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3<D<DEKT TIPO.ll:OJIhHOM .lI:U<D<DY3UU B 3A.lI:HEM KPOMKE 
TIJIOCKOrO AHEMOMETPUqECKOrO .lI:ATqUKA 

OH)lp)J(eH BaHHa M HeJIJISI .l1.)J(ypaeBHa KOBaJIeBCKaSl6 

a HHcmumym meOpemU'IeCKUX OCH06 XUMU'IeCKUX npOljeCC06 AH t{CCP, flpa?a 6-CyxOO.1, 

t{eXOCIl06aKUH U 

6 HHcmumym menJ/O- U Maccoo6MeHa UM A. B. JlblKOlil/ AH SCCP, JI4uHCK, CCCP 

nOCTyrrHno B pe.ll.aKLUIIO 240m arrper!l! 1986 

CYll\eCTBYIOll\HH aHanH3 BnHHHHH rrpO.ll.OnLIIOH .ll.HcPcPy3HH o606ll\eH .ll.JIH JII060H KHHeMaTH'fecKoH 

KOHcPHrypal.\HH 3neKTpO.ll.HcPcPY3HOHHbIX Hnll. TepMOaHeMO'VIeTpH'feCKHX .ll.aT'fHKOB HanpHlICellH$l 

TpeHHSJ. 

----------------.. ---. 

TepMoaHeMOMeTpM'IeCKMe M 3JIeKTpO)lM<P<PY3MOHHhle MeTO)lhI onpe)leJIeHMSI MrHOBeH

Horo HanpSl)J(eHI1S1 TpeHMSI Ha nOBepXHOCTM 06TeKaeMOH CTeHI<M B HacToSlw,ee BpeMSI 

MO)J(HO C'IMTaTh o6w,eM3BeCTHhIM Cpe)lCTBOM 3KcnepMMeHTaJIhHOrO MCCJIe)lOBaHMSI 

B rM)lpO)lMHaMMKe 1 - 3. O)lHaKO, npM MCCJIe)lOBaHMM HeYCTaHOBMBllIerOCSI nJIn 

CJII111IKOM Me)lJIeHHOrO Te'leHI1S1 HeKOTOphle np06JIeMhI npe)lCTaBJISIeT Bhl60p nO)l

XO)lSlw,eH <pOPMhI 11 MaCllITa6a )laT'IMKa, HarpeBaeMOH nJIeHKI1 MJII1 nOJISlpl13yeMoro 

3JIeKTpO)la. 

CJII111IKOM 60JIhllIOH )laT'IMK 06Jla)laeT 3Ha'll1TeJIhHOH MHep~110HHOCThlO 11 MO)J(eT 

nO)lBepraThCSI Bhlpa31UeJIhHhlM BTOpl1'1HhIM 3<p<peKTaM (Hanp. CBo6o)lHaSi KOHBeK~MSI 

I1JII1 OMM'IeCKMe nOTepM B 06heMe )J(M)lKOCTI1). CJIMllIKOM MaJIhIH )laT'II1K HaXO)lI1TCSI 

B 06JIaCTI1 CMJIhHhIX 3<p<peKTOB npO)lOJIhHOH )l11<P<PY3MI1 B6m1311 KpOMOK. npOCTpaH

CTBeHHaSi )l11<p<PY311S1 MO)J(eT Bo06w,e nO)laBI1Th BJII1S1Hl1e KOHBeK~I1I1, SlBJISllOw,eHCSI 

I1CCJIe)lyeMhIM 3<p<peKTOM • 

.l1.JISI )laT'lI1KOB 06hIKHOBeHHOH <pOPMhI (Kpyr MJIM npSlMoyrOJIhHI1K C KOPOTKOH 

CTOPOHOH B HanpaBJIeHMI1 Te'leHMSI) BJIMSlHMe npO)lOJIhHOH )l11<P<PY3I1M SlBJISleTCSI 

CaMhlM CMJIbHblM B6JIM3M 3a)lHeH KpOMKM )laT'II1Ka 1 - 5, T.e. B6JIM3M TOH 'IaCTI1 ero 

rpaHM~hI, Ha)l KOTOPOH )J(11)lKOCTh BhlTeKaeT 113 06JIaCTM )laT'IMKa. 3<p<peKTbl npo

)lOJIhHOH )lM<P<PY3MM B 06JIaCTI1 nepe)lHeH KpOMKM OKa3bIBalOTCSl4 ,6 npeHe6pe)J(MMbI

MI1, 11 CBepx Toro, KOMneHCMpOBaHbI )lpyrMMM BTOPM'IHbIMM 3<p<peKTaMM 1 ,2.7 . 3<p<peKT 

npO)lOJIbHOH )lM<P<PY3MM B 60KOBbIX KpOMKax, HanpaBJIeHHhIX napaJIJIeJIbHO Te'lemnO 

)J(11)lKOCTM, )l0 CMX nop He 6bIJI MCCJIe)lOBaH, cy)lSl no CO)lep)J(aHMlO He)laBHerO 

0611IMpHoro 0630pHoro pe<pepaTa 3• CJIe)lOBaTeJIbHO, rJIaBHbIM I1CTO'lHI1KOM KOJIM

'IeCTBeHHOH MH<popMa~MM2,3 OTHOCMTeJIbHO 3<p<peKTOB npO)lOJIhHOH )l11<p<pY3Mn, 

cyw,eCTBeHHbIX npH MaCllITa6MpOBaHMM MMKpO)laT'IMKOB, )l0 HacToSlw,ero BpeMeHH 

OCTaeTCSI pa60Ta JIMHra4• 
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J1poAOJIbHali AllcjJcjJY311l1 B aHeMOMeTpH'IecKOM AaT'IHKe 635 

KoppeKUHR Ha npO,ll;OJIbHYIO ,ll;H<P<PY3HIO MO)l(eT ,ll;JIR pa60TOCnoco6HbIX MHKpO

,ll;aT'UIKOB TpeHHR ,ll;OCTHrHYTb H 20% nOJIHOrO CHrHaJIa H, CJIe,ll;OBaTeJIbHO, jlBJUleTCR 

cymeCTBeHHOH npH KOJIH'IeCTBeHHoH 06pa6oTKe ,ll;aHHbIX. B npe,ll;JlaraeMoH pa60Te 

3a,ll;a'la JIHHra pellJeHa B HOBOH nOCTaHOBKe, pe3YJIbTaTbI JIHHra YTO'lHeHbI H 0606-

meHbT Ha 60JIee llJHPOKHH KJIaCC KHHeMaTH':leCKHX KOH<pHrypaUHH ,ll;aT'IHKOB TpeHHR. 

