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O HeMHEHHOU Ae(POPMALIMOHHON MONPaBKe
K 4aCTOTaM OCHUJUISINUI CUJIbHO 3aPSAKEHHON KaJIu
B JJIEKTPOCTATHYECKOM IOBece

‘AW I'puropbes, H. A. llerpymos, C. O. [llupsieBa

Apocnasckuil eocyoapcmeentsiii ynusepcumem um. I1.1°. Jlemuoosa,
yn. Cogemckas, 14, 2. Apocnasns, 150000, Poccus, e-mail: grig@uniyar.ac.ru

B HenMHENHBIX aCHUMIITOTHYECKHX pacdeTax UYeTBEpTOro IMOpsAAKa MO BEJIHMYMHE IKCIIEHTPUCUTETa
(KOTOpBIM M3MEPATCS CTallMOHApHAs JedopMarns 3apsHKCHHOM Kaluld BO BHEITHEM 3JIEKTPOCTATHYC-
CKOM II0JI€) ¥ MEPBOM TOpsiKe 10 Oe3pasMepHOil aMIUIMTYAe €€ OCHMULILUA pacCYMTaHa YacToTa
CHJIbHO 3apsDKEHHOW Karuid B ci1abOM BHEUIHEM OIHOPOIHOM DIIEKTPOCTaTHUECKOM roiie. HaiineHs
JedopManmoHHbIe MONPAaBKH K YacTOTE, CBA3aHHBIE C M3MEHEHHEM PaBHOBECHOH (opMBI KaIuld 110
CpaBHEHHIO co cepryeckoi. [TockoabpKy TuIoNas TOBEPXHOCTH KAaIUIM BO BHEIIHEM I10JIC YBEJINYH-
BaeTCs, TO YaCTOTA OCLMIUISAIMI Kaluli YMEHbIIAeTcsl ¥ Ae(hOpMAaIIOHHAS TTOTIPaBKa MMEET OJJMH 3HAK
(orpuuarensubiii). [Ipu cTpemieHHH 3apsaa Kaluid K KPUTHYECKOMY (K OPEIENbHOMY B CMBICIES
YCTOWYMBOCTH 110 OTHOLICHUIO K CYIEPIO3HIMH COOCTBEHHOIO M MHIYLIUPOBAHHOTO 3apsIIOB) BEJIH-

YYHA MOIPABKHU O MOPSAJKY BEJIMUMHBI CTAHOBUTCS CPAaBHUMOU € CaMOW 4aCTOTOH.

Knrouesvie cnosa. xanns,
HeluHelHas NonpasKa.

3apsa0,

YK 532.59:534.1
BBEJIEHUE

ITogBecsl pa3MWYHBIX THIOB C TIOTHBIM WM
YaCTUYHBIM HCIIONB30BAHUEM KOMIICHCALIMU Beca
Kalli ~ [POTHBOTIONIOKHO €My  HallpaBIIEHHOU
3JIEKTPOCTATUYECKOUN CUJION B3aUMOJIEUCTBUA
MEXTy COOCTBEHHBIM 3apsOM KalUld ¥ BHEIIHUM
AIEKTPOCTATUIECKHUM TOJIEM IIUPOKO MCIIONB3YIOTCS
B (usuke. DIEKTPOCTATHUSCKHUMA TTOABEC TPUMEHSIT-
Csl B OmbITaXx MHJUIMKEHA IS ONIPENEICHUs 3apsja
anekTpoHa [1], B OKCIepUMEHTax IO TPOBEpKe
CIPaBEUIMBOCTH W 3aKOHOMEPHOCTEH pealn3anun
Kputepus Pasies HEyCTOMUMBOCTH CWIBHO 3apsiKeH-
HoW karun [2-9], B OMBITax MO CO3MaHUIO BHICOKO-
YUCTHIX BEIIECTB U OECKOHTAKTHOMY OITPEIEICHUIO
(U3UKO-XMMHUYECKUX CBOMCTB kuakocteit [10], a
TAaKKE TPU HCCICJOBAHUUA HCKPOBOTO IPO0OS,
BocmiamMeHenus: [11] Menkux vactuil (OPOIIKOB).
Bo Bcex BmIax TOABECOB MOJBEIICHHAS Karlisd
HaxXOJWTCA B CHUJIOBBIX THOJSAX, IehOPMHUPYIOIIMX
Karomo. Bompoc 3akirodaercs B TOM, HACKOJIBKO
OECKOHTAaKTHOE TIO/IBEIIMBAHNE HCKa)KaeT YacTOTY
OCHWJUIALMN Karuin?

Huaue roBops, CyTh 00CYKTAIOMICHCS B JaHHOM
pabote mpobieMBbl CBOIUTCS K TOMY, YTO JeOpMu-
pOBaHHbIC BO BHEIIHUX MOJsAX (IpaBUTAI[MOHHBIX,
JIIEKTPUYECKUX, AIPOJUHAMHUCCKUX) 3apSIKCHHBIC
KaIuld UMEIOT (GOpMYy, OTIIMUHYIO OT CHEPHICCKOM.
B cuwiy Toro, uro Bech MareMaTH4eCKUM aHalu3
MPOBOJUTCS B c(epuueckoil cucreMe KOOpAMHAT
(bopmanbHO TOBOPSI, B CHITy OCOOCHHOCTEH TEXHUKU
cueTa), TEOPETHYECKOE PACCMOTPEHHE YCIOKHICTCS
HEOOXOJMMOCTBIO Pa3I0XKEeHHUS UCKOMBIX BEIHYNH B

