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The paper offers a mathematical model and analysis of operation of an
electrogasodynamic compressor stage under pulsating voltage. It is shown
that under pUlsating voltage the losses due to the negative influence of space
charge are essentially decreased and the efficiency of operation of an
electrogasodynamic compressor stage isjncreased.

OCHOBHblM npeHMyuwcTBOM 3JIeKTpora30JJ.HHaMWle-

CKOro (3r,n:) KOMnpeccopa HBJIHeTCHOTCyTcTBHe JJ.BIDKY-

~HXCH MexaHlflleCKHX qaCTeH, KaK CJIeJJ.CTBHe,OTCYTCTBHe

MaCeJI JJ.JlHCMa3KH, 6eCIlJyMHoCTb pa60TbI, nJIaBHOe pe-

ryJlHpOBaHHe pacxoJJ.a H JJ.aBJIeHHHHarHeTaHHH, B03MO)l(-

HOCTb pa60TaTb Ha XJlaJJ.areHTax C nOBbIIlJeHHbIM JJ.aBJle-

HHeM H Ll,p.

OCHOBHOHHeLl,OCTaTOK- OTHOCHTeJIbHOHeBbICOKHHKII)l:

np0I..\eCca 3r,n:-npe06pa30BaHHH, KOTOpbIHnpH JJ.aBJIeHHHX

HH)I(e 0,3 Mna HaXOJJ.HTCHHa ypoBHe 10 %, a npH Ll,aBJIe-

HHHX BblIlJe 0,6 Mna - Ha ypoBHe 30 - 35 % [5]. B [1,5]
nOKa3aHO, qTO OCHOBHbIMH nOTepHMH B np0I..\eCce 3r,n:-

npe06pa30BaHHH HBJlHIOTCHnOTepH, 06YCJlOBJleHHble He-

raTHBHbIM BJlHJlHHeM 06beMHoro 3apHLl,a.

B cJlyqae mnaHHH 3r,n:-KoMnpeccopa nOCTOHHHhIM Ha-

npH)I(eHHeM 06beMHhlH 3apHJJ.nOCTOHHHO H nOJlHOCThIO

3anOJlHHeT Me)l(3JleKTpOJJ.HoenpocTpaHcTBo H HanpH)I(eH-

HOCTh nOJlH OT 06beMHoro 3apHJJ.a3HaqHTeJIhHO CHIDKaeT

cyMMapHYIO HanpH)I(eHHOCTb nOJIH B03JIe 3MHTTepa. B pe-

3YJlbTaTe 3TOro YMeHhllIaIOTCH 06pa30BaHHe H BhIXOLl,3a-

pHLl,OBH3 BHYTpeHHeH 06JlaCTH KOpOHHOro pa3pHLl,aBOBHe-

WHIOIO 30HY 3r,n:-npe06pa30BaHHH. 3TH nOTepH COCTaB-

JlHIOT OT 50 % H 60Jlee [1,5].
nOBhIWeHHe 3<p<peKTHBHoCTHpa60ThI 3r,n:-KoMnpecco-

pa onpeJJ.eJlHeTCHYMeHbIlJeHHeM I1JlHnOJIHhlM yCTpaHeHH-

eM 3TI1X nOTepb. ,n:JlH 3Toro B [2] npeJJ.JIaraeTCH npoBo-

Ll,I1Tbnl1TaHl1e cryneHeH 3r,n:-KoMnpeccopa nyJIbCI1PYIO-

~I1M HanpmKeHl1eM U oCt) (pHC. 1).
UeJlblO Ll,aHHOH pa66Thl HBJlHIOTCHnOCTpOeHl1e MaTe-

MaTl1qeCKOH MOLl,eJlI1np0I..\eCCOB B cTyneHI1 3r,n:-KOM-

npeccopa npl1 nyJlbCl1pYIO~eM HanpH)I(eHl111nI1TaHHH, pac-

qeTbl H aHaJll13 3<p<peKTI1BHOCTI1pa60Thl 3r,n:-KoMnpecco-

pa npl1 3TI1X YCJlOBI1HX.

B KaqeCTBe KOHCTpyKTHBHOHcxeMhI cryneHH 3r,n:-KOM-

npeccopa Ll,JIHpa60Thl B MaJIhlX CHCTeMax KOHJJ.HI..\HO-

HHpoBaHHH H 6hITOBblX XOJlOLl,HJIhHHKaXnpHHHTa MOLl,eJIhC

cHcTeMoH 3JleKTpOLl,OB(pHC. 2): 3MHTTep - TOHKOCTeHHaH

Tpy6Ka 1paLl,HYca ro = 0,2 ...0,4 MM; KOJlJleKTOp- yceqeH-

HhIH KOHyC 2 C I..\eHTpaJlhHhIM OTBepCTHeM, B KOTopoe

BCTaBJleH JJ.eHoHH3aTop 3. TaKaH CHCTeMa 3JIeKTpOLl,OBC

cooTBeTcTByIOUI.HMH paJJ.HycaMH KaHaJIa Ha BXOJJ.eRc 11

oTBepcTHeM B KOJIJIeKTOper K n03BOJIHeT 06eCrreqHTb pac-

XOJJ.pa60qero TeJIa B npeJJ.eJlax 0,5 ...2,5 r/c, KOTOphlH HB-

JlHeTCH JJ.oCTaTOqHbIM JJ.JlH6hITOBhIX XOJIOLl,HJIbHI1KOBH

CHCTeMKOHJJ.HI..\HOHHpOBaHHHMaJIOH MOUI.HOCTH.

