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3.3APSJIKA Y B3BAUMOJIEVICTBUE KATIEJIb BOJbI B

ATMOCOEPE

3.1. OBIIUE MMOJIOXEHUSA. DKCIIEPUMEHT. IIOCTAHOBKA 3AJIAYA

[IpuoOpereHune KarisiMu BOJIbI B aTMOC(epe 3IEKTPUUYECKOro 3apsia — 3TO OJIUH U3
OCHOBHBIX (DaKTOpOB POpMUPOBAHUS TPO30BOM JesiTeIbHOCTH. M3BecTHO Oosiee necsTka
pPa3MUYHBIX MEXAaHM3MOB 3apsAKd  Kamelb, KOTOpPhIE JOCTaTOYHO TMOAPOOHO
obcyxmaroTcs B uteparype [14-19]. YcinoBHO Bce 0OHM MOTYT OBITH pa3/ielieHbl Ha JBa
OCHOBHBIX BU/JIA!

1. EcTecTBeHHBIE MEXAHU3MBI 3aPSAKU.

2. HAyKIIMOHHBIE MEXAHU3MBI 3apsIIKU BO BHELIHEM AJIEKTPUUYECKOM TMOJIE.

K ecrecTBeHHBIM MEXaHU3MaM MOXHO OTHECTH, HampuUMep, IIHPOKO H3BECTHHIN
OanmosnekTpuueckuii dPPexT — 3apsaAKy Kamenab MpU WX pa3OphI3TUBAHUM, a TAKKE
3apANIKYy MPU COYJApeHUsIX U KOHTakTax. OCHOBOMNOJIArarollylo poJib B 3apsiKe Karelb
34 CYET ECTECTBEHHBIX MEXaHU3MOB WIPAET JIBOMHOM DIEKTPUYECKUN  CJIOM,
oOpa3yoluiics Ha TpaHule BOAa — BO3IYX.

NHayKMOHHBIE MEXaHU3MBI 3apSIKU  PEaTU3ylOTCS TMOJ BIMSHUEM BHEIIHETO
anekTpudyeckoro moss. OCHOBOIONAraloulyl0 pojib Mpu  3TOM  urpaer 3¢dekt
NoJISIpU3alMu  MPOBOAAIIEH Kamid. B pe3ynpraTe mnoispu3aldd Karjis MOXKET
CEJICKTUBHO 3aXBaTblBaThb WJIM TEPATh HMOHBI OJIHOTO 3HAKAa, 3apsKasChb IPH 3TOM.
BaxxHbIMU XapaKTEpUCTUKAMHU IpoIlecca 3apsSAKy Kallld SBIISIOTCS XapaKTepHOE BpeMs
3apAKM W MAaKCUMAaJbHBIM 3apsn, MNpuoOpeTraeMbldl Karuie. MHOro4HCIeHHBIMU
HCCJIEIOBaHUAMU TIoKa3zaHo [14, 17, 18], uto nns chepruvecKux 4acTUIl MaKCUMAaJIbHBIN
3aps]l, IpuoOpETaeMBbIil B pe3yJIbTaTe MHIYKIIMOHHOM 3apsIKH, PaBEH

q, =c,€,E,R’, (3.1)
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E, - HaIpsHKEHHOCTb OJHOPOIHOIO BHEIIHEro Mojs, R- paguyc Kalu, c,-
MOCTOSIHHBIM MHOKUTEJb, 3aBHUCSIIMM OT KOHKPETHOIO MEXaHM3Ma 3apsJIKH,
KOTOpBIM OyJeM Ha3biBaTh KoddduimeHToM akkomopanuu. Hambonbiee 3HaueHue

ko3 PuImeHTa akKOMOJaluU JUTsl CPEepUUECKUX YacTUll paBHO 1271,

Puc. 3.2. Cxema 3KCHEepUMEHTAIbHON yCTaHOBKHU
Puc. 3.1.Kamisi, HCOAHOPOAHO MCHIAPSIIOIIASICS BO 10 HAGIIONCHHIO 3apsAKU ¥ JICBUTAIMM Kalellb B
BHCINHCEM 3JICKTPHICCKOM II0JIC YCJIOBUSAX MJIEHOYHOTO KUTIEHUS

OTMeTuM, 4TO BCE M3BECTHBIE MHIYKLIHMOHHBIE MEXAaHWU3MBbI 3apSIKHU MPEANOIaratoT
BHEIIHIOK Cpeay JJIEKTponpoBOoAHOM. Hampumep, BO3MOXKHA 3apsjiKka 4YacTUIl B
YHUIIOJSIPHO TPOBOJSIIEH Cpele, B ITOM Cllydyae KHUHETHKA 3apsSAKA ONPEAEISIETCS
ypaBHeHueM Ilotenne [14]. Ecinu BHeWmHsAS cpela OMUYECKH MPOBOASAIIAS, TO 3apsjiKa
YaCTUIIBl BO3MOKHA, €CJIM, HAalPUMEP, OTJIMYAIOTCA BEIWYMHBI MOJBUKHOCTEH HMOHOB
pa3IMYHbIX 3HAKOB [14, 16].

Hwxe mpemmaraercs u aHanu3upyeTcsi MEXaHU3M 3apsAJKUA  IPOBOJSIIEH Kallld B
HEMPOBOJAILIEH Cpele BO BHEIIHEM JJIEKTPUYECKOM IIOJIE 33 CYET HEOJHOPOIHOrO
ucrmapenust BemecrBa kam [171, 174, 176]. KauecTBeHHO MeXaHU3M 3apsiIKu
BBINJISAUT Tak. I1ycTh uaeanbHO MOJISIPU3YIOMIASICS KAl HaXOAUTCSA BO BHEIIHEM I10JIE
u Oonee WHTEHCHBHO wHcmapsiercs cHuzy (puc.3.1). Torma BMecTe ¢ MoOJIEKyJIaMmH
BelleCTBA Kariu OyIyT HUCHapATbcs W HOHBL, B pe3yJbTaTe Karisi NpuoOpeTer

M30BITOYHBIN 3apsij.
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[IpemnaraeMprii  MexaHU3M 3apsKd Kaluld Ccpa3y K€ TIO03BOJIIET OOBSCHUTH
AKCIIEPUMEHTAIILHO YCTAHOBJICHHBIN, TaK Ha3bIBaeMbIH, 3epKaabHbIN 3 ekt Cumiicona
[19]. 3akmrogaeTcss OH B TOM, UTO 3apsj Kameib J0XKAsI B aTMocdepe MPOTHBOTION0KEH
HAIPABJICHUIO HANPSYKEHHOCTU 3JIEKTPUUECKOro MOJs aTMocdepsl (3a MONOKHUTEIbHOE
HalpaBJ€HUE TPUHUMAETCS  HANpaBlICHUE  BEPTUKAIbHO  BHU3). Pe3ynbTarsl
AKCTIIEPUMEHTAJIBHOTO HaOJIOJIeHUs 3epKajdbHOro d(pdekra mpencraBieHbl Ha puc.3.3,

B3gTOrO M3 [19].

q cre/cm? E B/cm
10 100

80
80

-50
-80
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Ll 1 Lot 1 i il L1 1 1 1 1 1
124 12910 MHH 20 30 40 50

Puc. 3.3. DkcnepuMenTanbHO 3aUKCHPOBAHHBIN 3epKanbHbIH 3¢ dekt Cumicona (u3[19])

JIJist MoJieTMpOBaHMs KaIljid BOJBI, Majaroniell U ucnapsroiieics B atMochepe BO
BHEITHEM  DJJIEKTPUYECKOM Tolie, Obuta coOpaHa JabopaTopHas  yCTaHOBKAa,
CXEMATUYECKHU MOKazaHHas Ha puc.3.2, rae | - kamis, 2 - TemI0OTAAOMNN 3JIEMEHT,
BBUHYEHHBIN B KaJo MasuibHUKA 3, 4 - TEITOM3OJALMS U1l YBEIUYEHUS TEIIOCheMa C
TeliooTAaromero anementa, S5 - JIATP, 6 - Tepmomapa, MNOJKIIOYEHHAs K
MUJUIMBOJIBTMETPY 7 JUIsl PETYJIUMPOBKU TEMIEPATYPhI TEIUIOOTAAIOLIETO 3JEMEHTA, § -
ANIEKTPOA, 9 - BBICOKOBOJBTHBIM pa3zpsaaHuk «Paspsa-1». B xauectBe Omoka muTaHHs
paspsiIHUKA UCIonb30Baycs BeipaMuTens BC -24M. OneiTel ¢ AUCTUIUIMPOBAHHOM
BOJIOM MPOBOJWINCH TMPHU TeMIepaType TeIUIooTaaomero siemenrta okono 230°C.

[Tunerkoi karuist ImogaBajylaCb Ha TGHJ'IOOTI[aIOH_[I/Iﬁ OJICMCHT, 3aBHCaJla HaJd HHM Ha
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napoBoil nmoayuike (siBineHue Jleiiaenppocra) U MEUIEHHO HCHapsiach, YMEHbIASCh B
pa3Mepax. Bo BpeMsi Takoro pexxumMa ucrnapeHusi Ha 3JEKTpoJ 8 MUIABHO WM CKAauKOM
MO/aBAJIOCh BBICOKOE HampstkeHue (1o 25 kB). BenwuwmHa moTeHmMana »JIeKTpoja
OLICHMBAJAaCh IO MOKAa3aHHUSIM BOJBTMETpa BbIIpAMUTENA. [Ipu 3TOM 3aBUCUMOCTH
BBICOKOBOJITHOTO ~ HAMNPSDKEHHUsT OT  HANpsDKEHUST TNUTAaHUA CUYUTANACh IPSAMO
MPONOPIIMOHAIBHON W TakXe OBbUIO M3BECTHO, UYTO HamNpsDKeHUIO TuTanus 12 B
COOTBETCTBYET MaKCHUMallbHOe Hampspkenue 25 kB. HanpspkenHocts mosns BOIM3U
Kaluli MEHsSJIach MEpEeMENICHUEM II0 BEpPTUKAIXA J3yekTpoaa 8. HeszaBucumo ot
MOJISIPHOCTH  dJIeKTpojia 8 Habmomanuck ciaeayomue dddextol. [lpu mmaBHOM
yBenuueHun HanpsbkeHus 1o 20 kB kamnm Benmu ceOst aBosiko: 1) kams mojjieTana
CJIETKAa BBEPX, C €€ MOBEPXHOCTH BbUIETAM MEJIKHUE OpBI3rM M OHA Majajia oOpaTHO Ha
TEMJIOOTIAIONIMNA 3JIEMEHT; 2) Kamig MNpoAOoKala HCHApAThCs U TPH TOJAHHOM
HaIpsHKEHUH, CJIETKa BBITATHBASACH BIIOJb MOJA, 3aT€M 10 JTOCTHKEHUH HEKOTOPBIX
pa3MepoB B3JieTana Ha 2ekTpod 8. To miaM KWHOE MOBENEHHME KaIuld 3aBUCENO OT
BEJIMYMHBI HANPSDKEHHOCTH TOJISE U Pa3MepOB Karid. AHAJIOTHMYHO BeIM ceOsl Karuiu
ATUWJIOBOrO0 cnupTa. YacTh SKCHEpUMEHTOB OblIa 3acHSATA HA BHJAEOIUICHKY U
doTorieHKy U OyneT 00CyKIeHa HUXKE.

B3neT kamim K aeKTpo Ly MOKET ObITh 00YCIIOBIIEH ABYMS IPUUUHAMH.