dJeKmpocmamudeckoe noJe,

yacmoma, Oe@opmayuoHHAA

OKpECTHOCTH C(epbl, M0 CTENEeHSIM OTKJIOHEHHUS OT
Hee peanbHOM (opmbl Kammu. B wurore MCKOMEBIE
BEJIMYUHBI (B YaCTHOCTH, YacTOTa) IOJYYalOTCS B
BHJIE TAKOBBIX IS 3apsHKEHHOM cpeprdeckoit karm
IUTIOC MaJlble TIOTIPaBKH, 00yCIIOBIIEHHBIEC aedopma-
nueit. CiaemyeT OTMETHTh, YTO B MOAOOHBIX pacde-
Tax TOSBISIIOTCS JiBAa MallbIX IapamMeTpa: Oe3pas-
MepHas aMIUINTyJa OCHWUILIIMKA U Oe3pa3MepHoe
oTkioHeHHe oT chepsl (cm., Hanpumep, [12-15]). C
TEeXHUYECKON CTOPOHBI MaTEeMaTHMYE€CKON MpoIlleay-
PBI TIOTIPABKH K YacTOTaM BO3HUKAIOT B ACUMITOTH-
YEeCKHX pacdeTax TPeThero mopsaka manoctu [16].
Ho korma B Hamuyuu UWMEIOTCS JIBA MaJIbIX
napaMeTrpa, TO TOSBISIOTCS BapHUaHTBI. pa3IMdHBIC
KOMOWHAIINY TIPOU3BE/ICHNUS CTEIIEHEI MaJbIX mapa-
METpPOB, O0OECTIeUMBAIONINX TPETUH MOPAIOK Majo-
ctu. Ecin 0003HAYUTH 32 € OTHOIIEHNE aMILTUTYIbI
OCHWJUTALNHN KaITH K MCXOJHOMY €€ pajguycy, a 3a
B? — OTHOWICHHE MAaKCHMalbHOH aedopmarmu (B
cllyyae HEOTHOPOJHOW MO yriam aedopMaiuu) K
paanycy, KOTOpbIe B M3BECTHBIX MpEIeNax MOTYT
CUUTAThCA MAaJIbIMH OAHOI'0 TMopsjKa, TO MOXHO
MMPEAJIOKUTE HECKOJIBKO BAPUAHTOB MOJYUYCHUS TPEC-
TheH CTenmeHW Mayoro mnapaMerpa. Hampumep:
g%, & - B° & - B*. HekoTopble M3 MPEUIONKEHHBIX
BapUaHTOB YK€ PacCMaTPUBAINCh. B YaCTHOCTH, B
[17] paccMoTpeHBI MepBhIe 1Ba BApUAHTA U3 CITHCKA.
B Hacrosmiei paboTe mpespraraeTcs K HCCIEIOBa-
HUIO TIOMpPaBKa K 4acTOTe, KBaApaTUYHAS IO BEJH-
upae gedopmarmu: B, A priori sicro, uro oma
MOJTy4aeTcsl B pacueTax MepBOro Mopsjaka Mo €, HO
MOKa He N3y4eHa B KOHTEKCTE CKa3aHHOTO.
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I[TOCTAHOBKA 3AJAYN

PaccMoTpuM Karuiro uJiealibHOW HEC)KHMMaeMOoMn
MIPOBOJIAIICH JKUIKOCTH, HeCyllyto 3apsn Q u mon-
BEILICHHYIO B 3JIEKTPOCTATUYECKOM IOJBECE, KOTJa
KOJUTHHEapHbIe BHEIIHEE OJHOPOJHOE 3IEKTPOCTa-

TUYECKOE I0JIe HampshkeHHOcThio Eju rpaBuTany-

OHHOC€ II0JI€ g YACPIKUBAIOT €€ B BUCAYEM I10JIOKE-

Hud. [IpeanosioxuM, 4YTO JKHUIKOCTH HMMEET ILIOT-
HOCTh p B KO3PGUIUEHT MeK()A3HOTO HATSHKCHHS
6. B oTcyTCTBHE BIIEKTPOCTATHYECKOTO U TPAaBUTA-
[MOHHOTO TOJIeH Karisi UMeeT cepudecKyro Gopmy
¢ pagumycom R. IlpumeM IJIOTHOCTH >KHIKOCTH P,
KO3 (PHUIIUEHT MOBEPXHOCTHOTO HATSKCHUS G |
pamuyc chepudeckoi (B OTCYTCTBHE JIEKTPOCTATH-
YEeCKOTO M TPaBUTAMOHHOTO MOJeH) (GOPMBI Kariu
R B KauecTBE TpeX OCHOBHBIX MACIITA0OB H3MEpe-
Hus (pu3udeckux BenwuwH. [lepeiinem k 6e3pazmep-
HBIM TIEPEMEHHBIM, B KOTOpPHIX p = ¢ = R = 1.
3a BceMH (GU3MYSCKUMM BEIUYMHAMHU COXPaHUM
MIPEeKHUE 0003HAYCHUS.

