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3a 06oKoHMUHYYMHO20 HAOIUICEHHS OMPUMAHO NOBHY CUCHEM) CRIBBIOHOUIEHb MOOET eleKmpo-
MacHimomexauixy cmamucmuyHo 00HOPIOHO20 MA I30MPONHO20 NOPUCMO20 HACUYEHO20 Cepedo-
suwa. Bpaxoearno nasgHicmv nOOBIUHO20 eEKMPUUHO20 WAPY 8 OKOJIL MEJNHCT KOHMAKNY meepooi i
pioxoi ¢as.

KawouoBi cioBa: mopucTe HacHuYeHE CepelloBHINE, MOABIMHUN eNeKTpUYHHN
Iap, MEXaHOEIEKTPOMAarHiTHI IPOLECH, IPOCTOPOBE yCEPeHEHHSL.

Beryn. Ilopucti Tina xapakTepu3yrOTbCSl BETUKOIO TUIONICI0 BHYTPINIHBOI MOBEPXHi

posminy a3, muToMa BenMuMHA SKOI MOXe gocsrath 4-10°1 2éa 9.V 3B’SI3KY 3
UM MOXXHa OUiKyBaTH CYTTEBOTO BIUIMBY MOBEPXHEBUX SBUII HA MPOTIKaHHS B HUX
¢izuko-mMexaHiyHUX mpoueciB. OgHUM 13 HACHIIKIB B3a€MOJIi CKelera i MOpPOBOI
PiIMHY € HasBHICTH MOABIHHOTO €NEeKTPUYHOrO APy B OKOJNI MOBEPXHI IXHHOTO KOH-
Takty [6, 22]. Came 3 HMM TIOB’A3YIOTh B3aEMOJIIF0 MEXaHIYHUX Ta €ICKTPOMArHITHUX
MPOIIECIiB Y TOPUCTHX HACHUYCHHX TilaX Ta €QEeKTH, 3yMOBJIEHI TAaKOK B3a€EMOJIEI0
[1,5,8, 11,23, 24, 27]. [lo HUX HaJIeKaTh HACAMIIEPE/I CTALlIOHAPHI EICKTPOKIHETHYHI
sBUINa, a came: Bimkpute B 1808 pori Peycom sBuile enekTpoocMocy (TpOTiKaHHS
PiIMHY B TOPUCTOMY TiJIi Mij Ai€I0 30BHIMIHBOTO MOCTIHHOTO EIEKTPUYHOTO TI0NA) Ta B
JpYTiil MOJOBUHI JIeB’ATHAALATOrO cToNiTTs KBiHKE 00epHEeHe sSBUILE BAHUKHEHHSI M0~
TeHIialy MPOTiKaHHS (PI3HHUII ENEeKTPUYHMX MOTEHIiaNliB MiJ BIJIMBOM (inbTpamii
pinuHM yepe3 mopucty miapparmy). BiamoBigHi TMHaAMiYHI aHAJIOTH — SIBUILA CEHCMO-
SNIEKTPUYHOTO Ta OOEPHEHOro HOMY eJIeKTPOCEHCMIYHOr0 eeKTiB —OyNIu BiAKPHTI
IBanoBum [8] B 1939 poui ta AnumdepoBum [1] B 1963 poui. Enextpoxinernuni
SIBHIIA HaJlaJli 3HAWILIN IIWPOKE BUKOPUCTAHHS B MPAKTHUIII, 30KpEMa, Y BUMIPIOBaIlb-
Hiil TexHini [5]. Ha ocHOBI moeHaHHS PIBHSIHb MEXaHIKH TOPUCTOrO CEPEIOBHINA Ta
SNEeKTPOKIHETUYHUX CliBBigHOIIEHb, Dpenkens [21] y 1944 poui Bnepie 3ampornony-
BaB omuc ceiicMoenekTpuuHoro edekrty. JlocmikeHHs BIUIMBY €JIeKTPOKIHETHYHHX
BJIACTUBOCTEN MOPUCTOr0 HACHUYEHOTO CEpEeIOBHILA HA MapaMeTpH MO3J0BKHIX XBUIIb
npoBiB MiryHoB [14, 15] HanpuKiHII CIMAECATHX POKiB. 3a OCHOBY Oyja mpuiHsSTA
B3a€MO3B’s13aHA CHUCTEMa piBHSIHb, SKa BKIIOYANa PIBHSAHHS MEXaHIKA IOPUCTOTO
CepeaoBHIIA 3 YpaxyBaHHSIM KYJIOHIBCHKOI TOHAEPOMOTOPHOI CHIH, PIBHSHHA MakcBena
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3 ypaxyBaHHSM BILUIMBY PYXOMOCTI CEpEIOBHUIIA Ta EICKTPOKIHETUYHI CIIBBiIHOIICH-
Hs1. 3a3HaYMMO OJIHAK, IO TOCIiI0OBHA T00Y/J0Ba MO eIeKTPOMarHiTOMEXaHiKH 10-
PHUCTOr0 HACHYEHOTO CepelOBHIa TOBUHHA 0a3yBaTHCs Ha 3araibHIllid, HIK MpHAHS-
TO B MEXaHII[i MOPUCTUX TiI, PizuuHill Moseni. IcHyroua (izuuHa MOJETh CepeoBUIIA
HE BpaxoByBaja JIOCTATHHO IMOBHO B3aEMOJII0 TBEPJIOI Ta pimkoi (a3, 30kpema, Io-
NBIMHAN €JIeKTPUYHHIA Iap B OKOJII TIOBEPXHI iX KOHTAKTYy.