J10CTAHOBKA lA.lI.AQH 

npe,ll;MeTOM HCCJIe,ll;OBaHHH y JIHHra4 H TaK)I(e B HacTOHmeH pa60Te RBJIReTCR 

YCTaHOBHBlllaHCH KOHBeKTHBHaH ,ll;H<P<PY3HH Me)l(,ll;Y )l(H,ll;KOCTblO H HeOrpaHH'IeHHbIM 

nOJIOCOBblM 3JIeKTpO,ll;OM lllHPHHOH h YCTaHOBJIeHHbIM 3anO,l(JlHUO C nJIOCKOH 

H30JIHpYlOmeH cTeHKoM, Z = o. nOJIe CKOPOCTH nOJIHOCTblO onpe,ll;eJIeHO nOCTORH

HOM CKOPOCTblO C,ll;BHra y, Vx = yz, Vy = Vz = O. )l(H,ll;KOCTb CO,ll;ep)l(HT ,ll;enOJIRpH3a

TOp, KOHueHTpauml KOToporo B H,ll;pe nOTOKa nOCTORHHa, C = CO, H KOTOPbIH 

TpaHcnopTHpOBall K nOBepXHOCTH 3JIeKTpO,ll;a, r,ll;e 3a C'IeT ,ll;eHCTBHR 6bICTPOH He-

06paTHMOH 3JIeKTpO,ll;1I0H peaKUHH KOHueHTpaUHR nO'lTH HYJIeBaR, C = O. 
HCCJIe,ll;yeMbIM npouecc onHCbIBaeTCH ypaBHellHeM YCTallOBHBllleHCR KOHBeKTHB

HOH ,ll;H<P<PY3HH ,ll;enOJIHpH3aTopa, 

(1) 

r,ll;e napaMeTp 

). = (9D/y)1/2 (2) 

BBe,ll;eH B Ka'leCTBe MaCllJTa6a ,ll;JIHHbI ,ll;JIR nepeXO,ll;HblX 06JIaCTeH B6JIH3H KPOMOK 

,ll;aT'IHKa. KpaeBble YCJIOBHR onpe,ll;eJIHIOTCR Ha nOBepXHOCTH H,ll;eaJIbHO nOJIHpH-

3yeMoro 3JIeKTpO,ll;a 

C=O ,ll;JIR z=O H O<x<h, (3) 

Ha nOBepXHOCTH H,ll;eaJIbHO H30JIHpyeMoH CTeHKH B OKpeCTHOCTH 3JIeKTpO,ll;a 

OzC = 0 ,ll;JIR Z = 0 H X < 0 HJIH h < x, (4) 

H B R,ll;pe )l(H,ll;KOCTH, 06TeKalOmeH 3JIeKTpO,ll; 

(5) 

BnOJIHe aHaJIOrH'IHOM RBJIHeTCR COOTBeTCBYlOmaR TepMoaHeMOMeTpH'fecKajl 3a,ll;a'la 

o TpaHcnopTe TenJIa K nOJIOCOBOMY ,ll;aT'IHKY C nOCTORHHOH TeMnepaTYPOH, OTJIH'Ia

IOmeHCR OT TeMnepaTypbI B R,ll;pe Ha6eralOmero nOTOKa. 

,[(aHHYIO 3a,ll;a'lY MO)l(HO npHBeCTH K HOpMHpOBaHHOMY BH,ll;Y Hanp. CJIe,ll;YlOlUHM 

npeo6pa30BaHHeM: 

C(z, X) = C(Z, x)/co , z = Z/)., X = x/).. . (6) 
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636 BaAH, KOBarreBCKafl: 

E~HHCTBeHHhIM BaphHpyeMhIM IIapaMeTpOM HOpMHpOBaHHOH IIOCTaHOBKH, 

C KpaeBhIMH YCJIOBIUIMH 

C=O ~JISI Z=O H O<X<B, 

ozC = 0 ~SI Z = 0 H (X < 0 HJIH B < X), 

C -+ 1 ~JISI Z2 + (X/B)2 -+ 00 , 

OCTaeTCX 6e3pa3MepHax ~HHa 3JIeKTpO~a 

B = h/)', 

(7) 

(8) 

(9a, b) 

(10) 

(11) 

KOTOPYIO, o~HaKot o6~eIIpHHSlTO IIpe~CTaBJIXTh COOTBeTCTBYIO~HM 3HaqeHHeM 

qHCJIa IIeKJIe, 

(12) 

PellIeHHeM IIpHBe~eHHoH 3a~aqH MO)KHO CqHTaTh IIOJIe KOHQeHTpaQHH Ha IIOJIHOH 

06JIaCTH OIIpe~eJIeHHX. IIpaKTHqecKHH HHTepec IIpe~CTaBJISIIOT IIpe~e Bcero ~Ba 

Ij>YHKQHOHaJIa 3Toro IIOJIX, IIPOIj>HJIh TOJI~HHhI ~HIj>«I>Y3HoHHoro CJIOSI 

(13) 

H HOpMHpoBaHHbIH K03«1>«I>HQHeHT TeIIJIO-MaCCoo6MeHa, 

Sh = -- = - = ozClz=o dX . Qh fh dx fB 
DCoA o «5(x) 0 

(14) 

B IIpeHe6pe)KeHHH IIpO~OJIbHOH ~HIj>«I>Y3HeH, T.e. 'lJIeHOM aixc, ypaBHeHHe (7) 
3JIJIHIITJ1qeCKOrO Tlma IIpeBpa~aeTcx B IIapa6oJIHqeCKOe ypaBHeHHe 

(15) 

YIIpo~eHHe ypaBHeHHX (7) K "IIOrpaHCJIOHHOMY" BH~y (15) SlBJISleTCX IIPHHQHIIHaJIh

HhIM H3MeHeHHeM IIPHpO~hI HCCJIe~yeMoH KpaeBoH 3a~a'lH, IIpe)K~e Bcero C TOqKH 

3peHHx reOMeTpHqeCKOH CTpyKTYPbI rpaHH'IHbIX YCJIOBHH. HeKoTopblMH H3 YCJIOBHH 

(8), (9a,b), (10) MO)KHO H Heo6xo~HMO IIpeHe6pe%. J.hBecTHo HeCKOJIhKO IIorpaH

CJIOHHhIX pellIeHHH, T.e. qaCTHblX HHTepraJIOB ypaBHeHHx (15), ~X OT~eJIhHhIX 
06JIaCTeH )KH~KOCTH. 

