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1.<l>opMHp0B8JIHe Tpe6yeMoro MarHHTH0ro norui B MarHHTHO:i c:e:

CTeMe .11Bru1eTC.11 CJiruK110:i HHEeHepuoii: · npo6neMoii:. B 11acTo npBBOAHT. 

][ peweHHJO o6paTHl,IX.MB.rHHTOCTaTH'lea:e:x OaAB.11. ·B HacT~e:i pa-

6oTe pewaeTC.11 08.Aa"la q,opMHJ>OB8JIWI 0AHOP0AH0ro IlOJIJI B . MaI'HH..: 

Tax THna CII.;.40 ( CM. p~c:l) c rioMO~JO noA6opa napa.MeTpoB Eeneo

. Horo nomoca H npoB0AHTc.a: auanuo IIOJIJI cyll\eCTBy10rqax MOAHl.pHI~ 

OT0ro MarH:e:Ta: 

CnexTpoMeTpH'lecxu:i MarHHT CII-40 aJCTHBHO ucnom,oyeTca B axc

nepHlrleHT8JlbHLIX ycT8JI0BXax AJI.11 HCCJieA0B8JIWI pacnaAHLIX npo:o;eccoB 

oapa~eHHLIX "18CTHD; BLIC0XHX GHeprri. IlpoexTHp0B8JIHe, 0ilTHMHOa

D;WI H COOAaHHe IlOA~6HLIX l.pHOH'leCXHX ycTaH0BOJ[ HapaAY c npo:o;eccoM 

AJIHTeJILHoro B '.1'PYA0eMXoro. q>uou11ecxoro MOAeJIHP0BaHHS B oua'IH

TeJILHoi Mepe onupaeTC.11 Ha 'IBCJieHH0e M0AeJIBP0BaHBe pacnpeAeJieHWI 

MarHHTH0ro IlOJIJI B pa6o"lei anepType ycT8H0BXH. . 

lfaCJieHHOe M0AeJIHp0BaHHe HapaAY C HOMepeHBSMB MaI'HBTH0ro IlOJIJI 

SBJI.lleTC.11 BOJKHLIM 8Tail0M npB COOAaHHB (u B A8JlbHeiweM npB axcnny

aTa:o;HH) IlOA06HLtX ycTaH0B0X. B HaIDeM BCCJieA0BaHHB Ml,I 0TTWIXBB8r

nHCb OT 0nLITa C(?3A8JIBS B axcnnyaTa:o;:e:u ycT8JI0BXB 8KCtIAPM [l] 

(OIDIH-HcpB8,· r. IlpoTBBHo), BUCHLIM an:eMeHTOM xoTopo:i aBJIJ1eTC.11 

MarHHT CII-40 (pac. 1), · 
PacnpeAeneuHe MarHHTHoro nona paone:11HHX MOABq>Hxa:o;uii: aToro 

uarHHTa HCCJICA0BanocL c n0Mo~10 xoMnnexca nporpaMM POISCR.[2]. 

B AaHHoi pa6oTe npHJ3eACHLI cpauHHTeJILHLie xapaxTep:ucTHIH aTHX 

MOABq>HXa:o;HH, 

2. OaAa.1Ia..11Bcneuuoro M0AeJIHpOBBHHS MaI'HBTHLIX·none:i AJI.11 cTa

:qn:ouapuoro cny'IWI MaTeMaTB'leCXH OHBCLIB&.eTC.11 CBCTel',IOH BOBeCTHLIX 

ypasHeHui Maxcsenna [3]: 

!
. rotii'= Co· J, 

div.iJ = O, 
. B_= µo.· µ(.~1 2

) • il, (l) 
· lim H(z) - O, 

lml-+oo . 

rAe D-~XTOp MarHHTHOi HHAYED;llll, jJ -:Be:S:TOP HanpaEeHHOCTH Ma-



rHBTH0r0 llOJIJI1 J-BeI.TOp o&beMHOH llJl~THOCTB T0XB.1 . CQ-X0HCT8.HT8.1 

Oa.BBCJlll\M OT cucTeMH eAHHBD; (AJISI cucTeMLI CH Co = 41r), µ0~MarHBT

Ha.s: npoHHD;a.eM0CTb Ba.-.:.yyMa., µ.= µ(1.81 2):-Ma.rHBTHM npoHu:o;a.eMocTb 

q,eppoMa.rHeTBI.a. YpB.BHeHBJI (1), Aon01meHHL1e ycnoBBJIMB H~npepu

BH0CTB HOpMa.nbHO:ii cocTaBJUIIOll\eii BeXTopa B H -.:.a.ca.TenLuoi cocTa

BJI.IIIOll\ei BeI.T0pa jJ Ha. rpa.HHD;ax PBOAeJIB. paonH'IJILIX cpeA 

{ 
(.81 - .82) • ii1 = o, . . 
(H1 - H2) X iii = o, (2) 

