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MOJEJIOBAHHS XAPAKTEPUCTHUK EJIEKTPUYHOI'O
11IOJIsA BTETEPOI'EHHOMY CEPEJOBUIII TBEPJA
®A3A —T'A3 3A EKCHEPUMEHTAJIbBHO BUBHAYEHOIO
JIEJJEKTPUYHOIO ITPOHUKHICTIO

OOrpyHTOBaHO OOYMCICHHS MiCIEKTPUYHOI MMPOHUKHOCTI TBepAoi (a3 rpaHysbo-
BaHOTO T'E€TEPOreHHOr0 CEPENOBHUINA 332 JAHUMU EKCHEPUMEHTAIbHUX BUMIPIOBAaHb
JlieJIeKTPUIHOT IPOHUKHOCTI Horo HacumHoi Macu. Ha OCHOBI BUKOHAHOTO aHANi3y
PO3paxoBaHO XapaKTEPUCTHKH EJIICKTPUIHOTO TIOJISI B 00'€Mi TeTepOTreHHOT0 cepesio-
BUIIA, HEOOXITHI JJIs1 BASHAUYEHHS YMOB CTiHKOI reHepariii KOpOHHUX pO3psIiB
Knio4oBi c10Ba: MOeTIOBaHHS, IEKTPUYHE MOJIE, TETEPOTEHHE CEPEJOBHIIE

Beryn. XapakTepuCTHKH 0araTbOX TEXHOJOTIYHHX IPOLECIB, 3aCHO-
BaHUX Ha MCPETBOPCHHI CHEPTIi CNCKTPOMATHITHOTO TOJS B HEOIHOPITHIX
CepeNoBUINaxX, CYTTEBO 3aJeXaTh BiA iX cTpykTypu. s cepemoBwmim, sKi
MarOTh JieNEKTPUYHI BIACTHBOCTI, HAWBaXIMBIIIO XapaKTEPUCTHUKOIO €
JieJeKTpUIHA IPOHUKHICTE. OKpEMUM KIIaCOM HEOJIHOPIIHUX CEPEIOBHIIL €
TpaHyJIbOBaHI CepefoBHINA 3 MPAKTUYHO OJHAKOBOIO (DOPMOIO TBEPIHX
4aCTOK — TPaHyJl IITY4HOTO ab0 OiOJIOTIYHOTO MOXOKEHHS, SKi MaroTh
CHMETpiro, OJIM3BKY 10 akciaabHOi. B CBOiif Maci rpaHyinm yTBOPIOIOTH MiXk
coboro mpomixku (mopwu), 3amoBHEHI ra3oM abo piauHoio. Take rereporex-
He cepenoBuIle € ABoX(a3sHUM. B naniii poOoTi SIK TreTeporeHHe cepeioBH-
1€ PO3IIIAJAa€ThCsl HACUITHA 36pHOBA Maca, 110 € 00’ €KTOM OaKTEpHIUIHOTO
Ta 1HCEKTHIUAHOTO 3He3apaxeHHs: BucokouacToTHuM (f < 1 MI') xopoH-
HUM PO3PSIOM.

Merta gocriKeHHS MOJsTada y BU3HAYCHHI PO3MOILTY HAMPYKEHOC-
Ti €JIEKTPUIHOTO TOJISI B TETEPOTEHHOMY CEPEIOBUIII Ha OCHOBI OOYHCIIECH-
HS BiTHOCHOI MieNIEKTPUYHOT MPOHHUKHOCTI Horo TBepaoi ¢aszu, Imo Heoo-
X1THO 711 BUKOHAHHS aHaJi3y YMOB CTiHKOT reHepailii KOpOHHUX PO3PSIIiB.

AHaJti3 cy4yacHoro crany npooéJjemu. B po6orax [1, 2] o6rpyHTOBaHO
MIEPCIIEKTHBH 3aCTOCYBAaHHA BHCOKOYACTOTHOTO KOPOHHOTO PO3PSAY AJIS
3He3apaxeHHs1 00’ eMiB 3epHOBOI MacH. [IpoTe 1 MHUPOKOTO BIPOBAIKEH-
HS TaKOi TEXHOJOTil HeoOXiTHO BUKOHATH KOMIUJICKC MOCTikeHb. Ha puc.
1, a HaBeJeHA XapaKTepHa KapTHHA PIBHOMIPHOTO CBITIHHS KOPOHHOTO PO3-
psioy B 00’ €Mi reTeporeHHOro cepeoBHina (3epHoBoi Macu). B Takomy pe-
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KUMI BiIOyBa€eThCsA iHTCHCHBHA T'€HEPALlis 030HY, a TeMIepaTypa 00’emy B
mporieci 0OpoOKH He MEePEeBUITye MPUITYCTUMHX 3HaueHb. [lopymeHas yMoB
PO3BUTKY KOPOHHOTO PO3PSIAY i KOHTPAKIIis IIa3MOBOTO KaHamy (puc. 1,0)
MIPU3BOIATH 70 HEPIBHOMIPHOTO BHIIICHHS €HEprii B 00 e€Mi, 3HWKCHHS
KOHIICHTpAIlil 030Hy B KaMepi 00poOKH, a KaHaI JYTOBOTO PO3PAAY B IEOMY
BUIAJKY MaJHUTh 3ePHO.

a 0
Puc. 1 —YTBOpeHHs po3psiiiB B TETEPOreHHOMY CEPEeIOBHIIL:
a —BHCOYACTOTHHUI KOPOHHUIT po3psiz; 6 — BUCOKOYACTOTHHIN JYTOBHUil PO3PSA.

