ HauboJIbIIel 1 HaMMEHbIIEH ITMHAME BOJIH 3aTyXarT Hanubo-
nee ciabo (T.e. UMEIOT HAaUOOJBIIYIO BEIMUNHY ). Takum oGpa3om, HE3aBUCH-
MO OT HaYaJIbHOT'O pacIpeeieHus: OMMUOKH 110
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JaHHbIE KOMIIOHEHTHI OyAyT JOMUHHUPOBATh MPU aCUMITOTHYECKH Oonbimux . O6e 31u
KOMIIOHEHTbI UMEIOT OJIHY U TY K€ BEJIMUUHY , HO KOPOTKOBOJIHOBAasi KOMIIOHEHTA
ook ( ) COBEpIIIaeT 3HAKOIIEPEMEHHBIEC KOJIEOAHUsI TPU , UTO B HEKO-
TOPOM CMBICIIC ONTUMAJIBHO.

VYpasuenue (3.13) saBnsercsa AByXCIOMHBIM YPAaBHEHHUEM, U B NMaMSTH BBIYUCIUTEIbHON
MalIuHbl HEOOXOAMMO XPaHUTh MACCUBBI JJIs BEJIMYUH u . Ecnu 06xox pacyeTHBIX
TOYEK BECTHU B HAIIPABJICHUU BO3PACTAHUS U U
B ypaBHeHuH (3.13) HCHOIB30BaTh, T/I€ TO BO3MOXKHO, YK€ MOJyYCHHBIC HOBBIC 3HAYCHUS
, TO TIOJIYUUTCS CIEIyIOLas cXxema:

(3.15)

KOoTopas Ha3blBaeTca MeroaoM JluOmana. Ilpu mporpamMmupoBaHuM ATOTO METOAA J1OCTa-
TOYHO B MaMSATU XPaHUTh JIUIIb OJUH MAcCHUB I BEIMYUHBI B ypaBHeHuu (3.15), npeny-
CMOTpEB B mporpamme onepartop 3amenieHusa. Kpome toro, ®@panken (1950) nmokazan, yto
JUI HauOoliee “‘CTOMKHNX” KOMITOHEHT OIIMOKHA ¢ OOJIBIIMMM M MaJbIMA BOJHOBBIMH YHC-
namu B Metojax JIubmana u Puuapacona umeeT MeCcTo COOTHOILICHHE

(JIubman) = (Puaapacon) (3.16)

ACHUMNOTOTHYECKHU TPU JOCTATOYHO OOJIBIIOM YHCJIE UTEpalii utepaui no meroay JIuo-
MaHa JDKBUBAJIEHT uTepainusaM o meroay Puuapacona; kpome Toro B Meroze Jlnbmana
TpeOyeTcsl BABOE MEHBIIINM 00hEM TTaMSATH.

3.3. MeToa nocnegnoBaTernibHOW BEPXHEN periakcaumm

[IpakTuka mokasana, 4To JJIsl JOCTHXKEHHSI HAaMOOJbIIEH CKOPOCTH CXOAUMOCTH HYKHO
YCTpaHATh HE HAUOOIBIITYIO HEBSI3KY , @ TY HEBSI3KY
, IIIs1 TUKBUAAIIMN KOTOPOH TpeOyeTcss HanOoJbIee “cMelieHue”

. Takolt mpueM, OYEBUTHO, MOKET OBITh TPUMEHEH TOJIBKO JTOCTATOYHO KBaJIU-
(UIIMPOBAHHBIM BBIYUCIIATEIEM, KOTOPBIA MOXKET OBICTPO MPHUOIMKEHHO BBIYHCIUTH MaK-
CUMaJIbHOE CMEIIEHHWEe TPH BU3YaJTbHOM Iiepebope HEBS30K. 3aTeM ObLI pPa3BUT APYTroM
noaxo/. bbeuio oOHapyKeHO. YTO ONTHUMalbHas CKOPOCTh CXOJMMOCTH JIOCTUTAETCS HE
IIPUPAaBHUBAHUEM HEBSI30K HYJIIO, a MCIOJIb30BAaHUEM “‘BEpXHEN~ WM “HUKHEN pellakca-
IIMU B 3aBUCUMOCTH OT TOT'O, KaKie 3HAaKH MMEIOT HEBSI3KH B COCEHMX TOYKAX: OJUHAKOBBIC
WJTU TIPOTUBOTIOJIOKHBIE.
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CnoxuB ypaBHeHue (3.15) u ToxnecTBO ,
a 3aTeM MeperpynnupoBaB WICHbI, OJTYUYUM

(3.17)

Teneps npu NpUOIMKEHUN K PEIICHUIO JUISI BCEX
YJIeH B KBaJpaTHBIX CKOOKaX CTAHOBUTCS PaBHBIM HYJIIO B clily ypaBHeHus (3.3), a ypaBHe-
Hue (3.7) nepexoauT B OTBEYAIOIIEEe CXOIUMOCTH PABEHCTBO
. Eciii monoxkuth, 4TO 4YieH B KBAJpPaTHBIX CKOOKaxX paBeH HYJIO U UYTO B

Touke ( , ) , To monyuntcs meron Jlubmana. B Meroze mocnenoBaTenbHOM
BEpPXHEH pesakcaliy 4ieH B KBaJpPaTHBIX CKOOKax B ypaBHEHUU YMHOXKAETCsl Ha pellakca-
[IUOHHBIA MHOXKUTENb (IMapaMeTp pelakcariium) , TIe ; TAKMM 00pa3om, B 00-
IIeM clTydae HeBs3Ka

, HO pu . Mertoz nociie10BaTesIbHON BEPXHEH perakca-
LMY MPUBOJUT K YPABHEHUSIM

(3.18)
Jlis cxogumocTu TpeOyeTcsi, YTOOBI ®panken u SHr onpeneauiam “onTu-
MaJbHOE” 3Ha4YECHME IapaMeTpa , IPUYEM UX KPUTEPHUH ONTUMAJIBbHOCTH OCHOBBIBAJICS

Ha aCUMIITOTUYECKOM YMEHbIIIEHUU Hauboyiee cTOWKON ommOku. OnTUMalibHOE 3HAUYCHUE
3aBUCHUT OT CETKH, KOH(GUTYypaluu o0JacCTH W TUIA TPAaHUYHBIX yCIIOBUH. Mcnons3ys moa-
xoa dpankena
IUIs perieHust 3aaaun Jupuxiie B NpsiMOYroJIbHOM 00JacTH pa3MepoM

C IOCTOSIHHBIMU u , MOKHO TTOKa3aTh, 4TO

(3.19)

Tac

(3.20)
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[Ipu YHUCIIO UTEPALUI , HEOOXOAMMOE /I YMEHBIIICHUS HEBSI3KU JI0 HEKOTO-
pOro 3aIaHHOTO YPOBHS, NPSIMO MPOMOPUUOHAIBHO MTOJTHOMY YHCITY HTEPUPYEMBIX ypaBHE-
HUH , TOraa Kak jjisg Metona JInOmana . [ToaTomy MeTon
MOCJICIOBATENIHOM BEPXHEM peJlaKCallMM C ONTHMAaJbHBIM IApaMETPOM peJlaKcaluu
(MHOT/Ta HA3BIBAEMBIN ONTHMAIIBHBIM METOJOM BEPXHEH peaKcaliuu) Jydlie st OOIbIIIX
3ajad.

AHanuTrdeckas oleHKa BEITUUYNHBI HMMEETCS TOJIBKO JIJIsl IOBOJIBHO Y3KOTO Kjlacca
3ajad.