rAe ii1 -11opMWib I. noBepxH0CTB paoAena, 0AHOOJl8.11JI0 onpeAeJUIIOT 

HCI.0MHe lpBOH'ieCXHe xapa-.:.TepHCTHI.B Ma.rHBTHOro rrona. 

,IJ;ocTO.TO'IHO nOJIHa.s: ll0CTa.H0BXa. 08.AB.11 'IHCJieHHoro a.HBJIBOa. nOJiei 

MB.rJIHTHblX CHCTeM Aa.H8. B pa6oTe [4). 

· Ypa.B11enue (1), onpeAeJUllOll\ee BeXTop111,1i n0Te11o;ua.n A, AM Ha.

wero cJiyqa.s; BMeeT BBA : 

(
1 ... ) "t rot _- rotA = 41r1 

·. µ . 
BJIB wur nn:ocxoro cny11a.s: B AexapToBoi cucTeMe x:oopAHHa.T 

8 ( 1 8tp) 8 ( 1 8tp) . - - - +- - - = -41r1(z,y), 
8z . µ 8z 8y µ 8y •. 

(3) 

(4) 

rAe ~xwpHHi n~Tett:u;ua.n. CBcTeManporpa.MM POISCR (2]·no

oBOJIJ1eT HaX0ABTb MeTOA0M I.0He'IHHX paoHOCTei [6) pewenue HeJIB

HeiHoro ypa.»HeHWI Ilya.ccom~ ( 4) e ABYMep110M cn:y11ae, T.e. e npeA

n0110EeHHH, 'IT0 MarHBT BMeeT 6ecxone11ny10 AJIBHY I npH'ieM Ha rpa.; 

HH:o;e o6nacTB pewe11BJI 08.AB.eTCJI 011a11eHBe IlOTeH:o;uMa tp IJJIB H0p

M8J.lbHOH npoBOBOAHOH ~- 88.BBCHMOCTb µ(j.81 2) oa.AaBMacb B BBAe 

Ta6nBo;Li:, rpa.q,ux: aToi q,ynx:ti;BB noxaoa.H. na. pBc. 2. IIonepe'IHlile 

ce11eHBJI pa.c11eTHLIX I.Ollq>Brypa:o;Bi MarHHTa CII-40, X:0T0plile npeA

CT8.BJIBJIH p8.C1ieTHYIO OM8.CTb (l x:paeBLIX 08.AB.11 AJI.S: ypauHeHH.S: ( 4) 1 

noxaoa.HLI Ha. puc. 3-6 ( c Y'leTOM CBMMeTpBB 0TB. o6na.cTb C0CT8.BJiaeT 

0AHY 'ieTBepTyIO 118.CTb Ce'ieHBJI MI.U'HHTB. B nJI0Cl:0CTH Z = 0). reo

MeTpBJI X:8.EAOH l:OHq>Brypa.o;BH . paCC'-iVITbiBaeMolii MarHvlTHOlii CltlCTeMbl 

08.AaBMacb npB ll0M0~ neperyruipHOH TpeyrOJibHOH ceTXH, I.OTOpa.a 

cTpoBJiacL cucTeMoi nporpa.MM LATTCR [2] Ha 6aoe perynapHoi ceTx:H, 

oaAB.BaeMo:i IlOJibO0BaTeneM. PaonocTHlile ypa.1meHIDI na. nocTpOeHHoi 
ceTI.e peWBrulCb MeT0A0M llOCJie,.\0B8.TeJibHOH TO'le11Hoi BepxHei pena.x

ca.o;HH [6] C 'IHOJI0M YOJIOB ceTXH !:::! 9300 • 
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3. B npon;ecce 'IBCJieHHHX pac"leTOB npoBOAB1ICJI AOnOJIHilTenL
HLm l'.OHTpom. TO'IHOCTJI annpol'.CHMa~ no PB"IBPACOHY (7) YCJJ.OBH.11 
q,( 00) = 0 Ha OCHOBe MeTOAHl::J, 11cnom.oy10~ei, aHMOrB'IHO (8), [9) J 

oi:cTpan~ no napaMeTpy R-1, rAe 

R = max(l:i:, 111), (5) 

a. 1:i: 11 111- p;mn11,1 cTopoH np.11MoyrOJILH111:a., orpaHB"IHBalOl.l.\ero pac"I~ 
HYIO o6na.cTL n. Ilpep;nona.ra.eTca, "ITO norpeWHOCTL annpoi:cHMau;HB 
i:paeuoro ycnoBH.11 ,p( co) = 0 paona.raeTCJI B pap; no cTeneHH napa.Me

