


0 T04HOCTH PAC4ETA OTKOJlbHOro PA3PYWEHHS1 

8.<t>. KYPOnATEHKO, 1..1.P. MAKEEBA 

Pocc111111cK111111 Cl>eAepa11bHb1111 MSPHbllll 4eHTp- Bcepocc111111cK111111 Hi.-11.-1 TexH111'lecK0111 cp1113111K111 IIIM. aKaA. E.i.-1. 3a6a6ax111Ha 
r. CHS>KIIIHCK, 4em16111HCK8s:I 0611aCTb, Pocc111s:1 

Pa3HOCTHble MeTOAbl AJlfl pacYeTa KaK HenpepblBHblX, TaK Ill pa3pbIBHblX peweHIIIIII ypaBHeHIIIIII MexaHIIIKIII 

cnJlOWHblX cpeA 06J1aAa10T pa3Jllll4HblMIII AIIICTPaKI..IIIIOHHblMIII III OCI..IIIIJ1Jl511..1111OHHblMIII CBOIIICTBaMIII. Hanp111Mep, Me

TOA He111MaHa-PIIIXTMa111epa, B KOTOpOM AJls:1 pacYeTa AIIICC111na1..1111111 3Hepr111111 Ha cppoHTe YAapHOIII BOJlHbl (YB) 

np111MeHs:teTCS'I cne1..1111aJ1bHO BBOAIIIMas:t nceBAOBs:13KOCTb, AaeT peweH111e C OCI..IIIIJlJls:ll..lllls:IMIII KaK 3a cppoHTOM YB, 

TaK III Ha BOJlHe pa3pe>KeHIIIS'I (BP). AMnfllllTYAa 3TIIIX OCI..IIIIJlJls:11..1111111 3aryxaeT co speMeHeM. MeTOA roAyHOBa, 

B KOTOpOM Afls:1 onpeAeJleHIIIS'I BCnOMoraTeJlbHblX BeJ11114111H Ha rpaHs:tX ceTO4HOIII s:14el/lKIII 111cnOJ1b3YIOTCS'I COOTHO

weHIIIS'I Afls:I pacnaAa npO1113BOJlbHOro pa3pbIBa, s:IBJls:teTCS'I MOHOTOHHblM, HO o6naAaeT CIIIJlbHblMIII AIIICTp8Kl..llllOH

HblMIII CBOIIICTBaMIII. 4eM BblWe HeMOHOTOHHOCTb IIIJllll AIIICTpaKl..lllls:I pa3HOCTHOro MeTOAa, TeM C 6OJlbWel/l no

rpeWHOCTblO 3TOT MeTOA onpeAeJls:teT MeCTa 3apo>KAeHIIIS'I Tpel.J..IIIIH IIIJllll cpa3OBblX nepeXOAOB. np111 pacYeTe 

B3alllMOAelllCTBIIIS'I YAapHblX BOJlH Ill BOJlH pa3pe>KeHIIIS'I APYr C APYroM IIIJllll C KOHTaKTHblMIII rpaH1111..1aM111 npOIIICXOAIIIT 

Heo6paTIIIMOe HaKOnJ1eH111e norpeWHOCTelll, nopo>KAaeMblX OCI..IIIIJlJls:ll..llllOHHblMIII Ill AIIICTpaKI..IIIIOHHblMIII CBOIIICTBaMIII 

pa3HOCTHOro MeTOAa. 3TO e1.J..1e 6OJlbWe yseJ11114111BaeT pa3Jllll4111e Me>KAy xapaKTep111CT111KaM111 peaJlbHO npoTeKal0-

1.J..1ero cp1,131,14ecKoro npo1..1ecca III ero MaTeMarnyecKoro o6pa3a. no3TOMY OAHIIIM 1113 sa>KHblX nyTe111 yMeHbWeH111s:1 

norpeWHOCTIII 4111CJleHHOro peweHIIIS'I 3aAa4 C B3alllMOAelllCTBYIOIJ..IIIIMIII pa3pbIBaMIII s:IBJls:teTCS'I MIIIHIIIMlll3a1..1111s:1 oc

l..llllJlJls:11..1111111 111 AIIICTpaKL.1111111 pa3HOCTHOro MeTOAa. l,113J1araeTCS'I pa3HOCTHbllll MeTOA pacYeTa ypaBHeHIIIIII ra3OA111Ha

MIIIKIII, nOJlyYIIIBWIIIIII Ha3BaHllle "KAMA-97", B KOTOpOM MIIIHIIIMlll3a1..1111s:1 OCI..II/IJlJls:ll..ll/lOHHblX CBOIIICTB 1,1 AI/ICTpaKL.11/11/1 

AOCTlllraeTCS'I nyTeM Bbl6opa cne1..11,1aJ1bHOIII cpopMbl pa3HOCTHblX ypaBHeHI/IIII 1,1 np1,1MeHeHl/leM YCilOBl,11/1 riorOHI/IO

PeHKI/IHa Afls:I on1,1caHl/ls:I AI/ICCl/lna1..11,11,1 3Hepr1111,1 B 3OHe YAapHoro CJlOS'I, KOTOpblM 3aMeHs:teTCS'I CI/IJlbHbllll pa3pbIB 

np1,1 pa3HOCTHOM C4eTe. 