Jns 3'scyBaHHS yMOB CTIMKOro (oOpMyBaHHS KOPOHHHX PO3pSIiB B
00’ €Mi TeTeporeHHOro Cepe/loBHINA, HEOOXITHO 3HATH PO3MOALT HAIpyXKe-
HOCTI €JIeKTPUYHOTO MOJs B HhOMY. BupimeHHs miei 3amadi BuMarae ysa-
TTbHEHHS BIIOMUX €KCTIEPUMEHTAIBHUX JaHUX MPO €IeKTPodi3uyHi Bac-
THUBOCTI 36pHOBOI MacH B 3aJIEXKHOCTI Bif i BOJIOTOCTI, TeMIepaTypH, HaCH-
IIHOi T'yCTHHU.

B ocraHHe mecATHpiYYsS HAyKOBLSIMH Di3HHX KpaiH BHKOHAHO KOM-
IJIEKC JOCTiKEHb, CIIPIMOBAHUX HA BH3HAYCHHS eNeKTPO(]i3NIHMX BIac-
THBOCTEH TETEPOreHHHX TIPAaHYJIbOBAaHUX CEPENOBUII 3 BHKOPHCTAHHAM
METOJIiB, HOOY/IOBaHMX Ha 3aKOHAX €JIEKTPOCTATUYHOTO IOJIs, eIEeKTpoMar-
HITHOT 1HAYKIiT, MIKPOXBIJIBOBOI Ta JIa3ePHOI JiarHOCTHKH, pediIeKTOMET-
pii [3-5]. Tak, B po6orti [3] ekcriepuMeHTaNIbHO BH3HAUCHO e(DEeKTUBHY Bil-
HOCHY [ieNeKTPUYHY IMPOHHMKHICTb 3€pHOBOI MacW MIIEHHINI JUIA Pi3HUX
3HAYeHb 11 HACUITHOI TYCTHHHU Ta Bojorocti. Taki fnaHi HeoOXiHi 1 IUPOKO
3aCTOCOBYIOTBCS Ul MOOYJOBH aBTOMATH30BAaHHMX CHCTEM peecTpamii Ta
KOHTPOJIIO BOJIOTOCTI 3¢PHOBOI MacH B 3epHOCXOBHIIAX, €IE€BATOPaX, CHIO-
cax. Pe3ynmpTaru 1i€i poOOTH CBiT9aTh TaKOX MPO Te, 0 e(heKTUBHA BiIHO-
CHA JTieNIeKTpUYHA TPOHUKHICTh 36pHOBOI MacH MPAKTHIHO HE 3aJICKUTH Bif
YaCTOTH SJIEKTPUYHOTO HOJIA B Aialla3oHi 0 OHOTO Merarepiia.

ExcriepuMeHTaIbHIMH TOCTIDKEHHSMH BCTaHOBJICHO, IO Ha BIIACTH-
BOCTI TETEPOTCHHUX CEPEIOBHIIN (EIECKTPOIPOBIAHICTD, MICICKTPUIHY TIPO-
HHKHICTB) B 3HAa4Hiil Mipi BIUTMBAaE HE TiIbKH 00’ €MHE CIiBBiJHOLICHHS (a3
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reTepOreHHOl pEeUOBUHM, ajie i (opMa 4acTHHOK TBepaoi ¢azu [4, 5]. Llei
e(eKT BUBUABCS TEOPETHYHO B poboTax [6-10], B AKX MOKa3aHO, 110 B eje-
KTPUYHUX MOJsAX (OpMa YaCTHHOK BIUIMBAE HA TOJISIPU3AIII0 PEYOBHUHU
TBep0i pa3u. KibkicHO MOJISIpH3aIlifo peYOBUHE MOYKHA XapaKTepU3yBaTH
koedimienTom genossipusaii N, Skuif BU3HATAETHCS PO3MipaMH 0CECUMET-
PUYHHMX YACTOK 3a HAMPSAMaMH JEKapTOBOI CHCTEMH KOOPIWHAT | = X, Y, Z,
skl € ocsmu obepranns. KoedilieHT nemonspusaiii J03BOJIE€ BU3HAYUTH,
HACKIUJIbKM HaBeAeHa NoJsipH3alisi Oyae 3MEHIIeHa BiANOBiAHO 10 (opMu
YacTOK Ta 1X OpieHTalil y NpoCTOpi BiJHOCHO NMPHKJIAJCHOTO €IEKTPUIHOTO
OISl

B po6ori [6] 06rpyHTOBaHO BHpa3 Ui Koe(illieHTa ACHOIIpH3aIii

[o0]
N, = _[ (abddu ,
0 2(u +i 2)\/(9u + aZXu + bZXu + cz)

ae Ny + Ny+ N, = 1.