AHaJIH3 ropeHHH KOpOHHOro pa3pHLl,aH pa60TbI 3r,n:-KOM-

npeccopa npH nyJIhCHpYIOUI.eM HanpH)I(eHHH nHTaHI1H (B

OTJIHql1e OT nOCTOHHHoro HanpH)I(eHHH) nOKa3hIBaeT, qTO

BhIXOJJ.06beMHoro 3apHJJ.a- HOHOB B OCHOBHyIO pa60qyIO

30HY npoHcxoJJ.HT npephIBHcTO, OTLl,eJIbHhIMHnOpI..\HHMH-

BOJIHaMH [4]. KOPOHHbIH pa3pHJJ.ropHT, H o(3beMHbIH 3a-

pHLl, BbIXOLl,HTBO BHeIlJHIOIO 30HY 3r,n:-npe06pa30BaHHH

TOJIhKOBOBpeMH H3MeHeHHH HanpH)I(eHHH U<po(t) OT U* JJ.O

U<po(t) = UK' 0603HaQeHHbIX Ha JJ.HarpaMMe (CM. pHC. 1)
COOTBeTCTBeHHOTOQKaMH H H K. B npOMe)l(YToK BpeMeHI1

OT tH Ll,0 tK cyMMapHaH HanpH)I(eHHOCTb 3JleKTpHQeCKOrO

nOJlH B03JIe 3MHTTepa Er.o(t) HeCKOJIbKOBblllIe HaQaJIbHOH

Hanpj{)l(eHHOCTI1 3a)l(HraHHH KOpOHblA".
nOCJIe tK cyMMapHaH HanpH)I(eHHOCTb nOJIH Er.o(t) CTa-

HOBHTC5IMeHbIlJe E", KOPOHHbIHpa3pHJJ.yracaeT, H BbIXOJJ.a

3apHLl,OBB 30Hy 3r,n:-npe06pa30BaHH5I HeT JJ.OCJIeLl,YIO~e-

ro MOMeHTa BpeMeHH t
H

, KOrLl,a HanpH)I(eHl1e CHOBa Ll,OC-

THrHeT 3HaQeHHH U*, a HanpH)I(eHHOCTb nOJlH E".
,UJIH aHaJIH3a pa60TbI 3r,n:-KoMnpeccopa npH nyJlhCH-

pYIO~eM HanpH)I(eHHH HaMI1 pa3pa60TaHhl <pH3HQeCKa5111

MaTeMaTI1QeCKa51MOLl,eJIHnp0I..\eCCOBB cryneHH KaK B 30He

110HH3aI..\I1HB03Jle nOBepxHocTH 3MHTTepa, TaK H B OCHOBHOH



pa60'-/eH 30He 3r,LJ;-npe06pa30BamUl, KOTOpa51npO)].OJDKa-

eTC5IOTYCJlOBHOHrpaHH'-/HOH nOBepXHOCTHTq (CM. pHC. 2)
)].0 nOBepxHocTeH KOJlJleKTOpa H )J.eHoHH3aTopa Ha BceH

)].JlHHe KaHaJla Lo. B OTJlH'-/HeOT MaTeMaTH,-/ecKoH Mo)].e-

JlH npOll,eCCOBnpH nOCT05lHHOMHanp5l:>KeHHH,me 06pa3Y-

eTC5ITOJlbKOKOHBeKTHBHblHTOK, npH nyJlbCHpYIOll.leM Ha-

np5l:>Kemm B03HHKaeT KaK KOHBeKTHBHbIHTOKJqo(t), TaK H
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PUC. J. jJuacpaMMbl U3MeHeHUJI nyJlbcupylOUI,eco HanpJlJICeHUJI
U"",(t) U 3a6UCUMocmu 06pG3yeMblx HanpJlJICeHHOCmeu

6HeumecO nOJlJl £.'0' nOJlJl o6beA1Hoco 3apJlaa EQo U
cyMMapHoco nOJlJl Em' a maKJlCe KOH6eKmU6HOcO mOKa JqQ'

mOKa CMeUl,eHUJIJ,~ U cyMMapHocO mOKa Jm603J1e
n06epXHocmu JMUmmepa

PUC. 2. Pac'temHGJI cxeMa cmyneHu 3FjJ-KoMnpeccopa:
1- 3Mummep; 2 - KOJlJleKmop;.J - aeuoHu3amop;

4 - aU3J1eKmpu'teCKGJI cmeHKa

TOK CMell.lemUi Jeo(t) [3,4]. KpoMe :noro MaTeMaTH'-/ec-

Ka51Mo)].eJlh npOll,eCCOBB OCHOBHOHpa60'-/eH 30He Y'-/HTbl-

BaeT H3MeHeHHe Hanp5l:>KeHHOCTHnOJl51co BpeMeHeM KaK

B oceBOM, TaK H B pa)J.HaJlhHOMHanpaBJleHH5Ix. 3T0 BHew-

Hee nOJle ElilO(t) OT npHJlO:>KeHHOrOHanp5l:>KeHH5IUlil0(t) H
nOJle Eqo(t) OT 06beMHoro 3ap5l)l.a, HaXO)l.5Ill.lerOC5IB 30He

3 r,LJ;-npe06pa30BaHH5I.

Becb npoll,eCC 3r,LJ;-npe06pa30BaHH5I, rOpeHH5I KOpOH-

Horo pa3p5l)J.a, 06pa30BaHH5I KOHBeKTHBHoro TOKa, TOKa

CMell.leHHR H peKOM6HHall,HH 3ap5l)l.OBno BpeMeHH MO:>KHO

YCJlOBHOpa3)l.eJlHTb Ha )l.Ba :nana (CM. pHc.l):

• IH ~ 1 ~ IK, HJlH 1 E [0,10], TaK KaK 10 = (tK - IH).
rOpHT KopOHa, H HMeeT MeCTO 06pa30BaHHe H BbIXO)].

06beMHoro 3ap5l)].a B 30HY 3r,LJ;-npe06pa30BaHH5I. Ha3o-

BeM nOT 3Tan nepBhlM BpeMemiIM :nanOM.