np1,1soAI/ITCs:1 aHam1T111YecKoe peweH1,1e 3aAa4"1, MOAen1,1pyio1.J..1e111 BO3Ae111cTs1,1e npoAyKTos B3pbIsa Ha se1.J..1e

cTso. B pe3yJlbTaTe B3al/lMOAelllCTBl/ls:I BOJlHbl pa3pe>KeHl/ls:I C YAapHOIII BOJlHOIII, a 3aTeM C BCTpe4HOIII BOJlHOIII pa3-

pe>KeHl/ls:I, 06pa30saswe111cs:1 nocne BblXOAa YAapHOIII BOJlHbl Ha CB060AHYIO nosepXHOCTb, npOI/ICXOAI/IT pa3pywe

Hl/le Be1.J..1eCTBa B nJlOCKOCTIII, napaJ1J1eJ1bHOIII CB060AHOIII nosepxHOCTIII. AHaJll/lTlll4eCKOe peweHl/le 1,1cnOJ1b3yeTCS'I 

Afls:I nposepKI/I TO4HOCTI/I 41/1CJleHHblX MeTOAI/IK np1,1 paC4eTe MaCCbl OTKOJlOBWerocs:i Bel.J..leCTBa. np1,1BeAeHbl pe3yJlbTa

Tbl 41/1CJleHHblX pacYeTOB 3TOIII 3aAa41/1 no pa3Jll/l4HblM pa3HOCTHblM MeTOAI/IKaM. Macca OTKOJlOBwerocs:i Be1.J..1eCT

sa, noJ1Y4eHHas:1 B paC4eTe no MeTOAI/IKe "KAMA- 97", Hal/l6oJ1ee T04HO COOTBeTCTByeT aHafll/lTlll4ecKOMY peweHI/IIO. 

1. Pa3HOCTHafl cxeMa pac'4eTa ypaeHeHMM rMAPOAMHaMMKM 

nycTb ABl/l>KeHl/le Bel.J..leCTBa 1/1 1/13MeHeHl/le ero TepMOAI/IHaMl/l4eCKI/IX xapaKTepl/lCTIIIK Onl/lCblBaeTCS'I CI/ICTeMOIII 

AI/IQ)Q)epeHL11/1aJ1bHblX ypasHeHI/IIII ra3OBOIII AIIIHaMI/IKI/I B narpaH>KeBblX KOOPAI/IHaTax: 

av au =O (1.1) 
at am ' 

au + aP = 0 at am ' 
(1.2) 

aE +P av= 0 
at at · 

(1.3) 

P = f (V, E), (1.4) 

ax =U 
at · 

(1.5) 
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rAe V - YA0flbHblH 06beM, U - Maccoeasi CKOPOCTb, P - AaBneHHe, E - YA0IlbH8SI BHyrpeHHSISI 3Hepn1si, t -
apeMsi, m- Maccoeasi narpaH>Keaa KOOPAHHara, x -paA1,1yc TOYKH. 

Ha q>pOHTe YAapHOH BOflHbl (YB) cnpa80Afl1,1Bbl COOTHOW0HIIISI r10roH1,10-PeHKHHa: 

W+ -V_)W+(u + -u_)=O, (1 .6) 

(1 .7) 

(1 .8) 

rAe eenl/l41,1Hbl C HHAeKCOM "-" xapaKTep1,13yt0T COCTOSIHl,10 B01.J.10CTBa nepeA ¢,pOHTOM pa3pbIBa, a C IIIHA0KCOM 
"+" - 38 cf:>pOHTOM, W = dm / dt - CKOpOCTb pacnpocrpaHeH"1SI YB B narpaH>K0BblX KOOPAIIIHarax. 

Pa306beM o6naCTb l,1HTerp1,1poeaHHSI C1,1CTeMbl ypaBHeHIIIH (1.1 H1 .5) Ha cno1,1 (IIIHTepeanbl) c M8CCOH 

h;+o,5 = m;+1 - m; . 6yAeM onpeAens:tTb CKOPOCTb U, AaBneHHe P, YA0flbHblH o6b0M V 1,1 YAenbHYIO BHyrpeHHIOIO 

3Heprnl0 EB 1..10HTpax 1,1HTepeanoB (B T04Kax C nonOBIIIHHb(Ml,1 HHA0KC8MH). 8 T04K8X C 1..1enblMl,1 HHA0KC8Ml,1 eee

A0M ecnoMorarenbHble 3H840Hl,1SI CKOpocrn 1,1 A8BneHIIISI ut , P;* . 
AnnpOKCIIIM1,1pyeM ypaeHeHl,1SI (1.1), (1.2), (1 .5) pa3HOCTHblMl,1 ypaBH0Hl,1SIMl,1 

n + 1 
Vt+ 0,5 U t+1 u•. V; +0,5 - -

= I 

t h 
(1 .9) 

n+1 
U I'+ 0,5 Pi+ 1 - pi U i +0,5 -

t h 
(1 10) 

(1 .11) 

Ansi HaXO>KA0H1,1SI ecnoMorarenbHblX B0fll,141,1H ut , P/ paCCMOTp1,1M BCnOMorarenbHble l,1HTepeanbl pa3HO

CTHOH cerK1,1 (xp_0_5, xf+o,5) . Pa3o6beM 1,1x Ha ABa Knacca. K nepeoMy Knaccy orHeceM 1,1HrepeanbI, xapaKTep1,1-

3YIOIJ.l1,10CSI ycnoe1,1eM Uf+o,5 -Uf-o,5 < 0, a KO BTOPOMY - "'1HTepeanbl, xapaKTep1,13yt01.J.11,10CSI ycnoe1,1eM 