OueBHIHO, YTO B KOJUIMHEAapHbIX momsix Eju §

PaBHOBECHAsA MOBCPXHOCTH 6y;[eT 06J'Ia£[aTL 0CeBOM
CHMMCTpHeﬁ, OCb CHMMCTPHU HaIPpaBUM BCPTU-

KaJIbHO BBEPX, MapaieIbHO EO, n OyaeM HMCKaTh

(hopMy paBHOBECHOI MOBEPXHOCTH KaIlIH B Cepu-
YeCKUX KOOpJAMHATaX B Hamboyiee oOmIel ocecuM-
METPUYHOU (OpMe B BHJE PA3IIOKEHHUS 110 MOTUHO-
MaM Jlexxannpa:

r(0)=1+h(0)=1+ > n,P,(n); H=cost;
n=0

Tn — K03 pUIHEeHTHL.

PaccmaTpurBasi Majble BUPTYalbHBIC OTKIOHCHUS
(dopmbl kamm ot chepudeckoit h(B) << 1 (pacuetsr
[18] mokassiBaroT, uTO MCKaXkeHHe (OPMBI KAIlTd B
BBIIICYKA3aHHBIX YCJIOBHSAX ACHCTBUTEIBHO MAJo),
BBEJEM Maiblii mapamerp P2 ~ h(B) << 1.
[Tockonbky 3apsim He HapymaeT c(hepruuHOCTH
Kkarutd, To mpumeM, uto Q ~ B°. I'paBuTaOHHOE U
ANEKTPOCTATHYECKOE MOJIS JOJDKHBI 00ECIIeUnBATh
HETOABI)KHOCTh LIEHTPa MAacC BHE 3aBHCHMOCTH
(hopmebl ee moBepxHOCTH, 1TO3TOMY ( ~ QE,. K ncka-
’KEHHIO PAaBHOBECHON (OPMBI KAIUTH MPUBOAUT KOM-
MOHEHTA [aBJICHUSI AJIEKTPOCTATHYECKOTO OIS,
3aBuCsLast OT yria 0, orcroza cienyer, uro EZ ~ p?,

nma Eq ~ B. B mrore E; ~ B << 1. Ha ocHoBanmm
CKa3aHHOT'O BbBIIC [JII HCEHIOABMKHOCTHU ILICHTpPA
Macc noayuum g ~ QEq ~ g2 ~ . B3aumopnetictBue
TPaBUTAIMOHHOTO OIS, 3apsAaa U JJIEKTPOCTATHYE-
CKOTO TOJst ¢ OTKIOHeHHeM (opmbel kamumm h(0)
OyJeT MPHUBOAUTH K TOSBICHHIO B COOTBETCTBYIO-
MIUX JABJICHHUIX J00ABOK, UMEIOIIUX BEIUYMUHY HE
HWKE BTOPOTO 110 [3.

Cormacuo [18] ¢opma paBHOBeCHO# Kamam ¢
TOYHOCTBIO JI0 YETBEPTOTO MOpPsAKa 10 B B ciabom
BIIEKTPOCTATHYECKOM TOJIe  OYJET ONHMCHIBATHCS
CIIE/Ty FOIIIMM BBIPayKCHHUEM:

r(e):1+ag4>p0(u)+(ag2>+ag4>)p2(u)+ M

+allpy () +al R, (n).

BepxHHe MHICKCHI, CTOAIIME B CKOOKax, 0003Haya-
10T MOPAZIOK MaJIOCTH.

agm), BBIPAKEHHBIE
w=E /16n wm

W =Q?/16m, C yd4eTOM YCIIOBHS HEMOIBHKHOCTH

Koadpumnmentsr yepes

napameTpsl  Telnopa Panes

nentpa macc kamma g =12vWw [12, 14], onpene-

JIATCA COOTHOIIICHUSIMU.
108vWw?

(2)_ 3w . @3 _
2 Tw A 5(1-W)(5-4w)’
2

(4) _ 9w )
8y ==
5(1-W)
9w2(79—84W +8\N2)
7(1-W)*(5-4w)
54w2(65—33\N —28\N2)

A4 _

A4 _
35(1-W)*(3—2W )(5—4W )

B pasmepnoit  3ammcu W =Q?/16ncR’H

w= EOZR/ 16mc . 3apsbkeHHas Kamuisl B OTCYTCTBHE

BHEIIHEr0 IMOJS CTAHOBUTCS HEYCTOWYMBOM IIpHU
W > 1 [19]; He3apshkeHHas Karuisi mpeTepreBaeT He-
YCTOMYMBOCTh BO BHEIIHEM 3JICKTPOCTATUYCCKOM
mojie pu W ~ 2,92 [20]. U3 ananmsa GopMel paBHO-
BECHOW KaIUIM CJIEAYeT, 4TO Majas CTalOHapHas
nedopmaiys, oOycIOBICHHAs HAJIMYMEM BHELIHUX
TPAaBUTAIMOHHOTO U 3JEKTPOCTATUYECKOTO TITOJIEH,
OpPOIMOPIMOHATbHA  KBaJApaTy  AKCUCHTPUCHTETa
chepouanbHON KarIH.

Kak mokazano B [18], ¢opmy moBepxHOCTH
3apsHKCHHOM Karuid, HaxOAAIIeHCS BO BHELIHUX
TPaBUTAIMOHHOM U cJIabOM 3JEKTPOCTATHYCCKOM
NOJISX, HE3aBUCHMO OT BEJIHYHHBI COOCTBEHHOT'O
3apsia (HO JOKpHUTHUECKOTO, 1o Panero [19]) MoxHO
CUMTaTh CHEPOUIATHHONW, OIMUCHIBAEMOMN BBIpaXKe-
HueMm (1).