[naBa 4. [ paHWYHbIE YyCoBUA AN ypaBHEHUS
nepeHoca BUXPS N yCTpaHeHUs ans PyHKUunM Toka

B cBoeii kuure [1] I1. Poyu nucan: “Herpynno mpencraButh ceOe HEKOTOPBIE THIIBI
MIPaBAONOAOOHBIX TPAHUYHBIX YCIOBUN IS u , HO TIOTIBITKH ONPEIEINUTh PEATIbHBIE
TOYHBIE YCIIOBUS, IPUBOJALIME K YCTOWYMBBIM DPELIECHUSM, MOTYT OKa3aThbCid BeCbMa He-
yAauHbIMU. B0 0GHapyX eHo, YTO aJJeKBAaTHOCTh JIFOOOr0 FPAHUYHOTO YCIOBUS, OINpese-
JIEHHOT'O TPU IMOMOIIY YUCIEHHBIX SKCIIEPUMEHTOB, MOXKET 3aBUCETh OT uncia PeitHombca,
Pa3HOCTHBIX CXEM, UCIIOJIb3YEMBIX BO BHYTPEHHHUX TOYKAaX, APYIMX T'PAaHUYHBIX YCJIOBHM, a
WHOT/Ia ¥ OT HaYaJdbHBIX YCIOBHA. MHOTOYHCICHHOCTh 3THX (PAKTOPOB 3aTPyAHSIET aHAJH-
TUYECKHUE UCCIIEJOBAaHUS U OIPAaHUYUBAET UX IPUMEHUMOCTD .

JlJis MHOTHX 3a7lad OTCYTCTBYIOT MaTeMaTHYecKHu cTporue peuienus. Hamm BbIBOABI B
OCHOBHOM OynyT 0a3upoBaTbcs Ha MHTYMIIMU, HA SKCIEPUMEHTAX B adpOJAMHAMUYECKHX
TpyOax ¥ Ha YUCIIEHHBIX SKCIIEPUMEHTaX. BOJBIIMHCTBO YMCIEHHBIX 3KCIIEPUMEHTOB IO
MCCJIEI0BAaHUIO TPAHMYHBIX YCIOBUN OCYIUECTBISUIOCH IPHU MOMOILM MPOCTHIX ABYXCIIOM-
HBIX SIBHBIX CXEM JJIsl ypaBHEHUS NIEPEHOCA BUXPSl. 3aMETHUM, YTO U3BECTHO HECKOJIBKO CITy-
4aeB, KOI'/la T€ YK€ IPaHUYHbIC YCIIOBHS, B3SIThIE B MHBIX CXEMaX, MPUBOJIAT K HEYCTONYHBO-
cti. (TepmuH “HEyCTOMYMBOCTB  HMCHOJB3YETCS 37€Ch B CMBICIIE OTCYTCTBMSI UTEpaLlUid, a
HE B CMBICJI€ SKCITOHEHIIMALHOTO POCTa OMKMOKHU.) DTU MPUMEPHI MOTYT MOCTY>XUTh Tpe-
JOCTEPEKEHUEM OT MPUMEHEHHs TaKUX CYLIECTBEHHO YAaCTHBIX METO/I0B. B maHHOI cBsi3u
MBI TIpeANojaraéM Ha HadyajdbHOM ATare MOCTPOCHUS BBIYMCIUTEIBLHOTO alropuT™Ma M OT-
JaJKU TPOrpaMMbl M BBIACHEHMSI YCTOMYMBOCTU CXEMbI, IPUMEHSAEMON BO BHYTPEHHHUX
TOYKaX, OpaTb I'PaHUYHBIE YCJIOBHS, KOTOpPblE MMEIOT HAWHU3IIUN MOPSIOK U SBISIOTCA
HanOoJjiee OrpaHUYUTENIbHBIMU. 3aTeéM MOXXHO OyAeT momnpoOoBaTh rpaHUYHbBIE YCIOBHS,
HaKJIa[bIBAIOIINE MEHbIIINE OTPAHUYCHUS.

BonpmMHCTBO 3a/1aBaeMbIX TPAaHUYHBIX YCIOBUH SIBISIFOTCS M YCIOBUSAMH Tuma Jupux-
ne (3a1aHo 3HaYeHHe (PyHKINN), U yciaoBuaMHU Tuna HeliMana (3a1an rpaiueHT QyHKINH
10 HOpMaJI K rpaHuie). Jlo HacTosAmero BpeMeH THIPOIMHAMUYECKUE 3a]a4ul C YCIOBH-
eM cmenianHoro tuma (ycinoBue Pob0Ouna), rae 3agaHa JUHEHHAs KOMOWHALNS 3HAUYCHUM
(GyHKIMHM HOPMaJIbHOM MPOU3BOIHOM, PHU YUCIIEHHON peann3alii BCTPEYAIOT CyIIeCTBEeH-
HbIE TPYIHOCTH.

4.1. O nepBOCTENEHHON BAXXHOCTU YNCIIEHHbIX IPAaHUYHbIX YCITOBUNA
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OO6bikHOBeHHOE AU depeHITMaIbHOE YPaBHEHHE MTEPBOTO MOPSIKa
ONpEJENsIeT PELIEHUE 3a/a4d ¢ TOYHOCTBIO J0 aJJUTHUBHOM IOCTOSHHOM;
TPaHUYHOE YCIIOBHE TO3BOJISIET OMPEISINUTh 3Ty MOCTOSHHYI0. Jnddepennmansnoe ypas-
HEHHUE B YACTHBIX MPOU3BOAHBIX MEPBOIO MOPSIKA
JTACT CPABHUTENILHO Majio HH(POPMALIMU O PEIICHUH; TakoMy nuddepeHin-
QTbHOMY YPaBHEHHUIO B YACTHBIX MPOU3BOJIHBIX YIOBJIETBOPSET Mt00ast PyHKIUS , 1
IpaHUYHbIE YCIOBUS JOJDKHBI ONPeAenuTh 3Ty ¢yHKuuio. Juddepennnansnoe ypaBHeHHE
NEHCTBUTENBHO 1aeT OYEHb MaJIO MH(OpMAIMKU O (PYHKIIUU . Bce mHOr0006pasue teue-
HUM Kak ra3oB, TaK W KUJKOCTEH OMMUCHIBACTCS PELICHUSMU OJHUX U TeX ke AuddepeHIu-
aJbHBIX YPaBHEHMI B YaCTHBIX NMPOU3BOJAHBIX ypaBHeHUl HaBwe - Ctokca. Paznuunsbie Te-
yeHus (T.€. PelIeHUs]) OTJIMYAIOTCSl HE TOJbKO I'PAaHUYHBIMU WM HAyaJbHBIMU YCIOBUSAMH, a
TaK)Ke apaMeTpaMu TEYEHHUsI, TAKUMHM, KaK yncio PeitHombaca
[loaTOMy HEyAMBUTENBHO, YTO 3aJaHUE YHMCIEHHBIX TPAaHUYHBIX YCJIOBUN OKa3bIBAET
CYIIECTBEHHOE BIIMSHHUE HE TOJHKO Ha YCTOMUYMUBOCTh, HO U HA TOYHOCTh PELICHHS] KOHEYHO-
pazHoCTHOro ypaBHeHUs. CllelyeT yAUBIATHCS IPYTroOMy: IOYEMY BaKHOCTb 3THUX YCJIOBHM
He ObUIa MMUPOKO MPHU3HAHA B TEUEHNE MHOTHX JIET. PHUapicoH oxapakTepru30Bajil BaXKHOCTD
IPaHUYHBIX YCJIOBHM, HO B MOCIEAYIOIIME TOAbl B OOJBIIMHCTBE PaOOT BHUMAaHUE YJEIs-
JIOCh Pa3HOCTHBIM CXE€MaM BO BHYTPEHHUX TOukax. OQHON M3 BO3MOXKHBIX NMPUYUH 3TOrO
OBLJIO TO, YTO OCHOBHOE BHHMMaHHE TOTJa YIEJSUIOCHh 3ajauaM TEIUIONPOBOIHOCTH, B KOTO-
PBIX TPaHUYHBIE YCIOBUSA, KaK MIPABUIIO, MIPOCTHI U OJTHO3HAYHBI.
OOcyauM TpaHWYHBIC YCJIOBUS Ha TPUMEpPE TUIOCKOW 3aaadu 00 OOTeKaHWH MPSMO-
YrOJBHOTO OOpaTHOrO yCTyMa, U300pakKeHHOT'O HAa pHUC. 5, TJEe MPEACTaBIEHbl BCE THUIIBI
IpaHUll, TPUCYLIUE COCTABICHHOM U3 MPSAMOYTOIHLHUKOB 00JIACTH.

