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TUJIPOJMHAMNYECKOE COITPOTUBJIEHHE 3JIJINTIICONTAJIBHON
KAILTH TP MAJIBIX YHCJIAX PEMHOJIB/ICA

BEPKOBCKHI B. M., KPAKOB M. C., HHKH®OPOB 1. B.,
TOJEBHKOB B. K.

B macrosigee BpeMA OTCYTCTBYIOT TOYHbIe [AHHBIE O BIMIHUH QopMBI KAaINIK Ha
ee THAPONMHAMHUYECKOE CONPOTUBICHHE U maccoofMen, 0e3 KOTOPHIX HEBO3MOMEH pac-
ger MaccooOMemmoil anmapaTypsl [1—3]. Yame BCero HCIONB3YETCA IPEUOOMKEHIHE,
9TO CONPOTHBIEHHE MKHAKON DIUIMICOMAANBHOH KAIUA HPE €e [IBIKCHMM BAOIL ocu
CEMMETPHE OIpefelNsaeTcs OPOn3Be/leHHeM COIPOTHBICHUA MEAKOM ceprdecKOl Kamid
71 Kod(pduumenra, yIuTHIBAIOIIEr0 dopMy ® OIpeNlelieHHOT0 H3 CONPOTHBJEHUS TBEPAO—
Fo DIIMICOMAA, FUIA KOTODHIX M3BECTHH TOYHble pemrennma. Hwxe mnoxasamo, 4ro 3TO
TIpe/iloNoMKe e CIPaBeInBO He BCErAa.

Kanas moaspuayomeiicsa MATKOCTH B BIEKTPUIECKOM I0Jie U KAIIA Mar-
HETHOM KAJKOCTH B MArHATHOM IIOJI@ BHITATUBAIOTCA BIOMB MOJA, mprobperas
$opuy, Gamaryio K smtancomanbuoi [3, 4]. TIpm srom yjuIuHEeHHe Kameds Oml-
pejesAeTca 6GalaHCOM dIEKTPOMArHUTHBIX CHJI M CHJ IIOBEPXHOCTHOTO HATHA-
JReHUA W NPOINOPIUOHAILHO NapaMeTpy S=poM?ro/ot AJIsi MATHATHOR JKHAKOCTH
[3] (uo— MarHuUTHAA IPOHAIAEMOCTb BAKYyMa, M — HaMarHA9eHHOCTh KU~
KOCTH, o, — K03(PHUIMEHT OBEPXHOCTHOr0 HATAKEHUA) U MapaMeTpy eol’ro/a.
B auaeTpmueckoM Tode [4] (&, — AmDIEKTpHYECKas NPOHANAEMOCTH BAKYYMA,
E — Haups/KeHHOCTh JIEKTPHYECKOTo 1olA). B ciyuae anexTpornmgpormuamu-
Yeckoro yJIMHEHHA B 3aBHCUMOCTH OT COOTHONIEHHs IPOBOJMMOCTeH JRHIKO-
cTeil BHYTPH KAILIH i BHE e BO3MOEH Tepexofi OT Cephl KaK K BHTAHYTOMY,
TaK I K CIUIIOCHYTOMY ajutmncouiy. Huke orpaHudmMCA PacCMOTPEHHEM [BU-
;KeHHA BBITAHYTOTO SJUIANCOHMAA BIOJIb OCH ero cuMMerpud. PeallbHyIo KaIlIio
MOJKHO CUMTATh IUIMICOMAOM BILIOTH MO OTHOIIEHMS MOJXyoCei alb=5 [5].
C TOUKH BpeHHs TMAPONMHAMEKH JBIKeHHe PealbHONl KAIlM He OYeHh OTIH-
qaeTcA OT [BMIKEHHs HIUIMIICOMAANbHOI M TpH GONBIINX YIHHEHHAX.

KUKyt SIUIATICONA MOMKHO CYMTATH HefeOPMUPYEMBIM, eClM HAUmpsKe-
HEA CO CTOPOHBI BHELIHETO IOTOKA, MMeHINue MOPANOK nU/ry (n — BA3KOCTH
BHEIIHeH KuIKoCcTH, U — CKOPOCTh KATLIH, Iy — pajuyc cepmiecKodl Kamin),
MHOI0 MeHbIe KalHLIAPHBIX CII, onpefensiomux ee dopumy. Ilocnennne ume-
10T mopaANoK 2a/R,, rie R, — pagmyc KPUBH3HEL B BePIIMHE BEITAHYTOIO SJUINI-
compa. Tak rag R,=r,(b/a)"?, T0 KanIw MOMKHO CIHTATH HemeopMEpyeMoik
IIpH BHIIONHeHHH ycuxoBusa A<1

U b\ U
A =_71<_) ~ 2N (1)
200\ a o

Jlna xameapb, HafalOIIUX B JKUJKOCTH BAZKOCTBIO n=10""* xr/M-c ¢ K03~
¢unuentoM MemdasHoro Harszenus o=10"* H/m, ycnosne A<1 BBIIONHA-
erca npn U<10 cm/c, uto COOTBETCTBYeT TPEGOBAHMIO MAJbIX HHCEN Peii-
HOJBHCA.