3rigHo maHuM poOiT [7-9] MOXHA BHAUIMTH TPHU XapaKTepHi (Gopmu
YacTOK TBepAoi a3y 3 akCiaJIbHOIO CHMETpI€l0: chepuyHa, KOJIM PO3Miph
IpaHyJIbOBAaHUX YAaCTOK 33 TPhOMa KOOPAHMHATAMU € OJHAKOBUMH, TOJII
Na= Ny = N = 0,333; nmuckomnoniOHa, SKIO0 po3MipH 4acTOK 3a JBOMa KO-
OpAMHATAMH 3HAYHO MEPEBAXKAIOTh PO3MIPH 33 TPETHOIO KOOPAMHATOIO;
TOJIKOTIONIOHA, Y BUMAMKY, KOJH PO3MIPH YacTOK 3a OJIHI€I0 KOOPIUHATOIO
JlenossIpu3altii HabaraTto mepeBakKaloTh PO3MIPH 3a IBOMA iHIIUMH KOOPIU-
HaTaMH. 3epHUHA MIIeHHI Mae Gopmy, OIU3BKY 10 Gopmu emncoiny obe-
pTaHHsI, TOOTO ii popMa € MmepexiTHOO 0 TOTKOMOAIOHOT. 3aIeKHOCTI 3Ha-
4eHb Koe(]ilieHTIB qenoasapu3aliii BiJ CITiBBiIHOIICHHS PO3MIipiB YaCTHHOK
3a TBOMa OCSIMH KOOPAMHAT X 1 Y, OTpHMaHi iHTerpyBaHHsAM Bupasy (1),
MaroTh BUrIA [9]

1
Ny = 7
a a
1 — 04 —
”“6(bj+ {bj

ne aib —BianoBigHO HampsiMaM X, Y IOBKHHA T4 JiaMeTp 3€PHUHU.
Buxkaan Teopernynoro marepiany. BusHauenHs koedimieHTis geno-
NspU3alii JO3BOJIIIO OTPUMATH CITiBBIIHOLICHHS ISl PO3PAXYHKY €(EKTH-
BHOI JiCJIEKTPUYHOI MPOHUKHOCTI JBOX()a3HOTO T'PaHyIHLOBAHOTO CEPEIo-
BHII[A B 3QJISKHOCTI Bif 00’ eMHOr0 BMicTy TBepaoi dasu. B pobori [9] Ha-
BEJICHO 3QJIC)KHICTh, B SKI MAaTEMaTHYHO IOB’ 3aHO ¢(PEKTHBHE 3HAYCHHS
BiTHOCHOI JieNeKTPUYHOI NPOHUKHOCTI JBOKOMIOHEHTHOI CyMilli & i3
3HAYEHHSMHU BITHOCHUX MICJIEKTPUIHUX TPOHUKHOCTEH i1 KOMIIOHEHT 3
ypaxyBaHHSIM T€OMETPUIHOT (HOPMH €JIEMEHTIB KOMITOHEHTH TBEPAOi (hasm.

1)

Ny =Nz = O,dl— Nx)’ @)
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Z Ve - 82)(32““\’( Eeh ~ 32))

=g+
e =F0 3(52+V e~ 52)+N (e1—¢2))

Fxyz
-1

Z VDN (81 82)

3(52"’\) Ecd 52)+N (e2- 52)) , ©

Fxyz

J€ €4 — €pEeKTHBHA BiJIHOCHA Ji€JEKTPUYHA NPOHUKHICTH I€TEPOr€HHOrO
cepenoBuiia (3epHOBOI MacH); Y — 00’ €eMHa YacTHHA TBEPAOI cyOCTaHIii B
TeTepPOreHHOMY CEpelOBHINi; V — BEJIMYMHA KOT€PEHTHOTO MNOTEHIany
(v = 1 3rigro po6ori [10]); &, — BigHOCHA JielEKTpUYHA MPOHUKHICTH TBEP-
101 (asu (3epHOBOT CyOCTaHLIl); € — BIAHOCHA AiCNEKTPUYHA POHUKHICTh
noBiTps (g, = 1); Nj — dakrop nenomapusanii 3a KOOpAUHATAMH X, Y, Z AKHIT
BU3HAYa€eThes 3rifHO [9] Bupasom (2).

IIpote mist 00YUCTICHHS PO3MOALITY HAPYKCHOCTI EICKTPUIHOTO MOJIS
B 00’ €MIi I'eTEpOreHHOT0 CEepeoBHIa HEOOXITHO ONepyBaTH HEe 3HAUCHHS-
MH HOTO e()EeKTHBHOI BiTHOCHOI Mi€IEKTPUIHOI MPOHUKHOCTI, a 3HAYCHHSI-
MH BiIHOCHOI Ii€JIEKTPHYHOI MPOHUKHOCTI TBEpmoi (asu (3epHOBOI CyO-
CTaHIii) Ta MOBITPS, IO 3alIOBHIOE MPOMDKKHM MiXK 3epHaMH. TOOTO CyTh
poOJIeMH, IO BUPIMIYETHCS, TIOJATAE Y BU3HAYCHHI JIeJICKTPHIHOI TIPOHU-
KHOCTI TBepmol (a3u 3a eKCHepHMEHTAIbHO OTPUMaHMMH 3HAYCHHSIMU
e(heKTHBHOI MieTeKTPHYHOI MPOHUKHOCTI TETEPOreHHOI'O CepefoBHIIa i3
3aJ[aHOI0 TYCTUHOIO HACUITHOT MAaCH 3 BUKOPUCTAHHSAM CIiBBiqHOMICHHS (3).
Jlns 11boro HeoOXiTHO CIIOYATKY BU3HAYHMTH 00’ eMHHI BMICT TBepaol dasu
HAa OCHOBI JJAHUX MMPO HACUIIHY T'YCTHHY CEPEIOBHUINA JJIsi 3HAUEHD SIKOI K-
CIIEPUMEHTAIbHO BU3HAUCHO €DEeKTHBHY Ji€ICKTPUUHY IIPOHUKHICTD ey