U': 0 5 - U':_0 5 ~ 0. BcnoMorarenbHble 3Ha1.1eH1,1si Ui , P;* onpeAen1,1M cneAYIOIJ.IHM o6pa30M. Ansi HHTepeanoe f+ I / I 

nepeoro Knacca: 

ut = Uf1-o,5 ; P;. = P;1o,5 -W (u?+o,5 - U7-o,5) , ecn1,1 P;"-o.5 > P;1o,5, 

3Ha4eHHe W onpeAensieTCSI 1,13 COOTHOW0H"1H (1 .6H1 .8) no 1,13B0CTHOMY 3Ha40ri1,1IO 

6.U = jur- o,5 - Uf+o,5 l=U+ - u_. 
Ansi "1HTepeanoe eroporo Knacca: 

U~ =Un _2._(P.·no5 -P.-'!_05} , , 2h I+, , , , 

p_n + p_n ,a2 
p,.* _ 1+0,5 /-0,5 __ ; (un _ un ) 

1 - 2 2h i+0,5 i- 0,5 • 

2 2 

a2=-( aP) . av · s 
ar = o,5 ((af+o,5)2 + (aF-o.5)2); 

(ar:i ) ur:i +(ar:i ) un 
U

': = 1+0,5 1+0,5 1-0,5 /-0,5 
I 2 2 . 

( af+o,5) + ( 8I'-o,5) 

(1 .12} 

(1 .13) 

Aanee, pa306beM ace OCHOBHble HHTepeanbI pa3HOCTHOll1 cerK1,1 Ha ABa Knacca. K nepeoMy Knaccy orHeceM 

l,1HTepeanbl, xapaKTeplil3YIOIJ.l"10CSI ycnOB"10M Ui+1 - ut < 0 , a KO BTOpOMY - 111HTepeanbl, xapaKTep"13YI01.J.11,10CSI 
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ycnoe111eM ut+1 - U;* ~ 0. ,Qnfl IIIHTepeanoe nepeoro Kflacca annpoKc111M111pyeM ypaeHeH111e (1.3) cneAYIOI.J..IIIIM paa

HOCTHblM ypaBHeHl/leM: 

En+1 En 1 \,'.n+1 \,'.n 1 i+o.s - ;+o.s = --(P.-* P.·*) ;+o.s - i+o,s --(u(1+1 - u~)(u(1+1 - u~ ) (1.14) 
't 2 1+1 + I 't 2 1+0,5 I t+0,5 t+1 · 

,Qnfl IIIHTepBallOB BTOporo Kflacca HOBoe 3Ha4eHllle 3Hepr111H Ef/o\ onpeAefllllM, IIIHTerp111pyfl ypaBHeH111e 11133HTponbl 

dE+PdV = 0. (1.15) 

BMeCTe C ypaBHeHllleM COCTOflHlllfl (1.4). B 060111x CflyYaflX HOBOe 3Ha4eH111e AaBneHlllfl HaXOAIIITCfl no ypaBHeHIIIIO 

COCTOflHlllfl (1 .4). 

2. AHam1TM'leCKOe peweHMe 3a,qa'IM 06 OTKone 

,Qnfl npoeepKIII CBOMCTB pa3HOCTHblX MeTOAIIIK np111 pac4eTe Te4eHIIIM cnnOWHblX cpeA C o6pa30BaHl/leM OT

KOna np111 B3alllMOAei;ticra111111 AByx BCTpe4HblX BOflH pa3pe)l(eHlllfl nocrpolllM aHanITTlll4eCKoe peweH111e 3aAa4111 0 pacnpo
crpaHeHIIIIII YAapHOM BOflHbl Ill BOflH pa3pe)l(eHlllfl B KOHAeHClilpoBaHHOM Bel.J..lecTBe B cneAYIOI.J..lei;ti nocraHOBKe. 

PacCMOTPIIIM CIIICTeMy, 111306pa)l(eHHYIO Ha p111c. 1. 

0 

P111c. 1 

nycTb np111 t = 0 xapaKTeplllCTIIIKIII Bel.J..leCTBa IIIMelOT cneAYIOI.J..lllle 3Ha4eHlllfl: 0 :S: X :S: 1; to= 0; Po= 1; Po = 0; 

Uo = 0; Eo = 0; Co = 1. nycTb npaBafl rpaH111~a (nr) CIIICTeMbl flBmleTCfl CB060AHOM (P = 0). Ha neBOM rpaHlll~e 

(Jlr) CIIICTeMbl 3aAaAIIIM KOM6111HIIIPOBaHHOe ycnOBllle Unr(t) I o6ecne4111Bal01.J..1ee ycnOBlllfl nOflBfleHlllfl OTKOfla 

B OAHO!tl T04Ke. 3aBIIICIIIMOCTb Unr(t) 111306pa)l(eHa Ha p111c. 2. 

PMC. 2. 3aBMCMMOCTb U nr (t) 
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YpasHeHYle COCTOSlHYISl BO3bMeM B BYIAe: 

P = (y - 1) pE + C~k(p - Pok) , (2.1) 

nplll y = 3, Pok= 1, Cok = 1. PeweHYle COCTOIIIT 1113 HeCKOJlbKIIIX 0611acre111 (p111c. 1 ). 

06naCTb -A. B O611acT111 A Te4eH111e 38 cppOHTOM YB SlBJlSleTCSl CTal.llllOHapHblM . napaMeTpbl Te4eHIIISl onpeAe

JlSHOTCSl COOTHOWeHIIISlMIII rioroHIIIO- PeHKIIIHa Ha CIIIJlbHOM pa3pb1Be Ill rpaHlll4HblM yc11oa111eM U nr = U1 = canst . 