TpU6uallbHoe pezueHue C(Z, X) = 1 MO)KHO CqHTaTh HHTerpaJIOM ypaBHeHHX (15) 
Ha 06JIaCTH X < 0, y~OBJIeTBOpSillIHM rpaHHqHhIM YCJIOBHXM (9a), (10), H HaqaJlh-
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HOMY YCJIOBIUO C = I B m060M BXO)J,HOM JIIfHlUI X = X O' Xo < 0. TpHBHaJIbHOe 

pellleHlfe Y)J,OBJIeTBOpjieT TaK)I(e nOJIHOMY 3JIJIlfnTlfqeCKOMY ypaBHeHIfIO (7). O)J,HaKo, 

Ha JII060M 06JIaCTH X < Xl' r)J,e Xl < 0, OHO B npOTIfBOpeqlfH C OCHOBbIM yCJIO

BlfeM (8). 

Jlo2paHCJlOuooe peweHue CL olm OUrjJrjJY3UOHH020 C/lORS, T.e. )J,JIji 06JIaCTH He

nocpe)J,CTBeHHO Ha)J, 3JIeKTpo)J,oM, ° < X < B, Y)J,oBJIeTBOpjieT HaqaJIbHoMY yCJIO

BIfIO C = 1 Ha)J, nepe)J,HeM KPOMKOM 3JIeKTpo)J,a, X = 0, Z > 0, If rpaHHqHbIM yCJIO

BlfjiM (8), (10): 

CL(Z, X) = -- exp (_S3) ds, 
1 fZX-1/3 

r(4j3) ° 
(16) 

T.e. 

(17) 

31/3 

Sh ~ Sh = Pe l/3 . 
L 2 r(4j3) 

(18) 

113-3a npeHe6pe)I(eHlfji npo)J,OJIbHOM )J,IfIPiPY3HeM iPYHKIIlfji CdZ, X) Y)J,oBJIeTBOpjieT 

nOJIHoMY TpaHcnopTHoMY ypaBHeHHIO (7) B npe)J,eJIax ollm6oK nOpji)J,Ka O(X- 4 / 3 ), 

Le. OHO npe)J,cTaBJIjieT perYJIjipHYIO aCIfMnToTY TOqHOrO perneHHji )J,JIji 1 ~ X ~ B. 
B6JIlf31f nepe)J,HeM If 3a)J,HeM KPOMOK OHO HenplfMeHIfMO 1f3-3a HeCOOTBeTCTBlfji ero 

CTPYKTYPbI rpaHlfqHbIM YCJIOBlfjiM (9a, b). 

Jlo2paHC/lOUHOe peweHue CN O/lR 6/lUJlCHe20 OUrjJrjJY3UOHH020 c/leoa npHBe)J,eHO, 

Hanp., CMepJIOM H HbIOMeHoM5. Boo6IIIe, B03MO)I(HO IfCKaTb perneHHe napa60JIH

qeCKOM 3a)J,aqlf C HaqaJIbHblMIf YCJIOBlfjiMIf Ha)J, 3a)J,HeM KPOMKOM 3JIeKTpo)J,a, X = B, 

Bblpa)I(aIOll~IfMH ma)J,KHM nepexo)J, )J,HiPiPY3HoHHoro CJIOji B )J,HiPiPY3HOHHbIM CJIe)J" 

C = CL(Z, B). 3Ta 3a)J,aqa )J,JIji "nOJIHOrO" )J,HiPiPY3HoHHoro CJIe)J,a HeaBTOMO)J,eJIbHa 

H ee perneHHe )J,O CHX nop He HCCJIe)J,OBaJIOCb. Ha MHoro npOIIIe 3a)J,aqa )J,JISI ,,6ml3-

Koro" )J,HiPiPY3IfOHHOrO CJIe)J,a, OpraHHqeHHOrO Henocpe)J,CTBeHHOM 6JIH30CTbIO 3a)J,

HeM KPOMKH, B < X ~ 2B H H30JIHpOBaHHOM nOBepxHOCTH, Z ~ b, r)J,e 

(19) 

6e3pa3MepHaji TOJIrnHHa )J,HiPiPY3HOHHoro CJIOji B6JIH3H 3a)J,HeM KpOMKH B norpaH

CJIOMHOM npH6JIH)I(eHim. OpraHllqHBaSlCb BblrneyrrOMjiHYTOM aCIfMrrTOTHKOM, BXO)J,

HblM rrpoiPlfJIb KOHIIeHTpaIIHM MO)I(HO CqHTaTb JIHHeMHbIM, 

C=b-1Z; )J,JIji X=B H 1~Z~Bl/3. (20) 

MHTerpaJI rrapa60JIHqeCKOrO ypaBHeHHSI (15) C YCJIOBIfSlMH (9b) H (20) H3BeCTeH 
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638 BaitH, KOBaneBCKajl: 

(21) 

r)J,e 

(22) 

J;13-3a npeHe6pe)l(emt}l npO)J,OJIbHOH )J,H<P<PY3HeH <PYHKIl,H}l CN(Z, X) Y)J,OBJIeT

BOp}leT ypaBHeHHIO (7) B rpaHHIl,ax OllIH6oK nOp}l)J,Ka O«X - B)-413). 