Maca aBoX(}a3HOTO TeTepOreHHOIO CEpPEeIOBHIIA M BU3HAYAETHCS SK
Maca WOro CKIaJOBHX PEYOBHH M = My + My abo pV = p,Vy + p,oVy, ne iH-
JeKc 1 BITHOCHTRCS 10 TBEPIOT, a IHAEKC 2 —I0 ra3oBoi (asm.

3 ypaxyBaHHsAM cmiBBigHOMEeHHS Vo =V —V, BU3HAYNMO BiTHOCHHIA
00’ eMHUI1 BMICT TBepAOi (asu y K

v-vl =PP2 (@)
b PPz

[likHOMeTpHYHI TOCIiKEHHs, BUKOHaHI B po6oti [11], cBimuaTs mpo
Te, 0 Ha TYCTHHY 3€PHOBOI CyOCTaHIIl MIICHUII p; MPAKTHYHO HE BIUIU-
BAlOTh TEMIIEpaTypa 1 BOJIOTICTb, TYCTHHA 3€pHOBOI cyOCTaHMIi MIICHMII
PI3HMX COPTIB BIJPI3HAETHCS HE3HAYHO, B MEXKaX OJHOTO BiJICOTKa, a 1i ce-
penHe 3HaYCHHSA AopiBHIOE 1,45- 18 kr-m3,
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3 ypaxyBaHHSM LOTO 1 3 BUKOPHUCTaHHSIM E€KCIIEPUMEHTAJIbHO OTpH-
MaHMX 3Ha4€Hb €()EKTUBHOI JieJEKTPUUHOI NPOHUKHOCTI Eq4 HACUITHOT 3€p-
HOBOI MacH i3 criBBigHoIeHHs (3) B JaHiil po6GoTi 6yi10 00UKCIIEHO dienek-
TPUYHY MPOHUKHICTH 3¢pHOBOI CyOCTaHIIil €1. Pe3ynbrati 00YUCIIeHb €71 TSI
3HAYECHHS BOJIOTOCTI HACHITHOI 3epHOBOI MacH 19%1i pi3HMX 3HAYECHB 11 T'yC-
THHY B jmianaszoni Bix 75810 818kr-M™ HaBeneHo Ha puc. 2.

€1, ged) 1

0,76 0,77 0,78 0,79 0,80 081 P, KI'M

Puc. 2 —Pe3ynbrati 00YHCICHHS JieIeKTPUYHOI IPOHUKHOCTI TBepaoi ha3u ;1 (1)

3a JaHKMH EKCIICPHMEHTAIIbHUX BUMIpIoBaHb [3] eeKTUBHOI ieneKTpuuHOl Ipo-
HHUKHOCTI €4 TE€TEPOrCHHOTO CEPENOBHINA Pi3HOI rycTuHH (2).

Te, 1110 PO3paxoBaHi 3HAYCHHS MICNEKTPHUHOI MPOHHUKHOCTI 3€PHOBOT
cyOcTaHIlii MPaKTUIHO HE 3aJIeKaTh BiJ 3MIHHOTO MapaMmeTpy p, CBITIUTH 3
OJHOTO OOKY TPO BipHICTh BUKOHAHUX B IIilf p0OOTI 0OYHCIIEHB, a 3 HIIIOTO
— IIPO HAJICKHY TOYHICTh €KCIIEPUMEHTAILHOTO BUMIPIOBAHHS €KBiBAJICHT-
HOI JIieJIEKTPUYHOI IIPOHMUKHOCTI HACHITHOI 3€pHOBOI Macu B po6oTi [3].