PACYET OCLIMJUISALIMIA KATUIN

[TpoBeneM pacyeT OCHMIUIALMNA CHJIBHO 3apsi-
’KEHHOHM KaIlli B c1a00OM BHEIIHEM JJIEKTPOCTATH-
YEeCKOM I10JIe, KOJUIMHEApHOM TPaBHTAIIMOHHOMY
TOJTI0, CBOOO/IHASI OBEPXHOCTh KOTOPOH OIHCHIBA-
ercs BeipaxkenueM (1). Ilycrs (0, t) — Bo3myeHne
PaBHOBECHOW MOBEPXHOCTH KAILIH, HPOUCXOJIIee
U3-3a €€ KalmWUBIPHBIX OCHMLIALHA ( max |Z;| =g).
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Martematrndeckasi IOCTAHOBKA 3a1a4ll COCTOUT U3
ypaBHEHUs Jilnepa, ypaBHEHHUS HEPa3phIBHOCTH U
ypaBHEHUs1 MakcBesa:

ou(r,t) + (U(f,t),V)U(f,t) =-Vp;,(F,t) + G;
diva(r,t)=0; divE(F,t)=0;
rae G(r,t) u p;,(F,t) — HoJe CKOpOCTEil 1 JaBICHHS
B Kamie, E(F,t) — HalpsSKEHHOCTh 3JIEKTPOCTaTHYe-

CKOro moJisI B OKPECTHOCTHU Kalllu. rpaHI/I‘lHLIe
YCIIOBUSA UMCIOT BU:

r—>o: E(F,t) > Eg;

r—0: G(F,t) — 0;
r=1+h(6)+&(6,t): ‘:j_'::o;
F=r-1-h(6)-&(6,t);
DO(r,t)=D;

Pe (F,t) + pin (7,1) — pg — Ps(F,1) =0;

_E§.
8n’

P, = divii; ﬁEE-

Pe |VF|’

() =af Py () + () + af") Py (1) +
+alIPy(n)+al P (n).

ﬂOHOJ’IHI/IM 3aga4y YyCJIOBHAMH  COXpPAaHCHHA
o0beMa U 3apsaa, a TaKKC HEIIOABUIKHOCTHU LECHTPaA

Macc.
4 .
ffjav =3

V={0<r<1+h(0)+£&(6,t);0<0<m0<¢<2nf;

”(ﬁ E)dS = 4rQ;

S

S={r=1+h(0)+&(6,1);0<0<m0<¢<2r);

J.\J/:[de =0.

3necs ®(T,t)— sneKTpocTaTMUYECKHH MOTEHLMAI,

®g — MOCTOSTHHBIN MOTEHIIMAJ TOBEPXHOCTH KaIlIH.
I/ICHOJIL3y51 MOACJIb IIOTCHHUAJIBHOI'O TCUCHUS
KUIKOCTH, TIepeiieM 0T CKOPOCTU K TUIPOIUHAMU-

YECKOMY MTOTEHITHAITY \y(f, t) ¥ OT HANpPSHKEHHOCTH

K DOTCHIHATLY 3JICKTPOCTATUYCCKOTO I1OJIA:
(r,0,t)=Vy(r,0,t); E(r,0,t)=-Vo(r,0,t).

3agady OymeM peraTh aCUMITOTHIYECKHM METOJIOM
Pa3NIoKEeHHS 10 ABYM MaJlbIM MapamMeTpam 3ajadu 3
u €. Tak kak paBHOBecHasi (opMa BBIUUCIICHA C TOY-
HOCTBIO JIO 4YETBEPTOro TMOpPSAKA MAIOCTH IO

MasioMmy napamerpy B ~ Eo, To popmy Bo3zmyIeHuit
PAaBHOBECHOW MOBEPXHOCTH, a TaK)Ke ITONPAaBKH K
THIPOJTUHAMUYECKOMY W DJIEKTPOCTATHYECKOMY
NOTEHIMaNaM OyJeM HCKaTh, COXpaHss cllaraeMble
~ ¢ - B*. Tak KaK JBMXEHHE BHYTPH KAIlIH 06YCIOB-
neHo HammumeM BosmymieHus &(0,t) ee moBepx-
HOCTH, TO | ~ €

i(r’e’t):8&1(!’,9,'[)+0(82);

y(r.6.t) =8\|/1(r,9,t)+0(82).

QHGKTpOCTaTI/I‘lCCKI/II\/'I NMOTCHUHAJ MPEACTAaBUM B
BHU/JIC PA3JI0KCHUA.

(r,6,t) = o (r,0) + e®y (r,6,) +O(&?);

rae oy (r,0) - ANEKTPOCTATHYECKUN TOTEHIIHAT B

OKPECTHOCTH paBHOBecHOH Karum ¢Gopmer (1),
Cbl(r,e,t) — TIOMpaBKa K BJIEKTPOCTATHUYECKOMY

NOTCHIMAy Kallld, BO3HHUKAWIIAs B pe3yjbTare
BO3MYIICHUSI TOBEPXHOCTH KANMIUIAPHBIM BOJIHO-
BBIM JIBIDKCHHEM. [107CTaBUB pas3iioxKeHHe dIEKTPO-
CTATUYECKOTO MOTEHIMAIA B 33]1a4y, pa300beM ee Ha
HYJICBOHW M TIEPBBIii TOPsAKK ManocTH [21].