Briepiie cnpo6a mociiIoBHOr0 OTPUMAaHHS B3a€MO3B’SI3aHOI CHCTEMH MaKpo-
CKOITIYHUX PIBHSHD €EeKTPOMAarHiTOMEXaHiKi TOPUCTOr0 HACHYEHOTO Tijla Ha OCHOBI
($i3nyHOI MOJIEIi, sIKa BPaXOBYE IMOJIBIMHI €JISKTPUYHI IIAPH, TA METOJY IIPOCTOPOBOTO
ycepenHeHHs Oyna 3iiiicHeHa B po6oti [10] (nuB. takox [18]). OqHak, BUKOpHUCTaHI
TaM JIOJJATKOB1 MPUIYIIEHHS MO0 CITIBBIJIHOIIEHHS MK BEKTOPaMH €JIEKTPOMAarHiT-
HOro mojs y ¢azax i CepeoBullll 0OMEXYBaIM 00JIACTh 3aCTOCYBAaHHS MOOYIOBAaHOL
monerni. [li3Hime, 3 BUKOPUCTaHHSAM Takoro x migxonay, [patizom [26] oxepxkaHo cuc-
TEeMy MAaKpOCKOIIYHMX JIiHIHHUX PiBHSIHB €EKTPOMArHITHOI MEXaHIKH Ui OIUCY rap-
MOHIYHMX XBUIILOBUX TpoIeciB. Y 1ili poOoTi OyayeThCs cucTeMa MaKpOCKOMIYHUX PiB-
HSIHb €JICKTPOMArHITOMEXaHIKH, B SKii BIJICYTHI 3rajiaHi BUIIE J0AaTKOBI OOMEXKCHHSI.

1. ®izuuHa MoaeIb

Posrnsmemo nedopmisre nopucte tino K=K UK ., ake cknagaeTbes 3i 31eMEHTOBA-

HUX MK COOOI0 TBEPAUX MPYKHUX HePepOMarHiTHUX HEMPOBiAHUX MOISPU3OBHUX 3€-
peH (tino K, sike yTBOpIO€ ckemneT Tia K ), MpoCcTip MK SKUMH 3all0BHIOE €JIEKTPO-

MPOBiJHA He(epOoMarHiTHa piivHAa — PO3YMH eleKTpoity (Tuto K / ). Tino K 3aii-
mae obnacts (V)=(V;)U(V,) eBkiigosoro npocropy, ne (V;) i (V,) — obnacri, siki
3aliMaloTh BIANOBIAHO Tima K / i K. IlopucricTs Bimkpura, Tomy obmacti (V) i
(V,) € omno3B’s13HUMH. Po3MipH 1Op Ta 3epeH JOCTATHBLO BEIMKI, TaK WO A1 Tl K /

1 Ky BUKOHYIOTbCs 0a30Bi HOJOMXKEHHS MEXaHIKM Ta €IEKTPOJMHAMIKH CYIILHOIrO

cepenosuina [2, 12, 19]. V BUXiAHOMY CTaHI CEpPEIOBUIIE CTATUCTUYHO OJHOPITHE Ta
130TpoIHe.

[NongiitHuii eneKTpUYHMIA Map B OKOJi MEXKi KOHTaKTy TBEpJOi Ta pimkoi ¢as
YTBOPIOE BUXIAHY 3apsoBY cucTeMy Tina. CTpyKTypa MOABIMHOIO €IeKTPHUYHOrO IIa-
Py € Takow, 10 OJHa HOoro yacTuHa (ajcopOiliifHa, HIiibHA) 3B’s3aHa 3 TBEPOIO (a-
3010, a iHIIA (Iudy3Ha) MOXKE MEePEeMIIaTUC Pa3oM i3 piauHoIo [6, 22]. BBakaemo, 1110
Mexero (S;,) KoHTakTy (a3 € moBepxHs KOB3aHHA [22], s SKOI CHpaBIKYyIOThCS

YMOBH TJIQJIKOCTI, a cami (asu (Tina Kgi K / ) — eNeKTPUYHO 3apsaKeH], Xxoua Tio K

€ MaKpOCKOIIYHO eIeKTPOHEUTPaIbLHUM 1 JUII HhOTO BUKOHYETHCSI YMOBa

0°1op(elo) + OL2opg)) =0. ()
Tyt o, — BHXiZHe 3HAYEHHS MapameTpa nopucrocti o, =V,/V, ¥, — 06’em nopo-
BOro npocropy B obnacti (V) cepemosuma, V' — o6’em obmacri (V), a,=1-a,,
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Oy =1—=ay, pg{)) (j=1,2) — cepenni rycTuHu 3apsaaiB ¢a3 y NIOYaTKOBHA MOMEHT
gacy. TyT i Hajgani 3Ha4eHHs j = | BepXHBOTO 1HJEKCY BiAIIOBiIA€ MOpPOBii pinuHi, a
Jj =2 — tBepaiii dasi.