Puc. 5. I'panuns! pacueTHoi obnactu B 3a1a4e 006 o6Tekanuu odpatHoro ycrymna: Bl -
oceBasi IMHUA (IMHUSI CUMMETpuUn); B2 - HaBeTpeHHas 4acTh TBEPAOH I0-
BepXHOCTH; B3 - BepxHss rpannna; B4 - BxoaHasa rpanuna notoka; BS -
OCHOBaHME ycTIa; B6 - BbIX0AHAs rpaHUIla TOTOKA.
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4.2. CTeHKa B pacyeTHOWN ceTKe nepBoro Tuna

TBepnas crenka, o003HauUeHHAs HA pUC. S yepe3 B2, cOOTBETCTBYEeT HaBETPEHHON YacTH
TBEPJIOM MTOBEPXHOCTH, a BS - ocHOBaHuto ycryna. Ha pacueTHoM ceTke mepBOro Tuia 3Ha-
yeHus: PyHKIUH u OyIyT OompenensThCs B y3JaX, pacloOKEHHBIX BJIOJIb ITUX CTe-
HOK.

Tak xak nmuaus B2 - BS - Bl saBnsiercs nuHuei Toka, Ha HEM MOXXHO MPUHSTH JI000€
MOCTOSTHHOE 3HAUCHHE (0OBIYHO TOMararoT ).

Oco0eHHO Ba)KHO OMPEEeIUTh 3HAYCHUSI BUXPS HA cTeHKe. YpaBHeHue (2.20) nepeHoca
BUXPS OMKCHIBAET PACIPOCTPAHCHHE BUXPSA 3a CUYET KOHBEKIMU U IuDPy3uu, HO BUXPH
3apOKIAECTCSA HE BO BHYTPEHHUX TOYKAX, a HA TPAHULAX, IJIE CTABUTCS YCIOBHE NMPHUIUIIA-
Hus. Umenno nuddysust u nocieayromnas KOHBEKIM 3TOTO BOZHUKIIETO HAa CTEHKE BUXPS
(bakTHUeCKH OnpeesieT CoAepKaHue 3ajauH.

3HaueHue BUXPs HA CTEHKE MOJIy4yaeTcsl U3 yClIoBUs Ipwinnanus. B kauecTBe npumepa
paccMOTpuM rpanuily B2 u 3anuiiiem pasiioxeHue

B psia Telinopa B OKPECTHOCTH TOUYKH ( ):

4.1)
Ho B CHJIY YCJIOBUSI IPUJIMIMIAHUS, a

; KpOMe TOro,
[Tockonbky (T.e. ) BIIOJIb CTEHKHU,
Takum o6pazom, . [loacrasinsst 3tu Beipakenus B (4.1) u
paspelniasi OTHOCUTEIBHO C YYETOM YCJIOBUS
, IoJTy4aem . HezaBucumo oT opueHTalu CTEHKHU U

OT 3HAYEHUs  HA IPAaHULE MOYKHO 3aIlMCcaTh

(4.2)
rae - pacCTOSIHME IO HOPMaIM K CTEHKE OT OmkailIieil K CTEeHKE Y3JI0BOW TEUKHU
710 €€ TPOEKIINH Ha CTEHKY. DTO YCIOBUE OYEHb HAJIEKHO W YacTO MPUBOIUT K pe-

3yJbTaTaM, JOCTaTOYHO XOPOIIO COTJACYIONIMMCS C pe3yIbTaTaMu, OJy4YeHHBIMU MIPH T10-
MoOIIH (GOPM BBICHIUX TOPSIKOB TPAHUYHOTO YCIOBUS JIJISi BUXPS; CM., HAIIPUMEP, IKCIIEPH-
MEHTHI D111a, onucaHnHbie B padote [Tupcona (1965).

Kak Ob1710 0OTMEUEHO, alTbTEPHATUBHOE OTPE/ICTICHIE BUXPS B BUJIC
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He MeHseT GopMy ypaBHEHUS mepeHoca Buxps. Ho mpu 3ToM mpuHSTHINA 3HAK “BoineT” B
pacyeT nepeHoca BUXpsl Uepe3 rpaHuYHbIC YCIOBUS, U aHAJIOTOM COOTHoIeHus (4.2) Oyaet

(4.3)

Coxpansis B paznoxenun (4.1) dneHsl mopsiaka , Bync (1954) npennoxun dop-
MYJTy BTOPOTO TIOPSIKA TOYHOCTH ISl TPAaHUYHOTO YCIIOBHS ISl BUXPS Ha TBEPIOH CTCHKE.
JuddepeHupys BeIpaKeHUE. ONPEISISIONIee BUXPh, TOIyYaeM

(4.4)
N3 ypaBHeHust Hepa3pbeiBHOCTH (1.2) numeem . YUUTBIBas 3TO U
3anuckiBas (4.4) Ha CTEHKE, HAXOUM
4.5)
Bropoii unen pPaBEH HYJIO B CWJIy YCJIOBHUSl IPWIMIAHUS
. Unen BBIYUCIISIETCS 110 CXEME C PA3HOCTSIMU Ha3al, UMEIOLEH MepBbIN M0-
PAIOK TOYHOCTH:
(4.6)
[ToxcTraBuB 3TO BBIpAKEHUE IS B ypaBHeHue (4.1) u pa3peniuB OTHO-
CUTEJIbHO , IOJTy4nM yciioBue Byjca st BUXpsl HAa CTEHKE:
4.7)
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Puc. 6. Onpenenenue 3HaueHUsI BUXPs HAa CTEKe, HE MapajyieIbHOW OCH X: a) - IPOU3-
BOJIBHBIM yTOJI HAKJIOHA CTEHKH  ; 0) - yroJI HAaKJIOHA CTEHKH .
JUtd ciaydasi HAaKJIOHHOW CTEHKH, IPOXOJAIIEN 0 JUArOHAIM 4epe3 STUEHKU CETKH, Kak
MOKa3aHO Ha pHC. 6, 3HAYCHNE BUXPs HA CTEHKE MOKHO HAWTH MIPU MOMOITH (POPMYJIBI IIep-
BOI'0 MOpsJIKa TOUHOCTH (4.2) cneayronuM 00pa3oM. 3HaUeHHS Ha CTEHKE B TOUKax ,
, , HE SIBJISIFOILMXCS y3JIaMH CETKH, HAXOAATCS TaK:

4.7)
(4.8)
rae - OTHOIIIEHUE Iar0B CETKU. AHAJIOTMYHO BBIUUCIISIOTCS
u . Jlamee nHTEpNIONALIMEN BIOIb CTEHKU OMPEICISIOTCS 3HAYCHUS
Ha CTCHKE B y3Jlax , . B wacTHOM cirydae, Kor/ia yroj HakjOHa CTEHKH pa-
BeH 45° ( ), 1711 TOUKH ( ), ©300paKEHHOW Ha pUC. 6, TOTyYaeTCs
(4.9)
rae . Takoit cioco6 oka3bpIBaeTCs TOYHEE, YEM pacyeT 1o Gopmyie
(4.10)

Tak KaK 3HAYCHHUSI , BXOJISINNC B BRIpAXKCHUE OEPYTCS B y3/1aX, PACIOJIIOKCHHBIX JIAJIbIIe
OT CTCHKH, YEM Y3JIbl, B KOTOPBIX O€pyTCs 3HAUCHHS , Bxozsmue B (4.9).

53



HeoOxoaumo caenaTh 3aMe4aHue O BO3MOYKHOW MEpeoIpeieIeHHOCTH IPaHUYHbIX yC-
JOBUU. [[7151 IPOCTOTHI PAaCCMOTPU HEKOTOPOE TEYEHUE B 3aMKHYTOM IVIOCKOCTH, BCE CTEHKHU

KOTOPOM HENOABWXKHBI. Ecin CTeHKH, napajuieIbHbIE OCU , HEIPOHNIIAEMBbI U HA HUX
YIOBJIETBOPSIETCS YCIOBUE IPUWIMIIAHUS, TO HA HUX U . 3anuChIBas OTU yCJO-
BUS Uyepe3 PYHKIMIO TOKa

IIPUXOHUM K CIIEIYIOIIUM COOTHOLICHUSM: , OTKyJa I0JIy4aeM, 4To

(ckaxxeM, 0) BJ10JIb CTEHKH U
110 HOpMaJIK K cTeHke. Ecnu paccmaTpuBath o1HO ypaBHeHue [lyaccona

, TO KaXJ0€ U3 3TUX JIBYX YCJIOBH SIBUTCS JOCTATOYHBIM IT'PAHUYHBIM YCIIOBUEM
JUISL HaxoxKaeHus pemeHusi. OueBuHo, 11 ypaBHeHus [lyaccoHa Henb3s 6path o0a ycio-
BUS OJIHOBPEMEHHO, TaK Kak dTO JellaeT 3ajauy mnepeomnpeaenennoi. Ho ycrnoBus
HEJI0OCTATOYHO IS TOTO. YTOOBI ONIPEICTUTH BUXPh Ha CTEHKE; 3/1eCh, KaK M TPU BBIBO-
ne dopmyn (4.2) wmm (4.7), HEOOXOAMMO TaKKe HCIOJB30BaTh  YCIIOBHE
. ITosToMy 32 HEMMEHHUEM MHOT'O TPAHUYHOTO YCJIOBUS JUISL BUXPS UCIIOJIb3Yy€eTCs Tpa-
JTMEHTHOE yCJIOBUE , & YCJIOBHE oepercs 1 ypaBuenus [lyac-
COHAa UIsl . DTO €IMHCTBEHHO MPABUWIHHOE PACTIPE/ICIICHUE JaHHBIX YCIOBUH.