• OT IK)l.O HOBoro IH, HJlH 1 E [to,T 012]. KopoHa He ropHT, H

HeT 06pa30BaHHR H Bhlxo)].a 06beMHoro 3ap5l)l.aB 30HY 3r,LJ;-

npe06pa30BaHHR (BTopOH BpeMeHHoH 3Tan).

Or)].eJlbHble ypaBHeHH5I, onHChlBalOll.lHe TepMo)].HHaMH-

,-/eCKHeH rH)].pO)l.HHaMH'-/ecKHenp0ll,eCCbI, Ha nepBoM Bpe-

MeHHOM 3Tane cYll.leCTBeHHo OTJlH,-/aIOTC5IOT aHaJlOrH,-/-

HbIX ypaBHeHHH Ha BTOpOM BpeMeHHOM 3Tane, npH 3TOM

Ha pa3HbIX oTpe3Kax )l.JlHHbI 30HhI 3r,LJ;-npe06pa30BaHH5I

OHH pa3JlH'-/HhI )].a:>Ke)l.Jl51O)l.HOrO H Toro :>KeBpeMeHHoro

3Tana. O)J.HaKO60JlbWHHCTBO ypaBHeHHH npHro)].HbI )l.Jl51

060HX BpeMeHHbIX 3TanOB. D03TOMY MaTeMaTH,-/eCKa51

Mo)].eJlh COCTaBJleHae)J.HHoH )l.Jl51060HX BpeMeHI-hIX 3Ta-

nOB B KBa3HO)l.HOMepHoM npH6JlH:>KeHHH C y,-/eToM pa)l.H-

aJlhHhIX COCTaBJl5l1Oll.lHX3JleKTpH,-/ecKoro nOJl51H TOKa. OHa

BKJlIO'-/aeTCJle)].YIOll.lHeypaBHeHH5I.

• HllmeZPQJlb1l0e ypa61lellUe o6pa3yeMozo nepenaoa
Oa6JlellUU

Ha DepBOM BpeMeHHOM 3Tane, 1 E [0,10], )].Jl51oTpe3Ka

)].JlHHbIx E [0, W I] (pHC. 3)qx



Puc. 3. j{BUJlCeHUe BOJlHbl 06oeMHDeO 3apJliJa Ha nepBOM

BpeMeHHoM 3mane

aHa o-rpe3Ke ,L\JIHHblx E [W
qx

t,Lo]
I1Pl(t) = 0; p(t) = pJt);

Puc. 4. j{BUJlCeHUe BOJll/bl 06oeMI/020 3apJliJa I/a BmopOM

BpeMei/1/0M :Jmane

Ha BTOpOM BpeMeHHOM clTane, t E [to,T/2], ,UJl51OTpe3Ka

,UJlHHblx E [Wqx (t - to),Lo] (pHC. 4)

_J_qX_(x_,_t)_E_x(_x_,t_)dx-
Wq./x,t)F

aHa OTpe3Ke ,UJlHHbl x E [O,W
qX

(t - to)]
I1p/t) = 0; pet) = Po; (4)
ypa6HeHue o6pa3yeMozo cpeOHezo nepenaoa oa6fle-

HUU6 cmyneHu npu t E [to' T/2]

1 10 1 To IZ
f..PK= - ff..PI (t)dt + - f f..pz (t)dt.

to 0 to 10

• HHmeZpGJlbHOeypa6HeHue U3MeHeHURmeMnepamy-
pbl pa6ottezo mefla no 6peMeHU:'

Ha nepBOM BpeMeHHOM 3Tane, t E [O,to], ,L\JI5IOTpe3Ka

,L\JIHHblx E [O,WqX t] (pHC. 3)

Wqxl J (x t)E (x t)
f..1; (t) = f qx , x , dx-

o cpm

WlWx OWxdx,
o cp ox

aHa o-rpe3Ke ,L\JIHHhlx E [W
qX

t,Lo]
t1T1(t) = 0; T(t) = TK(t); (7)
Ha BTOpOM BpeMeHHOM 3Tane, t E [to,T/2], ,UJl51oTpe3Ka

,L\JIHHblx E [WqX (t - to),Lo] (pHC. 4)

Jqx(x,t)Ex(x,t)
------dx-

cpm

4,
f W. OWxdx,

W (I-I) cp Oxq.l 0

aHa OTpe3Ke ,UnHHbI x E [O,WqX (t - to)]
I1T2(t) = 0; T2 = To. (9)
• Ypa6HeHue cpeOHeu meMnepamypbl pa6ottezo mefla

6 cmyneHu OflR t E [0,T/2]

1 to 1 To/Z

f..T. =- ff..1;(t)dt+- f f..J;(t)dt. (10)
to 0 to to

• Ypa6HeHue cocmORHURpa6ottezo mefla

p(X) = z p(x) Rm T(x),

r,Ue'z - K03<P<PHUHeHTC)I(HMaeMOCTH;



P - nJlOTHOCTb pa60'lero TeJla, Kr/M3;

Rm - ra30BaR nOCTORHHM pa60'lero TeJla, ,LQK!(Kr'K);
T - TeMneparypa pa60'lero TeJla, K.