Taxum o6pasoM, B paGoTe pacCMATpPHBAETCA NBIKEHHe BHITAHYTOH BILTHTI-
companpHoil HefedopMEpyeMoil Kamiu NpH MAlbIX YACIAX Peiinoannca BROIL
0CH CHMMETPHH 3JUIMICOMNA IOR AeficTBHeM HEKOTOpoil cmibl (rpaBHTANUOH-
HOi, MArHATHOM WIW 3IeKTPOPOPETHIECKOH ).
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BBemem cucteMy KOODAMHAT BHITAHYTOIO OJIIJUICOMIA BpalleHHus O, T, ¢
{6] Tak, 9TO KOOpRUHATHAA IIOBEPXHOCTb Op=—=CONSt COBIAJIaeT ¢ MOBEPXHOCTHI>
gamig. JlIA oceCEMMETPUIHOTO TeIeHNUs, He 3aBUCALIEro OT yria ¢, ypaBHeHHe
nepaspeiBHocTE div v=0 mo3Boiger BBecTH (PYHKIUIO TOKA ', CBA3AHHYIO C
KOMIIOHEHTAMH CKOPOCTH COOTHOIIEHNAMM

1 0'lp Ty
Vo= T A re—
c*¥ (6*—1°) (6*—1) dt Yo, (6s*—1)
" o (2)

V= — -
¥ (6*—7%) (1—7*) do

Ifie Vs U U — COCTABIAKINEE BeKTOpa cKopocTd (v,=0), 2¢ — paccToAHmEe MEK~
ny ¢orycamu smimmcoufa (PaBeHCTBO ANA € HOMyYeHO U3 YCIOBHA MOCTOAH-

cTBa 06'beMa ILIATICONAA).
Vpasuenus CTokca, ONHCHIBAIOIIZE CTAIUOHADPHOE JIBIKeHME KAIId NPH

MaJbIx gmeaax PeilHonbiica, 3ammcaHHBle B 0e3pasMepHOM BHJe AJiA IepeMeH-
HBIX (YHKOUA TOKA — BUXPb, IpuHAMAaloT Buj [7]

1
0=
¥ (0*—1) (1—12)

1 [ i 0?2 ]
2 2 Ay .2
E P (o*—1) 002.+ (1—1%) Py

TIe BUXPb @ OmpefelleH KaK ®=rotV, a B KadecTBe MacIITaboB BHIOPAHEI CKO-
pocth kamam U ¥ IOJOBHHA PACCTOSHUA MesKRy orycamu asmunconpa c. [lpm
3 .

E*, E[V(0*-1) (1-1")e]=0 (3)

3TOM IOJIYOCH JLIHIICOMIA PABHBL A=C0y, b=c}0,(0,*—1).
'paHEMYHBIe YCHOBUA B CHCTeMe KOOPHMHAT, CBA3AHHON ¢ Kalileil, EMeloT

BHJT

{
b =5 (0'=1) (1=7"),  0=0u; $=0, =0, o=1

'\Pi=0, 'lpe=0, 0)1=0, ﬁ)g=0, T=j:1 (4)

3mech, KaK W HUKe, HHJEKCOM i OTMeYeHBl BEeJWYMHBI, XapaKTepH3yIoIue

HMUIKOCTh BHYTPH KAIlJIHA, AHIEKCOM €— BHE €e.
Ha Tpanule paspeiia 6==0, JOJMHBI BBIITOJHATHCA yCJIOBHUA PAaBEHCTBA CKO-

pocTeil M pPaBeHCTBO KacaTeJIbHBIX HANPAKeHAH

.
0=0, =0, Sb O
dg  da G
O (L) o L sy n )
H s\ o—v a0 " 9o\ o*—12 do !’ H—E

Cuna, meficTBYIOIaA HA KAIUII CO CTOPOHEI IIOTOKA, €CTh )