B peanpHHX yMOBaxX BHHHKA€ HEOOXiAHICTH OOPOOKH KOPOHHHM PO3-
PSIOM 3epPHOBOI Macu pi3HOI Bojorocti. ToMy Jis BU3HAUYEHHS YMOB T'€He-
patii KOpOHHOTO O3PSIy B 3EPHOBIN Maci HCOOXIIHO 3HATU 3AICKHICTH
JIeNIeKTPUYHOT MPOHUKHOCTI 3¢pHOBOI CyOCTaHIIl €; BiJ I[bOTO MapameTpy.
PesynbpraTi 00YKCIIEHh 3HAYCHD € 3a JAHHUMU EKCIEPUMEHTAIBLHUX BUMi-
proBaHb e(DeKTHBHOI JlieIeKTPUUHOI MPOHUKHOCTI €4 3€PHOBOI MacH Pi3HOI
BOJIOTOCTI HaBeJIcHO Ha puc. 3. OTpuMaHi IaHi CBigYaTh Mpo Te, MO B Jia-
MMa30HI 3MiHM 3HAYEHb BOJOrOCTI HacumHoi Macu Big 9 % mo 20 % ryctu-
HOIO 786 KI"M™ BiIHOCHA HiCIeKTpUYHA MPOHHUKHICTD 3EPHOBOI MAcCH e
3MiHIOEThC B iHTepBadi Big 3,32 mo 4,43, a micineKTpu4Ha MPOHHMKHICTH
3epHOBOI CyOCTaHIIii € 3MIHIOETHCSA B iHTepBaii Bix 6,24 mo 8,92 ns yce-
pENHEHMX 3HAYEHb CITiBBITHOIIEHHS IOBXUHH 3€PHUH A 0 aiamerpy b, mo
BIIMOBiIa€ ycepeTHEHUM PO3MipaM 3epeH IieHuii [7].
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€1, Ser

2 L
4t L —]

8 10 12 14 16 18 W, %

Puc. 3—3anexxHocTi IieIeKTpUYHOT MPOHUKHOCTI Bifl BOJIOrocTi: 1 —po3paxyHKOBi
3HAUYCHHSI JieNeKTPHYHOT IPOHUKHOCTI € 3epHOBOT CyOCTaHLIl MIIeHHUIi; 2 —3Ha-
YEHHs JieICKTPHYHOI IIPOHUKHOCT] HACUITHOT 36PHOBOI MacCH &4, OTPUMAHI eKcIIe-
pHUMeHTalbHO B po6oTi [3] i BUKOpHCTaHI TYT 11 BU3HAYCHHS €1.

Pe3ynbTaTy BHKOHAHHX DPO3PaXyHKIB BHKOPHUCTAHO JISi BU3HAYCHHS
PO3MOITY HANPYKEHOCTI €JIEKTPUIHOTO IOJIT B 00 €Mi 3epHOBOI MacH 3
BUKOPHUCTAHHAM mporpamuoro makery FEMM 4.2. Po3e’s30k mpobieMu
Teopii ENCKTPUYHOTO OIS MOXKHA C(OPMYITIOBATH SIK 3HAXOKCHHS ()yHK-
il CKaJSPHOTO EJICKTPUYHOTO TOTCHIIANY, IO 3aJ0BOJBHIE nudepeHIia-
JFHOMY PIBHSHHIO B YaCTKOBUX IOXiTHHUX JPYTOTO MOPSIKY CIIMTHYHOTO
TUITY B ICKAPTOBIH CHCTEMI KOOPIMHAT

9(c90),9(. 99
ox\ ox) oyl oy

JIe (¢ — eJICKTPUYHUI MOTCHIIAN; € = €&y — JICICKTPUYHA MPOHUKHICTE; X, Y
— JICKapTOBi KOOPAWHATH; £y — CICKTPUYHA CTaNa; § — BiTHOCHA JICICKTPH-
YHA MPOHUKHICTB; iHACKC I = 1, 2 BiANOBITHO AJIA TBEPOi i ra3oBoi (asu
TeTEPOTeHHOI0 CEPEIOBUIIA.

YMmoBU (hopMyBaHHS KOPOHHOTO PO3PSAY B MIKEIEKTPOIHOMY IIPO-
MDKKY BU3HAUYAIOTHCS XapaKTepOM PO3IOAUTY B HbOMY HAIPYKEHOCTI eJIeK-
TPUYHOTO TOJIS. 3a BiIOMHUM PO3MOIIJIOM TMOTEHITIAy BEKTOp HAIPYXKEHOC-
Ti eNeKTPUYHOrO MoNs E Ta HOro MOZy/Ib 3HAXOAATHCS 3 BUKOPUCTAHHAM
piBusHb (6), (7).

=0, ®)

E = -grad¢ = - fﬂ+i% : (6)
X oy
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2
|E|: 9% +@ (7)

0x ay

Pe3yabTaTH MOJETIOBAHHS XaPAKTEPHCTHK €JEKTPUYHOIO IMOJIS.
ITin gac aHamizy pO3MOATY XapaKTEPHCTUK EJICKTPHYHOTO IIOJIS PO3MIp
po3psHOT Kamepu Habarato (Ha TPH TOPSIIKH) TIEPEBHIIYBaB PO3MIp 3ep-
HUHU. HyJbOBI rpaHWdHi YMOBH 3a €JIEKTPUYHHM TIOTEHITIAIOM 3a/IaHi Ha
30BHIITHIN TpaHUTHIN 00acTi, pO3TalIOBaHiil HACTUILKH JaJeKO BiJl CTIHOK
KaMepH, 10 OCTaHHI He BIUIMBAIOTH Ha PO3IOJIJ HANPYKEHOCTI EIeKTpU-
HOTO TOJISL B Hill. 3 METOIO GBI IPYHTOBHOTO aHalli3y yMOB (hopMyBaHHS
KOPOHHHX DPO3pSIiB B 00’ €Mi 3epHOBOI MacH BHUKOHAHO PsJl PO3paxyHKiB
PO3MOTYy XapaKTEPUCTUK €NEKTPHYHOTO IOJIS ISl PI3HUX BIHOCHHX II0-
JIOKeHb 3epHUH. OOYHCIEHHs] BUKOHAHO Y BIHOCHUX OAMHHMILIX VISl Pi3-
HUX THUIMOBHX BUNAJKIB BIIHOCHOTO PO3TalllyBaHHS 3epHUH. OTpUMaHi AaHi
B MepepaxyHKy Ha OMUHUYHY HaAmpyry Mmix enextpogamu (U = 1B) Hase-
JieHo Ha puc. 4. BoHM cBiguaTh Mpo 3HAYHE MiACHICHHS HATPY>KEHOCTI eJie-
KTPUYHOTO MOJIS B 30HAX, SIKI XapaKTePH3YIOThCS BEIUKOI0 KPYTH3HOKO 1X
MOBEPXOHb Ta MAJIOIO BiJICTaHHIO M 3epHuHamu (puc. 4,a —puc. 4,B).