,Q11s:1 A8HHOro ypaaHeHIIISl COCTOSlHIIISl 

(2 .2) 

(2.3) 

(2.4) 

CKopocrb YB 

(2 .5) 

BpeMSl BblXOAa YAaPHOIII BOilHbl Ha nr 

(2.6) 

BpeMSl CMeHbl rpaHlll4HOro ycflOBIIISl t1 onpeAefllllM TaK. npoBeAeM xapaKTepYICTIIIKy 1113 T04KIII t2 , x2 TaK, 4T06bl 

oHa npowna 4epe3 TO4Ky t1, x1 . 

(2 .7) 

(2.8) 

(2 .9) 
v13 (2.7H2.9) cneAyer 

(2.10) 

06naCTb 8. B O6nacT111 6 H8XOAIIITCSl BOJlHa pa3pe>+<eHIIISl . PeweHYle onpeAeJ1S1eTCSl ypaBHeHIIISlMIII 

(2.11) 

v13 (2.11) CJleAyer, 4TO B o6naCTIII 5: 

(2.12) 

(2.13) 

X, f - - --- --1 . E( ) _ 1 (P (x, t) + 1 ) 
2 p (x , t) 

(2 .14) 

rpaHlll4HOe yc11O0111e Ha nr B npoMe>+<YTKe t1 $ f $ fJ noA6111paeTCSl B BIIIAe cpyHKL.1111111 U = F(t) TaK, 4T06bl IIIMIII

TlllpOB8Tb AIIIH8Mlll4eCKOe IIIMnyflbCHOe B03AelllCTBllle Ha ae1..1.1ecTBO. 3TO MO>KeT 6b1Tb Illll60 BO3Ae111CTB"19 1113Ily4e

HIIISl , 111,160 BO3AelllCTBlll9 npOAYKTOB B3pb1Ba. np111 3TOM rpaeKTOPIIISl 11eao111 rpaHllll.lbl IIIMeer BIIIA 
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t 

x(t) = x1 + J F(t) dt . 

t1 
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(2 .15) 

8 HeKOTOPOM T04Ke 3 Ha neBOl.1 rpaHlll~e CKOpOCTb nplllHIIIMaeT 3Ha4eHllle U3 = F(t3) . YpaBHeH111e xapaKTep111cn1-
KIII 2-4 IIIMeeT BIIIA 

(2.16) 

Ha Hel.1 cnpaBeAillllBbl ypaBHeHIII~ (2 .11 }-(2.14 ). 

06naCTb B. B T04Ke x2, t2 npOIIICXOAIIIT pacnaA pa3pbIBa, B pe3yilbTaTe KOTOporo B MOMeHT t2 CB060AHa~ rpa

Hlll~a np111 Pnr = 0 np11106peTaeT CKOpOCTb Unr2 , a BileBO npOMAeT ~eHTplllpOBaHHa~ BOilHa pa3pe>KeHIII~ (06-

naCTb B). XapaKTeplllCTIIIKIII BTOporo ceMeMCTBa B 0611acn1 B onpeAeJl~IOTC~ ypaBHeHllleM 

Cnesa B 3T'f 0611aCTb np111XOA5lT 13 xapaKTep111CT1-1KIII 1113 0611aCTl-1 6 C ypaBHeHl-15lMIII 

X - X2 f2 - t 
U + C =--+ m (U1+C1) -

t - tnr t - tnr 

l-13 (2.17) , (2.18) cneAYIOT ypasHeH111~ Ail~ sem1Y1-1H B 0611acn1 B 

U (x, t) = - -- + -------- -----'-----'-1 [X - X2 X-X2+(t2-t11r){U1+c1)(F(t) - U1+C1)
2

] 

2 t - t 2 t - t nr C1 

1 [ X - X 2 + ( t 2 - t nr )( U 1 + C1) ( F( t) - U 1 + C1 )
2 

X - X 2 ] C(x,t) =- --- ---- --~----"- ---
2 t - t nr C1 t - t 2 

(2.17) 

(2.18) 

(2.19) 

Bem14111Hbl P(x , t) , p(x, t), E(x , t) B 0611acn1 B HaXOA~TC5l no ypaBHeHlll~M (2 .13}-(2.14) nocne nOCTaHOBKIII B HIIIX 
C(x, t) , nonyYeHHoro 1113 (2.19) . 

HaMAeM Tenepb 3aBIIICl-1MOCTb P(t) Ha xapaKTep111CT1-1Ke 2- 5. 
B MOMeHT t2 nocne pacnaAa pa3pbIBa 3Ha4eH1-1e CKOpOCTl-1 nr Unr2 YAOBileTBOp5leT ypaBHeHIIIIO 

Unr2 + Cnr = U1 + C1 · (2.20) 

3Ha4eH111e Cnr HaXO,Ql-1TC5l 1113 ypaBHeHl-1~ , CB~3bIBa10LL1ero C C P 

(2 .21) 

np111 P = o 1113 (2.21) cneAyeT 

-(S)113 
Cnr -

P1 
(2.22) 

TaKl-1M o6pa30M, xapaKTep111CTl-1Ka 2- 5 (Kpa11H~~ npaBa5l xapaKTep1-1CT1-1Ka ~eHTplllpOBaHHOlil BOilHbl pa3pe>KeH111~) 
IIIMeeT BIIIA 

U - C = U nr2 - Cnr · 

C nOMOI..LlblO (2 .20) npeo6pa3yeM (2.24) K BIIIAY 

U - C = U1 + C1 - 2Cnr. 