4.3. JlnHusa cummeTpumn

Ecnu nenrpanbsHas rpanuna Bl Ha puc. 5 sBisiercs paznenstoneil TBepaoi IacCTUHOM,
TO Ha HEH CTaBATCS TaKWE K€ IPAaHUYHBIE YCJIOBHS, KaK U HA TBEPJOIl CTEHKE C yCIOBUEM
npwinnanua. Eciu cuutaTh, 4YTO Ha 3TOM pUCYHKE MPEJCTaBICHA TOJbKO BEPXHSS MOJY-
IJIOCKOCTh CUMMETPUYHOTO TE€YEHUsI OKOJIO IJIOCKOCTHOIO YCTyIa, TO Ha npsMor Bl mo-
MpeKHEMY HEOOXO0IMMO MOCTaBUTh yCIIOBHUE , UMEIOLIEE CMBICII TOJIBKO I JOKTPU-
YECKUX pEelIeHHUM 3a1aun o ciene. B atom cimyvae npsmas Bl urpaer posnb pasaensromein
IJIACTHHBI C YCJIOBUEM CKOJIBKEHHSI, @ TPAHUYHOE YCIIOBHUE Ul BUXPS UMEET OUYEHb IpO-
crou BujA. Ha Bcel LIeHTpaibHOW JIMHUU , 1 TIO3TOMY . Jlanee, moCKOJIbKY
CKOPOCTh ~ CHUMMETPUYHA OTHOCUTEJIBHO LEHTPAIbHOUN JIMHUH, 3/1€CH
Takxum obpazom,

4.11)

Hapsny ¢ ycinoBuem HEJIb3s1 UCTOJIb30BaTh YCIOBUSI CUMMETPHUH ISl IPOU3BO/I-
HBIX OT  , TaK Kak 3TO Mepeorpeneimio 0bl 3aaaqy a1 ypaBHenus [lyaccona.

B cinyuae acMMMETpUYHOrO TEUYEHHS! B IMJIMHAPUYECKOW CHCTEME KOOPAMHAT HMMEEM
u ycnosue (4.11) mo-npexxHemy BbImosiHsIeTcsl. Ho ypaBHeHHe B 3TOM ciydae yjaoOHee 3a-
nucaTh s , T1Ie - JIOKaJNbHBIA panycC, MPUUYEM Ha IEHTPAIBHON JTUHUU

4.4. BepxHsasa rpaHvua

Bepxusas rpanuna (rpanuua B3 nHa puc. 5.1.) Takke npexacraBisier OONbLION HMHTEpEC
MIpH MOCTaHOBKE 3a1a4i. KoHeuyHO, MOKHO BBIOpATh Takue (PU3NUECKHE 3a/1a4H, B KOTOPHIX
IPaHUYHBIEC YCIIOBUSl Ha BEPXHEN IpaHMIlE OYEBUIHBI, HAIPUMED, B 33]]a4€ O TEUEHUU B He-
CUMMETPUYHO pacIIUpsIOIIEMcsl KaHasle rpaHulibl B3 Oyzaer TBepAoil CTEHKOH ¢ yCIOBHEM
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NpUINIAaHUA ¥ Ha Hell OyayT MpUMEHUMBI (GOpPMYJIbl JJIsi pacuera BUXpsl, MOJTyUYEHHbIC B
. 4.2. Bennunna

Ha rpaHule B3 noctosiHHa U MOKET ObITh HaliieHa MPU MOMOIIM UHTETPUPOBAHUS TPODUIIs
CKOpPOCTHU BO BXOJHOM ceueHnn B4 kanana. Ecnu ke puc. 5 paccmaTpuBaTh KaK HUXK-
HIOIO MOJIYIJIOCKOCTh 33J]aud O T€YEHWU B CUMMETPUYHOM paCIIUPSIOIIEMCs KaHaje, TO B
CHJTy YCJIOBHM CUMMETpHH (KaK U B CiIydae pa3Jeliaoliell IUIaCTUHBI C YCIOBUEM CKOJIbXKe-
HUS Ha [EHTPaIbHOM JuHMU B 171. 4.3.) Ha rpanune B3 Oyaem umersb . Benmnunna
B 3TOM CIIy4ae Tak)Ke MOJIy4aeTcsi MHTErpUpOBaHUEM NPODUIISL CKOPOCTU Ha TpaHuLe
B4. Ecnu e ycnoBusi cummeTpuu ctaBsites 1 Ha B1, u Ha B3, To 310 OyeT cooTBeTCTBO-
BaTh AJIEMEHTAPHON YaCTH MOJIsI TeUEHHs P 00TEKaHUU OECKOHEYHOI'O psijia MPsIMOYTOJlb-
HBIX TeJl.

MoxHO 1OOUThCS CYIIECTBEHHOIO YJIy4ylIeHHs, paccMarpuBas rpanuny B 3 kak nBu-
KYILYIOCS CTEHKY TpyObl; Tak jaenaercss B paborax @pomma (1963) u ®pomma u Xapioy
(1963). B atux paboTtax Ha rpaHUIIE CTABUIUCH YCIOBUS

u , T1ie MO>KHO MHTEPIPETUPOBATH KaK CKOPOCTh HEBO3MYILEHHOT'O MIOTO-
ka. Torga rpaHUYHBIE YCIOBHS JUIsl CUCTEMbI YPaBHEHUH, ONPEIESIOIINX U ,
OyIyT YCIOBUAMM MJi1 JABMXKYLIEHCS CTEHKM C YCJIOBHEM NpPUIUIIAHUS HAa HEH, T.e.
,a  HaxomuTcs 1o hopmyiam

(4.12)

nin

(4.13)

4.5. YcrnoBusi Ha BXOQHOM U BbIXOOHOM rpaHuue notoka

I'pannyHble ycioBHA Ha BXOJHOM rpanuue B4 (puc. 5) Henb3s npeacTaBUTh €QUHCT-
BEHHBIM 00pa3oM, MOCKOJIbKY OHU OYyJyT MEHSTHCSA B 3aBUCHMOCTH OT (PU3UYECKUX YCIIO-
BUI BBEPX I10 IIOTOKY OT pacCMaTpUBAaE€MOM IPaHMIIbI U 3aBUCST PELICHUS B MCCIIELyEMOU
obnactu. OObIYHO AJIs TOro, YTOOBl PUKCHUpOBaTH Ha B4 kak TaK U IIPU PELIEHUU
3aJa4i O TEUYEHUH BO BHE3AIHO pacIIUpsIOIIeMcs: kaHaine 0epyTcsi mpoduiab CKOPOCTH IS
ITOJIHOCTBIO pa3BUTOro TeueHus [lyaseins niaum 3a1ar0T Ha BXOJAHOW TPAHUIIE PABHOMEPHBIN

MOTOK CO CKOPOCThIO ( yu  ( ).
Toman u [lleBunk (1966) craBuIM MEHEE KECTKUE YCIOBUS Ha BXOHOW IPaHUIIE TIEpe]]
nunHApoM. OHM TOTPEeOOBATH, YTOOBI , UTO MPUBOJNT K YCIIOBHIO

(4.14)
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3T0 ycllOBHE J1a€T BO3MOXKHOCTh HAXOUTh B Ipoiiecce BblunciaeHuil. B mocra-
HOBKE 3TUX aBTOPOB Ha BepxHei rpanuue B3 3anaercs ,

TaK)Ke MojydaeTrcss B pesyibTare pacuera. [Ipu ucnonb3oBanuu yciosus (4.14) BnusHue
BBEPX MO MOTOKY CKa3bIBaCTCs J1aXke Ha BXOAHOW I'paHuULIE.