Tpa R-1• ,I(n.a paccMaTpHBaeMoii oaAa'IB ucnOJILOOBan:ca cneAYJOIWIH 

an:ropHTM. Pew8.IOTCJI nocneAOBaTenLHO :1:paeu1:,1e oaAa"IH AM nocne,qo
BaTenLHOCTH pacWllpJIIO~ o6JiacTei n,., k = 1, ••• , M, HMeIO~X 

nonapHo paonH'IHHe oHa"leHH.11 R,. HO (5). ,lJ;BJiee cpauHHBa.JOTCJI oHa

"leHHSI peweHHH <,01c(Q) (npH paomriHLIX k) B IOHTpOJILHHX TO"l:l:ax Q 
pac"IeTHOK OWIBCTH fl .. Ec.Jm p;ll.11 BLI6paHHOrO E > 0 BLinonHSieTCJI 

ycnouHe 

l'P1c(Q) - 'P1c+1(Q)I ~ E, Q en, 
TO nona.raeM, 11To yp;o:eneTBOpHTem.Ho annpo:s:cHMBpyeTC.&: x:paeBOe ycno
BBe q,( 00) = o. Ec.Jm anpuopHO npe,qnonmKBTL, 'ITO cy~eCTByeT pe
rynHpHOe paonolKeHHe norpeWHOCTB annpo:s:cHM~ ycnou:aa Ha 6ec-

1:0He'IHocTB no na.paMeTpy R-1 

cp(Q) = 'PR(Q) + ~ag(Q) + O(R-P), p >a> 0, (6) 

r;n,e ,p(Q)--'ro11Hoe peweHBe ypaBHeHH.11 (4), a <l>YHX:~ .g(Q) He oa
BHCBT OT R, TO MOX<HO HCl'.llJO'IHTL BTopoe CJia.raeMoe B (6) nyTeM 
OX:CTpanOJIJII(HH. )J;M OTOro onpe,qenHM 'IBCJia 'Y1, 'Y2 BO CBCTeMH 

ypauHeHmi 

'Yl + 'Y2 = 1, 

'Y1Jtia + 'Y2Il;a = O, R1 'I, ~, · 

rp;e R1; ~ COOTBeTCTBYIOT ABYM paonH'IHHM pac'leTHHM oooacTBM. 
Torp;a nBHeiHaa :s:oM6BH~ 

cp(Q) = 'Y1'PR1 (Q) + 'Y2'PR:1(Q) (7) 

yp;o:eneTBOpaeT on;eH:a:e lcp(Q) - cp(Q)I ~ O(R-P), T.e. npuoou:>KaeT 

ycnouue ,p( 00) = 0 C 6om.wei TO'IHOCTLJO, 11eM 1'.&JKAOe BO 'P R1 B 'P R:1. 
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4. ,lJ;ue 11acTo ucnOJILOye~e uop;uctmi:a~ MarHBTa. CII-40 npne
AeHJ,1 ua p:e:cyHi:ax 3 H 4: pHc.3-:s:oH<I>myp~ I, oaoop Me:xcp;y no
mocami h=20· cM; pHc.4-:a:oH<f>Hryp~ II, oaoop MeEp;y nOJU:>CaMH 

h=40 CM. Pacc11HTaHHoe pacnpeAeneHHe 1:oMnoHeHTH B
11
(z, 1J = 0)/Bo 

(Bo-none B n;eHTpe oaoopa, Bo = B(0, 0)) AM l'.OH<f>m'ypan;mi I B II 
p;ru10 Ha puc. 7 :e: 8 cooTBeTCTBeHHo. ,lJ;rui Bo ~ 1 Th cooTBeTCTBy-