Pewa~ CIIICTeMy ypaBHeHllllil (2.18) 111 (2.25) nony4111M BbIpa)f{eH111e AI15l C BAOilb xapaKTeplllCTIIIKIII 2- 5 

(2 .23) 

(2 .24) 

(2 .25) 
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KOTOpoe c noMOL.l.lblO (2.1 9) 111 (2 .23) npeo6pa3yeM K BIIIAY 

l2 - tm 
C25 (t) = Cnr - - 

t - tnr 

(2.26) 

(227) 

noACTaBIIIM nonyYeHHYIO 3aBIIICl,1MOCTb C(t) B Bblpa>KeH111e P(C) (2 .19). B pe3y.nbT8Te nonyYl-1M 3aBIIIClo1M0CTb P(t) 
BAOJlb xapaKTeplllCTIIIKIII 2- 5 e BIIIAe 

(2 .28) 

(2 .29) 

~3 (2.22) 1,1 (2.29) cneAyeT, YTO P(t2) = 0. np1-1 t ➔ ro 1113 (2.28) cneAyeT, YTO lim P(t) = - 1 / 3 . A111cf:>cpepeH-
t➔ oo 

~1,1py51 P(t), nonyYIIIM BAOJlb xapaKTeplllCTIIIKIII 2- 5 

3T0 03HaYaeT, YTO BAOJlb xapaKTeplllCTIIIKIII 2- 5 A8BI1eH111e P(t) y6blBaeT nplll t > t2 . YMeHbW8stCb, A8BneH111e MO

>KeT AOCTlllrHYTb 3HaYeHlllst Pa < 0, np111 KOTOPOM B se1..1.1ecTBe o6pa3yeTCst Tpe1..1.1111Ha . Ec11111 Pa> -1/3, TO np011130111-

AeT pa3pyweH111e ec11111 >Ke Pa $ -1/3, TO pa3pyweHl/lst He 6yAeT. O603H8YIIIM 3T'f TOYKY HOMep0M 5. 8 MOMeHT 

pa3pyweHlll51 A8BJ1eH111e B TOYKe 5 CK8YKOM ysenlllYIIITC51 C p = Pa < 0, AO p = 0, a B o6e CTOpOHbl OT TOYKIII pa3-

pyweHlllst nOIIIAYT YA8PHb1e so11Hb1 c HaYanbHOIII aMnillllT'fA0III !}.P = - P0 

Ha11tAeM MOMeHT pa3pyweHlll51 1113 (2 .27) np111 P = Pa B BIIIAe 

~3 ypaBHeHIIIIII (2 .1 9), (2.23) A11 51 xapaKTeplllCTIIIK~ 2 - -5 H8111AeM X5 

X5 = X2 + (U1 + C1 -- 2Cnr )(ts -t2 ). 

8 T0YKe ts, X5 CK0pOCTb III CK0pOCTb 3ByKa nplllHIIIM8IOT 3HaYeHL,rn 

Cs = C0 =-= (~: (3P0 + 1)r

3 

= C (3P0 + 1)
1I3,j. 

U5 = U1 + C1 + Cs - 2C, 

(2 .30) 

(2.31) 

(2 .32) 

OnpeAelll/lM KOOPAIIIH8Tbl TOYKIII 4 - T0YKIII nepeceYeHlll51 a xapaKTeplllCTIIIKIII 3-4-5 Ill p - xapaKTeplllCTIIIKIII 2-4 

Cn0>KIIIB o6a ypaBHeH11151 , nonyYIIIM 

X4 - X2 =(U1 - C1)(t4 - t2), l· 
X5 - X4 =(U5 + C5)(t5 - t4) . 

X5 - X2 = (U1 -C1)f4 - (Us + C5}t4 - (U1 - C1)t2 + (Us + C5)t5 . 

noACTaBIIIM X5 1113 (2.37) B 3TO ypasHeH111e III Bblp83111M (4 

Us + Cs -U 2 + C t 4 = t 2 + (t 5 - t 2 ) nr nr . 
U5 + C5-U1 + C1 

3HaYeH111e X4 H8X0AIIITCst no Hal!IAeHH0MY (4 1113 (2 .39) 

(2.33) 

(2 .34) 
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To~Ka N2 3 CMeHbl Kpaeeoro ycnOBMH. 4T06bl He AOnycrnTb pa3pyweH111~ B TO"IKax OTJU1"1HblX OT TO"IKIII 5, 
HY>KHO, "ITO 6bl np111 t > b Kpaesoe yc11os111e reHep111posano 6bl BOnHy C>KaTIII~ 11m111 XOT~ 6bl nOCTO~HHOe Te"leH111e 
a o611acr111 A. 4ro5bl BblnOJlHIIITb 3TO ycnos111e onpeAem1M BHa1.1ane KOOPAIIIHaTbl TO"IKIII 3. 