BuxigHi ycepenHeHi eleKTpUYHI HMapaMeTpH MOABIMHOTO EIEKTPUYHOrO LIapy

) )

— I'yCTUHA €JIEKTPHYHOIO 3apsay P , CA1EKTPHMUYHHMIA MOTEHLIan @y’ , BEKTOPU E(gf )y,

D(()f V=gl )E(gf y, Po(f V=g U )E(gf )" BiZIOBIZHO HANPY)KEHOCTI, THAYKILii eIEKTPUIHOTO
noJsst 1 monsipu3anii € XapakTepUCTHKAMU PO3IJISYyBaHOTO MOPUCTOrO CEpeOBHIIA.
Tyr £, ¢ — abcomoTai mienekTpiaHi TPOHUKHICTS Ta CIPUIHATINBICTS has, sKi
npuiiMaemo cranumu B oonactax (V) 1 (V,) [6, 22].

SIKImo TOBIIMHA MOJBIHOTO €IEKTPHUYHOrO MIapy 3HAYHO MEHINA 3a PO3MIpH
Mop 1 MOXHA 3HEXTYBaTH BIUIMBOM KPWBHMHU IIApy Ha HWOro mapaMeTpu, TO BEKTOPH
BHXIJIHOTO €IIEKTPUYHOrO TOJIs 1 TyCTUHA CISKTPUYHOTO 3apsiay OyayTh 3aJIeKaTH JIn-
111 BiJl KOOPJAMHATH X 1 iX MOXKHA TIOJ]aTH TaK
(1)( )
50 _ BOY ()= EOY ()5 0 do
Ey" = E; (x)—Eo (x)e E, (x)

X2 ’

dx
DY =B ()=D{e, B =R (=R, o
ne e, — opt oci 0X, HOpMaIbHOI 0 MOBEPXHI KOB3aHHS i CHIPAMOBAHOI B CTOPOHY
pinuHH.

Hampuxiiaz, sIKIio mopoBa pijitHa € PpO3YHHOM CUMETPUYHOTO OIHAPHOTO CJICKT-

z —

pomity, B HaOmwkeHHi [lebas-Xokkens zF (p(f ) J2RT <<1 (z=z,=-z_, z,, z_

)

BaJIEHTHOCTI KaTIOHIB Ta aHIOHIB, ¢y’ — ENEKTPUYHUH MOTEHITiA)I TOYOK JTU(Y3HOTO

mapy, Fy — crana @apanes, R — ras3osa crana, 7 — a0CoIIOTHa TemIiepaTypa) Ajs
ENIEKTPUYHOTO TOTEHIIIATy Ta TYCTUHH INEKTPUYHOTO0 3apsiay B JU(y3HOMY IIapi MOXK-
Ha 3amucatu [6, 22]

! ! i f 1 1\2
o = gyexpl-xx). o =pWhexpl-xVx)  pl = (Vg
' \2 i
(£ =2nF222C, /e VRT 3)

JIe (| — TIOTEHIIia] MOBEPXHI HaOLIbIIOro Hab KkeHHs 10HIB [6], Cy — KOHIICHT-
pauis enextponity. [Ipuitmemo [22], 1o noTeHmian ¢, A0PiBHIOE eIEKTPOKIHETHIHOMY
norexiiany C.
i () (7=
YcepenHeHi T'yCTHHE €IEKTPUYHOro 3apany P,y (/=1,2) y ¢a3ax BuszHaya-
FOThCS CITIBBIJHOIIICHHSIMU
Iy

)
pl) = (~1y 1; 2Rl o —Ip“) (X)dx, 4)
jo
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ne s, =S;,/V — rycruna nopepxsi KoHTakty (a3, Si; — ii mioma B obnacti (V).
Bpaxoryrouu cmiBBigHomeHHs Koszeni-Kapmana [9] slz2 =ocf/ (ﬂ}z kp), BHpas (4)

1 o
PINI | pE‘O) 3a IPUUHATOrO HaOJIMKEHHST MOKHA 3alicaTH

p 1) 3 28(1)‘C0a1 ZFf(p] (5)
0 - .
e RTk, Ty

1 . . . .
Tyt 8() — cepenHsi aOCONIOTHA JieNeKTpUYHA NPOHUKHICTH pinakoi ¢asum, f —
napamerp Gpopmu nop, 7. — 3BUBHUCTICTb, k, — KOE(IIIEHT NPOHUKHOCTI.

2. Me3o-onuc MexaHOeJeKTPOMArHiTHUX NMpoueciB

Cuctema piBHSIHB, SIKa OMTUCYE B3a€MO3B’s13aHI MEXaHI4HI Ta eIeKTPOMAarHiTHI MPOLECcH
B 3epHaXxX CKeJeTy Ta MOpOoBil piAnuHI (Me30-piBHIHHS) BKIIIOYAE PIBHSIHHS MEXaHIKH 3
ypaxyBaHHSIM TIOHAEPOMOTOPHUX CHJI, CHIBBiIHOUICHHS €EKTPOIUHAMIKH IMOBUIHHO
PYXOMOTO CepeoBHIIa JUIs KOXKHOI 3 (a3 1 KOHTAKTHI yMOBH, 3allMCaHi Ha MOBEPXHI iX
pozainy. 3a3HaunMo, IO PIBHSHHS €JIeKTPOAMHAMIKM Ta MEXaHIKA € B3a€MOIIOB’sI3a-
HUMH 1 CKJIaJ]af0Th TIOBHY CHCTEMY CITiBBiJHOIIEHb Mojieni. Y JabopaTopHii cuctemi
koopauHat (3MiHHI Eiinepa) 1i piBHSAHHA, 3anMcaHi 1uis 30ypeHb mapaMeTpiB Hampyxe-
HO-/1e()OPMOBAHOI'0 CTaHy, MO>KHA TToaTH Tak [20)]