3aj1aua HyJIEBOTO 10 € MOPSIKAa MAJIOCTU OIHCHI-
BAaCT HEBO3MYILCHHYIO (DAaBHOBECHYIO) MOBEPXHOCTh
U SIBIISIETCS 3a/1a4ell Ha pacyeT dJIEKTPOCTaTHYECKO-
rO TOJISi B OKPECTHOCTH KAarlld, TIOBEPXHOCTh KOTO-
poit onuckiBaeTcs BeipakeHueMm (1):

r—o: —VOqu(r,0) - Eg;;
r—1+h(0): @(r,0,t)=dg;
[[(7,vg)ds =-4nQ;

S
S={r=1+h(0);0<0<m0<¢<2r}.

HOTGHHI/IaJ'I QJICKTPUYCCKOTIO MOJIAA B OKPECTHO-
4
CTHU KaIllId ¢ TOYHOCTHKO OO CllaracMbIX ~ B 6y,[[CT
HUMETH BU]I.

®o(r,e)=4@+4m(%—rja(u)+
12w/mW
)
36/mw? (2r2 (5~ AW )Py (1) +15P ()
" 5rt(1-W)(5-4w) "

s 10BWN/N (2012720 + 76|
sre-w)? 3s(-w)(5-aw)

Py (u) +



216w \/nW (227 - 285W +68W°
+
835r° (1-W)?(3—2W )(5— 4w

P4(u).

Brimumem JIMHCAPU30BAHHYIO TIIO &
NEPBOTO IOPsIAKA MAJIOCTH:

ADy(r,0,t)=0; Ay(r,0,t)=0;

3a/aqy

r—>o! @(r,0,t)>0;
r—0: y(r,0,t)>0;

a TaKKe TpaHWYHBIE YCJIOBHA Ha CBOOOIHOMN
MTOBEPXHOCTH KarlTH:

KUHEMaTH4ECKOC:
r=1+h(60);
—-0:5(6,1)— aeh(e)aezw(r,e,t) +opy(r,0,t)=0. @)
r
YCJIOBHE DKBUIIOTCHIIMAJIBHOCTH:
@y (r,0,t)+&(0,1)0,D0(r,0)=0.  (3)

JUHAMHUYECKOE.

~g(&(0,t)—&(0,t)cos0) — dyy(r,0,t)+
+r0g®q (1,0) 0@ (1,0,t)+
+r3arq>0(r,e)arcpl(r,e,t)+

| ~(@0(r.8))" + 10y (1,8)r 1o (1.0) +
HO.9

rz\/r2 + (aeh(e))2
H(G,&)s[(ZrS +5%(ap(0))” +2r4aeeh(e)—rZ(aeh(e))zaeeh(e)+

+130,®(r,0)d, Do (r,0) |+ ~0:

+(2r469h(9)+3r2(69h(6))3 ctge)g (0.t)+

4{r3 F*{aeh(e otge #((aer(e)) a9 %He)aea,(e,t
+r (r +(2ph(0)) )ae,ef;(@,t)}. (4)

Pewenuss ypasuenuii Jlamnaca, ymoBIETBOpSAIO-
[I1€ TPAaHUYHBIM YCIIOBHSIM, YCJIOBUSAM COXPAHEHUS
3apsa ¥ 00beMa, a TakKe HEHOABHKHOCTH LIEHTPA
Macc, UMEIOT BU!

ret:i 1+n 5)

)P (m);

retzi ©)

Wcxonst W3 ypaBHEHHUs DKBHIIOTCHIIHAIBHOCTH
(3), Bosmymienue (O, t) moBepxHOCTH CclieayeT
HUCKaTh B BUJIC.
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0.t)= ian (t)Py (1) ™)

B Boipakenusix (5)—(7) An(t), Bn(t) u on(t) — Hems-
BECTHBIE (D)YHKIIMHM OT BPEMEHU M JAPYTUX (H3UKO-
XHUMHYECKUX TapaMeTpoB 3amaud; Pn(u) — n-i
0CeCMMMETPUYHBIH TonHoM Jlexanpa [22].

IMpoektsl pemennit (5)—(7) momcraBum B ypas-
Henust (2)—(4). Ileperpymmnupyem ciaraeMbie B
YPaBHEHMSAX Tak, YTOOBI ypaBHEHHS NPEICTABISIIN
coboif cymmy moMHOMOB JlekaHapa ¢ HEKHUMH
ko3 dunmentamu. PaBeHCTBO HyNIO MOJTYYEHHBIX
YPaBHEHHH MOXKHO YJIOBJIETBOPUTb, HOJIOKHB pPaB-
HBIMH HYJTIO KO3(PQOHUIIMEHTH TPH KaKIOM TIOJIH-
Home Jlexanapa (B CHIIy HX OPTOTOHAJIBHOCTH).
Coxpanum B KOd(QQUIMEHTaX MpH TMOIUHOMAX
Jlexanspa caraeMble ¢ TOYHOCTBIO 10 ~ B,

AMIUTHTYZIBI THAPOAMHAMUYECKOTO U AIIEKTPO-
CTaTHYECKOT0 MOTEHIHAIOB OyJeM HCKaTh B BHUIE
Pa3NoKEeHHH 110 MaJloMy Tapamerpy f3:

a
=Y 'Y (1) +0(B°);
i=0
-
=381 (1)+O(p°).
i=0
W3 kuHEMaTHYECKOTO YCJIOBUS U YCJIIOBUS 3KBU-

NOTEHIMATBHOCTH BBIPa3UM 3aBUCHMOCTH AMILIH-
TYIbI A,(]i)(t) u Bﬁi)(t) yepe3 oy(t) u, momcTaBuB

ITOJTY4YCHHBIC COOTHOLICHUA B JUHaMHYCCKOC
rpaHUYHOC YCJIOBUC, TIOJYYHMM O3BOJIIOIIMOHHOC
YpaBHEHUC I aMIUIATYAd MOJ OCHHHHﬂHHﬁ,

AMEIOIIEE BUI.