IJo2paHcIlOUHoe peweHue OIlR IlUHeUH020 UCmO'lHUlW npHBe)J,eHo, Hanp., JIHHroM4 • 

HeCJIO)l(HO npOBepltTb, liTO <PYHKIl,lt}l 

Cs(Z, X) = I - I (X/B)-2/3 exp [ -(Z/r(4!3W X-I] (23) 
2 r(4/3) 

}lBJI}leTC}l pellleHHeM napa60JIHlIecKoro ypaBHeHH}l (15) H Y)J,oBJIeTBOp}leT rpaHHlI

HbIM YCJIOBlt}lM (9b), (10). KpoMe Toro, nOJIe Cs Y)J,oBJIeTBOp}leT )J,JI}l JII06oro X > B 
nOJIHoMY 6aJIaHcy BemeCTBa B nOrpaHCJIOHHOM npH6JIH)I(eHltH. O)J,HaKo, :no peIlle

Hlte MO)l(eT npe)J,cTaBJI}lTb peaJIbHOe npH6JIlt)l(eHHe nOJI}l KOHIl,eHTpaIl,ltH Ha )J,OCTa

TOlIHOM Y)J,aJIeHHlt OT 3a)J,HeH KPOMKH, X ~ B. 

J/OKallbHoe 3llolUnmU'leCKOe peweHue B o61lacmu 3aOHeu KpOMKU. Me)l()J,Y )J,H<P<PY-

3HOHHbiM CJIOeM H )J,H<p<PY3HOHHbIM CJIe)J,OM Bcer)J,a cYIIl,eCTByeT nepexo)J,Ha}l 06JIaCTh 

C Il,eHTpoM B 3a)J,HeH KpoMKe (Z, X) = (0, B), Ha KOTOPOH npo)J,OJIbHOH )J,H<P<PY3HeH 

HeJIh3}l npeHe6pelIb. ,nJI}l Pe ~ 00 MacIllTa6 :3TOH 06JIaCTlt, TQ, MO)l(HO OIl,eHHTh ee 

pa)J,ltycoM (l, Z2 + (X - B)2 < (l2, 3HalIeHHe KOToporo no lIHCJIeHHbiM paclIeTaM4,5 

nOp}l)l,Ka e)J,HHltIl,bI. PeIlleHHe 3JIJIltnTHlIeCKoro ypaBHeHH}l (7) Ha 06JIaCTH TQ npe)J,

CTaBJmeT rJIaBHbIH HHTepec HaCTO}lIIl,eH pa6oThI, nOCKOJIbKY OHO )J,aeT KOJIHlIeCTBeH

HYIO OIl,eHKY BKJIa)J,a npo)J,OJIbHOH )J,H<p<PY3ltlt B )J,lt<P<PY3HOHHbIH TOK, BhIlIHCJIeHHbIH 

B paMKax nOrpaHCJIOHHoro nplt6JIH)I(eHH}l no <popMYJIe (18). 
QTo6hI YCTpaHltTh HecymecTBeHHble napaMeTphI H3 nOCTaHOBKH JIOKaJIbHOH 3JI

JIHnTltlfeCKOH 3a)J,alIH B 3a)J,HeH KpoMKe, Il,eJIeC006pa3Ho BBeCTlt HOBYIO lICKOMYIO 

<PYHKIl,HIO 

C*(Z, X) = bC(Z, X + B); (Z, X) E TQ , (24) 

J')J,e TQ - 06JIaCTb onpe)J,eJIeHlt}l <PYHKIl,HH C*, 

(25) 
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HaXO)J,HTC~ B KOHTaKTe C )J,RcPcPY3ROHHbIM CJIOeM (Tg-) R C 6JIR3KRM )J,RcPcPY3ROHHbIM 

CJIe)J,OM (Tg+), TO rpaHlPIHbIe yCJIOBH~ )J,JI~ C* MO)l(HO Bblpa3RTb B CJIe)J,YlOmeM BH)J,e: 

C* = 0; )J,JI~ Z = 0 H - Q < X < 0 (26) 

C* = Z; )J,JI~ (Z, X) E TQ- (27) 

ozC* = 0; )J,JI~ Z = 0 H 0 < X < Q (28) 

H 

C* = Xl/3Fl[ZX-1/3] " (Z X) T+ )J,JI~ , E Q' (29) 

nO)J,XO)J,~mRH pa)J,HYC (} 06JIaCTH, BHe KOTOPOH 3cPcPeKTbI npO)J,OJIbHOH )J,HcPcPY3RR 

npeHe6pe)l(RMbI B npe)J,eJIaX 3a)J,aHHOH OlllR6KH, CJIe)J,yeT onpe)J,eJIHTb B xO)J,e qRCJIeH

HOrO pellleHR~ 3JIJIHnTHqeCKOrO ypaBHeHH~ 

(30) 

C rpaHHqHbIMH yCJIOBH~MR (26) -(29). Bonpoc onpe)J,eJIeHR~ BeJIRqRHbI (} CB~3aH 

TOJIbKO C np06JIeMaMR qHCJIeHHOrO pellleHH~ 3a)J,aqH. C aHaJIRTHqeCKOH TOqKR 

3peHH~ MO)l(HO (} CqHTaTb 6eCKOHeqHO 60JIblllHM, Q -> IX:. 

HeCJIO)l(HO YBR)J,eTb, 'ITO nonpaBKy )J,JI~ Cpe)J,HerO K03<p<pHUReHTa TenJIO-MaCCO-

06MeHa Ha 3cPcPeKT npO)J,OJIbHOH )J,HcPcPY3HH B nepeXO)J,HOH 06JIaCTH 3a)J,HeH KpOMKH 

MO)l(HO BbIpa3RTb B CJIe)J,YlOmeM BH)J,e 

Sh - ShL = fB (oZC!Z=O - CzCLlz=o) dX = I/Ibb- 1 , 
B-1! 

(31) 

(32) 

K03cPcPRUReHT I/Ib MO)l(HO CqRTaTb YHHBepCaJIbHOH qRCJIeHHOH nOCTO~HHOH B BH)J,Y 

TOro, 'ITO nOCTaHOBKa (26)-(30) He 3aBRCHT OT Pe. Onpe)J,eJIeHHe qHCJIeHHOrO 

3HaqeHH~ I/Ib ~BJI~eTC~ rJIaBHOH ueJIblO pellleHR~ 3a)J,aqH. 