Gy

p +V- (050 )= o0, 6)
ot
d -'(J) _
p dt =V-6 ~ () +p(J)F(J) +F (J) (7)
I aé(j)' o . aD(J)' -
VXE;D - _ ai ’ V‘B;j) 0. VXH(]) _](J) p v D(j) _p(J) (8)

A A

R . A o 2 Y
) __p(J)I+H(j) vy = 21120)(1) + (Th _3"2 0)(1)]’
62 Z 2@ s +(K(2)' _%G(z)' je(z)'i , o = [ Qu? + (V Qi ) } ,

2

o0 %[6 o +(6®v<”ﬂ ; ©)

BY =p e +(u(” () —uoso)ﬁ(” BV (10)
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pe[J]) - p(J) +p(1) ]"'[gj) - ]"'*(j) +pgljj')‘7(j) ,
GO GWED | EV Z FO 50 GO 5O, an
B obnactix (V) (=1, 2);

G0 =@ (6(”' + f(l)‘)_ﬁ(l) +(6<2)' + f<2)'),,3<2) -0,

(A =g xi =7+, (BY - D epLi,  (BY -B)-ii' =0,
(ES)' E(2)) ((2)’ <1>) (,3;1)'_5;2)'),,7:_[3.@_ (12)

Ha MoBepxHi (S12).

=(j) =) _

Tyr u"/’ — Bexkropu nepemimenns, a v/’ =d ;u '/ dt — mBuakocreii ¢bas;

sV, é(z), p"'" — BinnosigHo 36ypenHs TeHsopiB Hampyxkenp Komi y dasax,

TeH30 .. : : i &) 52 M)
pa nedopmartii TBep101 Bha3u Ta TMCKy B PiMHI IIOJ0 TEH30PiB Gy’ , &5, p,

y BUXIJIHIN CHUTYaIIii; o) — TEH30p MBUAKOCTI Aedopmarlii y piguHi; [=i*®iP Oup

— OAMHUYHUNA TEH30D, SQB — cumBon Kponekepa, nyr — TEH30p B’SI3KUX HaIpy-

—

o e e oPY L RO
skenb B enexrponiti; FyY) =p WV EV) 4 (G +7)><B(j) +PYVEL) — Bexrop

TYCTUHHU IIOHJIEPOMOTOPHOI CUIIY; FU — BEKTOP MAcOBOI CHIJIH; POEj )', E,Sé)' — KOM-
MOHEHTH BEKTOPIB pY ),, E,Ej ),; TV = f Gy —f W 30ypeHHS TEH30piB HATSTy

Makcgena y (azax; féj) = E(j) #(gj) - ( (/) 58 ))I — TeH30pu Makcsena y BU-
i, a 70~ EU) @ 5O+ A0 @ 50 —05(EV). BV + AU B0)7 — axryan-
Hill cUTyaIisx;

EOY 2B+ EO @G = g9 pYY = B + DY, BYY = BUY (13)
— BEKTOPH HANPY>KEHOCTEH Ta iHAYKIII eTeKTPUYHOro i MarHiTHOTO OB y (a3ax, a
EU)‘, HY' 1a D(j)', BY' — ixmi 30ypeHHS; f’(j),zﬁ(j),—s E(j), — BEKTOp MOJIs-
pusauii, PV = ﬁ;f)' — B/ — iioro 36ypenns; EV =EV 43D «xBY' __ exrop na-
MPYKEHOCT1 eNIeKTPUYHOTO MOJISl y CHCTEMI BiUTIKY LIEHTpa Mac j-oi ¢asu; ](f Gy
— BEKTOPH T'YCTHHH @ICKTPHYHOTO CTPyMy Ta CTpyMy TPOBiAHOCTI y dasax; i' —

BEKTOp T'YCTHHH ITOBEPXHEBOTO CTPyMY; P e,j;) = pg{)) + p(f ) I'yCTHHA IeKTPHYHOro

3apany y ¢asax, p(f ) i BuxinHe 3HaueHHs, a pe — 30ypeHHs; p,, — TIyCTHHA
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noBepxHeBoro 3apsany; p'/) — aGcomorHa MarHiTHa TPOHEKHICTH (asH /; Ho.8p —
' xoedinienT enekTponpoBigHOCTi pimMHK; ﬁ(/ )
= () '

MarsiTHa ¥ eleKTpUYHa cTaji; G,
— HOpMaJTh 10 ToBepxHi (S, ), fiKa € 30BHimmHbOW0 10 dasu j, i'=7i", v, =" 7',

V, — LIBUAKICTb NEPEMIIICHHs TOYOK IOBEPXHI (Slz).