• Ypa6HeHUe pacxooa pa6olJezo meJla

m = p (x) W(x) F(x) = const, (12)
rjJ,eF - nJlOl.l.(ajJ,bnOnepe'lHOrO Ce'leHI1R KaHaJIa - onpejJ,e-

JlReTCRno ypaBHeHl110

1tR:(x),050x50L;

1trk
2, L 50 x 50 Lg;

1t[r,2 -2r (x-L )+(x-L )2] L <x«L +r)' (13)• g g g' g- - g g'

1t(r/ - rg
2), (Lg + rg) 50 x 50 Lo'

3jJ,eCb (CM. Pl1c. 2) rk - PMI1YC OTBepCTHR B KOJlJIeKTOpe;

L - paCCTORHl1ejJ,0 jJ,eHOHH3aToopa;g
rg - pa,nl1Yc ~eHTpaJIbHOrO TeJIa-,neI10HI13aTOpa;

Rx(x) - pa,nHyc Ce'leHI1R KaHaJIa, onpe,neJIReTCR no

ypaBHeHI1lO

R x Rc - rk 0 ~ x ~ L,'
C - L'

Rx = rk, L ~ x ~ Lg;

JF~X), Lg ~ x ~ Lo'

• Ypa6HeHue nJlOmHOCmu U cKopocmu OJlJl CJlYlJaRpa-
60mbl cmyneHu Ha napOJICUOKOCmHou CMecu

1 X I-X.-=-+--,
P Pn Pq

1 X I-X-=-+--
W W W'

n 'I

r,ne X - MaCCOBaR,nOJlRnapa B CMeCI1;

Pn - nJlOTHOCTbnapa;

Pq - nJlOTHOCTb)f(11,nKOCTI1;

Wn = Wr - CKOpOCTbnapa;

W = W +bE (x,/) - CKOpOCTb)f(11,nKOHrha3bI.q x x "-P

• J(urjJrjJepeHljUaJlbHOe ypa6HeHue nporjJuJlJl KaHaJla

dW W
2 2 Xdx a -W [k-(k-I)z]

{
J (x t)E (x t)

x [k-(k-I)z] 'IX , m x ,

_~ dF _~ kW
2
}

F dx 4R'

c
me k = --.!!.... - K03epepH~l1eHTnyaccoHa;

Cv

a = ~ zkRgT - CKOpOCTb3BYKa, M/C;

;; - K03epepH~HeHTrl1,npaBJIH'IeCKOrO TpeHI1R.

• Ypa6HeHue nummoU/ezo nYJlbcupY1OU/ezo HanpJlJICe-
HUJl

U%(t) = U
H

+ Uo Isin(wt)l, (18)
r,ne U

II
- nOCTORHHM COCTaBJIRlOl.l.(aRnyJlbCl1pylOl.l.(erO Ha-

npR)f(eHHR, 0 50 U
II

< if;
Uo - aMnJIl1ry,na nyJIbCHpylOl.l.(ero HanpR)f(eHHR, B;
w = 2pj - yrnoBaR '1aCTOTa, pa,n/c;

j = liTo - '1aCTOTanyJlbCHpylOl.l.(erO HanpR)I(eHHR, r~;
To - nepl1o,n nyJIbCa~HH HanpR)I(eHHR, c;

1- BpeMR.

qacToTa nHTalOl.l.(ero nyJIbCHpYIOl.l.(ero HanpR)I(eHHR npl1-

HRTa

r,ne W - cpe,nHRR CKOpOCTb 3apR,noB B Me)l(3JleKTpo,n-
'IX

HOM npOMe)l(YTKe.

3a nepBbIH BpeMeHHoH nepHo,n (to = 'K - 'II = T014) nepe-
,nHHH epPOHT06pa3ylOl.l.(eH BOJIHbI 06beMHoro 3apR,na ,nOC-

THraeT nOBepxHocTH KOJIJIeKTOpa 11,neI10HH3aTopa, 11 B

MOMeHT BpeMeHH 'K BeCb Me)l(3JIeKTpo,nHbIH npOMe)l(YToK

OT nOBepxHocTH 3MHTfepa ,no nOBepxHocTH KOJIJleKTOpaH

,neHOHH3aTopa nOJIHOCTblO3anOJIHeH 06beMHbiM 3apR,noM.

3a BTOPOHBpeMeHHoH nepHo,n (to = f 11- IK= T014) 3a,nHHH

epPOHTBOJIHbI06beMHoro 3apR,na OTXO,nHTOT reHepHpylO-

l.l.(eH nOBepXHOCTH 3MHTfepa, a nepe,nHI1H epPOHT BOJIHbI

o6beMHoro 3apR,na peKoM6HHHpyeT Ha nOBepXHOCTI1 KOJI-

JIeKTOpa H ,neI10HH3aTopa. B HOBbIH MOMeHT BpeMeHH If II

npo~ecc peKOM6HHa~HH 3aKaH'IHBaeTCR, 11Me)f(3JIeKTpo,n-

Hoe npOCTpaHCTBO nOJIHOCTblO CB060,nHO OT 06beMHoro

3apR,na.

• Ypa6HeHue KOH6eKmU6HOzo mOKa, 06pa3Y1OU/eZOCJl
603J1e n06epxHocmu 3Mummepa 6 nep60M 6peMeHHOM
nepuooe I E [0, '0],

€€o[Uq> (t)+<Pq (t)-U*]
J (t) = 0 0 x

'10 (L)~Aarctg A

W b Uq>o(I) + <Pqo(t) F
x 0 + () 0'

Aarctg ~

r,ne <Pqo(I) - nOTeH~HaJI Ha nOBepXHOCTH 3MI1Tfepa, 06pa-

3ylOI.l.(I1HCROTBOJIHbI06beMHoro 3apR,na, Haxo,nRl.l.(eH-



01 B 30He 3r,a-npeo6pa30BamUI:

<Pqo(t) = -0, nucpo (t - f..tJ, (21)

3j1,eCbf..t
H

- npOMe)f{yToK BpeMeHHoT 0 jl,O BpeMeHH t = t
H

,

KOma Ucpo(t) = U';

A = ~ rof..roJ2 - reoMeTpwIecKHH napaMeTp;

b - nOjl,BH)f{HOCTb3ap~jI,OB, M2/(B·c).
DJlOmajl,b reHepHpylOLQeH nOBepXHOCTH3MHTTepa