KOH«!)OPMHASI PEry JISlPM3AlJ,HSI, qMCJIEHHOE PElUEHME 

113BeCTHo4 •5, 'ITO JIOKaJIbHa~ 3JIJIRnTHqeCKa~ 3a)J,aqa no yp. (26)-(30) HMeeT oco-

6eHHocTb B TO'lKe (X = 0, Z = 0), B KOTOPOH CTaHOBHTC~ 3HaqeHHe rpa)J,ReHTa 

KOHueHTpaURR 6eCKOHeqHbIM. 3TO MO)l(eT cymecTBeHHo nOHR3RTb TOqHOCTb nOIIy

qeHHOrO qRCIIeHHoro pellleHR~. YCTpaHeHH~ 3TOH: oco6eHHocTH, T.e. peryJI~pH3aUHR 
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640 BaitH, KOBaneBCKall: 

3a~a'lH, MO:lKHO ~ocTHrHyTb BBe~eHHeM HOBbIX nepeMeHHhIX ('1, ~) B paMKaX KOH

tPOpMHOrO npe06pa30BaHHjI THna (~+ i'1)2 = 2( -X + iZ). B '1aCTHOCTH, npe-

06pa30BaHHe 

e - '12 = - 2X, ~'1 = Z , (33) 

T.e. 

~ = (-X + r/2)1/2 , '1 = (X + r/2)1/2 , (34) 

r~e 

(35) 

oTo6pa:lKaeT JIHHHIO nOBepXHOCTH 3JIeKTpO~a Ha nOJIynpjlMylO ('1 = 0, ~ > 0) 
H JIHHHIO H30JIHpOBaHHOH nOBepXHOCTH Ha nOJIynp}IMyJO ('1 > 0, ~ = 0), CMOTPH 

PHC. la, b. ,ll;JIjI npeo6pa30BaHHoro nOJIjI 

(36) 

JIHHHR nocToRHHOH KOHl~eHTpau.HH, 

e = 0; ~JIR '1 = 0, 0 ~ ~ ~ .J2.e (37) 

·t~ 

l /: , 
/ I " / ' , 

z ii', . , 
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06J1aCTb onpe)J.eJleHHlI nOJlll KOHl.\eHTpal~Hlt a B )J.eKapTOBblX Koop)J.HHaTax, b B KOHcjJOPMHOM 

oTo6palKeHHH.O Ja)J.HRR KpOMKa; W nosepxHoCTb )J.aT'IHKa; IH30JlHpYIOw;all nOBepXHOCTb; R TO'lKa 

Ha)J. 3a)J.Heil: KPOMKOil:; AA' - DD' JlHHHH TOKa; JlHHHH nOCTOllHHblX KOHl.\eHTpal.\Hil: C· B norpaH

CJlOitHOM npH6J1HlKeHHH (npepbIBHcTbre) H no '1HCJleHHOM peweHHH (CllJIOWHble JlHHHH) 1 C· = 0.25; 
2 C· = 0·50; 3 C· = 0,71; 4 C· = 1·00 
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H JIHHHlI HYJIeBOrO rpa.n:HeI-ITa, 

(38) 

B3aHMHO nepneH.n:lfKYJIlIPHbI. B pe3YJIbTaTe, YCJIOBlflI (37), (38) COBMeCTHbI B 06II1,eH 

TOqKe o6elfx JIHHHH, ('1, ~) = (0,0). ComaCHO npeo6pa30BaHlfI-O (33) If ypaBHeHHlIM 

(27), (29), (30), nOJIe e('1,~) .n:OJI)I(HO y.n:oBJIeTBoplfTb CJIe.n:YI-OIII,HM YCJIOBHlIM Ha.n: 

I10BepXHOCTbI-O :meKTpo.n:a 

Ha.n: H30JIHpYI-OIIIeM: nOBepXHOCTbI-O 

e = Xt/3('1,~) Ft[Z('1,~) X- t/3('1, ~)J 

.n:mI '1 > ~ H e + '12 = 2(} , 

If TpaHcnopTHoMY ypaBHeHlfI-O 

(39) 

(40) 

(41) 

Onpe.n:eJIlII-OIII,ee ypaBHeHHe (32) .n:JIlI KOHCTaHTbI t/lb B cnyqae (} --+ 00 CBO.n:lfTCH 

K Bblpa)l(eHHI-O 

(42) 

KpaeBalI 3a.n:aqa 3JIJIHnTlfqeCKOrO Tlfna, onpe.n:eJIeHHaH clfCTeMOM: ypaBHeHlfH 

(36) - (42), 6bIJIa pellIeHa qlfCJIeHHO, MeTo.n:OM ceTOK, B paMKax cJIe.n:YI-OIII,ero .n:HCKpeT

HOro rrpe.n:cTaBJIeHlfH nOJIlI KOHn;eHTpan;HH Ha nplIMoyrOJIbHlfKe (0; '1M + 1) X (0; ~N + 2), 

M~N, 

ei,j = e('1i' ~j) 

'1i = (X(i - 1); i = 1, "., M + 1 

~j = (X(j - 2); j = 1, . '" N + 2 

(X = y'2(}/N, 

(43) 

(44a) 

(44b) 

(45) 

r.n:e KOJIOHKa j = 1 HCnOJIb30BaHa KaK 3epKaJIbHalI cHMMeTpHlI B COOTBeTCTBHlf 

C YCJIOBlfeM (38), ei,l = e i ,3' I1PH Bbl60pe M > N yqlfTbIBaeMaH o6nacTb paCqeTa 

BKJII-OqaeT B ce61I KBa.n:paHT r ~ y'2(}. PaCqeTbI OCHOBaHbI Ha 06bIKHoBeHHoM .n:HC

KPCTHOM npe.n:CTaBJIeHHlf .n:mp<l>epeHn;HaJIbHOrO ypaBHeHHH (41) nocpe.n:cTBOM 
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u;eHTpaJIhHhIX pa3HOCTeH .n.JISI BHYTpeHHI1X TO'leK ('1i' e) npSlMoyroJIhHI1Ka, i = 2, ... 
. . . , M; j = 2, ... , N + 1: 