Hai71A8M KOOPAIIIHaTbl TO"IKIII 3 1113 ypaBHeHIII~ xapaKTeplllCn1KIII 3-4-5 

(2.35) 

111 ypaBHeHIII~ neao~ rpaHllll..lbl (2.15). B MOMeHT t3 CKOpOCTb neB0\11 rpaHllll..lbl IIIMeer 3Ha"leHllle U3 = F{t3). 3TO 

3Ha"leH111e 3aAaerc~ B Ka"lecrse Kpaeeoro ycnoe1r1~ np111 t:::: t3 . 
CBo6oAHaH rpaHMl.lcl. Ha CBOOOAHOl71 rpaHllll..le 2~P = 0. Ha Hee >Ke BblXOA~T a--xapaKTeplllCTIIIKIII 1113 o6naCTIII 6. 

nocKonbKY Ha nr np111 P = o 

X - Xnr = U + C. 
t - tnr 

(
c1 )113 

Cnr = P1 = const, 

TO 1113 (2.36) cneAyeT 38BIIICIIIMOCTb Unr{X, t) 

nocKOJlbKY 

X -·X 
Unr = nr -Cnr· 

t - tnr 

dx u --nr .- dt , 

TO TpaeKTOPIII~ nr onpeAeJllllTbC~ ypaaHeHllleM 

dx x Xnr 
----= - CnA __ _ 
dt t - t nr t - t nr 

Ero peweH1r1e 1i1Meer B"1A 

X X +(u +c ){t t )+c (t -- t.)lnx2 - Xnr. nr = nr 1 1 - m 
t -tnr 

noACT8B111B Xnr {t) B (2.38) nony"IIIIM ypaBH8Hllle Afl~ Unr (t) 

Unr =U1 +C1 - Cnr ( 1 +1nX2-Xnr )· 
. t - t nr 

06nacTb r. B Ka>+<Ao~ TOYKe x, t o6nacrn r nepeceKatarc~ xapaKTep111crnK111 nepsoro III aroporo ceMe~crs 

Xr - xk 
Ur + Cr=--

tr - tk 

fAe TOY Ka x k , t k ne>KIIIT Ha npaaol71 rpaH1-14e. 3Ha"leHIII~ x k , t k YAOBneTBOp~IOT ypaBH8HIIIIO {2.40) B BIIIAe 

{2.36) 

(2 .37) 

{2.38) 

{2 .39) 

{2.40) 

(2.41) 

(2.42) 

(2.43) 

(2.44) 

{2.45) 
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(2.46) 

(2.47) 

(2.48) 

3Hal.feH~fl Pr , Pr, Er HaXOAs:ITCs:I c nOMOLJ.lbKl (2 .13}-(2.14). 

OTK0l1. B MOMeHT t5 AaBneH~e B TOl.fKe 5 AOCrnraeT 3Hal.feH~s:I . np~ KOTOpOM npo~CXOA~T pa3pyweH~e. On

peAen~M OTKonoawyiocs:i Macey. 

XnrUs) 

m = f Pr(x) dx . (2.49) 

X5 

1113 (2 .13) cneAyeT, YTO a 06nacn1 r 
(2.50) 

dx 
no,QCTaB~M Pr(tk) a (2.49) H nepe~,QeM K HOBO~ nepeMeHHO~ HHTerpHpOBaHHs:I tk . 3Hal.feHHe dx = _r dtk no-

dtk 
nyl.fHM ,QHcpcpepeHL,IHp0BaHHeM (2.46) 

(2 .51) 

B pe3ynbT8Te HHTerpHpOBaHHs:I c yYeTOM (2 .28) nonyl.fHM 

m (t )
- {t5 - t2)(t2 - tnr) 

MK 5 - · 
Cnr(ts - tnr) 

(2.52) 

3aeMCMMOCTb MMHltM311bH0ro p OT m. MHHHManbHOe p AOCrnraeTCs:I Ha xapaKTepHCn1Ke 2-5. YT06bi y6e

oP 
,QHTbCfl B 3TOM paCCMOTPHM npoH3B0,QHble - cnpaaa H cneaa OT nHHHH 2- 5. 

am 
B 06nacn1 r 

oP 1 aP 1 dP oC 
- =-·-= -·-· -
om p ax p dC ox 

3anHweM (2.48) c noMOLJ.lbKl (2.45) H (2 .46) B BH,Qe 

Cr=!..ts....=.!__ 
tA - t 

nocKOnbKY tk npH (pHKCHpOBaHHblX tr 3aBHCHT OT Xr , TO 

dC dCr dtk Cnr 1 
--=--·- = ·-
dx dtk dx tA - fnr dXr · 

dtk 

O603Hal.fHM 

(2 .53) 

(2 .54) 

(2 .55) 

(2.56) 
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t - tnr 
s = ---

tk - tnr 
(2.57) 

Ha nr s = 0, T. K. t = tk . MaKCIIIManbHOe 3HaYeHl/le s AOCTl/lraeTC51 Ha xapaKTeplllCTI/IKe 2-5 

t - tnr 
s2s = t _ t · 

2 nr 
(2 .58) 

l,13 (2 .56), (2.58) cneAyeT 

(2.59) 

l,13 (2.30) cneAyeT, YTO 

t - tnr 1 
s2s = t _ t = (3P. 1)113 · 

2 nr 25 + 
(2.60) 

nocKonbKY 
(2.61) 

TO 

1 :::; s2s:::; S6· (2.62) 

CneAOBaTenbHO dxr ~ Cn (2- s5). PeanbHO 3HaYeHl/l51 P5 AOCTl/lratOT 3HaYeHI/IIII - (0,0470,05). 3TO 3HaYIIIT, YTO 
dtk 

max S6"" 1,0471,05. noACTaBIIIB 3TIII 3HaYeHl/l51 B (2.60) nonyYIIIM, YTO 

dxr 
-~O. 
dtk 

TaKIIIM o6pa30M, MIIIHIIIManbHOe 3HaYeH111e p AOCTl/lraeTC51 Ha xapaKTeplllCTI/IKe 2-5. 
3TO AaBneH111e 3aBIIICIIIT OT t B COOTBeTCTBIIIIII C (2.28) 

min P = .2_[£.!_ ( cnr t
2 

- t
11
r J

3 -1] . 
3 C1 t - tm 

(2.63) 