5.700e+001 : >6.000e+001
5.400e+001 : 5.700e+001

5.100e+001 : 5.400e+001
L | 4.800e+001 : 5.100e+001

|| 4.500e+001 : 4.800e+001
4,200e+001 : 4.500e+001
3.900e+001 : 4.200e+001
O O O 0 3.600e+001 : 3.900e+001

3.300e+001 : 3.600e+001
3.000e+001 : 3.300e+001
2.700e+001 : 3.000e+001
2.400e+001 : 2.700e+001
2.100e+001 : 2.400e+001
1.800e+001 : 2.100e+001
1.500e+001 : 1.800e+001
1.200e+001 : 1.500e+001
9.000e+000 : 1.200e+001
6.000e+000 : 9.000e+000

3.000e+000 : 6.000e+000
r <0.000e+000 : 3.000e+000
Density Plot: |E|, V/m

Puc. 4 —Pe3ynpTaté po3paxyHKy PO3HOIITY HAMPYKEHOCTI eNEeKTPHIHOTO OIS B
MIDK3EpHHHHOMY HPOCTOPI VIS Pi3HUX MOJI0KEHb 3€PHHH.
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Tax, B 061acTi BeIMKOi KpyTH3HN (HOPMHU 3epHHUH 3HAUCHHS HAIPYyKe-
HOCTi eNeKTpu4YHOro mojsi B 3-5 pasiB mepeBUINyIOTh ()OHOBI 3HAYCHHSI.
Pa3zom 3 THM, B 30Hax OJM3BKOTrO PO3TALIYBaHHSI OOKOBHX MOBEPXOHb MEH-
1101 KPYTH3HU MiJCUICHHS HAIPYXEHOCT] EIEKTPUYHOIO TIOJISl XapaKTepH-
3YEThCs MEeHIIUMU 3HadeHHAMHU Ha 40-50BiacOTKIB, IpoTe po3mipu obac-
Teil MiJBUIIIEHUX 3HAYSHb HAMPYKEHOCTI €JICKTPUYHOTO MOJISI B IUX BUMA[-
Kax € 3HayHO Oimbmumu (puc. 4,T), 0 TaKOX CIPUIE PO3BUTKY KOPOHHUX
PO3psIiB B TETEPOTC€HHOMY CEPEJOBHIII.

IIpu po3paxyHKy pO3MONITY HAMPYKEHOCTI EICKTPUYHOTO MO B
00’ €Mi TeTepOreHHOTO CEePEOBHINA CIIifl 3BEPHYTH yBary Ha Te, IO B Je-
SIKAX pPeXUMax 0OpOOKH 3epHOBOI MacH BOJIOTICTh B 00’ €Mi KOXKHOI 3€pHU-
HU MO>Ke OyTH pO3MOoIiIeHa HepaBHOMIpHO. Tak, Mpu 3BOJI0KYBaHHI CyXOTr0O
3epHa B MOTO MOBEPXHEBOMY IIIapi BOJIOTICTh 30UIBIITYETHCSA, & B CEpeAMHI
3QIMIIAETHCS Ha JCSIKAN 9ac MEHIO0, 1 HaBIAKH, I Yac CYIIiHHS 3epHa
BOJIOTICTh € 3MEHIIIEHOIO Ha 30BHIITHLOMY IIapi Ta 301IbITY€ETHCS B HATIPSIMI
0 ueHTpy. sl MOJENIOBaHHS B TaKOMY BHIAJKy 3€pHHHY TOMIJICHO Ha
TPH YMOBHI tmapw 3 BoJjorictio 14, 16ta 18 % puc. 3).3 puc. 3 BuaHO, 1m0
PO3IOIi BOJIOTOCTI B 3¢pHHUHI Maike HE BIUIMBAE HA XapaKTEPUCTUKH TTOJISI
B MIDK3EpHHHHOMY IIPOMIXKKY.