1. Kanig Bo BHELTHEM 3JIEKTPUUYECKOM I10JI€ MOJISIPU3YETCSl U BTATUBAETCS B 0071aCTh

0oJee CUIILHOTO MO, T.€. K 3JIeKTpoAy 8. B aToMm ciyuae ycinoBue B3jieTa UMEET BUJ

P 9F >mg. (3.2)
0y
Ocpb y HanpaBjicHa BEPTHKAJILHO BHU3, P - TUITOJIbHBI MOMEHT KaIlIH.
2. Kamurst kakuM-1u060 oOpa3oMm mpuoOperaeT 3apsj ¢ W IO0J JACHCTBHEM CHIIBI
Kynona B3yeraer. B mepBoM MyJIbTHIOIBHOM MPUOJIMIKEHUH, CUNTAST IJICKTPUUYECKOES

IIOJIC OJHOPOAHBIM, YCJIIOBHC B3JICTA B OTOM CJIYHa€ MOXHO 34aIIMCATh TaK:

qgE >mg (3.3)
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OueHuM cHavasia BO3MOXXHOCTb BBINIOJIHEHUsI HepaBeHcTBa (3.2). s aToro Haitnem
HaIPSHKEHHOCTh AJIEKTPUYECKOrO TOJIsl B TOYKE JIOKAJW3allMy Karulk, CUMTAas, 4TO 3Ta
TOYKAa HAXOAUTCS HAa OCH JUCKAa paahyca 7, KOTOPBbIA PABHOMEPHO 3apsikKeH C

IUIOTHOCTBIO Oy Torma Ha pacCTOSHMM ) OT JAHCKAa HalmpsyKEHHOCTh PaBHA

2
E=2nok 1—; ,  TPaJINCHT: 0E|: 2Togkr (3.4)
2 ) ‘ N 32
1+(r] 3 (7")
yol+ -
Y y
[110THOCTP NMOBEPXHOCTHOIO 3apsAja OLEHMM MO ¢opmyie O = g , O -
1+ 25,
C

—_

TIOJIHBIN 3apsJl JIEKTPOJA, PABHBIN
0=9(Cy +Cy) =6C. (3.5)
3nech S u C, , - WIOIIA/b MOBEPXHOCTH M €EMKOCTh JIMCKOBOW M IMJIMHIPHUYCCKON YacTen

IEKTpoia cooTBeTCTBEHHO (puc.3.3). Emxoctn (), paccuuTaeM, 3aMEHUB JIUCK

CIUTIOCHYTBIM, & IWJIMHJAP BBITSIHYTBIMH dJutdnicongamu. Tormaa [93]

R L GO R YL
1aurccos(bl /al)’ ? arch(az/ bz) .

ITpu mapamertpax anekrpona a; =2,5¢cm, b =0,5cm, ay =1,6 cMm, b, =0,5cm nosydaem

C1:

C=C +C,=44cm=49100"®. B cepuu onmeiToB, KOTOpas oOpabaTbIBacTCs B
HacTosIIel paboTe, pacCTOSIHUE ) OT AJEKTpoa A0 Harpesaress OblIo paBHO ~1,7 cM, a
noreHiuan aekrpoga ¢ okono 21 kB. Ilpunumas y =1.7cm, r=2,5¢m, ¢ =21kB u
BBITIOJIHSS HalibHEH e pacyeTsl no (3.3)-(3.5), Haitnem

OE

5 =2,000'B/m*, E=3800°B/m.
ly




85

Kammo 3x1eck Oyaem cuMtarh MouTH Cc(PepuyecKor, TOT/a IUIOIbHBIM MOMEHT Ilapa

paBeH [93] = %RSE , Ry - pannyc kamnu. [Ipumem u3 onbITOB Ry = 2 MM, B 3TOM

CIy4yae BEJIWYMHA MOJISIPU3ALMOHHON CHJIBI Pa— =6,810°H. Ouenka CHIBI TSKECTH,
'V

neiictyromeil Ha kanmo, maer mg =3,3007 H. Takum 06pa3oM, HONSAPU3ALUOHHEIE

CHJIBI HE MOI'YT OBITH OTBETCTBEHHBIMM 3a B3JIET KAIlJIK U €€ B3JICT O6y0J’IOBJ’IeH CHHOﬁ,

HeﬁCTBYIOHICﬁ Ha HpI/IO6peTCHHBIﬁ 3apsaa KallJIi CO CTOPOHBI BHCHIHETO ITOJIA.

Smm

Puc. 3.4. ®ororpadun kanenb cnupta -1 ¥ BOABI - 2, UCHAPSIOMUXCS HAJ TOPSYEi TOBEPXHOCTHIO B
BEPTUKAJIBLHOM 3JIEKTPUYECKOM I0JIE

Ha puc. 3.4 npusBenenst dororpadun kameiab cnupra - | ¥ BOABI - 2 B MOMEHTHI
BpEMEHHU, TMpeAlecTByomue ux  B3aeTy. OIlleHKa  OTHOILIEHHS  TOJyocen
3IUTUIICOMIATBHBIX (hopM Kanenb 1o potorpadusm cocrapuser 3, = 1,06, B, =1,09.

[lepeiinem Kk 00CYKIEHUIO BO3MOKHOTO MEXaHU3Ma 3apsAJIKH Karleb.

Kaxk u3BecTHO pazzaenenue 3apsa0B B IPOBOJIHUKE MPU HAIOKEHUW BHEIIHETO TMOJIS U
€ro dKpaHMPOBKA IPOUCXOJAT 3a BpeMs IOPsIIKa BpEMEHNU pelakcauuu T, =€ /0.0, €
- yJIenbHasl 3JICKTPONPOBOJAHOCTh M JAMAJICKTPUUYECKash MPOHULAEMOCTh cpeabl. s

JUCTJUTMPOBAHHOM BOIBI 3TO cocTaBisieT T, =107c. 3apsapl COCPENOTAYNBAOTCS B
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TOHKOM aud@dy3HOM cloe, TONIMIMHA OSTOTO CJIOA ONpenensercs paguycoM

skpanupoBanus [lebas-Xokkens

- [egkT,
‘ ed

e - 3aps] MOHOB, b, - UX NOJABUXKHOCTb, Kk,- mocrosHHas bonbumana. ITpunumas
T=300K, b, =107 ™’ /(CB), e=1,600" Kn, 11 AUCTHIIMPOBAHHOH  BOJBI
nonyunM h, ~107 M. B clepuueckux Kamwisx paamyca ~1 MM cepuueckuii cioi
TOJIIIMHBI /i, MOKHO CYMTaTh IUIOCKMM U JJs OOBEMHOH IUIOTHOCTH 3apsioB B
YKUJKOCTH BOJIM3U ITOBEPXHOCTH 3aIIlCaTh

r

€L\, —EEE,, _EL
Ar h

e

p, = div(aer“) =

C‘II/ITaeM, 4qTO Kalupl IpoBOIAAIIAsl U BHYTPH €C IIOJIA HET E2r =0. HpI/I O9TOM CCJIN

chepuueckas Karis paamyca R uMeeT 3apsii ¢ U HaxoIuTcs B OJHOPOAHOM

IIEKTPUYECKOM I10JI€, HAIPSKEHHOCTIO £ ), TO Ha €€ MOBEPXHOCTH [ 14]

E.=3E,cosH +k_q2’ (3-6)
R

0 - momspubeiid yroa (puc.3.1). Kak Oyaer BUAHO B JajbHEHIIIEM, B HEpapXUU BpeMeH
BpeMsl penakcanuu T; HauMmeHblee. [loaToMy mpu Bcex Ipyrux mepexoHbIX mpoleccax
pacnpesiesieHne 3apsa U mojis B Karie OyJeM cuuTaTh ycTaHoBuBIIUMcsA. Haubomnblee
BpeMsl MHTEPECYIOUIUX HAC MEPEXOJIHBIX MPOIIECCOB COCTABIAET MOPSAKA HECKOIbKUX
CEKyHJl. DTO TO3BOJISIET MpeHeOpeub M3MEHEHHMEM MacChl KaIlld MpPU €€ HCIapeHUHU.
Kpome Toro, ¢popmy ee Oynem cumutath cdepudeckoir. [IpeneOperkemM Takxke BCceMHU
JPYTUMHU MEXaHU3MaMU 3apsJIKU KAl KpoMe 3aps/IKi B pe3ysibTaTe UCTIapEHHS HOHOB,
CUMTas BHEUIHIOIO Cpely HIeadbHbIM JUDIEKTPUKOM, a KOHIEHTPAIUIO HCTIAPUBIINXCS
MOHOB MaJoi. Ecnam XKUIKOCTh ucCHapsercs ¢ MOBEPXHOCTH, TO Yepe3 CIUHUILY

IMOBCPXHOCTH CYHICCTBYCT ITOTOK MACChI paBHBIﬁ ]m =PVe. HpI/I 9TOM B CUCTCMC OTCUCTA,
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CBSI3aHHOM C TIOBEPXHOCTHIO, MOXXHO CYHTaTh, YTO CaMa >XHUJIKOCTh JBIDKETCS K
MOBEPXHOCTU CO CKOPOCThIO U,=j, /P, Eciu XuakocTe 3apsbkeHa, TO IIJIOTHOCTH
AJIEKTPUUYECKOTO TOKa, OOYCJIOBJIEHHOTO 3THM JBWKEHHUEM >KHIKOCTH, MPU YCIOBUHU
OTCYTCTBUS CYILIECTBEHHOI'O MPOCKaIb3bIBAaHUS HMOHOB OTHOCHUTEIIBHO HEUTpaIbHOMN

YKUJKOCTHU B NIPUTIOBEPXHOCTHOM 00J1aCTH, paBHA

. .. _&E.], 3.7
Jn:peue:p_.]m :M. ( )
pl plhe
Torz[a 3apsa Kaluikd ¢ TCHCHHUEM BPEMCHU MCHACTCA B COOTBETCTBHUU C YPABHCHUCM
d £ 3.8
“L=—fjds=-"fE,j,dS. (3-8)
dt plhe

O'—IGBI/II[HO npun OAHOPOIHOM HCIAPCHUU CO BCEM ITOBCPXHOCTH ]m = const n,

CJI€A0BATCIIbHO, 3apsAaKa HCBO3MOXKHA TaK KaK

dq
1 g~ =0) =0.
o "4 a=9)

3.2. 3APAIKA KAIEJDb ITPU UCITAPEHUU B PEXXUME
HJIEHOYHOI'O KUIIEHUA
PaccmoTpuMm cHavana ciyuyail ucmapeHUsl Karid, HaOJIOJaBIIMICS B ONMHMCAHHBIX
BBIIIIE DKCIIEPUMEHTaX. byieM cuuTarh, 4TO CO CTOPOHBI TEIIOOTAAIOIIEH TOBEPXHOCTH
Ha HUKHIOK MOBEPXHOCTH KaIUIU IMAJAeT OAHOPOIHBIN TEIUIOBOM NMOTOK INIOTHOCTBED W
(puc.3.1). Torma MIOTHOCTH MOTOKAa MAacChl (CUMTaeM, YTO BCE TEIUIO HUAET Ha

WCITApCHHE) paBHA
Tt Tt
Jn. =W, /K =wcosB/K mpu OSGSE, npu 6>E J, =0,

K- YyAc€ilbHasad TCIIJIOTa Hap006pa3OBaHI/I$I. Ecan npcAaIoIOXKUTb, 4YTO OCHOBHBIM

MCXaHM3MOM II€pCaadu TCIIa ABJIACTCA TCIIOMPOBOAHOCTD, TO
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AT _ AAT (3.9
h(G) h, + R(l - cose)’

A - TeronpoBoIHOCTh mapa, AT - pa3HOCTh TEMIIEPATypP MEXKy MOBEPXHOCTBIO KaIlIH

u TEIUIOOTAAIOIEN MOBEPXHOCTBIO, /, - HAUMEHBILIEE PACCTOSHUE MEXKIY
nosepxHocTaMu. [loacranoska (3.6) u j, (¢ yuerom (3.9) B (3.8) nmaer /s 3apsna Z

ypaBHEHUE

dZ _ MT jA(cosG+Z)cos6sin6d6 (3.10)
0

dr _2p1heKR r™ +(1 = cosB)
3neck Z M r - Ge3pasMepHbIC BEIHUMHBI, ONpejeleHHple Tak: Z =q/12Tg,E,R*,
r=R/h, . O6o3Haunm Bxosmuii B (3.10) mnTterpan J. CroenaB 3aMeHy MepeMEHHBIX,
HETPYAHO €ro BhUucauTh. [lomydaem
J=(Z +y)(yIn(1 +r) -1) -1/2, y=1+r",
Torma Bmecto (3.10) moydum clieyroiiee ypaBHEHUE:

dz _ 1
o Tz(Z+Zm).