(46) 

3Ha'leHI1S1 8 i ,j B rpaHl1'1HOH CTpO'lKe i = 1 .n.aHhI YCJIOBl1eM (38), B rpaHI1'1HhIX 

JII1HI1S1X i = M + 1 H j = N + 2 BhI'II1CJISIlOTCSI comaCHO YCJIOBI1S1M (39), (40). 
Te )l(e Bhlpa)l(eHI1S1 HCnOJIh30BaHhI .ll.JISi BBe.n.eHI1S1 BXO.n.HOH Ou;eHKI1 Bcex 3JIeMeHTOB 

8 i ,j BHyTpH paccMaTpHBaeMoro npSlMoyroJIhHI1Ka. CI1CTeMa ypaBHeHI1H (46) pellIeHa 

06hIKHoBeHHhIM peJIaKCaU;HoHHhIM MeTo.n.OM. i-iTepaTI1BHhle paC'IeThI OKOH'IeHhI 

nOCJIe cTa6HJII13aU;I1H 3Ha'leHHH Bcex 3JIeMeHTOB Ha nSiTh 3Ha'laLu;I1X U;l1l:}:lp. 

rpa.lJ.HeHThI KOHu;eHTpaU;HI1 Ha nOBepXHOCTI1 3JIeKTpo.n.a BhI'IHCJISlJII1Ch no 3Ha'le

HI1S1M 8 i ,j B .n.ByX 

(47a) 

(47b) 

TO'lKaX B6JII1311 CTeHI<H. COOTBeTCTBYlOLu;ee 3Ha'leHl1e I1HTerpaJIa (42) onpe.n.eJISlJIOCh 

no 1:}:l0pMyJIe CHMncoHa, 

A.n.eKBaTHocTh BhI60pa 06JIaCTH onpe.n.eJIeHI1S1, T.e. pa3MepoB npSlMoyrOJIhHI1Ka 

(0; '1M+ 1) X (0; eN+2), npOBepSlJIaCh nYTeM cpaBHeHHSI BXO.n.HhIX nOrpaHCJIOHHhIX 

ou;eHOK BHyTpeHHHX 3JIeMeHTOB 8 i ,j BHe pa.n.l1yca 2(! C HX 3Ha'leHI1S1MI1 nO~JIe OKOH

'1aHHSI HTepaU;I1H. OTlCJIOHeHI1S1, He npeBhIllIalOIUl1e 3Ha'leHHe 10- 5, C'IHTMHCh 

.n.OKa3aTeJIhCTBOM, 'ITO OKPY)l(HOCTh e2 + '12 = 2(! JIe)l(HT BHe nepexo.n.HoH 06JIaCTH 

C BJII1S1Hl1eM npo.n.OJIhHOH .n.I1I:}:lI:}:lPHI1. MaCllITa6 nepexo.n.HoH 06JIaCTI1 Ha.n. nOBepx

HOCThlO 3JIeKTpo.n.a oxapaKTepH30BaH Ha PHC. 2 npo.n.OJIhHhIM npol:}:lHJIeM npHCTeH

HOro rpa.n.l1eHTa KOHu;eHTpaU;I1H, MacllITa6 nepexo.n.HoH 06JIaCTI1 Ha.n. 1130JIHpOBaHHoH 

nOBepXHOCThlO oxapaKTepH30BaH Ha PHC. 3 npo.n.OJIhHhIMI1 npo$I1JISlMH KOHu;eHTpa

U;HH. 

TO'lHOCTh paC'IeTOB npOBepSlJIaCh nOBTopeHHeM pellIeHI1S1 3a.n.a'lH C nOJIOBHHHOH 

.ll.JIHHOH llIara (X. THnH'IHhle pe3YJIhTaThI BhI'IHCJIeHI1H npOrpaMMl1pOBaHHhlx Ha Sl3hIKe 

FORTRAN IV npl1Be.n.eHhI B Ta6JII1u;e I. BH.n.HO, 'ITO (! ~ 2 H (X ~ 0.05 .n.OCTaTO'lHhI 

.n.JISI onpe.n.eJIeHHSI 3Ha'leHHH 8 i ,j C TO'lHOCThlO .n.o '1eThlpex 3HaKOB H KOHCTaHThI 

t/lb - .n.o Tpex 3HaKOB: 

t/lb = 0·230 ± 0·001 . (48) 
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,11,HCKYCCHSI, BbIBO,11,bI 

,llJUJ HCCJle.nyeMoro tJaCTHOrO THna .naTlJHKa B BlI.ne nOnepe':lHO 06TeKaeMOrO 6ec

KOHetlHoro nOJIOCOBOrO 3J1eKTpO.na npHMeHeHHe onpe.neJleHHH {I 8), (I9) H (31) 

Ta6Jl1Il.\a I 

06bCM JI TOqHOCTu qJlCneHHbIX paCqeTOB 

lJJlcno JlTepal.\Jlll: '1M + 1 'N+l "'b 104eQ 

320 2 2 0'025 0'2338 0'08 
800 2 2 0'025 0'2315 0'01 

1200 2 2 0'025 0'2300 0'00 
80 2 2 0'05 0'2378 1-40 

160 2 2 0'05 0'2346 0'11 
20 2 2 0'10 0'24 4'10 

240 1'5 1'5 0'025 0'2309 0'19 
240 1'0 1·5 0'025 0·2312 0·14 
160 1'0 1'0 0'025 0'2216 0·41 

a CpcnHee OTKnOHeHHe 3HaqeHJlli 8 1,j B nocnenHeli n npennocnenHell: JlTepal.\HlIX. 

o 
U 

N 
r;:, 

PHC. 2 

I1pOnonbHLIH npo«pJlnb npHCTeHHoro rpa

,f\HeHTa KOHl.\eHTpal.\Hli B nH«P«PY3HOHHOM cnoe. 