5.700e+001 : >6.000e+001
5.400e+001 : 5.700e+001
5.100e+001 : 5.400e+001
4.800e+001 : 5.100e+001
4.500e+001 : 4.800e+001
4.200e+001 : 4.500e+001
3.900e+001 : 4,200e+001
3.600e-+001 : 3.900e+001
3.300e+001 : 3.600e+001
3.000e+001 : 3.300e+001
2.700e+001 : 3.000e+001
2.400e+001 : 2.700e+001
2.100e+001 : 2.400e+001
1.800e+001 : 2.100e+001
1.500e+001 : 1.800e+001
1.200e+001 : 1.500e+001
9.000e+000 : 1.200e+001
6.000e+000 : 9.000e+000
3.000e+000 : 6.000e+000
<0.000e+000 : 3.000e+000

ensity Plot: [E|, V/m

T T T T T T T

b=

Puc. 5 —Pe3ynbraté po3paxyHKy pO3IMOIiy HAPYKEHOCT] EIEKTPUYHOTO TOJISI B
MIX3EpHIHHOMY IPOMIXKY: @ — JUIsl TIPOLIECY 3BOJIOKEHHS, O — IJIs IIpoIiecy
cymrinHs 3epHa: 1 —30Ha 3 Bonorictio 14 %,g, =7,8; 2 —30Ha 3 BooricTio 16 %,
€1= 8,2; 3 —30Ha 3 Bosorictio 18 %,g; =8,7.
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BynoBa 3epeH JeAKUX 37aKOBUX KYJIBTYp i, 30KpeMa, TIICHUIl Xapak-
TEPU3YETHCS HAABHICTIO Gopinku [12], sika 3 (i3HIHOT TOUKU 30py € CYKyTI-
HICTIO MiKpOBHCTYIIB Ha TIOBEPXHi TBep0i (a3u matepiany (puc. 6).

MopemoBaHHS PO3MOAITY Xapak-
TEPUCTHUK EJEKTPHIHOTO ITOJIsI TTOoKa3a-
JI0, IO HAsBHICTE OOPIAKH 3yMOBIIOE
3naune (Ha 40-50BifcoTKiB) mifBHUINEH-
HSl HAMPYKEHOCTI EJEKTPUYHOTO OIS
(puc. 7,a) HOPIBHSHO 3 BUMAJIKOM, KOJIH

: - TaKe MiJCUICHHS MOJISl He BPaXOBYEThCS
Prc. 6 ~Bopinka Ha nosepxni (puc. 7,6). ToMy neii eheKT TaKOX IO-

3epHuHH (36inbIneHO B 400pasis). Tpebye 3aNyueHHs M0 aHANi3y i Hac
BU3HAUCHHS YMOB ()OPMYBaHHS KOPOHHOTO PO3PSITY.

4.275e+001 : >4.500e+001

4.050e+001 : 4.275e+001
3.825e+001 : 4.050e+001
3.600e+001 : 3.825e+001
3.375e+001 : 3.600e+001
3.150e+001 : 3.375e+001
2.925e+001 : 3.150e+001

2.700e+001 : 2.925e+001
2.475e+001 : 2.700e+001
2.250e+001 : 2.475e+001
2.025e+001 : 2.250e+001

a
1.800e+001 : 2.025e+001
1.575e+001 : 1.800e+001
1.350e+001 : 1.575e+001
1.125e+001 : 1.350e+001
9.000e+000 : 1.125e+001
6.750e+000 : 9.000e+000

4,500e+000 : 6.750e+000
2.250e+000 : 4.500e+000
0 <0.000e+000 : 2.250e+000

Density Flot: |Ef, V/m

Puc. 7 —Po3noain Hanpy>KeHOCTi B MiXK3epHUHHOMY IIPOMDKKY IJIs 3epHA
3 BoJioricTio 14 %,e; =7,8:a — mnst 3epen Oe3 Gopiaku; 6 — st 3epeH 3 6opiakoo.

BucHoBku. Takum 9uHOM, B pOOOTi OOTPYHTOBaHO OOYHCIICHHS JTIETIEKT-
PHYHOT NPOHMKHOCTI TBEpHOI a3y rpaHyIILOBAHOTO T'ETEPOI€HHOTO CEpeio-
BUIIIA 32 JAHUMH €KCTIEPUMEHTAJIEHUX BHMIPIOBAHb JieJICKTPUYHOI IIPOHUKHO-
CTi Or0 HACHITHOI MacH. 3 BUKOPHUCTaHHAM YHCENBHOI MOJIEN BU3HAYEHO NPO-
CTOPOBHI PO3MOALT XapaKTEPUCTHK €IEKTPHIHOTO IIOJI, PE3YJIbTaTH PO3IOAi-
Jy eNeKTPUYHOTO TIOTEHINaTy, HAMPYXEHOCTI eNeKTPUYHOTO Mol B 00’ emi
3epHOBOi MacW JUIsl pi3HMX 3Ha4yeHb i BosorocTi 1 Temmeparypu. OcoOnmBy
yBary NpuAiIeHO aHaJl3y BIUIMBY PO3TAIlyBaHHS 3€pPHUH B 3€pHOBIiHf Maci Ha
MaKCHMaJIbHI 3HaYeHHs HaNpPy»KEHOCTI €NeKTPUYHOTO OIS,