FVZ: 5 Hez dS: 5 (Hcoeoez_*_nqrerez) dS
8 8

2nU{V02—1 v, nV1—1* }
IIye=—p + — U, — .
p ¢ - 9 " (o*—1*) ") (6)

L. — nU{Voz—l v, oVo*—1 }
= -

Us
02'—172 9t (02_12)‘/1
raoe Hoo, I1,: — KoMImoHeHTHI TeH30pa BA3KHUX HaIIpH)ReHI/Iﬁ B JIAITHYECKAX
KOoOpamHaTax, S~ IOBEPXHOCTH JJIHICONTA, €; U €; — eMUHUIHEIE OPTH B CH-
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CTeMe KOODAUHAT BHITAHYTOTO IJLIAICOW[IA, €, — e[HHUYHEI BeNTOp, HAIIPAB-
JeHHblii BRoab ocu cummerpum. C yuerom sBuoro Buma Il m I, a Tamxe
Toro, uTo €8, =1)(0°—1) (6°—7°), e.e,=c¥(1—1*)(c*—7*), BEpamenue (6)
[OCJe HeCJIO)RHBIX IPeo0pPa30BaHMil IPHHAMAET BU]
1 —_—
o,2—1)2 ([0 1 — 12
F,= nneroUs—/(_—-ﬂ_:z__—)— S 3 pr 0 dv (M)
Vo,(0,2— 1) & o=0
Tar Kak HHTepeC IpefcTaBjiseT BIHAHHe (OPMBI KallJM HA ee CONPOTHBIIE-
HHEE, TO B KaYeCTBe MACINTA0HOTO MHOKHTENA eCTeCTBEHHO BHIOPATh CHIY CO-
upotupieHusa cdepuueckoit ramim, pasuayio [8] F,'=2nn.rU(3p+2)/(n+1).
Heabio paGorsl ABiasieTca onpepenenne Koadgunuenra gopmul k;, ompefeise-
Moro cootHomenuem k;=F,/F," n xapakTepusywliero Biusnme (HOPMbI KHI-

KOl Kaluli Ha ee THAPOJMHAMUYECKoe CONpOTHBIeHwe. ITOT KoapdmuueHT
WOIIPEeNsieTCA BEIPAKeHASM

1 (o2—12 ([0 T—
b= Gl =o)L= o
! 3M+2zf’/ms 9o 7=1 %l O

-1

W A eTo onpefeieHnsa HeoGX0AUMO PEeIINTh 3amady (3) ¢ TPAaHUYHEIME YCJIO-
Busamu (4), (5) u HaiiTH ©..

Venosue (5) HPHBOAUT K HEBO3MOKHOCTH pa3fieieHHA NePeMeHHBIX H, ClefloBaTelb-
HO, 3aTPYAHAET aHAIMTHIECKOe peiienne 3ajgaum. Iloaromy cdopMmynmpoBanHas 3amada
pemiajach YHCJIeHHO MeTOfoM ceToK. Pacuernas obmacts —1<t<1, 1<0< 0, COOTBET-
CTBYONAA MEPHIMOHANBHOMY CE9EHMIO HJIIMIICOMAA, IOKPHIBAJACH PABHOMEDHOH CeTKOM
¢ maroM h.=0,1 no v u ¢ maroM ks=(06o—1)/20 mo ¢ Bo BHyTpeHHeil obaacTh. Bo BHem-
Heil o6lacTH CeTKa MO0 ¢ BHIOMpAjach HepaBHOMEDHOi, ¢ LIAroM, PAacTyIUM IO JHHeii-
HOMY 3aKOHy N0 Mepe YAQJeHHS OT IOBeDXHOCTH sjimucouja. Bropeie amddepen-
nuajJbHble TPOM3BOAHEIE 3aMEHANHCh OOBITHBIMA TPEXTOYEYHEIMH PA3HOCTHHIMM IPOH3-
‘BOJAHEIMY, WMEIONIUMHE BTOPOil HOPANOK AHIPOKCHEMAINUM IO PAaBHOMEDHOH CeTKe H Iep-
BBI 10 HepaBHOMepHOH. I'paHMYHEIE YCAOBMA JJA Y M ® HAa OCH CMMMETPDAM H HA
OECKOHEYHOCTH 3aJaBaJuCh TOYHO B BHAe (4), (7). Ha HOBEePXHOCTH BRITAHYTOFO BILIUM-
CONJia 3HAYEHHE VP BEIYMCIAIOCH TOYHO B COOTBETCTBHM ¢ (D), a 3HAdYenHwe o — U3 pas-
HOCTHOI (HOpMyIIB], MOMYIeHHOH MyTeM alIpoKcHManuu ycnosuii (5).