[Ipu uzyuenuu 3ama4, NOJOOHBIX 3a/laye O TEUYEHUHU OKOJIO0 oOpaTHOro ycryna (puc. 5),
BIIUSIHUE BSI3KOCTH BaXHO HAa BXOJHOM TpaHUIE, TMOITOMY >JKeJIaTelIbHO (DUKCUPOBATH
,a JaTh BO3MOXHOCTh pa3BUBAThCsl CBOOO1HO. Poyd 1 Mromtep (1970) 3anaBanu
MpU TMOMOIIM pEUIeHHs] YPAaBHEHUU NOTrpaHUYHOro cjos, (UKCUPYsS TakuM 0Opa3oM
. DTO TaKXe 03HAYaeT, 4TO (PUKCUPOBAIACH TPOU3BOIHAS

, SIBJISIFOIIASsICSL TIEPBBIM YJICHOM B BBIPAXEHUM I BHUXPS
. Bropoii unen takxe MOKHO OBLIO 3a/1aTh IPU MOMOIIM PEIIEHUS AJIsi HOTPAHUYHOTO CIIO,
HO BMECTO 3TOTO aBTOPBI Opanu MeHee )kecTkoe ycioBue. OKa3anoch, YTO JIydIlle BCETO
MOJIy4aTh 3Ty BEJIUYUHY U3 yCIOBUSA

(4.15)
OTKyJa
(4.16)
WM OKOHYATEJIbHO
(4.17)
Takum oOpa3om, Ha BXOJHOW I'paHulle MOTOKAa (GUKCUPYIOTCS 171 , B TO BpeMsl
KaK BEJIMYMHA HaXOJAUTCS 10 3HAYCHUIO Ha BXO0JI€
U TIpY TIoMoIlY ypaBHeHus (4.17).
Ornpenenenue 3Ha4CHUI u Ha BBIXOJHOM rpanuiie B6 (puc. 5) sBnsercs oa-

HOI M3 HanboJiee MHTEPECHBIX 3aJ]a4 O BBIYMCIUTEIbHBIX I'PaHUYHBIX ycioBuax. HeoOxo-
JMMO KakuM-TO 00pa3oM IpeHeOpeub NeTaNsIMU TE€YEHHUs JajeKo BHU3 M0 MOTOKY W IpHU
3TOM 00€CIEeUUTh MOJyYEeHUE PEeaJIbHOI0 pellieHusl B 00JacT BBepX 1o rpanuile B 6. Omnbit
npoBeseHusl pacueToB [l] mokaszan, 4To HEYCTOMYMBOCTB, 3apOXKIAIOIIASCS HA BXOIAHOU
IPaHULIe, MOXKET PaCHpPOCTPAHITHCS U BBEPX IO MOTOKY M MCKaXaTh PEIIEHUE B MHTEpE-
cytoiei Hac oOmactu. Takum 00pa3oM, Ielib 3aKJIF0YAeTCsl B MOCTAHOBKE YCIIOBHUH, Jaro-
IIMX MaKCHUMaJbHO JOIYCTUMYIO CBOOOJYy MOTOKa Ha rpanuiie B 6 u B To e Bpems obec-
MEYMBAIOIIUX pelieHne 3agaud. Hanbonee HaeKHBI C TOUKH 3pEHHS] YCTOMYMBOCTH CIIO-
co0 OCHOBaH Ha IIOJIHOM 33JIaHUU yCJIIOBUW Ha BBIXOJIHOM T'PaHULIE WM MOJaras ,
, WIKM JJI1 TEYEHUN C MaJbIMU YHUCIAMU Oepytcs pemienuss CTokca Ui IVIOCKUX Teue-
HUI MeXay ByMsl OeCKOHEUHbIMH IutacTuHaMH. OOmiast ujest MOCTaHOBKU I'PAaHUYHBIX yC-
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JIOBUH, OTBEYAIOIINUX OECKOHEYHOCTH Ha HauboJiee yIaleHHON rpaHulle Pa3HOCTHON CETKH,
Obuta mpeanoxkeHa PuyapacoHoM. 3amMeTHM, YTO aCHUMIITOTUYECKOE pEIIeHUE, MUCTOIb3ye-
MO€ B Ka4eCTBE TPAaHUYHOTO YCJOBHSA, JOJDKHO PAacCMATPUBATHCS B TIEPEMEHHBIX 3aauu:
HaIpUMep, €CIIM MCXOJIHbIE KOHEYHO-PA3HOCTHBIC yPaBHEHUS 3alMCAHbI B MEPEMEHHBIX (
), To 1 pemenue I[lyaseins 10KHO OBITH 3aIMCAHO B MEPEMEHHBIX ( ).

BmecTo Toro 4roObl cTaBUTh I'PaHUYHOE YCJIOBHE BHU3 IO MOTOKY, COOTBETCTBYIOLIEE
“OEeCKOHEYHOCTH’, MOKHO HCIIOJIb30BaTh ACUMITOTUYECKHE PEUICHHS, MPUMEHSIEMbIEe Ha
JOCTATOYHO OONBIINX, HO KOHEYHBIX PACCTOSTHUSX.

[TpunoxeHune

B xagecTBe mpuMepoB pacuera TeYEHUs BSI3KOM HECTEKAEMOU KUIKOCTU PACCMOTPEHBI
JBa TIpUMEPA, LEIb KOTOPBIX - WIIIOCTPUPOBATH PACCMOTPEHHBIE BhIlIe uaeu. Kpome Toro,
CYILIECTBEHHBIN MHTEPEC BBI3BIBAECT HATJISHOE Ipauueckoe MpecTaBiIeHHE Pe3yJIbTaTOB
pacdeToB. HekoTopble uaen 1o opraHu3alyy 3TOr0 IpoLEecca TaKKe IPUBEICHBI B pas3fe-
nax 5.1 m 5.2

3agava 0 Te4YeHUn B NPSAMOYTONIbHON KaBepHEe C ABUXKYLLENCS BEPXHEN KPbILLKOW

PaccmaTtpuBaeTcs yCTaHOBHMBUIEECS TEYEHUE BSI3KOM HEC)KMMAEMOM KUIKOCTU B IIps-
MOYTOJIbHOM KaBEpHE C ABWKYIICHCS BEPXHEW KPBIMIKOM. Pe3ynbrarsl mis 3TOM 3amadu
ObUIM U3BECTHBI, 1 OHA HCIIOJb30BAlIaCh B KA4eCTBE TECTOBOM Uil 0OpaOOTKH BBIYMUCIIH-
TEJIBHBIX CXEM M IIOCTPOCHHOro ajropurma. Ha cTeHKax MOCTaBUM I'PaHUYHBIE YCIIOBHUS
MPUINIIAHUA, "

Teneps BbiBeieM (GOPMYJIbI IS AlIPOKCUMALIUU TPAHUYHBIX YCIOBHIA.

Puc. 7. [IpssMmoyronpHas KaBepHa C ABUKYLICHUCS BEPXHEU KPBILIKOU

Pacnonoxxum ocu KOOpJMHAT TaK, Kak Moka3aHo Ha puc. 7. CTEHKH, B TOM 4HCIIE U
JBIOKYIIAsiCA KpbIIIKa, TBEpAbIe. Kpbllika JBHKETCA B HAIIPABICHUM BO3PACTAHUS
PacueTHyro ceTKy BBEIEM Tak K€, KaK MOKa3aHO HAa PUCYHKE, a UMEHHO: MEPBBI MHIIEKC
OTBEYAET 3a JBMKECHUE T10 PACUETHOW CETKE B HAllPAaBJIICHUH  , & BTOPOH - B HAIpaB-
JIEHUU . CKOpOCTh ABMKEHUS KPBIIIKA PaBHA . Ha pacuerHoOl ceTke 3HaueHUs
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dhyHKIUH
u OyIyT ONpenemnsiThCS B y3JaX, PACOI0KEHHBIX BJIOJIb STUX CTEHOK.