Fo = 21trof..ro. (22)

.lJ:Jl~ napa R22 nOjl,BH)f{HOCTb 3ap~jI,OB orrpejl,eJl~eTC~

3MnHpwIecKHM ypaBHeHHeM

( )
1,5 ( )1,253

b=b ~ .82.
o 'TJ P

rjl,e bo - rrOjl,BH)f{HOCTb3ap~jI,OB npH HOPMaJlbHblX yCJlOBH-

~x (p = 0,1 Mila, T= 293 K); .
110' Po - ,ll,HHaMH'IeCKa~ B~3KOCTbH nJlOTHOCTbXJlajl,-

areHTa npH HOPMaJlbHbIXYCJlOBH~X;

11, P - jl,HHaMHqeCKa~ B~3KOCTbH nJlOTHOCTb XJlajl,-

areHTa npH jl,aBJleHHHp H TeMneparype T.
CKOpOCTb nepeMemeHH~ 3ap~jI,OB B03Jle nOBepXHOCTH

3MHTTepa paBHa

~o (t) = Wo+bEr.o(t), (24)

me Wo - CKOpOCTbHeHTpaJlbHOrO rrOTOKa B03Jle 3MHTTe-

pa, M/c;

Er. (t) - cYMMapHa~ Hanp~)f{eHHOCTb rrOJl~ B03Jle no-
o

BepxHocTH 3MHTTepa paBHa cyMMe Harrp~)f{eHHOCTH

BHeUIHero rrOJl~ E<Po(l)OT npHJlO)f{eHHOrO Hanp~)f{e-

HH~ U<Po(t)H Hanp~)f{eHHOCTH OT 06'beMHOrO 3ap~jI,a

Eqo(t),

Er.o(t) = Ecpo(t) + Eqo(t). (25)

• Ypa6Heflue mOKa CMeUjeHWlHa n06epxflocmu 3Mum-
mepa OJlfl o6oux 6peMeHl·tblX3man06

Uoffi Icos( ffit)1
Jco(t)=cco (LJ Fo·

Aarctg -
A

• Ypa6HeHue nOJlH020 mOKa 603J1e n06epxHocmu
3Mummepa:

Ha nepBoM BpeMeHHOM 3Tane npH BpeMeHH t E [O,to]
Jo(l) = Jqo(t) + Jco(t); (27)
Ha BTOpOM BpeMeHHoM 3Tane jl,Jl~ npOMe)f{yTKa BpeMe-

HH t E [to,To/2]

Jo(t) = Jco(t). (28)

• Ypa6Heflue Hanpfl:>ICeflflOCmu 6HeUlHe20 3J1eKmpU-
'leCK020 nOJlfl om npUJlO:>ICeHfl020flanpfl:>ICeHUflU<Po(t)
fla n06epXHocmu 3Mummepa

_ Ucpo(t)
E'Po(t)- (L)'

Aarctg -
A

• Ypa6fleHue flanpfl:>ICeHHOCmunOJlfl om npocmpaH-
cm6eHH020 3apfloa Ha n06epXflocmu 3Mummepa OJlfl
o6oux 6peMeHHbIx 3man06

U (t - f..t )
EqO (t) = -0,n. CPo ({) •

Aarctg A

• Ypa6Heflue 2paflU'lHOU n06epXflocmu o6J1acmu, 3a-
nOJlfleflflOU 60JlHOU 06beMH020 3apflO a,

dt;J, (x,t) _ bEr(x,t)
dx W(x,t)+bEJx,t) (31)

• Ypa6HeHue KOH6eKmU6H020mOKa 6 oce60M flanpa6-
JleflUU 6 30fle 3rJ(-npeo6pa306aflUfl

{

Jqo (t), 0 < x < Lq (t);
Jq, (x, t) = . (32)

. }qz(x,t)Fqz' Lq(t)<x<Lo'

• J(ucjJcjJepeHlfUaJlbHOe ypa6HeHue Hepa3pbl6Hocmu
KOfl6eKmU6H020 mOKa 6 o6J1acmu, 3anOJlHeHHOU60JlflOU
06beMH020 3apfloa,

aqx(x,t) + a}qx(x,t) + 2}qrCx,t) = 0
at at rqx(x, t) ,

fjl,e qx(x,t) - nJlOTHOCTb06'beMHOfO 3ap~jI,a, Kn/M3;

}qx(x,t) - nJlOTHOCTb oceBOH COCTaBJl~IOLQeHKOHBeK-

THBHOfO TOKa, A/M2;

}qr(x,t) - rrJlOTHOCTbpajl,HaJlbHOH COCTaBJl~IOLQeHKOH-

BeKTHBHOfO TOKa, A/M2•

• Ypa6HeHue nJlOmflOCmu o6beMHo2o 3apfloa

Jq (x,t)
q)x,t) = z ,

~,(x,t)Wq, (x,t)

3,ll,eCbFq, (x, t) - rrJlOLQajl,brrOrrepetIHOfO CeqeHH~ 06'beM-

Horo 3ap~,ll,a, M2;

Wq, (x, t) - oceBa~ COCTaBJl~IOLQa~CKOpOCTH06'beM-

HOfO 3ap~,ll,a, M/c.
• Ypa6HeHue oce60U COCma6J1fllOUjeu CKopocmu

o6beMHo2o 3apfloa

Wq.,(x,t) = W(x,t) +bEJx,t).

• Ypa6HeHue nJloUjaou nOnepe'lH020 Ce'leHUfl o6beM-
H020 3apfloa

fjl,e L (t) - paCCTO~HHeOT HaqaJla KOOpjl,HHaT,ll,OrpaHHllbl
q

KacaHH~ BOJlHOH06'beMHOfO 3ap~,ll,a CTeHOK KaHaJla

(pHc.2).