3a3Haunmo, mo Npu 3anuci piBHsHB (11) BpaxoBaHO, IIO TEPMOAWHAMIYHOIO
CHJIOIO, SIKa CIIPUYUHIOE EIEKTPUYHUHN CTPYM, € 30ypeHHsI elNeKTPUYHOro mos (1ist BU-
X1THOT'O TOJISl 3PiBHOBAXKYETHCS AI€I0 TPAJIiEHTa XIMIYHOTO MOTEHIlialy yIomnepek mo-
JBIHOTO MIAPY).

Jnist eneKTpOMarHiTHUX MOJIB Yy BHXITHOMY Hele(OpMOBaHOMY CTaHi BUKOHY-
I0TBCSI PIBHSIHHSA €NIEKTPOCTATHKH

VxE =0, v.DY =pl. DY =eWE (14)
B obnactix (V) (=1, 2);
(B —EQ it =0,  (BO - B )i =0. (15)

Ha noBepxHi (S1).
3ayBaKMMO TaKOX, IO Y pa3i BiICYTHOCTI 30BHINIHIX €IEKTPOMArHITHUX IOJIiB

o 2 2 .
32 MPUAHATOrO HAOJIMKEHHS (HEXTYBaHHS CKJIQJIOBUMH TOPSAKY V- /¢’ TOPIBHSHO 3
OJIMHUIICIO, JIe V — MIBUJKICTh MEPEMIIIEHHS, ¢ — IIBHJIKICTh €ICKTPOMArHITHOI XBH-
7 y BakyyMi) BU3HauanbHi piBHsAHHS (10) MOXKHA 3amucaTi y BUTIISII

DY =eWEY, BY =nHG + (um'g(j)' _ uogo)ﬁm x E). (16)
BpaxoByrouu dhopmynu (14), (15) Ta noganus (13) mis BekropiB mons i (2) mis

BEKTOPIB BUXIJIHOTO €IEKTPUYHOro 1o, criBBigHomieHHs (8), (10), (11), (12) moxHa
3aMMcaTy BiIHOCHO 30ypeHb BEKTOPIB eEeKTPOMArHiTHOT'O MO

. ... oBY _ -~ o~ o oDY) L L .
VxED = _ - ,V‘B(j)ZO,VXH(j) =j1(gj)+7vv‘D(j) :pgj); 17)
DU —gWEW B _ (VO (H(j)‘g(j)‘ _ HO%);(/)‘ < EV); (18)

FO =70 +(p%> +pgj>)§(j)’

GO GWEYEOD L EO L G0 B 500 (19)
B obnactax (V), j=1,2;

(Y - A i =i 4w, (B0 =B )iy, (BY - B ) <o,

(E(l)’ _py )X A=y (é(z)’ _B’(l)')’ (5(1)’ _5(2)'). n'=—pl, (20)

Ha noBepxHi (S1).
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3. IIpocTopoBe ycepeaHeHHs

s nepexony Bix Me30-piBHAHB (6), (7), (9), (12), (17)-(20) 10 MaKpOCKOIIYHUX PiB-
HSHb BUKOPHCTAEMO METOJ MpOCcTOpoBoro ycepenHenus [13, 16, 17]. Hexait npouecw,
SIK1 IPOTIKAIOTh y TiJIi, XapaKTepU3yIOThCs Bigaamo L>>/, ne | — xapakTepHuil po3-
Mip Top i 3epeH ckenery. Beenemo ycepenneni ¢pynkuii [13, 16, 17]

() _ ) _ ) (/)_ ) ) g
o= SV Icp dv;, =(o )—SS<I ds,

j

G oVd's, . 1)
51207 (55,)

(j) ((P(j) i

Tyr @) — nosinsHa mykana yskiis cucremn piBasub (6), (7), (9), (12), (17)-(20) ,

(p(f ),(pgf ),(pgé) — BiANOBIAHI i ycepenHeHi 3a 006’€MOM, MOBEPXHEID Ta IOBEPXHEIO

posainy da3 dysxuii, (57)=(87,)U(87,), (65)=(5S,)U(5S,).

[Tpu npoMy cripaBIXKyIOThCs CIiBBiTHOLIEHHS [16]

C ;Fk(j), C [ k(Y j k() ()
a () S, (O v ,
j ot 8t j 12( n )12

o,V gh) = (a o j t 51, (@ D 10y (22)

Y ¢opmynax (22) BepxHidl iHJIEKC k 4M [ BiIMOBiJa€ KOHTPAaBapiaHTHUM CKJIaJOBUM
onepatopa ["amineToHa abo HIyKaHoi BEKTOPHOI (PYHKILI1.

XapakrepHuit po3mip d obnactelt ycepeaneHHs BuOupaemo Tak (I << d << L),
o6 ycepenHeni GyHKIIT Oynu CTIHKMMH, TOOTO HEUYTIMBUMHU JI0 MAJIHMX 3MiH o0Jac-
Tel (SVj ), (SS j-) (j=12), (8512). Bumaraemo Takox, mo0 BOHU OYJIH PeryJsspHUMH

Ta mpenctaBHUIBKUMU [16]. Hagani He Oymemo po3pi3HATH ycepeaHeHi 3a 00’ eMoM
(SVJ.) Ta MOBEPXHEIO (SS j.) ¢bynkuii [16].