&%, (1)
ot?

(8)

+Q2% 0, (1) = N(t);

rae N(t) — ¢yHKUMS HEOAHOPOTHOCTH, B JaHHOM
PAacCMOTPEHHH HE MPUBOAUTCS BBUIY €€ OOJBIION
TPOMO3IKOCTH M OTCYTCTBHSI HEOOXOIUMOCTH.

Pemenne omHopomHol wactu ypaBHeHus (8)
MMeeT BUI:

o (t) =xnc0s(Qput);

rae (), — gacTora N-ii MOJBI, KOTOpas BKJIIOYAET B
ce0s 9acTOoTy OCHWIIAINN @, 3apsikeHHOU chepu-
YecKOM KaIluld B OTCYTCTBUC TI'paBUTAlUOHHOI'0 M
ANIEKTPOCTATHYECKOTO TMOJIeH u jae(opMannoHHYIO
MOMpPaBKy A@n K YacTOTE @, BO3HHUKAIOIIYIO U3-3a
HAIMYHS BHENIHUX TPABUTAIIMOHHOTO H 3JIEKTPOCTa-
THYECKOTO NOJIEH:

Q, =, +Bz(Aa)n);

)

Ecimm pacrimcats Bce xodddunmeHTs!, BXOASIMUE B
ompezneneHne (),, B YaCTHOCTH KOd()(PHUIIMEHTHI

= n(n-1)(2+n-4w).
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Knebma-TI'opnana [22], To mompaBka A@, mpumer
BUJI
1va(W) 11a(W)

8

1Yn(W)
2 o,

+B2 . (10)

Aw, =
n 2 o,

Ta(W)= (3+ gn)(Znn+l)(2n -1)

(2- 4w +n(7-8W)+n?(17-8W)-

~3n°(7-8W ) -n* (23-16W) - 2n°);

(W) n

602117 21+17(2n—3)(20+3(2+5)(3-2N)(AV—5)
{ R+ +17Fy +PRy 41, PR 4P 07y 1P 7R+

rJle aHAJIUTHYECKUE BbIpaKeHHUs i Kod(duimeH-
ToB Fpy HE mpHUBOAATCS B CHIIy MX TPOMO3JIKOCTH, a
TaKKe MOTOMY, YTO OHHU MpHBEACHHI B [15].

MHoxuTenb Aan IpU IONPABKE BZAwn BBIYUCIICH
B MEPBOM TOPSIKE MAJIOCTH IO aMIUIMTYAE OCIIHII-
JIAUI ¥ BO BTOPOM TOPSAIKE MO BETUYMHE CTAIlHO-
HapHO# nedopmaiyu chepudeckor Karwm (OTKIIO-
HEeHHE JeQOPMUPOBAHHON MOBEPXHOCTH OT C(ephl
~ B?). Cexyer ydecTs, 4To

3Jw

Bre=——t;

(11)

rjie € — SKCICHTpUCHTET cabo chepouaanbHOM
karum [18]. B urore Q, a Taxxke Aay, OyayT QpyHK-
nussvu W. [Tapamerpsr W n W cBsizaHBI Mexy co0Ooit
ycrnoBusiMu mozBeca [14, 18]:

_3QE

9= 471:R3pl

B 6e3pazmepHoM BHzE:!

9 =iQE0 —12JWW. (12)
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AHAJIN3 HEJIHIjEPIHOfI
JTEOOPMALIMOHHOM TTOITPABKU
K YACTOTE

Ha puc. 1 Hang miockocteio 3naueHuit W u w
MpPEJICTAaBICHbl  TMOBEpXHOCTH J; = @, H
Jz = - Aa)h B 3aBUCHUMOCTHU OT BCJINYUH HapaMeTPOB

Panest W u Teiinopa W [t oCHOBHO#M Mozbl (N = 2)
OCHMJULSIIMI KAl B YCJOBHSX JJIEKTPOCTATHYE-
ckoro mojseca. CoortHomieHue (11) B KoHTekcTe
CKa3aHHOTO BBIIIE O3HAYAET, YTO MOBEPXHOCTH J;
npHBe/ieHa Ha pUC. 1 NPHOIIKEHHO, IPU BBIMOJIHE-
HUM 3Haka paBeHCTBa Mexay € u [ B (11).
HecnoxxHO BHIETh, 4TO NpU NPUOIIKCHUH Mapa-
meTpoB W M W K KPUTHYECKHM 3HAuCHHSIM aedop-
MalMOHHAs MMOMpPaBKa K YacTOTE CTAHOBUTCS CpaB-
HUMa C CaMOil YacTOTOW, 4YeM OTJIMYaeTCsl OT

MONPaBKH K 4YacTOTE, CBSI3aHHOM C KOHEYHOCTBHIO
AMILIATYIBI, KOTOPAs ~ &7, M BCEr/1a MaJa.