CuctemMa pasHOCTHBIX YPaBHEHHH pellajiach B e[UHOM MTEePAallMOHHOM IHKJe, KO-
TopeIil cTpomica Ha Gase Meroja Jeiiens ¢ pemaxcammeir [9]. Hawanpmoe mrepamuon-
Hoe TPHOIECHEE 3a/aBAJOCh HYJeBHIM. UHCIO Y3JI0B CETKH HOAAEPIKUBANOCH MOCTOAN-
HBM — 21X65, a mars mo ¢ IO BHEMIHed CeTOYnoil 06IacTu Ompefenanucs mo Qopmy-
JaM hi=hs, hm=14hm—1, m=2,...,44. Ilpn aTOM paccTOAHHE, IPHHATOE B pacIerax
33 «GECKOHEYHOCTLY, IPEBHIIIAN0 PAsMepPHl MKUAKOrO LIMIICOMa He MeHee deM B 20 pas.
Hurterpan B gopmyae (8) BramcasAnca mo Metoxy Cummcona.

B pesyibrate pemenus 3afaud ObLIM HaiJeHB MOJA 3HAYEHME QYHRIUH
TOKAa ¥ BUXPA B 00/1aCTH pelleHNsA B INMPOKOM J[MaNa3oHe H3MEHEHUA MapaMeT-
POB G, (T. e. yanMuHenua Kamid) u . TunudHas KapTHHA JWHEE TOKa mpH 06-
TeKaHMU »LINNCOMNANBHON Kamim m3obpaskena Ha ¢ur. 1, mocTpoeHHO# mmA
caygas b/a=0,5, n=0,01 (kpmBble I—5 COOTBETCTBYIOT 3HAYEHHAM (QYHKIHH
Tora 10%y=-—2,1; —0,7; 0; 3,8; 8,2). HauecrBemHO KapTHHA COOTBETCTBYET
CTOKCOBCKOMY oOfTexkanmio cdepmieckoil ramam. Benwmummoif, xapaxrepusyio-
el MHTeHCHBHOCTh HUPKYIANUA KAIUIN, MOKET CIYKMTh CKOPOCTh JKHIKOCTA
HA rpaHHAIe pa3fela KaljaW B ee HKBaTOphajibpHoll miockoctn. Ha ¢ur. 2 m3o-
‘fpaskeHa 3aBHCHMOCTDH (e3pasMepHOil CKopocTH V. npx T=0 OT OTHOmEHHU: IO~
atyoceit aamumeonaa npu pu=~0, 0,05; 0,2; 1; 3 (xpusbie I—5). Bunno, 4ro se-
JIMYMHA OTHOCUTEJbHON BA3KOCTH KAYeCTBEHHO BIHAET HA XAPAaKTeD M3MeHe-
HOA CKOPOCTH TIpH YUWIMHEHWH Kamin. Ecim BABKOCTb MKUAKOCTH BHYTPH Kal-
Jii He cammkoM Mada (p=>0,5), To ¢ PoCTOM YAIHHEHHA CKOPOCTh V. mpu T=0
(1. e. W UMPKYJIALHMA B Kamle B IejJoM) nanaer. Eciam ke BASKOCTH Maja, TO
.CKOPOCTh HA TPAaHWIE pasjielia BOBPACTAET ¢ YNIHHEHHEM KAIIK [0 HEKOTOPO-
T0 3HaYeHus b/a (3aBHCAILETO OT W), a 3aT€M YMEHBIIAETCA.

9To0 KauecTBeHHOE OTJIHYME CKA3BIBAETCA W HA XapaKTepe 3aBHCHMOCTH
goapPunuenta dopms k; or yauaunenns. [leiicrBurensro, n3 fur. 3 (KpuBble
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Q@ur. 1 Q@ur. 2 )

\
\
/// \¢
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bla 1 -1 1 s 3
@ur. 3 @wur. 4