(3.11)

31echr 0003HaAUYEHO

_ 1 o= 2phKR (3.12)
2(ym(1+7)-1)" 7 MNT(yh(1+r)-1)’

Z,=Y

Pemenue (3.11) umeer Bua
Z=-7,(1-exp{/1}). (3.13)
BuiHo, 4T0 MO CMbICIHY Z, - MakCHMalbHBIA 3apsj, MpUoOpeTaeMblil Karuieh, a T,-
Bpems 3apanku. Cnemaem ouesku. Ilpu r =lumeem Z =0,71, torma kak npu r >>1
nosydyaeM Z =1. HamoMHHM, 4TO MOJSpU30BaHHASI YACTHIA B JIEKTPUUYECKOM IOJIE B
) ) 9) — 2
YHUIIOJIDHOM MOHHOW Cpelie NMpHOoOpeTacT MaKCUMAalbHBINA 3apan ¢, =12Tg E,R°. B

0e3pa3MepHBIX €AMHUIIAX ITO KaK pa3 COOTBETCTBYyeT Z, =1.
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[Ipy oLieHKEe BpeMEHHM 3apsjKu T, BHIOEPEM TEMIONPOBOAHOCTE mapa A = 2,4 10~
B1/(MK), pasnocts Ttemmeparyp A7 =100K. Torma mpu r=1, R=2mm u3 (3.12)
nonmyunM T, Ulc. Ilocmennss oneHKa HaxoOUTCS B KadyeCTBEHHOM COIVIACHMU C

9KCIICPUMCHTOM, H3JIOKCHHBIM BBIIIC. HpPI nmoaa4ye BBICOKOI'O HAIPAKCHUA CKAa4YKOM,
KaIuIy [IPaKTUYECKHU Cpa3y B3JIETAIN K BEPXHEMY DIIEKTPOLY.
HaiineM HamnpsK€HHOCTh MOJIA, IPU KOTOPOM KaIisl paanycoM 2 MM, MOJTYYUBIIAs
MaKCHUMAaJILHBII 3apsaa g mo MOJKCT B3JICTCTb BBCPX, TO €CTh 6YI[GT BBITIOJIHATBCA YCIIOBHUC
q,Ey2mg.

Ortcrona

E L [RPE _5n0 B,
3\ ¢,

[TomydeHHBIN pe3yibTaT Takke ONM30K K AKCIEPUMEHTAIBHOMY, COTJIACHO KOTOPOMY
E, =4 xB/cm.

Ecnu macca kamiam A0CTaTOYHO BENIMKA, TO MPU UCMAPEHUU B PEXHUME IIEHOUYHOTO
KUIIEHUS OHA IPUHUMAET JUcKooOpa3Hyo ¢hopmy [90]. [Inomanas HIKHEN TOBEPXHOCTH
KaIlli, ¢ KOTOPOH HPOMCXOJMT MCIapeHue, TpejacTaBuM B Buae S =4TR’/h, R -
paanyc SKBUBAJICHTHOM M0 00beMy CheEphI. /1 - TONIMIMHY IUCKa HalJIeM M3 YCJIOBUS Ha
ero OOKOBBIX TpaHULAX: Pgh/2=20,/h, Og - KOXPPULUUEHT MOBEPXHOCTHOIO
HaTsokerns. Orcrona h =+/2a ¢» dg - KAIWIUIIPHAs IOCTOssHHAs Boabl. Eciin ucnapenue
IIPOMCXOIUT BO BHEIIHEM 3JIEKTPUYECKOM I0JIe, TO KaIlisd 3apsikaerca. Toraa, BMECTo

(3.8), 15 TUIOTHOCTH TIOBEPXHOCTHOTO 3apsija O MOXKEM 3alucaTh YpaBHEHHE

E:_a_o En +£ jm’ E :_EO'
dt ph, €

VYuursiBas, 4TO B JAHHOM cilydae j, =const unpu ¢ =0, 0 =0, Haligem



o P,
o=¢g,E)|1-e |, T, = .

MakcumanbHblil 3apsa Oyaer paseH ¢, = €,E,S. Jlnsg MakcumanpHOro 3apsana, B
BbIOpPAHHBIX paHee eAMHUIAxX, noayuyum Q =R/ 3.2a ¢ (R - paguyc DKBHBaJIE€HTHOH 10

oGbemy chepsi). Ipu R >3+/2a ¢ TakuM o6pasom, umeem Q. >1 mmm g, >12TE,E,R”.

3.3. 3APAJIKA KAIIEJIb ITPU UCITAPEHUU B KOHBEKTUBHO-
ANPPYINOHHOM PEXXUME

HaubGonpmmii uHTEpEC MNpPEACTaBisSIeT MPOSIBICHHE PacCMaTPUBAEMOT0 MeEXaHHU3Ma
3apsAKU Kamellb B €CTeCTBEHHBIX YCIOBHSIX, TO €CTh IPU MaJCHUU Kamenb B atMocdepe
[174, 176]. lna aHanu3a 3TOM CUTyallMd pacCMOTPUM CHayaja HCHapEeHHE KaIllu IpH
MajbIX CKOpPOCTSIX €€ JBMXKEHHS OTHOCUTEJIBHO BO3/yXa, HMEIOUIEr0 Ty K€
TeMIiepaTypy, uro u karmisi. Kak Oyner mokasaHo HIMKE BpeMs 3apsJIKH Karllu MOpsiaKa
HECKOJIbKUX CEKYH], TO3TOMY OyJieM ImpeHeOperaTh N3MEHEHUEM TeMIEPATyphl KAl U
ee Macchl IPU UCTIapeHHH. 3a/1aya O CTAlMOHAPHON KOHBEKTUBHOM nudQy3un BemecTna
C MOBEPXHOCTHU KaIljy, MaJarolleld B Ipyroi *KUAKOCTU MPU MallbIX yuciax PeitHonbaca
peiieHa B [86]. Bocnosib3oBaBmIKCH pe3yiibTaTaMu [86], AJisl IIIOTHOCTH MOTOKA MacChl

napa uMeeM

3Dnu (1 +cos6) (3.14)

Jn=p:(1-9) 21R( N+ n,) V2 +cosB

31eck P, - IUIOTHOCTH HACHIIIEHHOTO Iapa y HOBEPXHOCTH KaIuli, ¢ - OTHOCHTENbHAS

BIQXHOCTh BO3Ayxa, D - koddduument auddys3un mnapa, U - CKOPOCTb TMaJCHUS

Kalulm OTHOCHUTECIBHO BO34yXa, NN, N 1~ BA3KOCTH BO34yXa H BOIABI COOTBCTCTBCHHO.

Tenepp ypaBHeHue (3.8) mpeoOpasyercs K BUILY
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(3.15)
o LVRe(1-0)s, T, ok M0+ n)
t T, P, 3Dvn

pl - INIOTHOCTBH XHMAKOCTH, V - KHHCMATH4YCCKasA BA3KOCTH BO34yXa, Re - uwmcao

PeitHonbaca, ompeneneHHoe 4yepe3 AuaMeTp Kamum. MHTerpan J,B JaHHOM cCilydae

paBeH

1T(1+cose)(cose+Z) , 4
J = 0d0=—(Z+7Z7 ),
1 '<[ V2 +cosB o 3( ) (3.16)

Z :ﬁ(\/_—éj =0,24.
5 2

m

Takum oGpazom, ecinu B (3.15) ¢ukcupoBanbl 3HaueHuss uncia Re u ¢ 1O mts
3apsAa Kalil MMeeM CHoBa ypaBHeHue tumna (3.11), HO ¢ apyrumMu 3HaAYeHUSIMU

MaKkCHMaJbHOTO 3apAna Z W BpeMeHH T, penakcauuu (3apsnku). IIpm Re =1,
$=05, R=Imm , p,=1,7007ke/nx’, D=2200"m"/ c, n=1800"Tald,
N, =1,8007 Mac, v=1500"M"/ c, BpeMs 3apsaKu OKa3bIBaeTcs Takum: T, =3,7 c.
Bo Bpems mageHust kamiau B atMocdepe ee CKOPOCTh U3MEHSETCs, IMO3TOMY Mpoliecc

UCIIApEHUs] HECTALlMOHAPHBII. OueHnM  BpeMs YCTaHOBJICHMSI CTalMOHApHOU

KOHBEKTUBHOM b dy3un T,. B [86] 1151 OLEHKN NOTYUYEHO CIIEYIOLIEE COOTHOLICHHE:

1/3
ﬂ:(L}
R \m/

Ha HavanpHBIX CTaquAX MMaJE€HUSA MOKHO cuuTaTh U=gT,. Torma nius R =1 MM umeem

1/2

1
R( v )3 _
T,=|—|— =7,000 c.
g\1»
Tak kak HalaeHHOE BpeMs CYIIECTBEHHO MEHBIIIE BPEMEHU YCTAHOBJIIEHUS CKOPOCTHU

IpU MaJIEHUU KAl B BO3JyXe, TO Mpoliecc AU dy3un mpu U3MEHSIONIEICS CKOPOCTH

MOXHO CHHUTATh KBAa3UCTALITMOHAPHBIM.
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Puc. 3.5. KaHJ’IfI, ucnapArmascsa B IOTOKEC BO3JyXa B 3JICKTPUYCCKOM IT0JIC

[IpencraBisieT HTEpEC BBIACHUTH KaK U3MEHSIOTCS MAaKCUMAaJbHBIWA 3apsiji KaIllld U
XapaKTEpHOE BpEMs 3apsiJIKu NpU yBEJIWYEHHM yucia PeitHonbaca. J[iist aToro mpumem
YIPOLIAIOIINE NPEANOJIOKEHH. byneM  cuuTarh KYJOHOBCKYIO CHIIYy Majiod 10
CPaBHEHHUIO C CWJIOM TSXKECTH, a TMpOIEeCcC NaJeHUs KBa3uCTaUMOHApHBbIM. s

ONpEJEICHUS]  3aBUCUMOCTH q(t) no ypaBHenuto (3.8) HeoOXoaMMO 3HaTh
pacrpenieNieHne JIOKATbHOTO TIOTOKa mapa OT Karum mo yriay 0 (puc.3.5), To ectb
GyHKIHIO jm(e). 3amaun mMaccooOMeHa Kameilb B MOTOKE MOJPOOHO pacCMOTPEHBI B

[102]. B uwactHoctn B [102] ycranoBieHo, yTo mnpu umciaax PeinHosbiaca u Ilexie

OOJIBIINX €AMHULBI PACIIPENIECICHNE j, CYILECTBEHHO 3aBUCUT OT OTHOLIEHHS BA3KOCTEN

KallliIi MU CpCAbI. I[J'IH BOJABI M BO3AyXa IIPHU YCIOBHUAX OMU3KHX K HOPMAaJIbHBIM

OTHOIIICHUE BI3KOCTEH r]l/r]2:56 MOJKHO CYHUTAThb MHOI'O OOJIBIITUM (10505070008 210

00CTOSTEIIECTBO HE ITO3BOJISICT INPUMCHHUTL K KaIlJIC BOJAbl ACHMIITOTHYCCKOC PCIICHUC

jm(e), noinydyeHHoe B [102] u chnpaBemiuBoe I Kamejlb NPU YMEPEHHBIX YHUCIAX

Peiinonpaca u Ilekne. Oguako ToT ¢akt, yro N /M,>>1 no3BoNsET paccMarpuBaTh
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MaccooOMEH Karliu BOJIbl B Bo3ayxe npu Re>1 u Pe>1 kak tBepaoit yactuuel. Toraa, B

cooTBeTcTBUU ¢ [102], nma ymepeHHbIX uncen PeliHoibaca uMeeM

D2/3V1/3 1- /3 1/2
j. =0,776 e (1-9) (1 + %Rej [3in© [ﬁl - k? sin’ gj [

2/3
R

f2 (- ak)) ™, (3.17)

s 5 \I2 _ Re
A(T[_ G,k) = jsmz X(l _k2 sm2 .X) dx, k2 —m.