(2.64) 

Macca se1.J..1eCTBa, HaXOA511.J..1eroc51 npasee 3To111 xapaKTep111crnK111, onpeAen5leTc51 ypasHeH111eM (2.52) 111 111MeeT BIIIA 

m = P1C~r. (t - t2)(t2 - tm) . (2 .65) 
C1 (t-tm) 

Bb1pa31/1M OTCIOAa t III nOACTaBI/IM B (2 . 70) 

(2.66) 

noACTaBIIIM (2 .66) s (2.64) 

min p = .2_ _ 1 ( 1 - mCnr J - 1 . 
[ 

3 l 
3 Cnr t2 - t11r 

(2.67) 

Ecn111 nonHa51 Macca CIIICTeMbl pasHa M, TO 3aBI/ICIIIMOCTb min p OT MaCCOBOIII narpaH>KeBOIII KOOPAIIIHaTbl 6yAeT 
Bblpa>KaTbC51 cpopMyno111 

minP=~[-1 (1 - (M - m)Cnr)3 - 1]. 
3 Cnr f2 - f11r 

(2 .68) 

3. Pe3yllbTaTbl l.fMCileHHOro peweHMSI 3a,D,al.fM 

0 BblXO,D,e CTa4MOHapHOM YB Ha ceo6op,Hyt0 noeepxHOCTb 

PacCMOTplllM 3a,D,aYy O BblXOAe CTal...llllOHapHOIII YB Ha CBo6oAHYIO nosepxHOCTb KOHAeHClllpOBaHHOro Bel.J..leCTBa. 
nycTb B o6naCTIII C HaYanbHblMIII KOOPAIIIHaTaMIII X = 0, X = 1 HaXOAIIITC51 KOHAeHClllpOBaHHOe Bel.J..leCTBO 

C ypaBHeHl/leM COCTO51Hlll51 

Ill cneAYIOIJ..IIIIMIII HaYanbHblMIII napaMeTpaMI/I 

42 3aK 3329 
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Ill CileAYIOIJ..IIIIMIII Ha4ailbHblMIII napaMeTpaMIII 

PO = 1; Eo = O; Uo = O; Po = O; y = 3; POk = 1; Cok = 1. 

Ha neao111 rpaHllll..le CIIICTeMbl 3aAaHa noCTOf!HHaf! CKOpOCTb u = 0,75, Ha npaBOll1 rpaH1111..1e 3aAaHO AaBI1eH111e 

p = 0. np111 TaKIIIX Ha4ailbHblX Ill rpaHl/l4HblX YCilOBl/lf!X nony4111M , comaCHO [4], CJleAYIOIJ..lllle napaMeTpbl 3a cppoH

TOM YB: 
U1 = 0,75; P1 = 1,5; P1 = 1,6; E1 = 0,28125; W= 2. 

nocne BblXOAa YB Ha CBO6OAHYIO noaepXHOCTb Ill pacnaAa pa3pb1Ba nony4alOTCfl CileAYIOIJ..lllle napaMeTpbl Te4e

Hlllfl y npaBOll1 rpaHllll..lbl CIIICTeMbl 

Unr = 1,5537, Pnr = 0, Pnr = 0,906426, Enr = 0,051617. 

np111 BblXOAe YB Ha npaaylO rpaHIIILIY npOIIICXOAIIIT pacnaA npOlll3BOIlbHOro pa3pb1Ba. 3TOT npo1..1ecc npOTe

KaeT MrHOBeHHO 3a apeMH Lit= 0. np111 3TOM Bel.J..leCTBO CHa4a!la MrHOBeHHO Harpy>1<aeTCfl BAOilb YAapHOll1 8Allla-

6aTbl AO COCTOf!Hlllfl 3a cppOHTOM YAapHOll1 BOilHbl, a 3aTeM paarpy>1<aeTCfl BAOilb 11133HTpOnbl AO AaBJleHl/lfl p = 0. 
Ha p111c. 3 np111BeAeHa (P, U)-AlllarpaMMa Aflfl AaHHOll1 3aAa41/1 . np111 pac4eTe 3TOll1 3aAa41/1 no OAHOPOAHblM pa3-

HOCTHblM MeTOAIIIKaM, KOTOpble pa3Ma3blBalOT CIIIIlbHble Ill c11a6b1e pa3pb1Bbl, pacnaA npOlll3BOIlbHOro pa3pb1Ba 

npOIIICXOAIIIT 3a KOHe4HOe apeMs:i L'l t > 0. np111 3TOM CBO6OAHas:i rpaHllll..la Ha4111HaeT ABlllraTbCfl , KaK TOilbKO B no

CileAH111111 IIIHTepaan ceTKIII nplllXOAIIIT 
11
HOCIIIK

11 
pa3Ma3aHHOll1 YB. noaTOMY Be1.J..1eCTBO Ha41/1HaeT paarpy)f(aTbCs:I , 

He ycneB AOCTlllrHYTb COCTOs:!Hllls:I 3a cppoHTOM YB. 3TO nplllBOAIIIT K o6pa30BaHIIIIO 3HTpOnlllli1HblX CileAOB B no

CileAHIIIX IIIHTepaanax pa3HOll1 ceTKIII. 