Tak kak muausS B4 - B3 - B2 sBisieTcs inHAUEH TOKa, TO HA HEW MOKHO MPUHSTH JTF000€
MOCTOSTHHOE 3HAUCHHE (Hanmpumep ).

Oco0eHHO Ba)KHO OMpEEeIUTh 3HaYeHUs] BUXPS HA CTeHKe. YpaBHeHue (2.12) nepenoca
BUXPS OMUCHIBACT PACIPOCTPAHEHUE BUXPSA 3a cUeT KOHBEKIUU U n1uddy3un, HO BUXPh 3a-
pO’K/IaeTCsl He BO BHYTPEHHHUX TOYKAX, a HA FPAHUIAX, TJIe€ CTABUTCA YCIOBHE NMPWIUIIAHUSI.
Nmenno nuddys3us 1 mocienyromiasi KOHBEKIIMS 3TOr0 BOZHUKILETO HAa CTEHKE BUXPs (ak-
TUYECKH OTNPECIIAIOT COJAEPKaHue 3aauH.

3HaueHue BUXPS HA CTEHKE MOy4yaeTcsl U3 YCIOBUS NMpuinnanus. B kadecTBe mpumepa
paccMoTpuM rpanuily B3 u 3anuiiiem pasioxeHue

B psa Telinopa B OKPECTHOCTH TOUYKH ( ):
(5.1)
Ho B cuity ycnoBus npuiinnasus ,a
; KpOMe TOro,
[Tockonbky (t.e. ) BAOJIb CTE€HKH,
Takum obpazom, . [loncraBinss 3ty BeipaxeHus B (5.1) u
paszperasi OTHOCUTEIbHO C YYETOM YCJIOBHS
, IOJTy4aeM

AHanorn4Ho paccysaas A creHok B2 u B4, nonyuum .
BooOmie, HE3aBUCMMO OT OpPHUEHTAIlMM CTEHKM U OT 3HAYCHHUS
Ha TpaHulEe, MOYKHO 3aIUCaTh:

(5.2)

rne - paccTosiHUE 110 HOPMaJld K CTeHKe OT OJrkaiiield K CTEHKE Y3JI0BOM TOUKU
110 €€ IIPOEKIHU Ha CTEHKY.

BriBeieM rpaHMuHOE yClIOBUE ISl TBEPAON CTEHKH BTOporo nopsaka. Coxpasss B pas-
noxkeHuu (5.1.) uneHsl nopsaka , IOJTy4nM

(5.3)
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HuddepeHupys BoIpakeHHe, ONpeesoiee BUXPh, MOTydaeM

(5.4)
N3 ypaBHenus HepaspbiBHOCTH (1.5) umeem
VYuurtsiBas 3T0 U 3anuchiBas (5.4) Ha CTEHKE, HAXOIUM
(5.5)
Bropoii wien PaBEH HYJIIO B CUILY YCJIOBUS NPUIUIIAHUS
. Unen BBIYMCIIIETCS 110 CXEME Pa3sHOCTAMM Haszal,
MMEIOLIEH TIEPBBIM MOPATOK TOYHOCTH.
(5.6)
[ToacTaBuB 3TO BbIpakeHue B ypaBHeHHE (5.3) U pa3peniB OTHOCUTENIBHO
NOJIy4yuM ycioBue by/ica 1uist BUXpsl HA CTEHKE:
(5.7)

[IpuMensis 3TO ycinoBUe, aBTOP MOJIydall IOYTH aHAJIOTUYHBIE PE3YJIbTATHI.
Paccmotpum teneps rpannny Bl, xoTopas siBiasercs nBMXKyILIEHCs KpbIIKoOH. Tak kak

Ha KpI)IHIKe HeﬁCTByeT YCJ'IOBI/IG HpI/IHI/IHaHI/IH, TO MOXHO HpI/IHHTB YCJ'IOBI/IG . B
BBIPAKCHUU IJIS1 BUXPA
YJICH Ha CTCHKE, TIOOTOMY MOXXHO 3aITMCATh

(5.8)
a BBIpa)KCHI/IC JUUTSL CKOpOCTI/I , AJIA BHYTpeHHI/IX TOUYCK

(5.9)
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Takum 00pa3oM, Mbl OJHOCTBIO ONPEAETWIN 33ady AJs BIYUCIEHUS QYHKIUN BUXpPS U
TOKa B KaBEpHE C JBWXKYILEWCS BEpXHEN KpbIUKOH. IIporpamma, peanusyromas DaHHBINU
QITOPUTM PEILEHHUS, U aHAJIU3 Pe3yJIbTaTOB OyAyT IPUBEACHBI AaJIEe.

3agayun o ABWXKEHUM XXUOKOCTWU B KaHane, MMetoLLem pa3nnMyHyto NpAMOYyrosibHyr
reomeTputo rpaHnL,

PaccMmoTpum Tereph 3a7auy ¢ Ka4eCTBEHHO OTJIMYHBIMH TPaHHIIAMH - 337a4y 00 00Te-
KaHUU IPsIMOTO yCTyTa.

Tak xak rpanuna B4 - BS - B6 sBnsercs nuHuen TOka U TBEPAOM CTEHKOM, TO Ha HEU
MOYHO TIOCTaBUTh yCJIOBUE MPHJIUITAHUS aHAJIOTUYHO yclioBusM (5.2.) unu (5.7).

PaccmoTpum BepxHioto rpanuily Bl. Bynem ee paccMaTtpuBaTh Kak JBUKYIILYIOCS CTECH-

Ky CO CKOPOCTBIO . Ha rpanune nocraBum ,a

, TIie MOKHO MHTEPIIPETUPOBATh KaK CKOPOCTh HEBO3MYILIEHHOT'O MOTOKA.
Torma rpaHMYHbBIE YCIOBHS JJIsI CUCTEMbI YPABHEHUM, OMPEICIIIOIINX u , OymyT
YCHOBUSIMU IS JBWKYIIEHCS CTEHKH C YCJIOBUEM IPWIMIAHUS Ha HEW, T.€. ;a

omnpezensercs 1no hopMmyiaam

(5.9)

NN

(5.10)

KOTOpBIE MOTy4aroTcs U3 BeipakeHus (5.1) ananoruyno (5.20 u (5.7) npu ycioBuu, 4To

Tenepb MocTaBUM IpaHUYHBIE YCIOBUS HA BXOJIHOM I'paHuIle MOTOKa. [ paHUUYHbIEe yCIo-
BUs Ha rpanuiie B2 (puc. 8) Henb3st NpeACcTaBUTh €AMHCTBEHHBIM 00pa30oM, TOCKOJIBKY OHU
OyIlyT MEHSITHCS B 3aBUCHUMOCTHU OT (PU3MYECKUX YCJIIOBHI BBEPX IO TEYCHHIO OT paccmart-
pUBaEMOI TPaHUIIBI U 3aBUCAT OT PEIICHUS B UCCIICTYEMOM 00JIaCTH.
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Puc. 8. I'panutibl pacueTHol 00y1acTH B 3a7a4e 00 00TeKaHUU
NpSIMOTO yCTyTa

[Totpebyem, uToObI , a mpouIb 3aaauM GopMyIIon

(5.11)

Tak Kak TO 9TO IIPUBOJUT
K YCJIOBHIO

(5/12)

[ToTok Ha rpaHuIe onpeneauM Kak HEBO3MYIIIEHHBIN 1
PaccmoTtpum BeixonHyto rpanuily notoka B3. [ToctaBum Ha Heil yciioBus
. [lepBoe U3 HUX JaeT

(5.13)

a BTOpoe - (T.K. ), OTKyJ1a JIMHEWHAass UHTEPIOJISALUS IPU MOCTOSH-
HOM II1are Jaet

(5.14)

50054

MBI 3a/1a11 rpaHUYHbIE YCIOBHSI BO BCEX TOUYKAX IPAHMULIBL, 32 UCKIIFOUEHHEM ( )u
( ). [locTraHOBKa rpaHUYHBIX YCJIOBUHN B MEPBOM M3 ATUX TOYEK, PACIIOIOKEHHON B
BEpIIMHE BOTHYTOr'0 yCTyIa (puc. 8) ¢ yCIOBUEM NPUIMIIAHUS HE COCTABISAET TPyJa. 3/1eCh
CTaBHUTCS u . 3HaueHme B OTOW TOYKE HE BXOIWT JIa)KE B PACUETHI, HO
OHa HaM MOHAA00UTCS JIJIsl TOCTPOCHMS TpaUKOB.