Ha puc. 2a npezacraBieHa 3aBUCUMOCTh 4aCTOTHI
@y (KUpHast JIMHHA) U HEJIMHEHHOW nedopMarnoH-
HOM nomnpaBku Aay, OT mapamerpa Panest i oCHOB-
HOM Moabl (N = 2) ¥ HPH pPa3IUYHBIX 3HAYCHHSIX
paauyca Kamu. He TpyaHO 3aMEeTHTh, YTO C YBEIH-
YeHUEeM pajanyca Karu aedopManroHHas IonpaBKa
A @, yBenMUUBAETCS 10 a0COMIOTHOW BeM4MHE. Tak
Kak [mompaBka A, OTpUIATeNbHA, TO YACTOTA
OCIIWIIISIIUN 3aps>KEHHOM KaIliu, HaxXomsIIencs BO
BHEITHEM  JJIEKTPOCTATUYECKOM  Tojie,  OynJer
YMCHBIIATBCS, YTO  IMPOJAEMOHCTPUPOBAHO  Ha
puc. 20, rae uzo0pakeHa 3aBUCUMOCTh 4acTOThI (2,
oT mapamerpa Pamest s ocHoBHOM Momsl (N = 2)
MIPU TEX JKE YCIOBHUSAX.

KauecTBeHHO MOMOOHBIN BHJ HMEIOT 3aBHUCH-
MOCTH YacTOTBHl OT IIOTHOCTH JKHUAKOCTH WM BEIH-
YuHBI ee Ko3((PHIMeHTa MOBEPXHOCTHOTO HATSKe-
HUSI.

Ha puc. 3 mpexacraBieHa 3aBHCHMOCTh 4aCTOTHI
Q, ot mapameTpa Pastest st OCHOBHO# Mo/IbI (N = 2)
npu R =1 MM, 6 = 73 dyne/cm 1 pasmuuHBIX 3HaYe-
HUSX IUIOTHOCTH BemiecTBa karum p = 1,1 rlem®
(crtommas ymmms), p = 1 rlem® (myHKTHpHAs
manns) 1 p = 0,9 rlem® (Toueunas mmmus). pu
YBEIMYEHNH TUIOTHOCTH BELIECTBA KAtk gedopma-
UOHHAS IOTPaBKa YMEHbBINACTCS, W, KaK BHUJIHO U3
pPHUCYHKA, 3TO MPUBOMUT K YMCHBIICHHIO YacTOTHI
OCHWIISIUUHN 3apsKEHHOM Karllv, HaxXoAsIencs BO
BHEIIIHEM 3JIEKTPOCTaTHYECKOM TIOJIE.

Ha puc. 4 npencraBieHa 3aBUCHMOCTh YaCTOTHI
Q, ot mapametpa Pasest st OCHOBHO# MoibI (N = 2)
npu p = 1 r/em®, R = 1 MM M pa3/IuuHBIX 3HAYCHHSX
ko3 duieHTa MOBEPXHOCTHOTO HATSDKEHHS Bellle-
crBa kammm 6 = 86 dyne/cm (cruromrHas JHHUS),
c = 73 dyne/cm (nyHKTHpHas JIMHHA) H
o = 60 dyne/cm (Ttoueunas nuuus). Ilpu yBemmde-
HUM KO3 (UIHEHTa MOBEPXHOCTHOTO HATSKEHHUS
nedopMallioHHas TIOTpaBKa BO3pacTaeT H, Kak
BUJIHO M3 PUCYHKA, YBEIMYMBACTCS 4aCTOTa OCIIHJI-
JALMA 3apsyKeHHOM Karlid, HaXoAsIIeHcs BO BHEII-
HEM DJICKTPOCTATHYECKOM TTOJIC.

Kak cnemyer U3 NpoBEeIeHHBIX pacyeToB, Aedop-
MallMOHHBIE TOMPAaBKM K YacTOTaM OCIHJUISIUIA
3apsDKEHHOM KAl B DJEKTPOCTATUYECKUX
MOJIBECaX MOTYT JOCTHIaTh BEJWYHH, CPABHUMBIX C
CaMHUMH YaCTOTaMH, YTO JOJDKHO YUUTHIBaThCs. Tak,
B OECKOHTakKkTHBIX croco0ax u3MepeHHs (u3nKo-
XHMHUYECKHUX CBOWMCTB MKUJKOCTEH, MCIOJIb3YIOIINUX
9JEKTPOCTATHYECKUE TOABEChl (CM., HampuMmep,
[10]), 3HaHME TOYHBIX 3HAYCHUN YACTOTHI OCIHILIS-
Ui Kammy Heooxonumo. [lorpemHocTs u3MepeHus,
HalpUMep BEJIMYHMHBI KOA(PPHUIMEHTa TTOBEPXHOCT-
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Puc. 1. 3aBucumocTn noBepxHocreid J; = @, u J, = — Aw, ot napamerpoB Panest W u Teiinopa w.
(’) T T T T T w T T T T T
0,6 4
0,6
04+ .
0,2 F 1 o4
0
-0,2 0,2
-0.4 .
1 1 L 1 1 0 L 1 1 L |
0,94 0,95 0,96 0,97 W 0,94 0.95 0,96 0,97 w
Puc. 2a. 3aBucuMoOCTH @, (KUpHAs CIUIONIHAS JIMHKSA) U A, or  Puc. 26. 3aBucumoctu (), or mnapamerpa Panes W mpu

napamerpa Pomes W mpu p = 1 rlem®, o = 73 dynelem u
R = 1,1 mm (trosncras crutomHas jguHus), R = 1 MM (yHKTHpHAS
munus) v R = 0,9 MM (Toyeunast TuHms).