10~ee oHa'leHBe nnoTHOCTB Toi:a j DpHBeAeHo B T~e Tl. IlpH · 

TOKe, paBHOM / = 143615 A,ypoBeHL nO.JIJI AM l'.OH<f>Hryp~ I COCTa

MJleT Bo,1 = 1, 74 Tn, AJI.11 i:oH<I>mypau;HH II-B0,11 = O, 9 Tn. <PyH

xn;u Heop;Hopo;n,HocTH JIO.JIJI / ( z) = B11 ( z) / Bo cyl.l.\eCTBeHHo O&BHCHT 
OT npOTSillCeHHOCTH nomoca B;Q,e>m, OCH z (e HIWleM cny-rrae OHO. pa
BHO. 100 cM). Ho pucyui:ou 7 u 8 BHAHo, 'ITO AJIJI i:ou<f>Hrypan;mi I R 

Il OTB ueo;n,Hopo;n,HocTu npBMepuo op;RHUOBLI. C D;enLIO yBeJJH"'leHHSI 

OAHOpO;Q,HOCTB nO.JIJI 6Lina pacCMOTpe11a l'.OH<l>Hrypan;u III (cM.pBc.3) 
MarHBTa, l'.OT0p8.!1 JIOJiy'leHa HO IOH<l>Hrypau;:e:H II nyTeM yMeHLWeHBJI 

paoMepou nOJIIOCa (cM. puc.5). PacnpeAeneHn:e /(z) = B
11
(z)/B0 p;nSI 

OTOH 1:oH<I>aryp~ npHBeAe110 Ha pn:c. 9. ,lJ;na I = 143715 A 0Ha11eHa:e 
noJI.fl Bo,111 = o, 75 Tn, T.e. nony11m ue60JILwoe naAeHHe BeJJB'IJIHl,I 

n0.JIJ1 no cpaBHeHHIO c :s:oH<l>Hrypan;:aaMH I B II. Thi:BM o6paooM, cpa

BHBBaa Bee TpB :s:oH<I>:e:rypau;HB, BMeeM Bo,111 < Bo,11 <· Bo,1, CaMy10 
600Lwy10 anepTypy MB.rHHTa HMeeT M&rHBT :s:0H4>Hrypau;im III CII-40, 

'ITO HeManosa>KHO AflR Ha6opa CTO.THCTBJtH pacnap;JILIX npon;eccoB B 
OAHOM Cea.Hee Ha YCTaHOBJte, u IOTopoi HCnOJILOyeTCJl Ma.r_HBT CII-40 
(HanpHMep, ycTaHoBxa 0KClf.APM)., C n;enLIO ABJILHeiwero yny11We

HH.11 JIO.JIJI no, Op;HOpO;Q,HOCTB nyTeM BLl"IBCJillTenLHHX 01'.CJiepBMeHTOB 
6Lina onpe;n,eneHa i:oH<I>Hrypa~a IV MRr:UBTa CII-40 (c~. pa:c. 6). Ha 

p11c. 10 npHBeAeHa /(z) = B11 (z)/ Bo All.fl OToii: xoHclmrYPan;BJI, IIonuLii 
CpaBHBTeJlbHLm 0.H8JIBO BeJIB'lllHLI JIOJIJI p;ll.11 BCex 'leTLipex IOH<(>Brypa
n;mi MD.l'HBTa CII-40 npBBeAeH u Ta6min;e Tl. Ha PHC. 11 IlpllBeACHLI 

xpHBLie oauHc:e:MocTH Bo (I) p;~ ucex 'leT1,1pex :s:oH<l>Brypan;d. · Ha pHc. 

12 IlpllBO}J;SITCJl rpa<I>BKB 01'.CnepHMCHTaJILHHX H pac'leTHLIX OHa'leumi 
/(z) = Bv(z)/Bo p;na XOHq>Brypau;BH III, B0 = 0.75 Tn. Ho OToro 
PHCYHJta BB;Q,HO AOCTO'IHO TO"'IHOe (~ 10-3 -10-¼) COBnaAeHBe KpBBLIX 

P8C11eTHoro ll 01:cnepHMCJITBJILHOro pacnpe,qeneH:aa MRrHllTHoro nO.JIJI. 
HeOAHOpop;HOCTll pacc'IHTaJIHOro ll oxcnepHMeHT8JILHOro nOJIJI u 80% 

(z = 40 CM OT n;eHTpa. Ma.rHBTa) pa6o'lei o6nacTB MarHBTa ][OH<f>m'y-· 
p~BH III He npeu:muaIOT 1 %. 
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• 6. Taxini 06paoo11,c nollOD¥-JO BLl'DICJIJITMLHWX axcnepBMeHTOB 