1, 2, 3, 5 coorsercrBytor 3navenuam p=0; 0,05; 0,2; 1, kpusasa 4 — sHaTeHH~
am p=0,5 1 ) BupHO, uTo mp: W=0,5 3aBUCHMOCTH k; 0T b/a He 09eHBL CHJIb-
HO OTIMYAETCS OT COOTBETCTBYIOMIEH 3aBHCHMOCTH WIA TBEPAOTO HUIAICOHA..
Ilpu s1oM mo b/a>0,3 Bemuumua k; oTAMYaeTCA OT eXUHUNEL He Gojee 4eM Ha.
5%. CnemoBaresinHO, IPA pacueTax TEXHOJIOTHYECKAX IPOIECCOB B AMYJIbCUAX
¢ jgedopMUpyeMBIME KAIUIAME I[IPH OTHOCHTENbHOHl BA3KOCTH M=1:/1n.~0,5
CIIPaBeIEBO 9ACTO MCHOAB3YEeMOe INPEANONOKeHAe O TOM, 4UTO COIPOTHBIE—
HYE JKUJKOr0 JIIMICONIA ONPeReseTcd PON3BeTeHueM CONPOTHBICHAA MU
Koit cdepsl u KosppunmeHTa HOPMEI, ONPETEIAEMOT0 CONPOTUBIEHNEM TBEPLO-
ro sununconfa. Ilpnm aroM, ecim medopManusa Kamednr He o4eHbL Beauka (b/a>>
>(0,3), B TeXHOJOrHIeCKHX pacyeTrax ee BOOONIE MOKHO He YIHTHIBATH, a HC—
IOJIL30BATh MaHHEIe A cepsl, Tak Kak k;~1.

Ecan sxe BsA3KocTh sxmparocTn B Kamite mana (u<0,5), To ¢opma kamim
CYIEeCTBEHHO BJUAET HA ee CONPOTHBJIECHHE: 0HO 3HAYUTEIHHO YMEHBLIIAeTCSHE
¢ yonmHenneM Kaminu. HauGoxnpmmit adert mocturaercs mpu u=0: mpm or—
HomeHnu moxyoceit b/a=0,1, 4T0 CcOOTBETCTBYeT NATHKPATHOMY VIJIHHEHTIOH
Kamim a/ry~5, conpoTuBieHue ee yMenbiuaerca B 6 pas. Cayuait n=0 aBisa-
eTCs He TONBKO NpefelbHBIM, HO UMEeT W CAMOCTOATEeNbHBIA (PU3NuecKuil ana-
JIOT: TY3HIPEeK B MAarHUTHON MKMITKOCTH, TAK JK€ KAK M KalJA MaTHATHOH :KuUJ—
KOCTH B HEMAarHATHOH, BHITATUBAETCA BIOJNb MArHMTHOrO Tosis. 1losToMy 3aBu-
cuMocTth k;(b/a) mpm p=0 mosesna mpm pacdere yCTPOMCTB, MCHONB3YIONUX
fap6oTak rasa Yepes CIOX MATHHTHOW RUKOCTH.

YBenuuenwe BAMAHUA (OPMBI KAaIW Ha e€e CONMPOTHBJIeHHe ¢ yOHRIBAHHIEM
BA3KOCTH HEMOHOTOHHO: KpHBAas I p=1 JleKAT BBIIIe KPUBOI HIA p=00
(¢ur. 3). Makcumym saBmcumoctH k;(p) Habuiomaercs mpu u~1,3, a npu p=~
0,5 m p=co kpussie k;(b/a) mpaxTHYecKH COBIATAIOT.
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Jlns KaIyTH MArHETHOM JKAUKOCTH, B3BeIICHHOH B HEMAarHUTHOH JKHIKOCTH,
yIJiMHeHAE ONpeNeNseTcs [apaMeTpoM S U A SIUIHNCOMAAIBHON KAl MMe-
et Buyx [10]

3 2
— m*+1
S=4Ym? (2m — ——)
m2

(9)

rpe m=aqa/b. C ygerom Bupasenns (9) saBucEMOCTH mpejcTaBiena Ha ur. 4
8 Burme k;(S) m B ABHOM BHe OnpefiesiAeT BINAHHE MAarHUTHOTO TOJS HA CO-
CpOTHBJIEHNe KAIJIX MAarHATHON JKUAKOCTH IIPH Majeix uncnax PeiHoasica
(BOMepa KpHBBIX COOTBETCIBYIOT (mr. 3).

Takum 06pa3oM, HeoGX0ANMO y4HTHIBATH BinsAHme GOPMEI Kamedp (my3sl-
peil) Ha BeJIWYMHY CHJIBI CONPOTHBIEHNHA, 0COOENHO NPU MaJNoil BI3KOCTH HUJ-
KOCTH BHYTPH KAIUIM, KOLNA CONDOTHBJIEINE MOKET yMEHBIIAThCS B HECKOJIb-
K0 pas.
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