0
YuuteiBas (3.17), ob6e3pasmepum ypaBHeHue (3.8), BbIOpaB B KadyeCTBE CIMHUIL

_ Rh,p
) [t] - (1 _ ¢)T[p2 V1/3D2/3 T B

U3MCPCHUA 3apsala IPCKHIOW, a BPCMCHHU

6e3pa3mepHoil hopme ypaBHeHue (3.8) Oyer Tenepb UMETh BU/T

Z Tt Tt
d_:—Re“(l1 +ZIO), I, =ij cos0sinBd0, I, =ij sinBd0.
dt B, B, (3.18)

IIpu stom 6,=0, ecim Re<8 m 91=2arcc0s(1/k) npu Re>8, a J,  pasna
0e3pa3MepHOl YacTH BBIPAKCHUS IS jm(G)B (3.17). HUnterpupoBanue (3.18) mo

BpPEMCHH C YYE€TOM HA4yaJIbHOTO yCJIOBUA T = 0 , Z=0 JaCT 3aBUCHMOCTD 3apsaa Kalllln

x (3.19)
Z=—£(1—e —TO], To=+'
0 Re™ I,

OT BPEMEHHU

N3 moay4eHHOro COOTHOIIEHHUS CIEAYET, YTO OTHOIIEHUE ‘I 1‘ /1, mpencraBiseT coOoil
MOJyJIb MaKCHMaJIbHOI'O 3apsiia Ha Kamie Z , a T,- BpeMsi 3apsiIKK KaIlId. O06a »tux

rapamMeTrpa B JaHHOM CIIy4yae 3aBUCAT TOJBKO OT uncna PernHonbaca. i onpeneneHus
HUCKOMBIX 3aBUCUMOCTeH uHTerpansl B (3.17) wu (3.18) paccuuThIBAIUCH

YHCJICHHO.
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: 0,1
- Y T lgRe

Puc. 3.6. 3aBrucrMOCTH MaKCUMAaJIBHOTO 3apsijia KAl U BpEMEHHU 3apsJIKH OT Jiorapudma yucia
Peiinonpaca

PesynbraTsl 4MCI€HHOrO c4era ImpeiacTaBieHbl Ha puc. 3.6. Okazanoce, 4to Z, ci1abo

3aBUCUT OT uuciaa PelHonbaca (kpuBas 1), umes acumntotsl 0,17 u 0,31 B
2

enuHunax 121e,R°E,. HamomMHuM, 4TO 1 KamjiM >KUJIKOCTH B O€3MHEPLIUOHHOM

npuOnrxeHun Bbie Obulo nomydeHo Z, =0,24. Kpusoit 2 Ha puc.3.6 moka3aHa

3aBHUCHUMOCTh 0O€3pa3MepHOr0 BpEMEHH  3apsiIKu  Karmid OT Jiorapudma gucia
PentHonpica. Jlyisi ONEHKH pEaNIbHOIO BPEMEHH YKAXKE€M, YTO BEJIMYMHA T, U KaIlulv

BOABI R =1MM B cyxoMm Bo3ayxe (¢ =0) u ycinoBuid, OJIM3KUX K HOPMAaJIbHBIM, MTOPSJIKA

OJHOM CEKYHJIbI T,, ~1cC.

HaubGonee wuHTEpecHBIM pe3yJbTaTOM 3/1€Ch MPEACTaBISETCS pe3ylbTaT o
CYIIECTBOBAHUM HIDKHUX AaCHUMITOT [JIsl BEIMYMHBI 3apsiga Ha kamwie npu Re - 0,
kotopble paBHbl 0,17[g] nmns TBepaouyactuyHoro npuOmmkeHuss u 0,24[qg| nansa

kujkokanenpHoro. Kasamoce Obl, yro mpu Re - 0 gomkno ObiTh M Z — 0.

[IpotuBOpeuns, OIHAKO, 3/€Ch HET, €CIAM Yy4yecTh, uTo npu Re — 0 Bpems 3apsaku
CTpeMHUTCSI B OECKOHEUHOCTh, TO €CTh B 0003pUMOE BpeMs KarUlsi BCE-TaKu HE
npuoOperer 3apsana. UYro kacaeTcs  BEpXHEW  AaCHUMNOTOTHI, TO  YYUThIBas
OpUOIMKEHHOCTh TBEPIOYACTUYHOIO PEHICHUS MOXHO PpacHpOCTPAHUTh BEPXHUIM

npeaes MakCUMalibHOro 3apsna ao 1. Takum oOpa3om, OyneMm cuuMTarh, 4TO MpU
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WUCIIAPEHUU U 3apsAJIKe Kalli B  KOHBEKTUBHO-TU(PDY3MOHHOM pEeXUME €€

MaKCHMaJbHBIN 3aps] 3aKkiIodeH B npenenax 0,24<7Z <1.

VYcraHoBieHHas ciabasi 3aBUCMMOCTh MaKCUMAJIbHOTO 3apsifa Kalld OT 4uciia
PeitHonpaca memaeT BO3MOXKHBIM pPacpOCTpaHUTh ypaBHeHHEe Tuma (3.15) Ha mroOkbie,
MpUEMJIUMBIE JUISl Kalellb BOJbI, 4duciia PeiHosbaca. boisiee Toro, kak mnoxasanu
MCCIICIOBAHMST MCIIAPEHUs Kallellb B MOTOKE BO3yXa B OTCYTCTBHE 3JIEKTPUYECKOIO
I0JISI BETPOBOIl MHOXKHUTEIb JVRe ocraercst HEH3MEHHBIM B HIMPOKOM JHMana3zoHe YUCe
Peiinonpaca. Hampumep, wacto ucnonb3yemas ¢opmyia dpecnuHra s CKOPOCTH
UcIapeHus ABwxkyLerncs kamm nMmeet Bu [ 103, 104]

1
d—m:(d—m) +(d—mj BvReSc?, (d—mj =—-4TRD (1 - ¢).
dt dt/, dt/, dt/,
Yucno HIMuara Sc=Vv/D Bo3ayxa MOXKHO HPHHATH PaBHBIM 1, [3 - MHOXHTEIb

®pecnunHTa, KOTOPHIN BEIOEpEM paBHBIM [3 = 0,276 [104].

YuuteiBas ckazaHHoe, a Takke cootHomenus (3.11), (3.15), (3.16), moxHO
MPEVIOKUTE cleayromiee (EeHOMEHOJIOTHYECKOE ypaBHEHUE 3apsaKd Karlkd Tpu ee

MaacHr U HCOAJHOPOAHOM HCIIAPpCHHUHN B BO3AYXC B JJICKTPHUYCCKOM II0JIC

az 1 _2Ru (3.20)
Z=——(1-¢)VRe(Z +Z Re=".
dt TS( ONRe(2 +2,), MY

U - CKOPOCTb JIBUIKEHHS KAIIH B CUCTEME OTCUETA CBA3AHHOM C BO3/IyXOM; BEJIMUMHA T,
MMeET pasMepHOCTh BpeMeHH. C yuetoM Belpaxkenus 1ius T, B (3.15) u Toro, 4ro

Sc=1, npu Re>1 MOXHO IPUHATH C TOUHOCTHIO JI0 HECYIIECTBEHHOW KOHCTAHTHI
— hele
4O P, B

5

3.4. 3APSAIKA N JIEBUTALIUS KAIIEJIb TP HECTAIIMOHAPHOM
IMAJZEHUU B ATMOC®EPE
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PaccmoTpumM Tenephb mpoliiecc HECTAllMOHAPHOTO MaJieHUs KaIlju BOJbI B aTMoc(epe
B OJHOPOJHOM JJIEKTPUYECKOM TII0JI€ COBMECTHO C €€ 3apsAJKOM B COOTBETCTBHM C
ypaBHeHueM (3.20). 3anumiemM ypaBHEHHUE TBWKCHUS KaIUTH B BO3yX€ B MPOCKIIUU Ha

HaIpaBJICHUC JIBUKCHUA

d
md—l; =mg —FC(U) —‘q‘EO.

(3.21)

F (U) - CWJa CONPOTUBIICGHHSI Cpelbl, KOTOpylo Impu Maibix Re<300ynem

c

paccuuteiBath 110 CTokCy F, (U) = 6TRuN, a npu 6onpmux Re >30 no HetoTony

4

F.(u)= gpquz,

P - TUIOTHOCTH BO3Ayxa. Kak MOKa3bIBaIOT BBIMICH3IOKEHHBIC SKCIICPUMEHT U TEOPHUS,
Ip¥ TPEUMYIIECTBEHHOM HCIapeHuu CHU3y cwia KyiioHa, AeicTBYyromass Ha Karuiio,
BCET/Ia HalpaBJIeHa BBEPX, MOATOMY OHA BXOJHUT B (3.21) co 3HaKOM MUHYC.
VYpasuenue (3.21) ynoOHo 3amucaTh B O6e3pazmepHoOil ¢hopme, BBOAS Oe3pa3MepHbBIN
paguyc (umcno bBonma): Bo=R/a,; Oe3pasMepHyI0 HaNpPSIKEHHOCTb  IOJS:
2 1/2
—_ SOEO aS — 2aS =
N, = “aq ; 0e3pa3MepHyl0 CKOpOCTb: U = U_\) ; 0e3pa3MepHbI  3apsi:
S

Z, = 7ZBo’. Torma BmMecTo (3.21) moay4um clieyiomiee ypaBHEHHE:

du _ 1 Z|N?
dar (HS‘ o _FZ(”)]; (3.22)

T Bo
1,1300°u / Bo*, Re =uBo < 30,
Fy(u) =

dt 1
47100 u / Bo*, Re =uBo >30.

OTtMeTuM, 4YTO BeIWYMHA T UMEET Pa3MEPHOCTb BPEMEHU, HO HE HMEET CMbICIa
XapakTEepHOTrO BPEMEHHU 3apsaKd. YpaBHeHue s 3apsaa kamim (3.20) momyuaercs

CJIETYIOLUM:
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3/2
le — _BO (1 —(I))\/;( Zl +Zm) (323)
dt T, Bo’

371ech, B COOTBETCTBMM C pe3yJbTaTaMH NPEAbIAYIIEro pasnena, mpumem T, =27,8c,
Z, =024 npu Re<1, ecimim ke Re>1, o T,=7,35¢, a 11 MakCUMAaJIbHOTO 3apsja
KaIuIM BO3MeM BepxHuil npenen Z, = 1. Buemnumu napamerpamu 3agauu (3.22), (3.23)

ABJIAIOTCA OTHOCHUTCIIbHAA BJIA)KHOCTD (I), paanycC KallClib BO(R) , HAIIPsSKCHHOCTD
BHCHIIHETO IT0JIA Na (EO) 1 HAaYaJIbHBIC 3HAUCHUS 3apsi/ia KallJIn U €€ CKOPOCTH.

Cucrema ypaBHenui (3.22), (3.23) mHTErpHpoBaach YHUCICHHO C HadaJbHBIMH

YCIIOBUSIMU u(t = O) =Z (t =O) =0. YcraHoBuBLIEECs peLICHUE U1 Z, U U CUHUTAIOCh

. Z, u
HAWJEHHBIM, €CJIY BBINIOJHSJIUCH YCIOBUS Z_ 20,95 u —=0,95. Ilpu 3TOM, TaKk KaK u,
u

m s
OBLIO HCU3BCCTHO, I BBIIIOJHCHHUA IIOCIICAHCTO YCIOBHUA B IIpOrpamMme CTaBUJIOCh

Uu. —Uu.
1 .
yCIIOBUE ‘ a " < 197" 34ech i- YKCIO IIaroB MHTETPUPOBAHUSA. IJTO YCIOBHE
u, i
i+1

COOTBETCTBYET YTPOCHHOMY BPEMEHHU PEJIAKCALMU CKOPOCTH TaK Kak exp(—3) =0,05.