4. MakpockoniyHi (ycepenHeHi) piBHIHHS eJIeKTPOANHAMIKHA

4.1. PiBusinns anas ¢a3. 3aCTOCOBYIOUM OINEpaTopH ycepeaHeHHs (21) 10 piBHSIHB
(17)-(19) Ta BpaxoBytouu criBBigHOIEHHS (22), OTPUMYEMO

ﬂ(j))+ 6(ocjé(j))

W(aj E O % EGY — BOY,0
ot

=—s5,,(1

¥ -(a,BY)= -5, BV 70,
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= (J)
— ~ ~) 8(0(-D ) = o =
Vx(ajH(/))_ajjpf _/a—tz_slz(n(/) « H) +D(/)v,(/))12,
- ~ (/) ; YN
v-(ajD )—ajpgf)=—s12(1)<f>-nU))lz. (23)

[Ipu bomy, 3 ormsiay Ha (5), (8), Wi ycepeaHeHUuX (YHKIIH eIeKTPOMarHiTHO-
ro 1ojs y azax MaeMo

*I(JJ)ZI;,(/)’ ggj)zg(j)’ Egj)ZESJ)JrE(j) ’ 131(]/'):1351)+13(j)’

*pj): ) Ez(aj)’ pW_gWgb) g0_ W0, g((pj)’ (24)

A0 _ 00, 050, (0:0), 0:0)  50)_ 5050, 50

]P =0, Es TYV1Pe0Vr "TY2Pe0V +Pe >
=2 2)-(2 2)-2
7). ), 0150 05)

3a mpUHHATOrO BUIE HAOIMKEHHS BUXIZAHI yCePEIHEHI TYCTUHH €JIeKTPUIHUX

3apsIiB pgj ) (j = 1, 2) Bu3Hauatothcs 3a hopmynamu (4), (5), a BekTopu E(gj ), Béj ),

f?((pj ) (7 =1, 2) — Bupazamu
E(gj):a;l (A(P)j§al ’ B(gj):a;lg(j)(A(p)j Va,.,
BY = o (20— ey Joag B 47,50 eV,
(

B _ o (M(Z)S(Z) — o€ )(A(p)zﬁ(z) xVa, . (20)

¢
1) _50)_;0)

Tyr (A(p)lz(pl, (A(p)zz(pp—(pl, (¢, — TOTeHLian nojsiiHoro wapy, v,'=v='—v=/,
U )( j=1 2) — ycepeaHeHi MBUAKOCTI pyxy ¢a3. [Ipu orpumanHi dopmyn (26)
BpaxoBaHi criBeigHomenHs (9), (10), (14), a takox Va,=-Va, . Koediuienr y, <1
BiZjoOpaka€e BIAMIHHICTh MDK CEpEAHIMH IIBUAKOCTSMH PyXY MacH Ta MOYaTKOBOT'O
3aps/y pilMHM B IOpi BITHOCHO CKeNeTy, a Y, <1 — MDK cepeJHIMHU LIBUIKOCTAMH
MepeMillieHHs] TOYaTKOBOI'0 eIEKTPHYHOr0 3apsily Ta MacH TBep/oi ¢asu. 3 orisaay Ha
XapakTep pyxy TBepnoi ¢asu npuiiMemo Yy, =1. KinbkicHa orinka koediuieHra v,

HaBejieHa B [20].
PiBHsHHS (23) OMUCYIOTH J1Ba €NEKTPOMATHITHI KOHTUHYYMH, B3aEMOJIisl MDK SIKU-
MU BPaxOBYETHCS IHTEPAILHUMHU JIOIAHKAMH 1 TTOB’s13aHa 3 yMoBaMu cripskeHHst (20).

4.2. PiBHSIHHS /ISl cepedOBHINA. 3TiHO 3 MPUHIMIIOM CYIEPIO3HULil, MAKPOCKOMIYH1
ycepeaHeHi 30ypeHHs! BEKTOPIB eJIeKTPOMArHiTHOTO MOJS, TYCTUH eNeKTPUYHOTO CTPY-

My Ta 3apsay [ = (E ,D,B, H, fp , pe) y CEepEeIOBHILL 331AI0THCSI CYMaMU
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2
f=Yo, 0, 0= (E(/)’5(/)’g(/)’g(/)’jl(]j)’p(e/'))‘ 27)
j=1
MakpocKomiuHi piBHSHHS €IEKTPOANHAMIKH JJIsl CEpeIOBUIIA OTPUMYEMO HIIsI-
XOM JloflaBaHHs piBHAHG (23) mpu j = 1 ij = 2. BpaxoByloun koHTakTHI ymoBH (20) Ta
criBBimHOWEHHS (25)-(27), opepkyemo

o B - - .. n .o
VxEY = —aBat ,  V-B=0, VxH=j, +%—It), V-D=p,,, , (28)
ae
D=¢E, B=pH, (29)
peM:pe+peS’ }M:}:p-i-}s’
pes = SlZ(G'eS )12 ) ]s = 512(;')12 +S12(G'es ‘_}"s )12
(1) 2
o AU < =), P =2 1)=(1 )=
pU=v.pU), ]pzalj*( )+ae2<()) o757 4,75 )+Z;ajp£/)v(/)’
j:
]*(1) = G(EI)I:LSI), EW = EW 4 50) B, Oy =0 =0y - (30)
TyT &, | — ycepenHeHi JieleKTpUYHa Ta MarHiTHa MPOHUKHOCTI cepenoBuiia. [Ipu