Omnpenenenne QyHKIMH TOKA B YIJIOBOM TOUKE ( ) TaK>Ke He COCTaBIIseT mpobJie-
MBI: KaK U Ha BCEH OCTaJbHOW YacCTH CTCHKHU . Onnako s onpeneneHus QyHKIUH
BUXPSI IMEETCS] HECKOJIBKO BO3MOXKHOCTEN. Ecin
MoJIaraTh, 4TO YTJI0Basi TOUKA MPUHAIICKUT rpanue B6, To

a ecnu rpanuue BS, To
BoseMeM BTOpOE U3 3TUX yCIOBUM.
Wtak, Mbl 3a1a711 TPaHUYHbBIE YCIIOBUS BO BCEX TOYKAX IPAHMIIBI M BBIYUCIMIN KOHEY-
HO-pPa3HOCTHBIE aHANIOrH Iu((epeHLnaNbHbIX YPABHEHUH B YacTHBIX IMPOU3BOIHBIX BO
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BHYTpeHHHUX Toukax. CleqyromuM 3TanoM OyJeT HalucaHhe MporpaMMbl JJIs pacyeTa Ha
OBM.

Kpome 3amaun ¢ mpssMbIM yCTYyTOM, aBTOPOM OBUTH PAacCMOTPEHBI 3a/1a4d ¢ OOpPAaTHBIM
YCTYNOM U C JIByMsl YCTYIIaMHU OJIHOBPEMEHHO, a TaKXKe C TBEPJbIM MPENATCTBUEM BHYTPHU
KaHana. ['paHnYHbIC YCIIOBUS B ATHX 3a/layaxX CTaBATCS aHAJOTMYHO BbllIepa3o0OpaHHOMN, 3a
UCKJIIOYEHHEM, MOKET ObITh, OpUEHTAIMM TpaHull. Bce mporpamMmsbl U pe3yiabTaThl OyayT
MOKa3aHbl HUXKE.

Kpl/ITepVIVI CXO0ONMMOCTU U HaYallbHbl€ YCITOBUA

B 1aHHOM KOHTEKCTE TePMHUH ‘“‘CXOJUMOCTh”’ yHOTpeOssieTcs B IBYX Pa3InYHbIX CMbIC-
nax. TepMHH “UTepalMOHHAsI CXOAMMOCTh OTHOCUTCS K OKOHYATEJIIbHOMY BBIXOAY Ha pe-
HIEHWE KOHEYHO-PA3HOCTHOI'O YPaBHEHHMSI, pACCUUTHIBAEMOE MPU MTOMOIIM UTEPALMIL. ITOT
TEPMHUH O3HAYaeT, YTO JIOCTUTAETCs IPUEMIIEMOE PEIIEHNE TUCKPETHOro ypaBHeHus Ilyac-
COHa B IpejesaX HEKOTOPOM TOYHOCTH, JUIS 4ero TpeOyeTcs BBIIOJHEHHE B M3BECTHOM
CMBICIIE PABEHCTBA

. OH o3Ha4aeT TakXke, YTO IMPHU PaA3pELICHUH IPU MMOMOLIM UTEPALHUA HESIBHOTO
ITPaHUYHOIO YCIIOBHSA I BUXpPS JNOCTUTACTCSl BBINIOJHEHUE PaBEHCTBA
. O0a 3TH uTepalMOHHbIE NPOIECChl BKIIIOYAIOTCS B MTEPALMOHHBIA LIUKI, CXOAMMOCTb
UTEpALMii B KOTOPOM MPUBOAMUT K CTALIMOHAPHOMY PELIECHUIO (E€CIM OHO CYLIECTBYET), KO-
r7la BBIIIOJIHAETCS PaBEHCTBO . Jlpyroe 3HaueHue TepMUHA ‘“‘CXOAMMOCTD”
OTHOCHUTCSI K OOBIYHO HCIOJIb3yEMOMY MaTeMaTHUKaMU MOHSITHIO CXOAUMOCTH, KOTOPYIO
371eCh Mbl Oy/1eM Ha3bIBaTh AlIPOKCUMAIIMOHHONW CXOJUMOCTBIO, JUIS Yero YToObl OTINYATh
€€ OT WUTEepalMOHHOM. ANNPOKCHMMALMOHHAs CXOJIMMOCTh €CTh HE UTO MHOE, KaK CXOJAM-
MOCTb pPEIICHUsI KOHEYHO-PA3HOCTHOTO ypaBHEHUS K perieHuto nuddepeHnmnaisHoro ypas-
HEHHUsI B YACTHBIX TPOU3BOJHBIX IIPU

OOBIYHO B KayeCTBE KpUTCPpUA I/ITepaHHOHHOﬁ CXOAUMOCTH, HAIIPUMCED IJIA JOCTHUIKCHUA
CTAlIMOHAPHOT'O 3HAYCHU . 6epeTc;1 YCJIOBUC BHIa

(5.15)

Y aHAJIOTUYHBIE YCIOBUS s QYHKIMU TOKA.

Haubonee HarisiiHO 1EMOHCTPUPYIOT MOBECHHE
rpauku, KOTOpble Oy1yT NPUBEIEHBI HUKE.

Ecnu ans HaxokJIeHUs! CTallMOHAPHOI'O PELEHUs MOJHOM 3a7aud O TEYEHUU HECKU-
MaeMoOM KHMJIKOCTH MPUMEHSIOTCSI HeCTallMOHAPHbIE JBYXCIOWHBIE CXEMbI U €CJIU B UTepa-
LIMOHHOM IIpOLIECCE ISl HAXO0KICHUS u
WCIIOJIb3YIOTCSl HESIBHBIE IOCTATOYHO XOPOIIO CXOSAIINECS METO/IbI, TO HaYaIbHBIE YCIIOBUS
OylyT HEeCYIICCTBEHHBI.

HauanbHble ycioBUs HEe OKa3blBalOT OOBIYHO CYIECTBEHHOI'O BIMSHUS HE Tpedyemoe
JUI pacyeTa MallMHHOE BpeMsl, IMOCKOJIbKY OHIMOKM JJisi BHIOMpPAEMOro HayajibHOIO IMpH-
OnmmKkeHrs: OOBIYHO OTPAHMYEHHBI U 110 BEIMYMHE HA MHOTO MOPSIIKOB MPEBOCXOAST BEJH-
YUHY, BXOJAIIYI0 B KPUTEPHUM CXOIUMOCTH.
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JUts aydiiero MOHMMAaHUs MpoLecca CXOJUMOCTU CIEAyeT MOMHHUTh, YTO IPU pacueTe
TEUYEeHUH C OONBIIMMHU YHCIAMH omunOKa B 3HAYEHUU BUXPS
B €AMHCTBEHHOW Y3JI0BOM TOYKE BOJIM3M BXOJHOM IpaHUIbl U BHE MOTPAHUYHOIO CIOS
JIOJKHA 33 CYET KOHBEKIMM YHOCUTBCS U3 paccuuThiBaeMon obnactu. Torga HykHOE AJis
CXOAMMOCTH YHMCJIO IIaroB MO BpeMeHH OyAeT OrpaHMYeHO CHU3Y BEIMYMHOU
, TIie - BpeMs MEpEeHOCca YaCTHUIIbl U3 YKa3aHHOTO IOJIOKEHUS Yepe3 BCIO pacCUUTHIBAC-
MYI0 00J1aCTh. DTO BpeMs
HE 3aBHCHUT OT pa3Mepa OLIMOKHU, M MOATOMY HPHOIMKEHHE IMpeAcTaBisieT coO0l Bpems,
HY’KHO€ JUIl CXOAUMOCTH.