Bce pacuersl ObLIH BBITIOJIHEHBI ISl OTHOCHTEIbHOM BiiaykHOCTH ¢ = 0,8.

v

M/c
10F
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Puc. 3.7. 3aBucMMOCTH yCTaHOBUBIIEICSI CKOPOCTH TNaJIeHUs Karelb oT unciia bonaa
(pa3MepoB Karieib) Py Pa3InYHbIX 3HAUCHUSIX HAPSHKEHHOCTH 1mouist. Macmtad norapuMudecKuii

[lepeiinem K OOCYXACHHIO pE3yJbTaTOB uUHTerpupoBanms. Ha puc.3.7 B
JorapuMuueckoM MaciTabe MpeaCTaBIeHbl rPa@UKy 3aBUCUMOCTH YCTaHOBUBIIEHCS
CKOPOCTM TaJEHHUs Kaleiab OT KX pPa3MEpOB IPU 3HAYCHHUSAX HAMNPSHKEHHOCTH ITOJS
E,=0,1,2,3 xB/em (N, =0; 0,0012; 0,0048; 0,0108 - coorBercTBeHHO). BraHo, uro
IIPU 3aJJAHHOM HAIPSHKEHHOCTHU IOJI MPOJOJDKAKOT IMaJaTh BHU3 C YCTaHOBHUBIIEHCS
CKOPOCTBIO TOJIBKO T€ KAaIUIM, pa3Mepbl KOTOPBIX HAXOIATCS IPAaBEE€ BEPTUKAIbHBIX
MPSIMBIX, OCTAJIBHBIE JIEBUTHUPYIOT. Bech CHEKTp Kaleiab OrpaHHYeH CBEPXY H3-3a
HEYCTOMYMBOCTU MX MO OTHOIIEHUIO K IPOOJIEHUIO B MOTOKE BO3yXa, MOATOMY BO BCEX

pacuerax nosaraioch Bo<1.

v tc
MC 2,0L
3F 0

1,6F

2 1,2F

0,8F

|
|
|
|
|
L i L ‘ L
e 0.4 0.8 12 te 070501 005 02 05 1 Bo
3,8 v

Puc. 3.8. 3aBUCUMOCTH CKOPOCTH NaJIeHUS

Karuid OT BPEMEHH IIPH Pa3HBIX HANPSHKCHHOCTSIX Puc. 3.9. 3apucumoctu Bpemeru

YCTaHOBJICHHS CTAIIHOHAPHOTO PEXKUMa MaICHUS
Karenb oT uncia borma (pa3MepoB Kamnenb) mpu
Pa3IMYHBIX 3HAYCHUSIX HAMPSDKEHHOCTH TIOJIS

nons (Bo = 0,1). Kpusas 3 cootBeTcTBYeT
JIEBUTALUN

XapakTepHblE€ 3aBUCUMOCTH CKOPOCTH IaJCHMS Kallellb OT BPEMEHM IIPU TEX KE
YeThIpeX 3HAYCHUSX HampsbkeHHocTH mnonds W Bo=0,1(mis Boasl R =0,38 MMm)
nokasansl Ha puc.3.8. Takue Karau npyu HaIpsHKEHHOCTH IOJISL, TP KOTOPOl HAYMHAET

BBITIOJIHATBCS yCIIOBUE qFE, >mg, CHayana yBeIU4YUBAIOT CKOPOCTh NaJeHUs (3apsa IIpH
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ATOM €llleé HE JOCTHraeT MaKCUMaJbHOr0), 3aTEM yMEHBIIAIOT €€ A0 HYJs, TO €CTh B
KOHEYHOM HWTOTre€ JBWXKYTCS BMECTE€ C TOTOKOM BO31ayXa, JHMOO OCTaroTcs
HEMOJIBYKHBIMM OTHOCUTEIBHO 3E€MJIM, €CIU HEMOJBMXKEH M BO3IyX (JIEBUTHUPYIOT,
kpuBas 3). Ha puc.3.9 mokasanbsl 3aBUCHMOCTH BPEMEHH YCTAHOBJICHUS CTAIIMOHAPHOTO
peXUMa TaJeHHsl Kamelb B 3aBUCUMOCTH OT HX pa3Mmepa (ModyJorapupMUYECKHit
Macimtad). U3 rpadukoB Ha puc.3.8 u puc.3.9 BUAMM, UYTO BpEMEHA YCTAaHOBJICHMS
peXuMa JIEBUTALlUM CYIIECTBEHHO MEHbBIIE XapaKTEPHBIX BPEMEH YCTAHOBJIEHUS

CTallMOHApHOro najaeHus (mpu N, (EO) = const ). PacueTsl moKa3bIBalOT, 4TO 3a BpeMs

YCTAaHOBJICHUS  CTAllMOHAPHOIO  peXHMa MaJieHuss HauOoJjblllee  paccTOsSHUE,
MIPOJIETAEMOE KaIlJISIMUA BCETO CIEKTPa BOAHOCTH JI0Ksl, HE mpeBbimaet 10 m.
Yucnennoe pemenue cucrembl (3.22), (3.23) mpoBoauioch U € JAPYTHUMHU
HavyaJIbHBIMU yCJIOBUSIMU. Hampumep, CKOpOCTh Karuii B Ha4aJIbHBIH MOMEHT BPEMEHU
BBIOMpAJIaCh PaBHOM YCTAaHOBUBIIEHCA CKOPOCTH TMAJCHUS, a €€ 3apsij paBHBIM HYJIIO.
[lpu >0  Kamig HaYMHAET JBUTaThCS B AJNIEKTPUUYECKOM TOJE€ M HAYMHAETCS ee
3apsAnKa. 3aps] HAauMHAET YBEIWYMBATHCA, a CKOPOCTh yMeHbaTbcs. Hakxoner nms
KaIUld JAHHOTO  pa3Mepa YCTAaHABIMBAETCS PEXKUM MaJCHUS  XapaKTepHbIH U

JUIs HadalbHbIX ycnoBud u =0, Z, =0. Bpems mnepecTpOMKH IBIKEHHUS IIPU ITOM

OKa3bIBACTCA IMOPAAKA CCKYHI NN IIOHCﬁ CCKYHII.

3.5. YCTOMUYUBOCTH U JIEBUTAIIMA KAIIEJIb
B »skcnepumeHTax, ONUCAaHHBIX BbIlIe, B pasnaeie 3.1, ObUIO YCTaHOBJIEHO, YTO
OTHOCHUTENIbHO OOJBIINE KalUIM HE MOTYT B3JIETETh BBEPX B AJIEKTPUUYECKOM TIOJIE, a C
YBEIMYEHUEM €0 HAMpPsHKEHHOCTH WJIM 3apsj]ia Ha Kalljie MOCIeIHUE pa30opbI3ruBatOTCs
B pesyibrare pa3Butus O/l HEyCTOMYMBOCTH. AHANOTMYHAsl CUTyalds, B MPUHIIUIIE,
MOXKET HMETh MECTO U JUIs Kalelb BOJBL, INAJAKIINX MW 3apsKAIOMMUXCI B
anekTpudyeckoM moje armocdepsl. [IpencraBnser uHTepec HaWTH U CHOPMYIUPOBATH

YCJI0BH:A, ITPU KOTOPBIX PABHOBCCHAsA (bopMa Kallig e1ic YCTOﬁqHBa n B CBA3H C 3TUM
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BO3MOKHA JIeBUTalMs Kamd. byneMm cuurtaTh, 4TOo paBHOBecHas (opma Kamid He
CJIMIIIKOM CHUJIBHO oTiim4aeTcs oT cheprl. CHauana pacCMOTpUM OOLIUHM Cityyal, Korja
3apsA]l Ha Kaljle HE 3aBUCUT OT IOJIsS, TO €CTh Kalulsd 3apsKajlach HEWHIYKIIMOHHBIM
crocoO0M. 3aruiieM ycioBHE ee JIEBUTALUN

qE, ng:%T[gR3g. (3.24)

[epeiinem k Ge3pa3MepHBIM NIEpEMEHHBIM, 3apsiay O u nomo N, rae N, onpeneneHo

B IIpEAbIAYLIEM pa3zene, a (), ONpeaesuM TaKk

= 12
Qa = %
l6Tt0G

Torna ycnosue (3.24) B 6e3pazMepHOil opMe 3amUIIETCs CISTYIONUM 00pa3oM:
Q,N,=Bo’ /6. (3.25)

VYcnoBue ycTOMYMBOCTH 3apsDKEHHOW Kalljid BO BHEIIHEM TioJie 3amnuiineM B Buje (2.20),

C y4eToM mepeonpeeneHus 0e3pa3MepHbix nepeMeHHsix O u N . Toraa noayyum

2 3.26
%+|JN5B0<1, n=1/0,052. (3.26)
0

O4eBUHO, YTO OJHOBPEMEHHAsI BBHIMOJIHUMOCTD (3.25) u (3.26) BO3MOXKHA TOJIBKO MPU
oTpe/ielIeHHBIX 3HaUeHMsIX uncia bonaa. Permas coBMeCTHO 3TH HEpABEHCTBA, MOIYYUM,
YTO Karuisi OAHOBPEMEHHO MOXKET ObITh YCTOMYMBOW M JIEBUTUPOBATH, €CIU €€ YHCIIO

BOHI[a YOOBJICTBOPACT YCIOBHUIO

Bo<Bo, =+/3 /1 =0,83. (3.27)
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Q3. Q3. Q3

Puc. 3.10. Kpuble HEHTpabHON YCTOMYMBOCTHU U JIEBUTALIMH 3aPSKEHHBIX Kalellb B
3JIEKTPUUYECKOM T10JIe

[Ipu BbimonHeHun ycnoBus (3.27) neBUTalMs Kameidb BO3MOXKHA TOJBKO B

OIIPEJIENICHHOM JMaNa3oHe 3apA10B U HAIPSHKECHHOCTEN 1o, Takux uro O, <0, <0, ,
N,,<N,<N,, (puc.3.10). I'panunp! o01acTu JIEBUTALUU ONPEACIAIOTCI KaK KOPHH

CHUCTEMBI YPaBHEHU, COOTBETCTBYIOIINX HepaBeHCTBaM (3.25), (3.26).

Kak yxe ObulO ckazaHo, KaruM, TMajarmue B artMmocdepe, MOTYyT OBITh
HEYCTONYMBBIMU IO OTHOLICHHIO K MX JIPOOJICHHIO B MOTOKE BO3yXa U BCIEACTBHE
ATOTO UX CHeKkTp mo uuciay bonma orpannuen cBepxy Bo < 1. Hepasenctso (3.27),
TakuM 00pa3oM, 03HAYAET MPUHIUITHATHHYI0 BO3MOXHOCTh JICBUTAIIUU OOJIBIIEH YacTH
CIEeKTpa Kameilb BOABI B aTMocepe NpU JOCTHKEHUM HAMNPSHKEHHOCTH TMOJIS
COOTBETCTBYIOIIEro 3HaueHus. Tak s npeaensHoro 3HadeHus Bo = 0,83 pacuer maet

E,=5,1 xB/cwm.
[IpencTaBnseT HMHTEpeC TaKXKe IPOBECTH AaHAIW3 BO3MOXKHOCTH JIEBHUTAlUM U
YCTOWYMBOCTH JUISl Kallellb, KOTOPBIE 3apsDKAIOTCA 33 CUeT MHIYKIMOHHOTO MEXaHHU3Ma.

B 3TOM cilydae 3apsiji Karuii MOKHO NPeICTaBUTh Tak g = c,€,E,R*. Toraa HepaBeHcTBa

(3.25), (3.26) COOTBETCTBEHHO JIAlOT
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ves2mBo s I | (3.28)
‘3¢ “ Bo(u+c:/16T)

a

CoBMECTHOE MX BBITIOJIHCHUE BO3MOXXHO, €CJIN 6YILGT BBIIIOJIHCHO YCJIOBHUC

( 30 j“z (3.29)
Bo < S .
2T+’ /16TE)

[TpaBas yacTh 3TOro BeIpakeHUs ABJIsETCA QyHKIMEH KOAPPUIMEHTa aKKOMOJAIUU C, U
MOHOTOHHO pPAacCTET C €ro POCTOM, JOCTUTasi MaKCUMaiabHOro 3HaueHus Bo. =0,80 npu
c, =12n.

Takum oOpazom, MogyyaeM, 4TO U B ATOM CJIy4yae MOYTH BECh CIEKTP Kaleslb BOJbI B
atMocepe B MPHUHIIUIE MOXET JICBUTUPOBATHh B JOCTATOYHO CHIJIBHOM JJIEKTPHUYECKOM
noJie.

B 3akmoueHwe OTMETHM, YTO TaK KaK CpEAHHWE 3HAYCHHS HANPSDKEHHOCTH
AIIEKTPUUECKOTO TOJIA B BO3AyXE MPHU TPO3€ U TeM OoJiee B €€ OTCYTCTBHUE COCTABIISIIOT
menee 0,3 xkB/cm, a ang cymectBeHHOro mposiBiieHus d¢d@dexTa JeBUTAIMN Karelb
TpeOyIOTCs MO HAaNPsKEHHOCTHIO 2-3 KB/cM, To BBUY KpaTKOBPEMEHHOCTH Ipolecca
3apsIKU Karenb U HEOOJBIIOTO PACCTOSHUS, MPOJIETAEMOTO0 UMHU 33 TO BPEMsl, BCE XKe
MOXXHO OXHJATh TMPOSBICHUS O0O0CYXKJaeMbiX 53(PGEeKTOB B MPUPOJE 1O THUILY

PE30HAHCHBIX.