• Ypa6HeHue nJlOmHOCmuoce60U COCma6J1fllOUjeuKOH-
6eKmU6H020 mOKa



• YpaBHeHUe nflOmHOemU paOUGflbHOU eOemaBflRlO-
Ujeu KOHBeKmUBH020 mOKa

• YpaBHeHUe OeeBOU eOemaBflRlOUjeU HanpRJlCeHHO-

emu BHeUlHe20 nOflR B 30He 3rp-npeo6pa30BaHUR OflR

o6oux BpeMeH1fulX 3manOB

AU (t)
E (t) = 'Po •

'P.. (L)
(A2 +x2)arctg A

• YpaBHeHue nOflHOU (oeeBou u paOUGflbHoU) eoemaB-
flRlOUjeu HanpRJlCeHHOemu om o6beMHo2o 3apRoa B 30He
3r p-npeo6pa306aHuR:

- Ha nepBOM BpeMeHHoM :nane npu t E [O,to] (puc. 3)

.uml OTpe3Ka .uJIUHbI x E [O,L ], Kor.ua (Wq t) ~ L ,
q x q

-E (O,t)27troL1ro+q.,

+E (W t,t)7tr2 (W t,t)+
q.t q.t q;r q.t

Wq,t t (40)
+ J Eq, (x,t)27trq .•(x)dx = JJqO(O,t)dt,

o 0

~ W~t

+ f Eq, (x, t)2nrq, (x)dx + f Eq, (x,t)2nR
T
(x)dx =

o ~
t wq.r (41)

= fJqo(O,t)dt - f q(x,t)Wq, (x,t)Fq, (x)d.x;
o Lq

Ha BTOpOM BpeMeHHoM cnane, t E [to,T/2],)J)UI oTpe3Ka

.uJIUHbI x E [Wq .• (t - to),Lo] (CM. pUC. 4)

-Eq .•(x,t)nrq~ (x,t) + Eq, (Wq/,t)Fq, (~/,t) +

1 Eq, (Wq,t, t)2nrq .•(Wq/, t)dx +

Wq.,' to

+ f Eq, (x,t)27tRx(x)dx = fJqo(O,t)dt-
~ 0

Wq,t

- f q(x,t)Wq, (x,t)Fq, (x)dx.
Lq

• Ypa6HeHue oee60U eoema6flRlOUjeu ~tanpRJlCeHHOe-
mu om o6beMH020 3apRoa:

Ha nepBOM BpeMeHHOM 3Tane npu l E [O,lo] .uml OTpe3Ka

x E [0, Wq, t] (CM. pHC. 3)

Eq (Wqt,l)(WTt)2E (x t) = x· (44)
qx ' x2

Ha BTOpOM BpeMeHHoM 3Tane l E [to,T/2], .uml 0TPe3Ka

MHHbI x E [Wq, (t - lo),Lo] (eM. puc. 4)

2
E (x,t)=----x

q, cc r2 (x t)o q., '

x{ f Jq,CX,t)[l_ (x-i') ]dX-
W,,(t-to) Wq,(x,t) ~rq~ +(X-X)2

LofJq, (x,t) [ (x-x) l,.r.:-}
- x Wq,(x,t) 1-~rq~ +(X-X)2 r '

Eq [~(t-to)t][Wq (t-tO)]2
E (x, t) = x 2 x (46)

q., x

• Ypa6HeHue cyMMapHou HanpRJlCeH1Wemu oee60U
eoema6flRlOUfeu 3fleKmpU'IeeK020 nOflR

E/x, t) = E<px(x, t) + Eq.•(x, t). (47)

• Ypa6HeHue U3MeHeHUR oa6fleHUR 6 OUrjJrjJY30pe



• YpaeHeHUe nOJle31lOU MOUfHOCmU (pa60mbl), coeep-

UWeMOU OeUJlCYUfUMUCJl 3apJlOaMU e 3J1eKmpU'leCKOM
nOJle e 30He 3T/{-npeo6pa30eaHUJl:

Ha nepBOM BpeMeHHOM 3Tane, t E [O,toL

Wq,/

Nn, (t) = f Jq, (x,t)Ex(x,t)dx;
o

Ha BTOpOMBpeMeHHOM :nane, t E [to,TJ2],
La

Nn, (t) = f Jq, (x, t)E, (x, t)dx.
Wq,,(I-lo)

Cpe,LJ,HeHHTerpaJIhHa~nOlle3Ha~ MOmHOCTh Ha BpeMeH-

HOM3Tane, t E [0,TJ2],

1 10 1 Tol2

N =-fN (t)dt+- fN (t)dt,
n t n, t n,

o 0 0 ~

me TJ2 = 2 to'
• YpaeHeHue cpeoHeu 3ampa'leHHOU MOUfHocmu Ha

epeMeHHoM 3mane, t E [0,TJ2],
R =J Uz z z,

r,LJ,eU
z

- Cpe,LJ,HeeHHTerpaJIhHOe Hanp~)!(eHHe ,LJ,1l~060HX
r

BpeMeHH:>IX3TanOB

1 1;,12

VI = - f U!fJO (t)dt;
2to 1

o

_ (55)
Jz - Cpe,LJ,HHHHHTerpaJIhHhIH cyMMapHhIH TOK,

1 10 1 To/2

Z = - f[J, (t) +J (t)]dt +- f Jr_ (t)dt.'t 70 Co t -u
o 0 0 10

fpaHH4Hhle YCllOBH~:

W,(O) = Wo; W/O) = Wo;

p(O) = Po; iq, (0) = iqo (t);

T(O) = To; F, (0) = rrR:.
HaLJaJlhHhle YCllOBH~

q/t) = O. (58)
[l01lY4eHHYIO MaTeMaTH4ecKYIO MO,LJ,ellh(l) - (58) l.JHC-

lleHHO peWaJlH CHcnOllh30BaHHeM Pa3HOCTHOHcxeMhI PyH-

re-Kyrra 4eTBepToH CTeneHI1.