B kaudecTBe nmprmMepa HECYIIECTBEHHOCTH HAYaJIbHBIX YCIOBUH MOKHO pacCMOTPEThH 3a-
nady o0 o0TeKaHUM MPsAMOro ycryna. Eciu B3sTh B KauecTBe HaYaJIbHBIX yCIOBHI BO
BCEX BHYTPEHHHMX TOUYKaxX M 3a/aBasl TPAaHUYHbIC YCIOBHS Ha TBEPJBIX CTEHKAX, KaK ObLIO
pPaccMOTpEHO BbILIE, a HA BXOJE M BBIXOJE 3aJaBajicsl TPEYTOJIbHbIA MPOpUiIb CKOPOCTH,
3HAYeHME K€ BUXPsI BE3/I€ M0JIarajJoch paBHbIM HyI10. Takoe HayalbHOE NPUOJIMKEHHUE Ka-
&KeTcs HepasyMHbIM. OJIHaKo y)Ke Iociie MepBoil urepauuu npu pemeHun ypasHenus Ily-
accoHa ¢ TPaHMYHBIMHU YCJIOBUSMHU Ha BXOAHOM I'paHUIlE, 3aJJaHHBIMU 10 (opmysaMm (5.2) -
(5.14), Bcroty nosiBUIIach OTJIMYHAS OT HYJII CKOPOCTh KOHBEKUMU. K MOMEHTY bopmu-
poBajach BIOJHE peajibHas 30HA BO3BPATHO-LIMPKYJSIPHOTO TEYEHMs, & ITO yKa3bIBAJIO HA
TO, YTO HaYaJIbHOE MPHUOIMKEHUE 0Ka3aJI0Ch JTyYllle, YeM MOYKHO OBLIO O’KUAATh.

[TockonbKy JaHHBIE HA TPEIBIAYIIEM CJI0€ 110 BpEMEHH WHOTAAa MOTYT OBITh OYEHb XO-
POILLIMM HayaJbHBIM NPHUOIMKEHHEM Ul MOCIEAYIOIIEro C0s, TOYHOCTh Ha4yajJbHOIO ycC-
JIOBHSI MOKET TaK)K€ OKa3blBaTh CYLIECTBEHHOE BIMSIHHE HA UTEPUPYEMOE PEIlEHUE ypaB-
Henus Ilyaccona. Comenieecs: perieHue Ha HOBOM CJIO€ 10 BPEMEHHU OTJINYAETCs OT
3a CYEeT UCTOYHUKOB Yi€Ha U 3a CUeT 'PaHUYHBIX yciaoBuid ;s . Eciu JIOCTaTOYHO
Maja WU €CJIU CXOJMMOCTh M0 BPEMEHM HECTALMOHAPHOM 3a/1aud B LIEJIOM ITOYTH JOCTHUT-
HyTa, TO u Ha rpaHuuax. Toraa BeIOOp penieHus B KauecTBe
Ha4yaJabHOTO MPUOIKECHUS Oynet oueHb 3 (HEKTUBHBIM.

I'Iporpamma ONs BbIYUCIIEHNS 3HAYEHNN d)yHKLI,I/II/I TOKa
N BUXPA B Y3J10BbIX TOYKaAX

JIJis BbIYMCIIEHUSI 3HaYEHUN (QYHKIUU TOKA U BUXPS B Y3JIOBBIX TOUKaX B MPUJIOKEHUU
npejacTaBiaeHa nmporpaMma Ha sizbike Turbo-Pascal 5.0 ana I[I3BM IBM PC-286, pa3zpa6o-
TaHHas B IUIUIOMHOMN pabote B.I'.BrrommHa.

PaccMoTpuM HEKOTOpBIE OCOOEHHOCTH MporpaMMbl. Tak Kak AJisi BBIYMCICHUN HE00XO-
IMMO OpaTh MO BO3MOXHOCTH 0OoJiee OOJbIINE MAaCCUBBI, TO, KPOME OIpaHUYEHUH B orepa-
TUBHOM MaMsTH, BO3HUKAIOT MPOOJIEMbI C BPDEMEHEM BBIMOJIHEHUS TPOrPAMMBI.

Kak y»e Obulo paccMOTpPEHO MpH pPEeLICeHUH ypaBHEHUsS A (yHKIUI TOKa HUCIOJB30-
Basicst meroa JInbmana (3.13), no3Bossronuii ot “AByxcioitHoro” ypasHenus (3.12) nepeii-
TH K CX€Me, KOTOpasl UCIOJb3YyEeT JIMIIb OJIMH MAaCCUB, €CIU MPETyCMOTPETH ONEpPaTop 3a-
MEUIEHUs], YTO JAeT BBIMIPHILI B ONEPATUBHOM MaMsiTH B 2 pasa, U, KpOME ATOro, 3HAYM-
TEJIBHO YMEHBIIAETCS KOJNYECTBO UTEPALIUIA.
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B nporpamme Gbl1a paccMOTpeHa BO3MOKHOCTh TaKOTO MOJX0/a K PEIICHUIO U ypaBHe-
Hus Buxps (1.12). Okazanoch, 4TO 3TOT MOJXOJ JAeT aHaJOTU4YHbIE pe3ynbTaThl. Kpome
TOTO0, OBUIO COKPAIIEHO A0 MHHUMYyMa YHCIO0 YMHOXEHHN KaK B OCHOBHBIX (hOpMyJax IJis
BbIUMCIIEHUH QYyHKIUI ToKa U Buxps. Tak, Hanmpumep, B ucxoaHoi ¢popmye (2.84) umeer-
csi 14 ymHoxenuit u 3 genenusd. [IpuBeas nogoOHbIE YJIeHBI U MIPEAYCMOTPEB ONEPATOPHI
3aMelIeHUs, OCHOBHas (popMyJia cBejach K BUILY:

rJie JUIIb 5 YMHOXEHHH, TaK ¥ BO BCEX BBIYMCICHUSIX. DTH, Ka3aJIoCh ObI, IPOCTHIE MPE0O-
pa3zoBaHus NpHUBEIU K YOBICTpPEHHIO BbluMcieHU B 2 - 3 pa3a. biok-cxema gaHHON mpo-
IpaMMBbl U €€ TeKCT OyayT NPUBEICHbI HIKE.

Kpome toro, B.I'. BeromunbeiM Obli pa3zpaboTaHbl BCIIOMOTATEIbHbIE TPOTPaMMBbI IS
HarJIAIHOTO BBIBOJIA PE3YJIbTAaTOB PELIEHUS HA DKPaH, a UMEHHO JIMHEHAs UHTEPIIOALUS B
BBIBOJI Ha 9KpaH rpadukoB GyHKIMH BUXpS U Toka. Hanbonpmmii mHTEpEC MPEICTaBISIOT
rpaduku ¢pyHKUMN Toka. Eciu cCOeMHUTh TPUMEPHO OJMHAKOBBIE 3HAYEHMSI, TO MOJIYyUYUM
JUHUM TOKa. A Ha rpadukax, rje ecTb BUXpeBble 00pa30BaHusl, HATJIAIHO BUHBI BBITYKJIIO-
CTH C BBIpQ)KECHHBIMU U . OTO 3HAUUTENILHO 00JIEryaeT Mpolecc OLEHKU Pe3yJib-
TaTOB, TaK Kak ¢ OOJILIIMMH MacCHMBaMH OY€Hb HEY/I0OHO paboTaTh, a Ha rpaduKax, Jaxe
€CJIM HET BO3MOKHOCTH BBIBECTH BCE TOUYKH, MOKHO OTPaHUYMUTHCS HauboJiee MHTEPECYIO-
MMM Hac ‘“‘MecTamMu’ B MaTpHUIIE pe3yJbTAaTOB WU BBIBOJUTH HA KPaH OMPEACICHHOE KO-
JMYECTBO Y3JI0B.

Ho emre Oosiee HArmsiiHBIM BJISIETCS. BBIBOJ HA AKPaH JUCIUIES IUIOCKOTO IOJII CKOPO-
CTEM, T.€. B KaXk/0i TOUYKE BEKTOpP CKOPOCTU C KOOPAHUHATAMHU
( ). UHTepecHbIM sBISIETCS U UCHOJB30BAHUE LIBETHOTO IUCIUIES JUIsl BBIBO/A HA
9KpaH paclpeieseHUs] UHTEHCUBHOCTH CKOPOCTH.

HekoTopble pacrieyaTku pe3yibTaToB MpecTaBieHbl qanee. Tawke g 6onee 3ddex-
TUBHOTO TPEACTABICHUS PA3IUYHBIX (DaliIoB JaHHBIX pa3paboTaHa MporpaMMa Tuma ‘“‘me-

Eb

HIO .
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