1 I1orpaHcnOHHoe npH6n\1)KeHHe; 2 TOqHoe 

p""llJeHHe 
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cnoliHoe pemeHHe; 2 TOqHoe pellJeHHe 
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npHBo.nHT K Cne.nylO~eMy BbIpa)l(eHHIO .nmI K03cpqmI\HeHTa TennO-Macco06MeHa 

(49) 

3TOT pe3YnhTaT 3HaQHTenbHO OTnlfQaeTCH OT pe3ynbTaTa nplfBe.neHHoro JIHHroM4, 

Sh = Pel /3(O·S07 + O·19Pe- I / 2), K03CPCPlfI\lfeHTOM nonpaBKlf Ha 3CPCPeKT npo.nonb

HOM .nlfCPCPY3lflf. BbIHCHlfTb nplfqlfHY 01lIlf6Klf, nOHBlfBIIleMcH B pe3ynbTaTaX JIlfHra, 

.nOBOnhHO CnO)l(HO, nocKonhKY B ero oplfrlfHanbHoH pa60Te4 He nplfBe.neHa Konlf

qeCTBeHHaH lfHcpopMaI\lfH, xapaKTeplf3ylO~aH nOCTaaOBKY 3a.naqlf (KpaeBbIe ycnoBlfH) 

If .neTanbHhIe pe3ynbTaTbI (npocpHnb nplfCTeHHoro rpa.nlfeHTa). 

HaIIle MHeHlfe OTHOClfTenhHO KoppeKTHOCTlf pe3ynbTaTOB no yp. (48), (49) OCHO

BallO He TonbKO Ha npOBe.neHHOM aHanlf3e If npOBepKax TOqHOCTlf paCqeTOB, a TaK)I(e 

Ha HennOXOM cornaClflf HaIIllfX pe3ynhTaToB C pe3ynbTaTaMlf CMepna H Hb1OMeHa5, 

nonyqeHHhIMlf .nnH .npyroH, paBHo.nocTynHoM KOHcplfrypaI\lflf .naT'lHKa. 

Bo BBe.neHlflf pa60TbI5 MO)l(HO HaHTlf 3aMeqaHlfe, 'ITO pe3ynhTaTbI peIIleHHH 

lfccne.nyeMoH nOKanbHOH 3nnlfnTlfqeCKOH 3a.naQlf, KOTopaH If.neHTlfqHa HaIIleH, nplf

MeHlfMbI .nnH OI\eHKlf BnlfHHlfH npo.nonbHoH .nlfCPCPY3lflf B 06naCTH 3a.nHeH KpOMKlf 

.nnH mo60H 3neKTpo.nHOH KOHcplfrypaI\lflf. Cne.nylO~lfe BhIBO.nbI nOKa)l(YT npoCTylO 

HBHylO peanlf3aI\lflO TaKOH OI\eHKlf. 

OI\eHKa OCHOBaHa Ha npe.nnonO)l(emfH, 'ITO yqlfThIBaeMaH 3a.naQa KOHBeKTlfBHOM 

.nlfCPCPY3lflf MO)l(eT 6hITh B nepBOM nplf6nlf)l(eHlflf lfccne.nOBaHa B paMKax nplf6nlf

)l(eHlfH Teoplflf KOHI\eHTpaI\lfOHHOro norpaHcnOH. IIpHMonlfHeHHhIe npocplfnlf CKO

POCTlf MoryT B 3TOM cny'lae 6bITb oxapaKTeplf30BaHhI KOMnOHeHTaMlf YI(X I, x 2 ), 

yix l , X2) CKOPOCTlf c.nBlfra Ha nOBepxHocTH 3neKTpo.na, CMOTPlf PlfC. 4. CooTBeT

cTBylO~ee peIIleHlfe ypaBHeHlfH KOHBeKTlfBHoH .nlfCPCPY3lflf MeTo.nOM JIaMTxlfnna

-AKplfBoca .naeT onpe.neneHHe nOKanhHbIX Ton~lfH .nlfCPCPY3lfoHHoro cnOH, (j = 

(jdXI' X2)· B 'IaCTHOCTlf, Ha nlfHlflf P 3a.nHeH KpOMKlf lf3BeCTHbI nonH (jdXI' X2) 

If Yn(XI' X2)' r.ne Yn > 0 - npOeKI\lfH BeKTOpa (YI' Y2) nOnepeqHO K nlfHlflf P 3a.nHeH 

KpOMKlf. 

IIocKonbKY 3CPCPeKT npo.nonbHoH .nHCPCPY3HH OpraHlfqeH Ha TOHKYlO nonocKY 

IIllfPlfHOH An' 

(50) 

MO)l(HO .nnH OI\eHKlf pa3HlfI\bI (Ozclz=o - OzcLI==o) nonb30BaTbCH no.nxo.nOM, BBe.ne
HbIM .nnH cny'laH nonOCOBoro 3neKTpo.na C TeM OTnlf'llfeM, 'ITO nplfpa~eHHe AQ 

.nlfCPCPY3lfOHHOrO TOKa H3-3a 3cpcpeKTa npO.nOnbHOH .nlfCPCPY3lfH Cne.nyeT OTHOClfTh 

K e.nlfHlfI\e MlfHbI rpaHHI(bI B 3a.nHeH KpOMKe: 

(51) 
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Ilpo)]'oJIbHaH )],H<P<PY3HH B aHeMOMeTpH'leCKOM )l,aT'IIIKe 64S 

(52) 

Teneph HeCJIo)KHO BR)J.eTh, 'ITO )J.JI}l :meKTpO)J.a C nOBepXHOCThlO (Xl' X2) EAR rpa

Hm.~eii 3a)J.Heii KpOMKR (Xl' X2) E P, KOppeKIJ;R}l Ha npO)J.OJIhHylO )J.R.p.pY3RIO COCTORT 

B Y'feTe KPOMOqHOro 3.p.pCKTa9 : 

Sh = - QL = _L_ {If dQ dA + f dQ dP} = 
coDA ACoD A dA p dP 

(53) 

r,ne 

(54) 

a L - HeKOTophlii nO)J.xo)J.}lIIJ;Rii MaCllITa6 )J.JIRHhI )J.aT'fRKa B HanpaBJIeHRR TeqeHRH 

Pm;. 4 

06~all cxeMa )l,aTqllKa TpeHIIH. A nonepxHocTb :meKTpo)],a; F nepeAHHlI KpoMKa; S 6oKoBble KPOM