3amuci piBastHB (30) BpaxoBana ymoBa (1) MaKpOCKOIIYHOI €IeKTPOHEHTPATBHOCTI.
Jnst moaHHsS ycepeHEeHHX MOBEPXHEBHUX EIEKTPUYHUX 3apsiliB 1 CTpyMiB uepes

ycepenHeHi pyHKmii EY ),ﬁ(j ),17 J) (j=1,2) Buxopucraemo ymoBH (20) Ha TOBEpXHi
KOHTAaKTy (a3, a Takox criBBigHomenns ;'=0,56' os (E WL E (2)') [3], ne o©',, — Koe-

¢ilieHT MOBEpXHEBOI eNeKTPONpOBiAHOCTI. BikoHytoun ycepeanenss 3rigno (21), (22)
Ta HEXTYIOUH JOOyTKaMH (IIYKTYallifHUX CKJIAJ0BUX IMOMIB 1 BIAMIHHICTIO ycepeaHEeHNX
IIBUAKOCTEH MepEeMIllieHHS TBepA0i (ha3u Ta MOBEPXHI po3aily (a3, OTpUMyeEMO

pe‘S = S12(p'es )12 = (D(l) — 5(2)) 6“1 B

H in a0 () (2 NONENE) S
Js=512" )1 +512(Pes Vi) =0,50€S(E£ )+ ES ))+[(D() -D! ))Vocl]v( ), 31
e G, — YCepeIHeHUH KOe(ilieHT MOBEPXHEBOI €IEKTPOIPOBIAHOCTI.

Cucrema piBHsiHb (28)-(31) He € 3amkHyroro. Jlns i1 3aMuKaHHS MOTPIOHO

BCTaHOBUTHU 3B’SI30K MK BeKTOpamu £ Y ),H () ( j=1 2) eNIEKTPOMAarHiTHOTO MO Y

¢dazax Ta Bektopamu FE, H y cepemoBuiii. /s po3risayBaHOr0 CTaTUCTUYHO OJTHO-
PIHOTO Ta 130TPOMHOI0 CEPEAOBHUIIA MPUPOIHO MPUITYCTUTH, 110

E(/):fb{j)[;’ I:I(j):fl_([j)I:I (32)
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PiBHsIHHS [UI1 BU3HAYEHHA NapaMeTpiB féj ), f,gj) (j=1,2) BUIUIMBAIOTH 31
cmiBBimHOMIEHE (24), (27), (29), (32)

= (). =) = () S )
2 0¥ eV) =, 2o fg =1 Y f ) =, 2o’ =1 (3
j=1 =1 Jj=1 Jj=1

BpaxoBytouu, 110 u(l)z u(z) ,3(33) orpumyemo, o | = u(j ). [Tpuiimaroum 10
yBaru yMoBH (20) CIpsDKCHHS TIOJIB Ha MEXK1 KOHTAKTy (a3, MOXKEMO CTBEpPJDKYBaTH,
mo f ,Sj 1. 13 piBHsAHB (33) s KoedillieHTiB MPOMOPIIMHOCTI BEKTOPIB Hampyxke-

HOCT] €IEKTPUYHOTO MOJISl OJIEPIKYEMO

e_gl)

o @y T 34

1=

3a3HaunMo, 1110 MapaMeTpH &, 8(1), @ BHM3HAYAIOTh, 323BU YA, EKCIIEPUMEHTAILHO.

Bupasu (30), (31) mns cxiagoBux 30ypeHHS TYCTHH €EKTPUYHOrO 3apsiiy Ta
CTpyMy Telep MOXKHA MOJATH TaK

P = (a(l)fél) _ 8(2)fé2))E Vo, Jy =]*+}k+}3 ,  J«=C,E,

Ge:alcg)+0,5cjes (fél)+ éz))’ ]k = ocl(ylpgo) +8(l)fél)§-E)17(l) +

(1) .. .o
{P ot + s 72 E [o0) 0 o) f,gz>)E.w]}a<2>,

Qo
75 =l +0.50,, )70 + 056,75 5. (35)

3ayBakuMo, 110 TPH JOCIiKEHHI CECMOENEKTPUIHOTO eheKTy Y 30BHIITHOMY
enekTpuaHoMy moini [18, 23] HeoOXinHO BpaxyBaTH, 110 IapaMeTp G, €IEKTPONpPOBiI-

HOCTI CEpEe0BHUIIA 3aJICKUTh BiJl epEKTUBHUX HAMPYKEHb TIOPUCTOTO Tina [7].
YcepenHenHs piBHsAHb Oanancy Macu (6) Ta immnynbcy (7) nae

oo pV) . N

—( é‘; )+V-(0Ljp(j)\_5(j))=0, (36)
cd Y . Lo, S =

opV) jdt :v‘(ajG(J))_FajF/gJ)+ajp(J)F(J)+R(J) (j=1,2). (37)

Tyt RY) = slz(é(j N )')12 — BEKTOpPH T'YCTUH 00 €MHHX CHJI, CIPUYMHEHHUX

B3a€EMOJIi€10 TOPOBOT piguHHM Ta ckenety. [Ipuitmemo [17, 25], mo
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RU=pWay+k,  R=af®-50)-p, (a5 sdt— a5V 1), (38)
ne p,, — MapameTp NPUEIHAHOI MacH; JUIs JaMiHAPHOIO NPOTIKAHHSA HOPOBOI PIIUHU
A=oyn,/k, [17], k, — KoediieHT MPOHNKHOCTI CEPEIOBHIILA.