3.6. HEKOTOPBIE DOPEKTHI DJIEKTPOCTATUYECKOI'O
B3AUMOJEVCTBHUSA KAINEJb BOJIbl BATMOC®EPE
BzaumoneiicTBue kamenab BOAbI B aTMocepe HMeeT peliaroiiee 3HaueHUE MpH
dbopMUpOBaHUH OCAJKOB, TPO3 U APYTUX aTMOC(HEPHBIX SIBICHUN, MOITOMY Tpelyer
BCECTOPOHHETO M3y4EHHs. XOpOIIO H3BECTHBIMU SIBJICHUSMU, TPOUCXOISIIUMHU C
KaIUIAMM, SIBIISIIOTCSL TaKWe, HalpuMep, Kak dJeKTpu3auus (3apsika), Koaryssuus,

npoOiieHne, KopoHupoBaHue. [Ipu 3TOM BakKHO 3HATH POJIb TEX WIJIM MHBIX (DaKTOPOB B
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dbopmupoBanuu siBaeHuss. O4EBUHO, UTO JIEKTPUUECKOE MOJIE Y OBEPXHOCTH Kareiab U
ANEKTPUUECKUE CHJIBI, JCUCTBYIONIME HA HHUX, SBISIOTCS OJHUMH U3 TAKUX BAKHBIX
(bakToOpoB, BIMSIOMIMX HA XOJ MPOIECCOB, MPOUCXOASIINX ¢ KaruisimMu. CrneaoBareiabHo,
HeoOXxoauMa pa3paboTKa METOJ0B, IMO3BOJMAOIMMX dJPPEKTHBHO W C XOpOIIen
TOYHOCTBIO PACCUMUTHIBATH ITH apAMETPHI.

B yacro nutupyemoit padore [105] (cM. Hanpumep, [17, 106, 107]), Obu1 ipeiioKeH
METOJ M TMPOM3BEACHBI pPacueThl HAMPSDKEHHOCTEW MO Ha TMOBEPXHOCTH JIBYX
3apsOKEHHBIX CEPUUECKUX YACTUIl, HAXOMISIIMXCS BO BHEIIHEM OJHOPOJHOM TOJIE, a
TaKXe AJIEKTPUUECKON CHUJIbI UX B3aumojeicTBus. Meron pacdera B [105] nocrarouno
TPOMO3JIKUI U TPYyAHOBOCHPOU3BOAUM. B HacTosiei paboTe pacder HampsHKEeHHOCTEH
MOJISL ¥ CUJTBI B3aUMOJICUCTBUS, 0€3 yueTa BHEUIHETO MOoJsl, IPOU3BEIeH 00JIee MPOCThIM
METOJIOM, OCHOBAaHHBIM Ha METOJAE HJEeKTpuueckux uzoOpaxenuit [108]. Pacuersi,
pe3ynbTaThl KOTOpbIX omyOnukoBansl B [178, 180] u wm3naratoTcs HUXKeE, TOKazald
TaKXe, YTO Ha MaJIbIX PACCTOSIHUAX MEXKIY YacTUIlaMUu pe3yibTatThl [105] He BepHBI U3-
3a OOJIBIIION MOTPEITHOCTH YUCICHHOTO cueTa CyMM psnioB. Kpome Toro, pe3ynbrarsl
HAaCTOSIIIMX  PAacuyeToB MNPUMEHEHbl K  aHalu3y BO3MOXKHOCTH  HEKOTOPBIX
HETPAJAUIIMOHHBIX 3((PEKTOB BIEKTPOCTATHUECKOTO B3aUMOJICHCTBUSL Kameilb B
atmocdepe [180].

3.6.1. BbiBo COOTHOLIEHMH VISl pac4eTa HANPAXKEHHOCTH MOJISI M CHJIIbI
B3aUMOAENCTBUSA

PaccmorpuM gaBa mpoBojsdmux mapa paguycamu R, R,, Haxomdmuecs Ha
paccrosHuM [ MexAy LEHTpaMH M HMMEWINWE 3apsabl ¢, U ¢,. B pesynprare

AJIEKTPOCTATUYECKON MHIYKLIMH 3apsij IEPBOTO 11apa cO3/1aeT BO BTOPOM
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N4
B

y C

Puc. 3.11. B3auMHoe pacnonoxeHue AByX IPOBOASIINX 3apsSKEHHBIX I1apOB (Karelb)

ayIeKTpudeckoe n3olOpaxeHue (J,,, KOTOPOE, B CBOI O4YEpENb, SBISIETCI MCTOYHUKOM
BTOPUYHOTO U300pakeHust ¢, B mnepsom mape (puc.3.11). Takum oOpa3zom,

HANPSDKCHHOCTh TIOJST B TOYKe A co3maeTcss OCCKOHEYHBIM YHCIIOM  3apsIoB-
n300pakeHuil, popMupyronmxcs B oboux mapax. Ecinu 3apskeH TOJIbKO MEpBBIN mIap,

TO HAIIPAKCHHOCTD II0OJIA B TOYKE A MPpCACTaBIACTCA B BUAC

© d 3.30
E, :k(z‘%ﬂ—ngﬂJ, k =1/4Te, (330
perll i
Ucnonb3ys pesynabTarhl padotsl [109], MokHO 3amucaTh
sh sh 3.31
qln = ql y B o an = _ql V—B’ ( )
shnB[y + sh(n —1) 3/ shn q r(l + y)shn B
=t 2l ,
1+y  y+sh(n=1)B/shnp
. 1 ry[y+ sh(n —1) B/ shn q (3.32)
mr 1+y 1+y?>+2yhp

3n1ech 0003HAYEHO r:l/ (R1 +R2), Y =R,/R,, a mapameTp [3 CBS3aH C PacCTOSHUEM

MCXKAY HCHTPAaMU IIapOB COOTHOICHUCM
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oo v -fi+v) (3.33)
2y

ITycts Teneps nepBblii map He 3apshkeH ¢, =0, a BTOpol MMeeT 3apan ¢,. Torma s

HAIIPSAKCHHOCTH IIOJIAA B TOYKE A aHAIOTUYHO UMEEM

d d (3.34)
E, :k(_zq_zzn +Z%j ’
2n

n=1 an n=1

_ sh3 __ sh3 (3.35)
o =% shnB[l +ysh(n —I)B/ shnq ’ =74, r(1+ y)shn B’
1 r
r2n == + b
1+y 1+ysh(n—1)[3/shn[3
1 r[l +ysh(n —I)B/ shnq (3.36)

R. =
Ml+y 1+y? +2yh B

B cnyuae, xorna o6a mapa UMEIOT OTJIWYHBIE OT HYJIS 3aps/bl, HAPSHYKEHHOCTH TOJIS B

TOouke A paBHa

_ _kq (3.37)
EA _EAI +EA2 _R_lKl-

2
1

HamnpsoxennocTs mostst B Touke B (puc.3.11) paccuntpiBaeTcs o TeM ke Gopmymiam, 4To

¥ B TOUKE A4, HO ¢ 3aMeHOol O — 1/a (0( =gq, /%)a Y — 1/y ¥ COOTBETCTBEHHO paBHa

E, =%K2- (3.38)
2

Omnpenenennble TakuM 00pa3oM BenmunHbl K, M K, 1O CyTH NPEACTABIAIOT COOOM

KOA((UIMEHTHI YCUIIEHUsI COOCTBEHHOTO MOJS KaXXI0TOo M3 IapoB. s HaXOXACHUS
CWJIbl, JEUCTBYIOIIEH Ha KaXAbld W3 IIAPOB, 3alUIIEM CHayajga »>JHEPrUI0 X

B3auMojieiicTBus B Buje [108]

1
:E(%ZSU +24,9,5, +‘I§Szz)‘
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3neck S, S, S,, - NOTEHUUAIbHbIE KOA(P(ULUEHTHI. Y 100HEe, 0JHAKO, NEPEUTH K
E€MKOCTHBIM KO3(ppHUIIMEeHTaM, TaK KaK BBIPAXKEHUS JIJI1 HUX XOPOIIIO U3BECTHBI. Toraa B
6e3pa3MepHOit hopMe SHEPTHUs B3aMMOICUCTBUS OYIeT UMETh BH/T

w = (1 +y)|:a2c11 —2(]012 +sz}. (339)
20

_ 2
Giln T Gy
DHeprus 3anMcaHa B €IUHHUIAX k‘ 9,9, ‘/ (R1 +R2), a eMKOCTHbIE KOI(Q(UIHUEHTHI B

enunuiax R,/k. Belpaxenust st ¢, ¢,,, C,, B BBIOPaHHBIX ECIMHHUIAX MOTYT OBITH

3anucansbl Tak [108]

¢, =Ysh Bi[yshn B+ sh(n —1) q_l ,

n=l1

G, = _&i(shnﬁ) - (3.40)

¢,, =Ysh Bi[shnB+ysh(n —1) q_l :

n=1

Breipaxkenue miis cunbsl nonydaercs auddepenuumpoBanueMm (3.39) mo paccTosHUIO
MEXKIy LEeHTpaMu mapoB /. B enuHuMnax k‘ 9.9, ‘/ (R1 +R2)2 OHO MOXKET OBITh

MPEJCTaBICHO B hopme

1+v) ' (3.41)
Frz_aW :_’”( y) Df(cik’cik).
or 2ay sh3

3nmech mocpeacTBOM [ 00O3HAUYeHAa MPOM3BOAHAS 1O [3 OT BBIPAKEHUS, CTOSIIEIO B
(3.39) B kBagpaTHBIX CKOOKAX

2 0 [ T 2 2 [ [ [
- (O7¢y, =20¢) +¢)(€6p —Ciy) =@ ¢, =y, +ey )16y, + 6,65, —2¢,00,)

22
(€116 = ¢13)

f

[Tpon3BoAHBIC OT EMKOCTHBIX KOA(P(PHUIIMEHTOB IO [3 paBHEI
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, Bz chnfB(n+y(n—1)chP) — (n —1)shn [xh B+ ¢, cthB,

TS sh(1+ yeh B - yehn fsh B

R BZ chnB(yn+(n —1)chB) —(n —1)shn Bsh B + e, cthp,
~ (shnB(y + ch B) —chnBsh B’

¢ = ¢, cth - shf3 shf3 chhnB

€y 2 2

1+y)°r (1 +y)r <= sh™nf3

be3pasmepnas cuna U K03pGUIMEHTH YCHWICHHSI TOJIs Ha TTOBEPXHOCTH KaXKJI0TO U3
[1apOB PACCUYMTHIBAIMCH IO TOJYYCHHBIM (hopMyliaM Ha KoMmrbroTepe. It aToro Bce

claraeMble B CyMMax BBIpaXalHCh uepes mapamerp z=e " (B mo-mpexHeMy

onpenensiercss cootHomenueM (3.33). Cuer cymMM mpekpamiajics, Korjga napamerp z
JOCTUTall MAIIMHHOTO HyJIsA, TO €cTh 10™° B OOBIYHOM pexHMe cueTa, a MPOBEPOYHbIE
pacyeThI MPOBOIWIMCH B PEKUME JBOMHOW TOYHOCTH, BIUIOTH 10 107,

3.6.2. Pe3yabTaThl pac4eTOB HANPSKEHHOCTH TOJIS U CHJIbI

Hanbonee moapoOHO OBLIM pacCMOTPEHBI JBa CiIydas B3aWMOJCHCTBHS Pa3HBIX IO
pasMepy 3apsUKeHHBIX MPOBOJSAIIMX IIAPOB, YACTO BCTPEUAIOLIUECs B TOPUM U Ha
MpakTUKE: a) Mapbl ¢ PaBHBIMU TOTCHIMAJIAMU OTHOCHUTEIBHO OECKOHEYHOCTH; O)
3apsibl IIAPOB OTHOCSTCS Kak KBaJpaThl X paauycoB. Ciydail mapoB C paBHBIMH
NOTEHLIMAJaMl OTHOCUTEJIBHO OECKOHEYHOCTH O3HavaeT ¢, / ¢, =R, / R, To ecTb O =Y.
OTOT ciayyail MOXKET UMETh MECTO, €CJIH 3apsJIKa MIapoB 0 UX COMMKEHUS MPOUCXOIUIIA
OT OJTHOTO U TOTO € HMCTOYHWKA HANPSDKEHUs, MO0 MOTEHIMANbl BRIPOBHSUIUCH 32

CUCT KOPOHHOI'O TOKa. TOI‘I[&, Kak MW CJICIOBaJI0 OXHAATb,
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| //

Puc. 3.12. 3aBucumocTi KOXQPHUINEHTOB YCHUICHHUS HANPSHKEHHOCTH MOJISI HA IOBEPXHOCTH IIAPOB
0T 6e3pa3MepHOro pacCTOSIHUSA MEXKAY UX LIEHTpaMH. 2, 3 - MeHbILIMH map, 4, 5 - 601bLIMiA map

ko3 PuimeHTsl ycuneHus mojis B Toukax 4 u B (puc.3.12, kpuBas 1) MOHOTOHHO
BO3pacTalOT OT HYJS /0 €AMHUIBI C YBEJIMYEHHEM DPACCTOSHUS MexIy mapamu. [Ipu
TOM HAIpsHDKEHHOCTh TOJs Ha OOJbIIeM MIape HECKOJIbKO ObICTpee CTPEeMHUTCS K
€AMHUIIE, YEM TaKOBasi HA MEHBIIEM.