Kif; P 3a)l,HlIH KpOMKa; LJP :meMeHT )],JIIIHbI 3aJlHei!: KpO~lIm; x Koop)],IIHaTa B HanpaBJIeHlf1l TeqeHMH; 

L xapaKTepllCTlIqeCKall JIOKaJIbHaH )l,JIlIHa; TOHKlle nplIMble napaJIJIeJIbHbI HanpaBJIeHIIHM TelfeHlfll 
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B qaCTHOM CJIyqaeS paBHO.ll;OcTynHoro OCeCHMMeTpHqHOrO 3JIeKTpO.ll;a pa.ll;Hyca 

rO C nOJIeM CKOPOCTH VZ = -Aoy2, vr = Aorz, H3BeCTHO, qTO TOJI~HHa .ll;H4l4lY3HOH

HOrO CJIOB B nOrpaHCJIOHHOM npH6JIH)I(eHHH nOCTOBHHa, <5dro) = OL = r(4/3) . 
. (3D/AoY/3 H pa.ll;HaJIbHaB CKOPOCTb C.ll;BHra Ha KpOMKe 3JIeKTpO.ll;a paBHa 1n = Aoro. 
e yqeTOM 3THX 4laKToB BBHoe npe.ll;CTaBJIeHHe 4l0PMYJIbI (53) B paccMaTpHBaeMoM 

cJIyqae HMeeT BH.ll; 

(55) 

qTO npH I/!b = 0·23 B nOJIHOM cornaU;HH C ypaBHeHHeM (19) B pa60Tes• 

,n:JlB nOJIHOTbI CJIe.ll;yeT HanOMHHTb aHaJIHTuqeCKoe pellIeHHe .ll;aHHOH 3a.ll;aqH10, 

pe3yJIbTHpyIO~ee B npe.ll;CTaBJIeHHH npO.ll;OJIbHOrO npo4lHJIB rpa.ll;HeHTa KOHIJ;eHTpa

u;Hii aCHMnTOTuqeCKHM pa3JIO)l(eHHeM MJI X --+ 0_. QHCJIeHHble 3HaqeHHB HHTe

rpaJIbHblX TOKOB, npHBe.ll;eHHble B pa60Te1o, CXO.ll;JITCJI .ll;JlB Pe > 20 C pe3YJIbTaTaMH 

no yp. (49), eCJIH nOJIO)l(HTb I/!b = 0.235, qro Ha 2% BbIllIe npaBHJIbHOrO 3HaqeHHB 

0·230. 

Oli03HA QEHIUI 

A 
B= Pel/2 /3 
b = OL/). 
bn = oL/).n 

C 

Co 
C 

CL 

CN 
Cs 
c· 
D 
h 
L 
p 

Pe 

Q 
r 

Sh 
Tp,Tp+,T; 
l'x 

x 

X l 'X2 

z 
X 
Z 

nOBepXHOCTb H nJIOma~b ~aT'IMKa 

e~HHcTseHHbUl: napaMeTp JIOKaJIbHoit nOCTaHOBKH 3a~a'lH 

o606meHHbUl: napaMeTp b ,!IJIJI TpeXMepHoro CJIY'IaJl 

KOHlleHTpa1IHJI,lIenOJIJlpH3aTOpa 

3Ha'leHHe C B Macce lKH,lIKOCTM 

HOpMHpOBaHHoe nOJIe KOHu;eHTpaU;Hit 

norpallcJIoAHOe npH6JIHlICeHHe C ,lIJIJI ,lIHcIlcllY3HOHHoro CJIOJl 

npH6JIHlKeHHe C ,lIJIJI CJIe,lla 

npH6JIHlKeHHe C ,lIJIJI TO'le'lHOrO HCTO'lHHKa 

JIOKaJIbHaJi HOPMHPOBKa C ~nJl 3a,llHeit KpOMKH 

KOJcIlcllHU;HeHT ,lIHcIlcllPHH 

lllHpHHa nOJIOCOBOrO ,lIaT'IHKa 

,lIJIHHa ,lIaT'IHKa B HanpaBJIeHHH Te'leHHJI 

reOMeTpH'IecKoe MeCTO H )JJTHHa 3a,llHeit KpOMKH 

'IHeJIO neue 

nOJIHbIil: ,lIHcIlcllY3HOHHblit nOTOK K ,lIaT'IHKY 

MeTpH'IeCKHit KOJcIlcllHUHeHT KOHcIlopMHoro npeo6pa30BaHHJI 

'IHCJIO mepBy~a, yp.(14) 

06JIaCTb onpe,lleJIeHHJI c· H ee rpaHHllbl 

npO,llOJIbHaJI KOMnOHeHTa CKOPOCTH 

npO,llOJIbHaJi Koop~HHaTa 

Koop~HHaTbI Ha nOBepXHOCTH ,lIaT'IMKa 

nOnepe'lHaJi KOOp,llHHaTa 

HOpMHpOBaHHaJi X-Koop~HHaTa 

HOpMHpOBaHHaJi Z-Koop~HHaTa 
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()L 
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). 

An 
(J 

IfIb 

mar ceTKH 

CKOPOCTb C,ll;BHra 

npoeKIJ.HlI CKOPOCTH C,ll;BHra no HopMallH K 3a,ll;HeH KpoMKe 

KOMnOHeHTbI CKOPOCTH C,ll;BHra 

TOllmHHa ,ll;HcjJcjJY3doHHoro CllOll 

norpaHclloitHaSl OIJ.eHKa 0 
cpe,ll;Hee 3Ha'leHHe 0L Ha nOBepxHocTH ,ll;aT'IHKa 

KOHcjJopMHoe npe06pa30BaHHe nOllSl KOHIJ.eHTpaIJ.HH C· 
xapaKTepHCTH'IeCKaSl umpHHa nepeXO,ll;HOH 06llacTH y 3a,ll;Hell KpOMKH 

0606meHHe A ,ll;llSl TpexMepHoro cllY'Iall 

pa,ll;HYc nepeXO,ll;HoQ 06llaCTH 

OCHOBHaSl KOHCTaHTa pemeHHlI 
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