O T T T T

0,6

0.4

1 1 1 1

0 0,94 0,95 0,96 0,97
Puc. 3. 3aBucumoctu ), or mapamerpa Panmes W npum
R=1wmm o =73 dynefem u p = 1,1 r/em® (crumommas
mmnans), p = 1 r/em® (nyskrupsas munus) o p = 0,9 rlem®
(ToueyHast TUHKS).

HOI'0 HATAKCHUA, MPAMO ONPCACIACTCA MOrPCIIHO-
CTBIO BBIYHMCIICHHUSA YaCTOTBI.

3AKIIIOYEHUE

Henuneiinas npedgopManoHHas MOHpaBKa K
4acTOTe OCLWIIALUM CHIIBHO 3apsyKEHHOM Karuly,
MOJBEIICHHON B KOJUTMHEAPHBIX TPaBUTALIMOHHOM H
BHEIIHEM OJHOPOIHOM JIEKTPOCTATHUECKOM MOJIIX,
o0yciioBIIeHa CTalMOHApHOW aedopManueii, Bceraa
MMeeT OTPULIATENbHBINA 3HAK, a €€ BeIMYMHA 3aBUCUT
OT BCEeX (PM3MUYECKHX MMapaMeTPOB 3aauu.

p=1rlem®, o = 73 dyne/em u R = 1,1 MM (TOHKAs CILTOMIHAS
nuHus), R = 1 mm (mysktupHas nunus) 1 R = 0,9 MM (Toueunas
JIMHUS).

© T T T T

0,6

0.4

0,97

0,96
3aBucumoctu ), ot mapamerpa Pames W mpu
R=1wmm, p=1r/er® u o = 86 dynefcm (cruromnas munus),

0 1 L
0,94 0,95 W

Puc. 4.

6 = 73 dynelem (nmysktupHas juHus) 1 o = 60 dyne/cm

(ToueuHast TUHUS).

Paboma evinonwena npu  noodepoicke
POOU: Ne 14-01-00170 u Ne 14-08-00240.

epanmoe

JINTEPATYPA

1. Kypuaros W.B., Hacnemos J[.H., Cemenos H.H.,
Xapuron 10.b. Onexmponnvie ssnenus. JI.. OHTH-
Xumreoper, 1935. 388 c.

2. Doyle A., Moffet D.R., Vonnegut B. J Coll Sci. 1964,
19, 136-143.
3. Berg T.G.O., Trainor R.J., Vaughan U. Stable. J

Atmosph Sci. 1970, 27(11), 1173-1181.



. Schweizer J.D., Hanson D.N. J Coll Int Sci. 1971,
35(3), 417-423.

. Roulleau M., Desbois M. J Atmosph Sci. 1972, 29(4),
565-569.

. Duft D., Lebbeus H., Huber B.A. Phys Rev Lett. 2002,
89(8), 1-4.

. Grimm R.L., Beauchamp J.L. J Phys Chem. B. 2005,
109, 8244-8250.

. Hunter H.C., Ray Asit K. Phys Chem Chem Phys.
2009, 11(29), 6156-6165.

. Fong Chee Sheng, Black N.D., Kiefer P.A., Shaw R.A.
Am J Phys. 2007, 75(6), 499-503.

10. Won-Kyu Rhim, Ishikava T. Rev Sci Instr. 2001,
72(9), 3572-3575.

11. Colver G.M., Kim S.W., Tae-U.Yu. J Electrostatic.
1996, 37(3), 151-172.

12. T'puropeeB A.M., CunkeBnu O.A. Hz6. AH CCCP.
MOKT'. 1985, (6), 10-15.

13. Cheng K.J. Phys Lett. 1985, 112A(8), 392-396.
14, Iupsesa C.0. 2KT®. 2006, 76(3), 93-95.

15. Hlupsiesa C.O., [erpymos H.A., I'puropsre A.W.
JKT®. 2016, 86(1), 37-44.

16. Tsamopolous J.A., Brown R.A. J Fluid Mech. 1984,
147, 373-395.

17. Iupsiea C.O. JKT®. 2014, 84(6), 26-32.

18. Hlupsiera C.O., [erpymos H.A., I'puropre A.W.
JKT®. 2015, 85(8), 33-39.

44

19. Rayleigh (Strutt J.W.) Phil Mag. 1882, 14, 184-186.

20. Taylor G.I. Proc Roy Soc London. 1964, A280,
383-397.

21. Haiidpe A.X. Memoowvr sosmywenuu. M.: Mup, 1976.
455 c.

22. Bapmanosuu JI.A., Mockanee A.H., XepcoHckuii
B.K. Ksanmosasn meopus yeioeoco momenma. JL.:
Hayka, 1975. 436 c.

Tocmynuna 18.12.15
Iocne dopabomxu 26.01.16
Summary

In nonlinear asymptotic calculations of the fourth
order for eccentricity size (which measures the stationary
deformation of the charged drop in an external electro-
static field) and of the first order for the dimensionless
amplitude of its oscillation, the frequency of a strongly
charged drop in a weaker external uniform electrostatic
field is calculated. The deformation amendments to the
frequency connected with the change of an equilibrium
form of a drop in comparison with its spherical one are
found. As the drop surface area in an external field
increases, the frequency of the oscillation of the drop
decreases and the deformation amendment has one sign
(negative). When the drop charge tends to the critical (to
the limit as the stability in relation to the superposition of
its own and induced charges), the amendment size is
comparable with the frequency by the order of magnitude.

Keywords: drop, charge, electrostatic field, frequency,
deformation nonlinear amendment.