l'opaszno cinoxHee neno o6cTouT ¢ cuinoi B3aumoaeuctsus. Ilpu o =y #1 cuna Ha
OJM3KUX PACCTOSTHUAX MEXKIY IIapaMH SIBIISIETCS CUJION MPUTSHKEHUS, HEOTPaHUYCHHO
BO3pacTawoleld npu cOnmxeHu ImapoB. [Ipy ymaneHUM IIapoB culia MEHSET 3HaK,
CTaHOBSICh CHWJIOW OTTAJIKMBAaHUA. 3aT€M JOCTHIaeT MakKCUMyMa U C JajlbHEHIINM
YBEIMYEHUEM PpACCTOSIHUS MEXIy ULIapaMd HadyuMHaeT YObIBaTh 1O 3aKOHY,

MPUOIKAIOMIEMYCS K KyJIOHOBCKOMY. TUNMYHbIA TpaduK 3aBUCUMOCTH CHIIBI OT
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F/F

T 12 14 /1618 20 22 T

Puc. 3.13. 3aBucumocTu 6e3pa3MepHOil CHUIIBI, IEUCTBYIOIIEH Ha MIapbl, OT O6e3pa3MepHOro
paccrosinus Mexay ux uenrpamu. Kpusas 1 - 3akon Kysnona, kpuBast 2 - 0IMHAKOBBIE OJIMHAKOBO
3apsKEHHBIE Iapbl

PacCTOSTHUS MEXKy LIEHTpaMu apoB Jyist O =Y =4,3 nokaszaH Ha puc. 3.13, kpuBoi 3.
KoopauHatel HyJIEBOW CHJIBI M KOOPJIMHATHI MAaKCUMAJIbHOW CHJIBI M3MEHSIOTCS B

3aBHCHUMOCTH OT BEJINYHMHBI O((y) B npenenax 1 <7 <1,08 (myneBas cuna) u 1, <r, <1,27

(makcumyM cuibl). KpuBast 1 COOTBETCTBYET KyJIOHOBCKOMY 3aKOHY.

Oco0blil UHTEpEC MpeACTaBIsIeT CIy4aidl OJMHAKOBBIX IIApOB R, =R, wim O =y =1.
B sToM cnywae 3amaus 0 HampsDKEHHOCTH MOJS U CHIIE B3aUMOJEHCTBUS IIAPOB
CTaHOBSITCS aBTOMOJIETbHBIMU. B YacTHOCTH, pacueT CUJbl OTTAJIKMBAaHUS IIAPOB B
3aBUCUMOCTH OT PAcCTOSIHUS MEXy UX ILIEHTpaMH JaeT KpuByr 2 Ha puc.3.13, a Ha
ONMM3KUX PpACCTOSIHUSX MEXIy IIapaMd HMEeM AaCHUMITOTHYECKOE pelIeHHe

F =0,615F,

ms LTHAC FKm - MaKCHMAJIbHOC 3HA4YCHUC CHIIbI, paCCqHTaHHOP’I B
KYJIOHOBCKOM HpI/I6J'II/DKeHI/II/I, TO €CTb B ClIydac, KOrzaa 3apdaAbl IIapoB CYUHUTAIOTCA
COCPCAOTOYCHHBIMU B HMX LCHTpPAX. I[J'I?I SHEPIrUun COOTBCTCTBYIOHICC ACUMIITOTHYCCKOC

pewmenue gaer W = 0,885, .
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Ecnu xe 3apsiapl m1apoB pasHOMMEHHbIE O = —Y = —1, TO cuja UX B3aUMOJICUCTBUS

npu cONMM>KeHnU OECKOHEYHO BO3PACTAET M0 ACUMIITOTHYECKOMY 3aKOHY

4F,

= — K = —1’

S(in(2/8) +1)*

(3.42)

KOTOPBIN YCTAHOBJIEH C UCIIOJIB30BaHUEM (POPMYIIbI CyMMUpOBaHuUs Diliiepa-MakiopeHa
0 _ © 1
210 = [ r(0)ar+ 2 (1) + (<),
n=1 1 2
C TIOCIIEIYIOIIUM Pa3JIOKEHUEM pe3ynbrata B psia Teimopa mo B <<1 [178]. Dueprus
B3aUMOJICUCTBUS TIPU 3TOM OCTAETCS] KOHEUHOU M NP COJMMKEHUU IIAPOB CTPEMUTCS K
2W, .
UucieHHbII pacyeT HANpsHKEHHOCTHM Ioyisi B Touykax A W B mokasan, 4ro B
paccMaTtpuBaeMoM ciiydae O = -y = —1 npubmmkenHas gopmyna [Tuka [110]

1

:E(1+2S+ (1+28) +8j (3.43)

JIOCTATOYHO XOpomIo (C TOTrpemrHoCThI0 He Oonee 1%) ommchIBaeT 3aBHCUMOCTH
HANpPSDKEHHOCTH TOJS B TOYKE A OT pAacCTOSIHUS MEXIy IIapaMu MpH JIIOObIX
r>1(5>0).

[lepeitneM k 0OCYXIEHHIO PE3YJNbTaTOB PACYETOB B Cilyyae, KOIJla OTHOLICHHE
3apsAI0B IIAPOB PAaBHO KBAJIpaTy OTHOIIEHHS MX PaJHYyCOB, TO €CTh O =Y°. DTOT cirydaii
MOXET PEan30BaThCsl HA MPAKTHKE, €CIU 3apsAJibl IIapOB BO3HUKAIOT B PE3yJIbTaTe UX
MHIYKUMOHHOM 3apsIKi BO BHEIIHEM JJIEKTpUYeckoM 1one. B asrtom ciyuae
IpeaenbHbIA 3apsa Ha mape paadyca R pasen ¢=c,E,R’. B oToM ciydae HaoG0poT
HEOXHUJAHHO MPOCTO PEIIAECTCs BOMPOC O CHJIE B3aMMOJCHCTBHS IIAPOB: OHA JUIA BCEX
PACCTOSIHUN MEXIy IIapaMH SIBIAETCS CWIOW oTTaikuBaHus. [Ipum HeOompmmx Yy <3
CWJIa OTTAJIKUBAHUS U B KOJIMYECTBEHHOM OTHOILIEHUHU OJIM3Ka K TaKOBOM mpu O =Yy =1.

OpHako ¢ yBeIMYEeHHEM Y M O CWiia OTTAJIKUBAHUS CTPEMUTCS YK€ K KYJIOHOBCKOMY
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npejeny, TO €cTh IpU O =Y’ rpaQuK 3aBUCUMOCTH CHMJIBI OT PACCTOSHMS MEXKIY
LEHTPaMH IIapOB BCEra PACHOJIOKEH MEX Ay KpuBbIMU |1 1 2 Ha puc.3.13.

Ko puiments! ycuenus 1mous B ciiydae of =Y’ BeayT ceOs CIIemyomuM 06pasoM.
Ha Onm3kux paccTOsIHUSIX MEXIy IIapaMy I0Jie YCHIIMBAETCS TaK, YTO HANPSKEHHOCTH
HA TOBEPXHOCTH KaXIOr0 M3 IIAPOB HEOTPAHMYEHHO BO3PACTAIOT MPH COIMKEHHUH
mapoB. [Ipy 3TOM HaNpsSYKEHHOCTH TMOJISI HA OBEPXHOCTH MEHBIIEro I11apa (B TOUke A,
puc.3.11) HanpaBiieHa BHYTph IIapa, TO €CTh OTPUIATEIbHA, €CIU IIapbl PACIIOIOKEHBI
noctatoyHo Onm3ko. CoOTBeTCTBYIOIKUE TpaduKd 3aBUCUMOCTH KOI(PPHUIIUEHTOB
YCWJIEHUSI TOJII OT pacCTOSHUA MEXIAy LEHTPaMHU LIApOB IIOKAa3aHbl KPUBBIMHU 2
(y =20 :4) u 3 (y =4, a =16) Ha puc.3.12. HampsskeHHOCTh K€ TI0Js Ha
noBepxHocTu Ooubliero mapa ( B Touke B, puc.3.11) nampaBieHa Bcerma OT HEro
(xpuBbie 4, 5 Ha puc.3.12, KOTOpbIE TaKKe€ COOTBETCTBYIOT Y =2, Y =4). Bugno, uro
OpU YMEHBIIEHUH Y 1O €OUHHIBI KPUBbIE 3aBUCUMOCTU KOX(P(ULHEHTOB YCUICHHS
MOJISI OT PAcCTOSIHUSA MEXJy LIapaMH CTPEMSTCS K 3aBUCUMOCTH E (r) ULl citydast
a=y=lI.

OtmetuM, uTo B padote [105] Obuta pemena Oosee obOIias 3amada 00 OnpeseIeHUuN
HaIpPSKEHHOCTH 1OoJs B Toukax 4 u B (puc.3.11) u cunbsl B3auMOACUCTBUSL IIAPOB.

OnHako pe3yiabTaThl YUCIECHHBIX PACYETOB CHII M HANpsKeHHOCTe! B [105] BepHBI uib

KayecTBEHHO. [lefiCTBUTENbHO, B OTCYTCTBMM BHEIIHEro moiisd, mpu Yy =1, a=-1 u
r=1,005 cornmacuo [105] ana Oe3pa3MepHOIl HANPSKEHHOCTH MOJSI B TOukax 4 u B
umeeM E, , =56,06, 4To moutu B 4 paza MEHbILIE PACCYMTAHHOM B HACTOAIIEH paboTe
o ¢popmyiam (3.30)-(3.37) u no dopmyne Iluka (3.43): £, , =200,7. CyriecTBeHHbIE

PaCXOXKICHUS COXPAHSIIOTCA U JIJIs PYTUX, HE CIUIIKOM OOJBIINX PACCTOSTHUN MEXKTY
mapamu. BepoaTHo, Takue HEYIOBJIETBOPUTENbHbIE pe3ysibTaThl [105] ecTh cinencrBue

HEJIOCTAaTOYHOM TOYHOCTH BBIYMCICHHM CyMM psiioB (cuer cymmbl psga B [105]
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MpeKpamaics, €ciy BeJIMYMHA YIECHOB psija craHoBuiach menee 0,1, Torna kak B
HacTosmei pabote - menee 107°*).

3.6.3. D ¢exTnI B3aMMOAeHCTBUS 3APSKEHHBIX KaleJb

Ucnonw3yss monydeHHbIE pe3yibTaThl, PACCMOTPUM HEKOTOPHIC HETPATUIIMOHHBIC
3¢ deKThl B3aUMOICHCTBUS 3apsXKEHHBIX Kare

Jb B armocdepe. B uacTHOCTH, cuia NOPUTSHKEHUS, BO3HUKAKOIIAS —MIPH
B3aUMOJICICTBUU OJHOMMEHHO 3apsDKEHHBIX Kamellb, MOXET CIOCOOCTBOBaTh HX
CIIMSIHUIO, KOTOPOE COMPOBOXKIAETCS YBEJIMUYCHHEM paauyca Kalid | 3apsna.
JlomycTuM, 4TO O CIWSHUS Kamelb IS KaKI0M W3 HUX BBINOJHSIOCH YCIOBHUE HX

YCTOMYUBOCTH 110 Pasero

2 kqlz .
O =————<I, i=1,2.
léma R,
O, - k03 PUIHEHT NOBEPXHOCTHOIO HATsLKEHUs. Torna BO3HHMKAaeT BOIPOC: OyIeT Jiu

oOpa3oBaBIIasiCsa Karulsl TakKe YCTOWYMBOM 1Mo  Pamero wnu Haiimercs o00JacTh
rmapaMeTpoB, B KOTOpPOMl paBHOBecHe OOpa30BaBIICHCS Kaiidi B BUIE chepbl
HeycTonunBo? [l 0TBETa Ha BOIPOC 3amuileM rnapaMmetp Panes miist oOpa3oBaBiieics
KaruTi B BHJIC

Qz _ k(% +q2)2 =Q12 él +G)2 .