)'AMOCI> noATBePABT1>, "IT0 none OAH0p0AHoe c T0"IH0CTl>JO AO 1 % B 

80% pa6011ei anepTypy M8l'HRTa CII-40 (i:oHcf>Hrypa.I(lUI III). B pe

oym.-raTe 'lllCJleHHHX axcnepBHeJIT0B COOABJf OHB,"IHTeJlbHl,ilB 68Jf:&: Aa.H

Hlil, BIJID118JO~ Rll<{>0pM~ WIJ1 WHp0l:oro He.6opa pac1leTHlil 
J:OHcfmryp~ii C COOTBeTCTBYJO~B UM 1:apTaMK nOJlJI, 'IT0 nooBO

n.t:eT--pacWHpHTL "q>BDH11ecxy10,, HHTYIIJUIIO An.t: AaJILHeiwero p80BH
TlUI Ma.rHBTOB TBnB. Cll-40, c Jij>yroi cTopoHLI,npe)lnOllCBTL BOOMOJK

uocT1> HCJtWil>OOBBJfllJI Ha:&:onneHHiilX Aa.HHHX B J:a"leCTBe 1ucnepHMeH
Tam.HWX "oarOTOBOX,, B 'DICJieHHWX pac'leTBX ycTaH0BOX, acnom.oy-

1'.)~ MarHHTH Tana CII-40 (Hanpx11ep,ycTaHOBxa 9KC'tfAPM). C 

n;em.10 HCllOJI.LO0Banu B AaJILHeiweM paccYIIITaHHoro MarHIIITHoro nonsi 

WIJ1 nporpa.MM Tpa.11cnopT.Bp0BJ:H ny'llOB 'I&CT~ B M0AeJIBp0BaHRH 
pacn&AHlil npon;eccon B 01:cnep:aHeHTaJILHoi ycTa.HoB:re 9KClfAPM 

BCCJieAOBa.HB. BOOM<DCHOCTL 0JD[C8JIHJI IlOJlJI H8XOTOPLIMB annpoi::cBMB

py:roll.\l[Mll <I>YHID;JI.O(ll, a HMeHH0 IlOJIHH0M8.MII OT z, 1/, z c He60JILWHM 
Ha6opoM x~eHTOB. ,I{n.a: OToro c:i:an.a:pHLIB Il0TeH~BJI <p( z, 7/, z) 
llpe)lCTa.BruleTC.H 

00 00 00 

""" i . ,. <p(z, y, z) = LJ LJ LJ a,;1,z 'II z • (8) 
i•Dj•Dk=O 

Ilene .i1 onpeAen.a:eTCB xai:: .i1 = grad <p, 0:IOH'la.Tem.Ho B 11 (z, 11, z) 
onpe)lenJieTC.H xax 

B11 (z, y, z) = B11(0, O, O)[P1(z) + P2(z)z2 + P3(z)y2 + 
+ P,(z)z' + Ps(z)z2y2 + Pa(z)y'J, (9) 

N ( z )" J{(z) = E D.:,1, - , (10) 
h:O Z11 

rAe Z11 - HemTopLii :u:acmTa6upy10n{lli pao:u:ep, a N - HexoTo

pas MUCBK8JILHM CTeneHL IlOJIBH0M&. OnpeAeneHBe :roocM)B~BeHTOB 
a,;1, noru>o6Ho on11cuo B pa.6oTe [10]. AnnpoxcBHapyJO~e <{>opwyn1,1 

(8)-(10) AaIOT B yonax H0MepeHRII M8l'HHTHoro IlOn.t: CPeAHee OTJ:JIOHe
HBe OT mn,repeHHLDC OHa'leHBB 1.5% WUI xounoHeHTLI B11 (z, 7/, z), B 
Ta6n~e T2 npJ!BeAeHH 'DICOODHe OH8,'18HB'J[ <I>YHI~i Pi(z) (c:u:. (10)) 

JJ.JJJl pa.60"1ei i::oH<{>Bryp~ MarHHTa. CII-40 (xoH<{>HrypaIµl.8 III). IIp~
nonaraeTC.K Aa.m.He:imee xcnom.ooBaHHe peoyni,Ta.T0B BToi pa.60T1>1 B 

pe.60T1>1 {10] B 'IBCJieHH0M MOAeJUIJ>OBBJIHB pacnaAHYX npon;eccoB AM 
HHoro11acTB11Horo cner:TpoweTpa 9KC'IAPM. 
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