3a pe3ynbTaTaMy aHaNi3y BUKOHAHUX OOYMCIIEHB 3pO00JIEHO BUCHOBOK
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PO JOIUIBHICTh 3aCTOCYBAaHHS OTPUMAaHUX MaHWX JJIs YHCEIBHOTO MOJIC-
JIOBaHHS YMOB T'eHepalii KOPOHHUX PO3PSIiB B FETEPOrCHHUX CEPEIOBH-
max Ha yacrorax 1o 1 Ml
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Mope/1l0BaHHSI XaPaAKTePUCTHK €JIEKTPUYHOIO MOJISI B reTeporeHHOMY
cepeoBHILi TBepaa (pa3a-ra3 3a eKCHEPHMEHTAJIbHO BU3HAYEHOIO JIieJIeKTPUY-
How npoHukHicTio / lyooBenko K.B., 3axapos J[.0. // Bicuuk HTY "XIII". Ce-
pist: IIpobneMu yIOCKOHAJICHHS €JISKTPUYHUX MAIIWH i armapariB. Teopis i mpakTu-
ka. —X.: HTY "XIII", 2013. -Ne 65 (1038). -C. 118-128Fi6umiorp.: 12Ha3s.

OO6ocHOBaH pacdeT AMAIEKTPUIECKOIl MPOHMIAEMOCTH TBEPAOH (askl IpaHy-
JIMPOBAHHOI Te€TEePOTeHHON Cpembl IO JaHHBIM JKCHEPUMEHTAIBHBIX H3MEpeHUit
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JIUBIEKTPUYECKON IPOHULIAEMOCTH €€ HAChIMHOM Macchl. Ha 0CHOBaHUM BBIIONHEH-
HOTO aHaJIM3a PACCUUTaHbl XAPAKTEPUCTHKH DIEKTPUYECKOro Mojsi B o0beMe rere-
POTEHHOM cperbl, HeOOXOMUMBIC ISl ONPENeNCHHs YCIOBHH CTOMKON TeHepaunuu
KOPOHHOTO pa3psija.

KiroueBble ca0Ba: MOJETHPOBAHUE, 3IEKTPUUECKOE IIOJIE, TeTepOreHHast
cpena.

Calculation of the electric permittivity for the Igbphase of the granulated
heterogeneous medium is grounded by the data @friemental measurements of its
bulk mass electric permittivity. On the base of &malysis the electric field charac-
teristics, necessary for determination of the cimas for stable corona discharge
generation, are calculated.

Keywords: simulation, electric field, heterogeneous medium.

JyooBenko KocrsasHtuH BikTOpOBHMY, JOKTOp TEXHIYHUX HAyK, JOLCHT.

OTpumaB [MIUIOM iHXKeHepa B MHKONAIBCBKOMY KOpaoieOymiBHOMY

iHcTuTyTI 3a (axom "EnextpoycratkyBanus cyaeH” B 1981p. 3axuctus
& JUCepTallilo KaHuaaTa TeXHIYHUX Hayk 3a (haxoMm "TeopeTHyHa enekTpo-
Texnika' B 1988 p. i nmucepramilo JOKTOpa TEXHIYHHMX Hayk 3a (axom
"EnextporexHiuni komruiekcy Ta cucremMu” B 2007 p. B [HCTUTYTI enekT-
ponunamiku HAH VYxpainum. 3aBimyBad kadeapH eIeKTPOTEXHONOTIH i1
eJIEKTPOIIocTa4aHHss MHUKOJIaIBCHKOrO HaLliOHAJIBHOTO arpapHoro yHiBep-
curery 3 2008 p. HaykoBi inTepecu moB’si3aHi 3 npobiemMamu (Gi3nuHHX
MOJIB €NeKTPHYHHX DPO3PAIiB B CYIIBHHX CEPEHOBHUIINAX, PO3POOKOIO
@IICKTPOTEXHIYHUX KOMILICKCIB 1 CHCTEM eNeKTPOPO3PsIHOT Ail.

3axapos JImutpo OuekcanapoBuy, B 2013poui 3akiHYKMB MaricTpaTypy
B MukonaiBchbKOMy HaIliOHAJIILBHOMY arpapHOMY yHIBEPCHTETi 3a cIielia-
npHicTIO "EHepreTrka cijibCchbKOrocrnoapcbKoro BAPOOHHUIITBA" Ta 37100yB
kBamidikamiro imkeHepa-mocnigauka. [IpamroBaB Ha mocamax CTapIIOro
nmabopaHTa Ta 3aBimyBada TabopaTopisMu KadeapH eleKTpOTEXHONOTIH 1
eJIEKTPOIIocTa4aHHss MHUKOJIaIBCHKOrO HaLliOHAJIBHOTO arpapHOro yHiBep-
cutery. AcuctenT miei x xadenpu 3 2013p. HaykoBi iHTepecu mos’ si3aHi
3 JOCHiIKEHHSIM BIUIMBY iMIyIbCHHX T4 BHCOKOYACTOTHHX €JIEKTpOMar-
HITHHX TOJIiB Ha 0i0JIOTIYHI CepeOBUILA, PO3POOKOIO ENEKTPOTEXHIUHHUX
KOMIIIEKCIB 1 CHCTEM eIeKTPOPO3PSAHOI Iii.
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