B KaLJeCTBepa60LJero Tell a npI1H~T R22. HaLJallhHOe CO-

CTO~HI1epa604ero Tena B nepBOH cryneHI1 COOTBeTcTByeT

napaMeTpaM [5], T.e.: Po = 500 Kfla; To =293 K;

b = 1,5 . 1 0--6, Uo = 25 KB. feOMeTpI1LJeCKI1epa3MephI nep-

BOHcryneHH (CM. pHc.2): pa,LJ,wycKOHyca Rc = 6 MM; pa,LJ,H-

yc Tpy6KH 3MHTIepa ro = 0,4 MM; pa,LJ,wycOCTPH~ KpOMKH

3MHTIepaLlro= 0,05 MM; pa,LJ,wycBHyTpeHHeH 30HhI Pa3P~-

,LJ,at:.s = 0,6 MM; ,LJ,llHHaKaHaJla L = 3 MM; ,LJ,llHHacTyneHH

Lo = 6 MM; pa,LJ,wycoTBepcTH~ B KOlllleKTope rK = 2,5 MM;

pa,LJ,wyc,LJ,eHOHH3aToparg = 2 MM.

Pe3YllhTaThI paC4eTa 30HhI HOHH3a~HH nOKa3aHhI Ha

pHc.I. Ha HeM npe,LJ,CTaBlleHhIH3MeHeHHe B03lle nOBepx-

HOCTH 3MHTIepa BellH4HHhI KOHBeKTHBHOrO TOKa Jqo(t),
TOKa CMemeHH~ Jco(t), cyMMapHoro TOKa JI,o(t), Hanp~-

)!(eHHOCTHBHeWHero nOll~ E",o(t), noJUI 06beMHoro 3ap~,LJ,a

Eqo(t) H cyMMapHoro nOll~ EI,o(t), a TaK)l(e B03HHKaIOmerO

nOTeH~HaJla OT 06beMHoro 3ap~,LJ,a<j)qo(t) H cyMMapHoro

nOTeH~HaJla <j)I,o(t) B 3aBHCHMOCTHOTH3MeHeHH~ nyllhcH-

pYlOmero Hanp~)!(eHH~ U",o(t) BOBpeMeHH.

3TH 3aBHCHMOCTH06b~C~IOT OCHOBHhle npo~eCChI H

npH4HHhI 06pa30BaHH~ 06beMHoro 3ap~,LJ,aB03lle no-

BepXHOCTH3MHTIepa B 3aBHCHMOCTHOT H3MeHeHH~ nyllh-

CHpYIOiQero Hanp~eHIDI nHTaH~ BOBpeMeHH. AHaJlH3 pHC.

I nOKa3hIBaeT, 4TO 3a)1(HraHHe KopOHHoro pa3p~,LJ,aH 06pa-

30BaHHe 06beMHoro 3ap~,LJ,aHa4HHaIOTC~ B MOMeHT Bpe-

MeHH t
H

, KOr,LJ,aHanp~)!(eHHe U",o(t) ,LJ,OCTHrHeT3Ha4eHH~

if = 6 ... 7 KB, a Hanp~)!(eHHOCTh nOll~ E",o = E* =
= 24 KB/MM. lloclle 3TOro Hal.JHHaIOTC~npo~ecchI pe3Koro

B03pacTaH~ BhIXO,LJ,ao6beMHoro 3ap~,LJ,a(KoHBeKTHBHOrO

TOKa) BO BHeWHIOIO 06llacTh pa3p~,LJ,a- 30HY 3f,IJ;-npe06-

pa30BaHH~ - H B03HHKHOBeH~ noml 06beMHoro 3ap~,LJ,a,

KOTopoe Hal.JHHaeTBJ1~Th Ha Hanp~)!(eHHOCTh nOll~ B03lle

nOBepXHOCTH 3MHTIepa. B pe3YllhTaTe cYMMapHM Hanp~-

/!"p,Kna
Lo 0

\ Lo

Puc. 5. J13MeHeHue KOH6eKmU6HOcO mOKa Jqo U

603HUKalOU(ecO Oa6JleHUJIP
x

no OJlUHeKaHaJla



2 10<> tJ.p • tJ.PI

• tJ.P2 o tJ.P3

o tJ.POIn o 11 5
0 III -112

X 113 -1100<

o
2,8 m, 'lIe

Puc.6. PacxodHo-HanopHble xapaKmepucmUlcu U U3MeHeHUJI
adua6amHoco Kn,a cmyneHu 3r,a- KOMnpeccopa npu

pa3AU'IHOU '1acmome nyAbcupylOUI,eco HanpJlJICeHUJI

)f(eHHOCTbnOJI5IB03JIe nOBepXHOCTH 3MHTTepa TOJIbKOHe-

3Ha'lHTeJIbHO npeBbllllaeT Hanp5l)f(eHHOCTbE* H .nOCTHraeT

CBoero MaKCHMYManpHMepHO B cepe.nHHe nepBOH nOJIOBH-

Hbl pOCTa Hanp5l)l(eHH5I Uq>o(/). B 3TOT MOMeHT .nOCTHraeT

cBoero MaKCHMYMa H BbIXO.nKOHBeKTHBHoro TOKa B 30HY

3f,Z:(-npe06pa30BaHH5I (Jqo = 1,04 MKA), a nOJIHblH TOK C

Y'leTOM TOKaCMel.l.(eHH5I.nOCTHraeT3Ha'leHH5IJ"Lo = 1,5 MKA.