_16nas(Rf +R23) 1+y°

Torga yciaoBusi yCTOMUMBOCTH MCXOJHBIX Kallelb U HEYCTOMYMBOCTU 0Opa3oBaBLICHCS

KaIjIu 00pa3yroT CIEAYIOLIYI0 CHCTEMY HEPABEHCTB

(l+a)  Ofa® (3.44)
1+y3 - y3

Kak Ob110 TIOKa3aHO BBIIIC, B 06HICM ClIydac HAIIPAKCHHOCTD ITOJISI HA ITOBCPXHOCTHU

Ql <1> Q1<1'

Karejib CHUJIBHO BO3pPAacTaeT MpU HUX COJMKEHUU U 3TO MOXKET NPUBECTH JMOO K HX
HeycToiunBocTu mo Teinopy, mMO0 K KOPOHHOMY WM HCKpPOBOMY paspsany. Paspsn

BCACT K BbIPABHUBAHWIO IIOTCHIHAJIOB KaIICllb. Ho wumenno B ClIydyac paBHBIX
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MOTEHIMATIOB HAIMPSKEHHOCTh MOJS Ha OMMKHUX MOBEPXHOCTAX Kareidb YMEHbIIAETCS
pU UX CONMMKEHUH, Jieiasi HEYCTOMYMBOCTh MO Telsopy U pa3psii MaJOBEPOSTHBIMHU.
[ToaTOMYy city4aii paBHBIX MTOTEHIIMATIOB Karelb O =Y MpeACTaBIseT 0COObI MHTEPEC B
OTHOLIEHWU OTBETa Ha TMoOcTaBleHHbIM Bompoc. [lomaras B (3.44) O =y, noiy4um
CJIIEAYIOLIYI0 CUCTEMY HEPABEHCTB
O (1 +y)
v +)

2 2 (3.45)
>1, Q’<y, O’<L

VY 1oBneTBOpsAst 3TOM CHCTEME, HAWAEM CIEAYIOIINE TPAHUIBI MHTEPBAIOB W3MEHEHHS
MapaMeTpoB,  BHYTPU  KOTOPBIX  BBINOJHSETCA  YCJIOBHE  HEYCTOMYHUBOCTH
oOpa3oBaBIIeiics Karau mo Panero

046<Q’ <1, 05<y<2. (3.46)

2

Q

10

08F

06

0,4 1 1 1 1
04 08 12 1,6 20 h’

Puc.3.14. Beinenena o61acth mapaMeTpoB, BHYTPH KOTOPOH paBHOBECHE KaIuid, 00pa30BaBIIeHCs B
pe3yibTaTe KoaryJsiMi JBYX MEHbIINX, HEYCTONUMBO 1Mo Pasnero

[TomHOCTBIO 00IACTH TAPAMETPOB, O KOTOPBIX UJIET PeUb, BhIJENeHA prc.3.14.

J171s O1IeHKH BO3MOXKHOCTH peanu3aiuu 3pQeKra ClusHusg U HEYCTOMYUBOCTH Kareb
B aTMOC(EpHBIX YCIOBHSIX PAacCMOTPUM CBOOOJHOE TMajJeHUE ABYX Kamenb, (popma
KOTOpBIX Onm3ka K cdepudeckoil. 3amuineM YpaBHEHHE JIBIDKCHHS Karlellb,
npearnoaras, 4To B Ha4aJbHBIH MOMEHT BPEMEHHM OHM HaXOJSATCS JOCTATOYHO OJIM3KO
JIpyr K JAPYyry U MMEIOT NPEHEeOpEeKMMO Majlyl0 CKOPOCTh OTHOCHUTEIBHO BO3/AyXa, a
Jajyiee HaYMHAIOT CBOOOJHO mMajnaTh. B Takol MmocTaHOBKE 3agaud, KOTJa CKOPOCTH

Karecjiab Mallbl, MOXXHO npeHe6peqb ChUJIaMHU COIIPOTHUBJICHHA BO3AYXad M YYHUTBIBATDH
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TOJIBKO CHIIBI TSKCCTH M OIJICKTPHUUCCKHUC. Tor;[a HMCEM CIICAYIOIMHUC YpPaBHCHUA

JBYDKCHUS IIEHTPOB MacC Kareib, 3aliMcaHHbIe B 0e3pa3zMepHoi hopme
2— — _ —
dn:]+fn Z
- ’ 1 2
dt’ oy

(3.47)

, i=12.

3I[GCB ] - CI[I/IHI/I‘-IHHﬁ BCKTOD, HaHpaBHeHHBIﬁ BCPTHUKAJIIbBHO BHU3; CAMHHUIA U3MCPCHUA

JUIMHBl TPEXKHAS, €AWHULA WU3MEPEHUS BPEMEHHU [t] =\/(R1 +R2)/ g, BenmnmuuHa f,

paBHa

_ 3kq,q,
- o7 (r),
! 4mpg(R, +R2)2R13 )

rae f (r) paccuuTtbiBasiach 1o popmyiie (3.41). Ilpu yucinenHom unterpupoanuu (3.47)

B IUIOCKOCTH X, ) HayaJbHbIE CKOPOCTH Kamelb CYUTAINCh PAaBHBIMH HYJIO, a HX
HayaJbHOE PACIOJI0KEHUE BaPbUPOBAIOCH. [IJ1s1 OIIEHKU BO3MOXHOCTH HEYCTOMUYUBOCTH
3apsHDKEHHBIX U HAXOJISIIUXCS BO BHEITHEM JICKTPHUUYECKOE T0JIe (€r0 CO3/1aeT COCETHSIS
Karuisl) Karejb UCTI0JIb30BaJICS KPUTEPUA, pACCMOTPEHHBIN B pazzaene 2.3

_ kq® N baOEjR (3.48)
© 16O R’ 4a,

N
E - HanpsHKEHHOCTh BHEIIHETO TI0JIS Ha MIOBEPXHOCTH Karuii. Bropoe cinaraemoe B 3TOM
BBIPAXKEHUHM OTBETCTBEHHO 3a HEycTouM4yuBOCTh Teunmopa mpu ¢ =0, koTopas B

OJIHOPOJIHOM I10JI€ HACTYyNaeT IPH YCIOBUU

2 3.4
EfoR 5 0,050 (3.49)
4a

S
EO - HAIpPsAKCHHOCTH BHCIIHCTO IIOJIA Ha 00JIBIIIOM YOAaJICHUN OT KallJlW. B MomenTt
HaCTYIIJIICHUA H€y0TOI>i‘IPIBOCTH KaIllIsd BBITAHYTA B 3JUIMIICOW]] ¢ OTHOIICHUCM HOHYOCCﬁ

& =1,9. CrnenoBaTtenbHO, HANPSHKEHHOCTH IMOJII HA TIOBEPXHOCTH Karuid (Ha BEpIIUHE

auMriconaa) paBHa [93]
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_ K, 1-¢° 3 _ 1l g2
E = —i’lx(E) , n, = E¥ (Arthe 2e) , e= : & —1.

Beraucnenus n, upu § =1,9 nator I/n, =5,45 u torna BmMecto (3.49) umeem ycnosue

2
EbiR 5154
4a,

W, CIeI0BaTeNnbHo, Kod(duuuent b B (3.48) MoxkHO npuHATH paBHbIM b =1/1,54. Torxa

BO3MOXXHOCTb H€y0TOI\/’I‘-II/IBOCTI/I IMOBCPXHOCTH Kall€Jlb IIPpHU HX COJIMKEHUH MOIKHO

OLIEHUTSH 110 ycnoBuio N, 21. Bennuuna napamerpa N, Beruncisiiachk B Toukax 4, B, C,

D (puc.3.11) B npouiecce YUCICHHOTO cueTa KOOPAUHAT M3 Ial0IINX Karellb.
B pesynmbraTe YWCICHHOTO MOJCIHUPOBAHHS COBMECTHOTO TMAICHHS IBYX Kareib
OKa3aJloch, YTO JIEHCTBHUTEIBHO CYIIECTBYET 00JAcTh MMapamMeTpoB, MPH KOTOPHIX B

npolecce cONMKEHNs Kalelb BbINONHAETCS ycaoBue N, <1, Kamuu ciauBaroTcs, a 1ocie

CIUSIHUSI 111 0Opa30BaBIICHCS KaIUIM BBITIOJHSIETCS YCJIOBHE HEYCTOMYMBOCTU IO
Panero. B wactHOCTH, 3TO crnpaBemvBO s Kameib paauycamu 0,2 mm u 0,18 mwm,
umeromumu  3apsasl 0,04 vKn wu 0,036 vKn. Takum o00pa3om, BO3MOKHBIMU
pe3yJibTaTaMu B3aUMOJEHCTBUSI Taphl OJHOMMEHHO 3apsDKEHHBIX Kameiab B atMocdepe
MOTYT OBITH pa3jeT, Koaryjsus ¢ OOpa30BaHMEM OJHOW YCTOMYHMBON Karluld WA
npoOieHue (HeyCTOMYMBOCTh) 00pa30BaBILIEHCs B pe3yJIbTaTe KOATYJISIINY KaIlIu.
Taxke TpeacTaBIsIeT HHTEPEC PACCMOTPETH MPOIECC CONMMKEHUS TMPOTHBOIOIOKHO
3apsDKEHHBIX Kamellb, UMes B BHJY BOMNPOC O JOMUHHUPYIOIIEM MPOSBICHUU IBYX
KOHKYPHUPYIOIIUX TPOIIECCOB: HCKPOBOTO TIPOO0OS MEXKIy KaluIIMH W Pa3BUTHHU
HEYCTOMYMBOCTH WX TMOBEpXHOCTH Mo Teinopy (3apsapl Kamneiab YIOBIECTBOPSIOT
YCIOBUIO yCTOMYMBOCTU 1O Pasero). OTMETHM, 4TO 3TOT BOMPOC SIBISETCS MPEAMETOM
nuckyccui [18]. [nst 3TOro B mpouecce YMCIEHHOrO CYeTa KOOPAMHAT OJIMHAKOBBIX
Yy =1, HO MNpPOTHUBOMOJIONKHO 3aPSIKEHHBIX O =-—1 Kameap B pEXUME MaJACHUS

pacCUMTHIBAJIMCH HANPSKEHHOCTh MOJs B Touke A (B) u mapametp N ,, OTBETCTBEHHBIM

3a HEYCTOWYUBOCTH 1o Teinopy. UToObI CyAUTh O BOBMOXKHOCTH MPOOO0s, BEIUKCICHHAS
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HaIIPAKCHHOCTL CPpaBHHUBAJIACh C HAIIPAXKCHHOCTBIO ITOJISI UCKPOBOI'O HpO60$I, KOTOpas B

3aBUCUMOCTH OT paJiyca Kamejib BeIUUCIIach o Gopmyie [24]

0,54

R

R - pagmyc kamenb B cM, E, - mpoOuBHas HampsbkeHHOCTh B kB/cm . dopmyna

E. :27,2(1 + j kB/cMm.

ciupaBennuBa s 0,27 <8 < 1. UucneHHbIe SKCIIEPUMEHTHI TTOKa3ajIu, YTO JUIs OOJIbIICH
YacTH CIEKTpa Kamejidb MPU UX COJMMKCHUH YCJIOBHE HEYCTOWYMBOCTU MO Teimopy

N, =1, HauMHAeT BBINOJIHATHCS PaHBLIE, YEM YCIOBHE UCKPOBOIro mpobos. OgHako 1uis

OTHOCUTEJIBHO KPYIHBIX Karelb (R >1 MM) ObuTH 3aUKCUPOBAHBI CIIy4au, KOTAa Mpu

BBINIOJHEHUN ycioBusa E, >E, napamerp N, ynosinersopsul ycinoButro N, <l. Tax,
HampuMmep, mid kKarnens R, =R, =lmm, ¢, =—¢q, =0,4 s8Kn npu r =175 Hauunano
BBINOJIHATECS ycnoBue E, >E, (E,=75kB/cm), Ttorma xak mpu stom N, =0,70.
VY4uuThIBass OLIEHOYHBIA XapakTep HUCCIeNoBaHUS M (akT Onmzoctw N, K €IUHHUIIE,

MOKHO MPEIIOJIOKHUTh, YTO UCKPOBON MPOOOIl MEXIy KalasiMU €CIH MU BO3MOXKEH, TO
BECbMAa MAJIOBEPOSITEH M0 CPABHEHUIO C PA3BUTUEM HEYCTOMYMUBOCTHU 1O Tenmnopy.
B 3axiroueHue OTMETHUM, YTO B KayeCTBEHHOM AacleKTe OMUCaHHbIE 3(PQEKTHI

B3aMMO/ICUCTBUS 3aPSHKEHHBIX Karelb HaOM0Jamuch B akcriepumenTax [107, 111].