TaK KaK B MeTOAIIIKe "KAMA-97" Alls:! pac4eTa BCnOMOraTeilbHblX BeI11/14111H 111cno11b3YIOTCfl COOTHOWeHlllfl r10-
rOHIIIO Ha CIIIIlbHOM pa3pb1Be, YAaflOCb A06111TbCs:I Toro, 4TO Bel.J..leCTBO CHa4a!la Harpy>t<aeTCfl AO COCTOf!Hlllfl 3a 

cppoHTOM YB, a nOTOM npOIIICXOAIIIT 11133HTpon1114ecKas:1 paarpy3Ka (p111c. 4). noaTOMY B pac4eTax no HOBOll1 MeTO

AIIIKe 3HTpOnlllli1Hble CileAbl npaKTlll4eCKIII OTCYTCTBYIOT 

0.8 

0.6 

0.4 

0.2 

0 
0 0.5 1.5 

P1.1c. 3. 38Aa4a o pacnaAe pa3pb1ea np1,1 BblXOAe 
YAapHolii BOflHbl Ha CB060AHYIO noeepxHOCTb, 
(P, U)-.c11.-1arpaMMa 

u 

0.8 

0.6 

0.4 

0.2 

u 
0.5 1.5 

P1.1c. 4 . 38Aa4a o pacnaAe pa3pb1ea np1,1 BblXOAe 
YAapHolii BOflHbl Ha CB060AHYIO noeepXHOCTb, 
(P, U)-A1.1arpaMMa: 

1 -TO'!Hoe peweHl/le, 2 - "KAMA-97'', 3 - MeTOA 1113 [3). 

4. Pe3y11bTaTbl 'IMCneHHoro peweHM.R 3clAa'IM 06 OTKOne 

3aAa4a O BblXOAe HeCTal..llllOHapHOll1 YB Ha CB060AHYIO noaepxHOCTb Be1.J..1eCTBa Ill o6pa30BaHI/IIII OTKOJla 

4111CileHHO pewanacb B noCTaHOBKe, COOTBeTCTBYIOIJ..leli1 nOCTpoeHHOMY B 2 aHaill/lTl/l4eCKOMY peweHIIIIO. 6b1Illll 

38AaHbl CileAYIOIJ..lllle Ha4ailbHble napaMeTpbl: 

Po= 2,7; E0 = O; U0 = O; Po = O; y = 3; Pok= 2,7; Cok = 3; y = 3. 

Ha 11eao111 rpaHl/ll..le CIIICTeMbl 6blI10 3aAaHO nepeMeHHOe rpaHl/l4HOe ycnoa111e U(t), Bl/IA KOTOporo np111BeAeH 

Ha p111c. 2. 
3aAa4a 6b111a paCC4111TaHa no MeTOAIIIKe "KAMA-97" Ill MeTOAIIIKaM [1--4]. Ha plllCYHKax 5-9 np111BeAeHbl 

3aBI/ICIIIMOCT1,1 Pmin OT MaCCOBOll1 KOOPAIIIHaTbl, COOTBeTCTBYIOIJ..lllle pac4eTaM no 3TIIIM MeTOAIIIKaM. 3aBI/ICIIIMOCTb 
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Pmin (m), nonr1eHHas:1 np1,1 paclleTe no MeTOAY "KAMA-97" (p111c. 9) YAOBnernop111TenbHO comacyeTcs:i c aHan111-
TMlleCK11tM peweH11teM (2.68). B11tAHO, llTO np1,1 paclleTe no MOHOTOHHOMY MeTOAY [2), MIIIHIIIMa!lbHOe AaBneHMe He 
AOCT111raeT ,QaeneH111s:1 np111 KOTopoM npo111cxo,Q11tT pa3pyweH111e, a np1,1 paclleTax no MeTO.QMKaM [1, 3, 4] pa3pywe
H11te HacrynaeT paHbWe, lleM e aHan111T11tlleCKOM peweHl-1111 . 

J'!n,n - , 

.oi 

-0 Ji 
I 

/ /: 
y ' 

/ 
/ / 

/ 
/ 

P11c. 5. 3aBl1Cl1MOCTb Pmin(m): 

1 - aHam'ITM4ecKoe peweHMe; 
2- paC'leT no MeTOAY [1). 

Pnin: --· -~----~ 

-0.1~----+----- - '--.-+---i 
I 

-0 .. 4---+----i-----,,'-,---i 

-O ~ --t---
1 

-0.--... --+----+--+ 

P11c. 6. 3aBl1Cl1MOCTb Pm;n(m): 

1 - aHanMT11YecKoe peweHMe; 
2 - pac4eT no MeTOAY [2]. 

.. :;;j•· : -.. i 
. . ,_. ; 

. . ..... 

/- /✓. -\ 
-0$ 1/ :· l 

-0-~_y - ' 

:l 
I 

• ◄.5 

P11c. 7. 3aBl1Cl1MOCTb Pm;n(m): 

1 - aHam1T11YecKoe peweHMe; 
2 - paC4eT no MeTOAY [3]. 

◄.5 

-e--------j 
P11c. 8. 3aBl1C11MOCTb Pm;n(m) : 

1 - aHa1111T114eCKoe peweH11e; 

P11c. 9. 3aBl1C11MOCTb Pmin(m): 

1 - aHan11TMYecKoe peweH11e; 

2 - paC'leT no MeTOAY [4]. 2 - paC4eT no MeTOAY "KAMA- 97". 
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