3 ymoB (20) maemo

p(2 ~(2) =(2) -Al‘ ~(1) A2 —-1‘-
R()=s12(0()-n”)12=—s12[(c”+T”—T”)-n”J]f

e R, R [T 700, )

Beenemo Takox edexrnsuuii (GikTHBHUI) TEH30p HANpYXeHb G, 3a popmy-
noro [13, 17]

&, =a,(6®+ pi). (40)

SIKImo 3HeXTyBaTH CHJIaMH B’A3KOCTi y TOpOBiil piauui [13, 17], To piBHAHHS
(37) pyxy a3 HaOye BUTISALY

‘-}'(1)

d - - - -
(xlp(l) ldt =—(x1Vp(l)+R+(x1F/S1)+(x1p(l)F(l),
@d oo o ) p 20, R, 2O

o,P 7 =V-6 =0, VP =R+ 0, F\"+ Ry +a,p " F ™. (41)
Tyt

5 —allk. 226 1e@F12G.6® +v 0} @ = pi(1-p p0 )

f 2 I3V f Y24 > P Po p

A I - ~ Y 1

@ v (Fei® @_,m_1 47

e 2[ u ( u ) > PP O (42)
ne K,G, — eeKTUBHI MOJIYJIi CTHUCKY 1 3CYBY CKEJETY, B(j) — ycepeaHeHa

CTHCIUBICTH (a3, pf)j ) Buximna (moyaTkoBa) ycepeaHeHa I'yCTHHA MacH j-o1 (asw,

Vv, — 3LEMEHTOBAHICTb CKEJIeTY.

Bexropu F /gj ) (j=1,2)1a I?f\z) IIOH/IEPOMOTOPHHUX CHJI MIOJAKOTLCS YEPE3 BEK-
TOPH €IEeKTPOMAarHiTHOro noJst Tak [20]

2 g0 |70 0B ] 50y g
FY=p B+ j =L |xB +> P, VE,)

a=1
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RY =7 —7D).Var, + Dyys,, (E? - EV), (44)
ne D, — 3Ha4eHHs HIYKLi eIEKTPHIHOrO MOJIs HA OBEPXHi (S 12) y BUXI/IHIH cHTYaIii.

BucnoBku. Otpumana cuctema cmiBBinHomeHb (28)-(30), (34), (35), (38), (41)-(43) €
MOBHOIO 1 MOXKe OyTH BUKOPHCTaHA JUIsl JOCTI/PDKCHHS B3a€MO3B’SI3aHUX MEXaHIYHUX Ta
eNIEKTPOMArHITHUX TMPOIECIB Y CTATUCTUYHO 130TPOIHUX Ta OJHOPITHUX TOPHCTUX TiNlax,
HACWYCHMX PiMHO0. Y Hil BifCyTHI OOMEkKeHHs, mpuiiHATI B pobotax [10,18, 26].
[NonnepoMoTOpHi cyin Ail HA MaTepiaibHi KOHTUHYYMH 31 CTOPOHH €JIEKTPOMATHITHOTO
nojisi BpaxoByOTh cuin Kymona #i Awmmepa, cuiy aii Ha IUNONBHUE MOMEHT y
HCOJIHOPITHOMY €IEKTPUYHOMY TIONi, a TAaKOXK CHIIy, SIKa Ji€ Ha MEKy po3auty das.
3HaueHHs E€JIeKTPUYHOTO TOTEHIialy, HAampy)KEHOCTI Ta IHAYKIii eTeKTPHYHOrO MO
MO/IBIFHOTO ENIEKTPUYHOTO Iapy Y BiLTIKOBIl CHTYyaIlii € XapaKTepUCTHKaMH MOJIEII.

PoGora BukoHaHa 3a yacTkoBOi (iHaHCOBOI minTprMKi DoHAY (yHIAMEHTAIBHHX JOCIIIKEHb
MinicTepcTBa HayKH Ta OCBITH Y KpaiHH.
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Equations of an electromagnetic mechanics of the porous
saturated medium

Vasyl Kondrat

Complete set of the model equations for electromagnetic mechanics of the porous saturated
medium being statistically homogeneous and isotropic is obtained in two-continuum
approximation. The presence of a double electrical layer in an environ of contact boundary of
solid and liquid phases is taken into account.

YpaBHEeHMA 311IeKTPOMarHUTOMeXaHUKu
NOPUCTON HaCbIWEHHON cpeabl
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B 08YXKOHMUHYYMHOM RPUOTUICEHUU NOTYHUEHO NOTHYIO CUCIEMY COOMHOUWEHUT MOOEIU I1eKN-
DOMACHUMOMEXAHUKYU CIMAMUCTIUYECKU OOHOPOOHOU U U30MPONHOU NOPUCMOT HACLIYEHHOU Cpe-
Obl. Yumeno Hanuuue 080UHO20 SNEKMPULECKO20 CLOSL 8 OKPECIHOCTU 2PAHUYbI KOHMAKMA Meep-
001l u HCUOKOU as.
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