,Z:(aJIeeHa'lHHaeTC5I cna.n Hanp5l)l(eHHOCTH cyMMapHoro

nOJI5I,B MOMeHT BpeMeHH IK OHa CTaHOBHTC5IpaBHOH E* -
Ha'laJIa Hanp5l)f(eHHOCTH3a)f(HraHH5I, H KopOHa yracaeT .no

CJIe.nylOl.l.(ero MOMeHTa I
H

, TaK KaK B 3TOT nepHO.n BpeMe-

HH cyMMapHa51 Hanp5l)f(eHHOCTb nOJI5IE"Lo(t) ~ E*. Ha no-

BepXHOCTH 3MHTTepa HMeeT MeCTO TOJIbKO TOK CMel.l.(e-

HH5I, KOTOpblH 3ana3.nblBaeT 3a H3MeHeHHeM Hanp5l)l(eHH5I

Uq>o(t) Ha BpeM5I 10/2.
Ha pHC. 5 nOKa3aHbl H3MeHeHH5IKOHBeKTHBHoro TOKaJqo

H B03HHKalOl.l.(ero .naBJIeHH5IPx no .nJIHHe 30Hbl 3f,Z:(-npe-

06pa30BaHH5I B Pa3JIH'IHble MOMeHTbl BpeMeHH KaK nep-

BOro, TaK H BToporo BpeMeHHoro 3TanOB. AHaJIH3 pacnpe-

.neneHH5I 3neKTpH'IeCKHX nOJIeH B 30He 3f,Z:(-npe-

06pa30BaHH5I nOKa3bIBaeT, r.ne H Kor.na HMeeT MeCTO Ha-

COCHblH pe)l(HM H nOBblllleHHe .naBJIeHH5I Cpe.nbI B 30He

3f,Z:(-npe06pa30BaHH5I, a r.ne H Kor.na B03HHKaeT reHepa-

TOPHblH pe)f(HM, npH KOTOpOM.naBJIeHHe Cpe.nbI Ha'lHHaeT

na.naTb H CTaHOBHTC5IHH)I{e Ha'laJIbHOrO Po. B .naHHOM

cny'lae reHepaTopHblH pe)l{HM B03HHKaeT TOJIbKOB MOMeH-

TbI OKono IH, KOma Hanp5l)f(eHHe Uq>Q;;0, a Hanp5l)f(eHHOCTb

nOJI5IHa OT.neJIbHbIX y'lacTKax HanpaBJIeHa B npOTHBono-

JIO)f(H)'1OCTOpOHy OT KOJIJIeKTOpa.

):(n51 nOJIHOrO yCTpaHeHH5I reHepaTopHoro pe)l{HMa Ha

3THX y'lacTKax K nyJIbCHpylOl.l.(eMy Hanp5l)f(eHHIO nHTaHH5I

Uq>o(t) He06xo.nHMO .n06aBHTb nOCT05lHHYlO COCTaBJI5IIO-

l.l.(ylO UH Ha ypoBHe 5 KB, TaK KaK UH < if.
OCHoBHble pe3YJIbTaTbi paC'IeTa nOKa3aHbl Ha pHC. 6, r.ne

npHBe.neHbl pacxo.nHO-HanopHble xapaKTepHCTHKH H 3a-

BHCHMOCTHa.nHa6aTHoro KTI,Z:(cryneHH 3f,Z:(-KoMnpecco-

pa OT pacxo.na pa60'lero TeJIa m npH Pa3JIH'IHOH '1aCTOTe

Hanp5l)l{eHH5I nHTaHH5Ij 1'!3 pHC. 6 BH.nHO,'1TOBO Bcex CJIy-

'-Ia5lX H3MeHeHH5I '1aCTOTbl Hanp5l)f(eHH5I nHTaHH5If 3Ha'Ie-

HH5I /),p = .f{m) Bblllle nonyqeHHblX B [5] npH nOCT05lHHOM

Hanp5l)l(eHHH (npH TeX)I{e napaMeTpaX cpe.nbl H o.nHHaKO-

BOOreOMeTpHH cryneHH).

HaWY'llllHe pe3YJIbTaTbi I1p = .f{m) H lls = .f{m) HMelOT

MeCTO npH qaCTOTe Hanp5l)l{eHHH nHTaHH5I f = 1000 fu.

3T0 no.nTBep)f(.l(aeT BbIBO.nblpa60Tbi [2], 'ITO npH nyJIbCH-

pylOl.l.(eM Hanp5l)l{eHHH cyl.l.(eCTByeT OnTHMaJIbHa51'IaCTO-

TafonT' npH KOTOpOH3Ha'IeHH5Il1p = .f{m) If lls =j(m) MaK-

CHMaJIbHbI. KaK H npe.nnoJIaraJIOCb paHee, BeJIH'IHHa on-

THMaJIbHOO 'IaCToTbl.fom CBH3aHaC.nJIHHOOMe)f(3JIeKT"p0.n-

Horo paCCT05lHH5ILo H cpe.nHeH CKOpOCTblO3ap5l.nOBWqx B

30He 3f,Z:(-npeo6pa30BaHH5I COOTHOllleHHeM

Wq

10m = 2L . (59)
o

ITo pe3YJIbTaTaM paC'IeTa, npe.nCTaBJIeHHbIM Ha pHc.6,

MO)l{HO c.neJIaTb BbIBO.n,'ITO npH nHTaHHH cryneHeo 3f,Z:(-

KOMnpeccopa nyJIbCHpylOl.l.(HM Hanp5l)l{eHHeM cyl.l.(eCTBeH-

HOnOBbIlllaeTC5I 3<p<peKTHBHOCTbI1X pa60Tbl, oc06eHHO npH

OnTHMaJIbHOH 'IaCTOTe.fonT' onpe.neJI5IeMOH COOTHOllleHH-

eM (59).
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